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Magnetic susceptibilities of LayUlmyOz+x solid solutions with fluorite structure were measured from 4.2 
K to room temperature. An antiferromagnetic transition was observed for the solid solutions with 
lanthanum concentration 0 5 y  5 0.3 in both stoichiometric (x = 0) and hypostoichiometric oxygen 
range (X < 0). From comparison of the magnetic properties of solid solutions with different oxygen 
amounts (x < 0, x = 0, x > 0), both oxygen vacancies and interstitial oxygens were found to weaken 
the magnetic exchange interactions between uranium ions. The Neel temperature decreased with 
decreasing uranium concentration. The variation of the NCel temperature of (U, La)Oz solid solutions 
with uranium concentration was different from that of (U, Th)Oz solid solutions. The magnetic moment 
decreased with decreasing uranium concentration. Its rate was larger than that of (U, Th)Oz solid 
solutions and was comparable with that of (U, Y)Oz solid solutions. The oxidation state of uranium in 
the solid solutions was examined from the magnetic susceptibility data. The uranium ions were found 
to be in either the tetravalent or the pentavalent state. The effect of magnetic dilution was larger with 
Laz03 than with YzO3 and/or SczOx. o 1987 Academic press. ~nc. 

Introduction 

255 

Like other uranium dioxide-lanthanide 
sesquioxide solid solutions, a L%UI-,02+, 
solid solution crystallizes in a cubic fluo- 
rite-type structure in certain ranges of y and 
x. Lanthanum ranks first in the series of 
lanthanide elements, and its trivalent ion 
has a closed-shell electron configuration; 
i.e., it is diamagnetic. However, the incor- 
poration of La3+ in U02 (formation of the 
solid solution) causes an increase of the 
mean uranium valency through a charge 
neutrality condition, which is also accom- 
panied by an increase of the unit cell size of 
the solid solution. The latter fact is in con- 
trast to the case of (U, Y)O, or (U, Sc)O* 
solid solutions where the cubic lattice pa- 
rameters decrease with decreasing uranium 

concentration. Therefore, by comparing 
the data of (U, La)02 solid solutions with 
those of (U, Y)O, or (U, Sc)O* solid solu- 
tions it is expected that some insight into 
the effect of the distance between uranium 
ions on the magnetic exchange interactions 
between them will be obtained. There is 
still another effect. Oxygen nonstoichiome- 
try, the degree of which is given by x, 
results in not only a change of the uranium 
valency in the solid solution but also a 
weakening of the magnetic interaction. De- 
convolution of these effects is necessary. 

In spite of many investigations on the 
system La-U-O (I), only a few reports 
have been presented on the magnetic prop- 
erties of this system. Kemmler-Sack et al. 
(2) measured the magnetic susceptibilities 
of L~O.SUO.SO~ and h.33uO.6702.17 in the 
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temperature range from 84 to 473 K and 
applied the Curie-Weiss law considering 
the contribution of temperature-indepen- 
dent paramagnetism. They discussed the 
relationship between the Curie constant ob- 
tained and the symmetry of ligands around 
the central uranium ion. On the other hand, 
Henrich (3) measured the magnetic suscep- 
tibility of L~.sUO.sOz in the temperature 
range from 4.2 K to room temperature and 
reported that the magnetic moment varied 
from 0.39 pa (at 4.2 K) to 1.41 j.&a (at room 
temperature). In both the investigations, 
the oxidation state of uranium was made a 
priori pentavalent, and no discussion was 
made on the effect of lanthanum concentra- 
tion on the magnetic interactions between 
uranium ions. Also, the effect of excess ox- 
ygen at the interstitial sites in La0.33U0.~~ 
O2.17 on the magnetic interactions has not 
been discussed. 

In this study, we prepared the solid solu- 
tions with cubic fluorite structure, La,IJ-, 
0 2+x 3 with various x and y values, and mea- 
sured their magnetic susceptibilities from 
4.2 K to room temperature. The effect of 
lanthanum concentration and oxygen non- 
stoichiometry on the magnetic interactions 
between uranium ions was examined. The 
magnetic parameters obtained were com- 
pared with those for (U, Y)Oz (4), (U, 
Sc)02 (5), and (U, Th)Oz (6) solid solutions. 

Experimental 

Sample Preparation 

As the starting materials, UOz and La203 
were used. Before use, UO2 was reduced to 
stoichiometric composition in flowing hy- 
drogen at lOOO”C, and LazOj was heated in 
air at 850°C to remove any moisture. 

The UO;? and La203 were weighed to the 
intended atom ratios of uranium and lan- 
thanum. After being finely ground in an ag- 
ate mortar, the mixtures were pressed into 
pellets and then heated under one of the 

following three conditions: 

Condition I. In an induction furnace in 
flowing helium at 1400°C for 8 hr. 

Condition II. In the same induction fur- 
nace in flowing helium at 1500°C for 40 hr. 

Condition ZZZ. In an Sic resistance fur- 
nace in flowing unpurified helium at 13 10°C 
for 210 hr. The partial pressure of oxygen in 
the helium gas used here was significantly 
higher than the pressures of Conditions I 
and II. 

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

Analysis 

X-ray diffraction analysis. X-ray diffrac- 
tion study was performed using CuKcv radi- 
ation using a Philips PW-1390 diffractome- 
ter with a curved graphite monochromator. 
The lattice parameter of the samples was 
determined by the Nelson-Riley extrapola- 
tion method applied to the diffraction lines 
above 80” (28). 

Determination of oxygen. The oxygen 
nonstoichiometry in the solid solutions was 
determined by the back-titration method (7, 
8). The weighed amount of sample was dis- 
solved in excess cerium(IV) sulfate solu- 
tion. The cerium(IV) sulfate solution was 
standardized with stoichiometric U02. The 
excess cerium(IV) was titrated against a 
standard iron(I1) ammonium sulfate solu- 
tion with the ferroin indicator. The oxygen 
amount was determined for predetermined 
La/U ratio. 

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 10p6/(T + 0.7)) used as a standard. 
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The temperature of the sample was mea- 
sured by a “normal” Ag vs Au-O.07 at% Fe 
thermocouple (liquid He temperature - 40 
K) and an Au-Co vs Cu thermocouple (10 
K - room temperature). Details of the ex- 
perimental procedure have been described 
elsewhere (6). 

Results and Discussion 

X-ray Diffraction and Oxygen 
Nonstoichiometry 

X-ray diffraction analysis showed that 
cubic solid solutions with fluorite structure 
were formed for all the specimens in this 
study with the exception of the La/(La + 
U) = 0.1 specimen formed under Condition 
III which was a mixture of cubic solid solu- 
tion and rhombohedral UjO8. The variation 
of lattice parameter of the solid solutions 
with lanthanum concentration, y, is shown 
in Fig. 1. 

The determination of the amount of oxy- 
gen in the solid solutions by the back-titra- 
tion method showed that the solid solutions 
prepared under Conditions I, II, and III 
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FIG. 1. Variation of lattice parameter with lan- 
thanum concentration. 
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FIG. 2. Variation of O/M ratio with lanthanum con- 

centration. 

were nearly oxygen stoichiometric, oxygen 
deficient, and oxygen excess, respectively. 
Figure 2 shows the variation of O/M ratio 
with lanthanum concentration, where M in- 
dicates La + U. 

It has been reported by several research- 
ers that in the La-U-O system the oxygen- 
stoichiometric solid solutions (O/M = 2) 
can be prepared under a variety of reaction 
conditions (partial pressure of oxygen, re- 
action temperature, etc.). However, the lat- 
tice parameter seems to vary with lan- 
thanum concentration among the reports. 
According to Hill (9), the solid solutions 
prepared under a hydrogen atmosphere at 
1750°C were oxygen stoichiometric and the 
lattice parameter increased with lanthanum 
concentration, where its derivative also in- 
creased with lanthanum concentration. 
Stadlbauer et al. (IO) studied the relation- 
ship between the lattice parameter and the 
equilibrium oxygen pressure of oxygen- 
stoichiometric solid solution for various 
lanthanum concentrations. They report that 
the lattice parameter increased linearly 
with the lanthanum concentration. Tagawa 
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et al. (II) reported the solid solutions pre- 
pared under hydrogen atmosphere at 
1100°C to be oxygen stoichiometric, but the 
description of the lattice parameter is lack- 
ing. In the present study, oxygen-stoichio- 
metric solid solutions were prepared under 
Condition I, i.e., oxygen pressure of ca. 1 
X 10-l Pa and a reaction temperature of 
1400°C. The lattice parameter, a, did not 
increase linearly with lanthanum concen- 
tration, y, and the derivative 8aldy in- 
creased with lanthanum concentration. 
This result is consistent with that obtained 
by Hill. 

In Fig. 3 the mean valency of uranium in 
the solid solutions against lanthanum con- 
centration is plotted. The uranium is seen 
to be oxidized with increasing lanthanum 
concentration for the solid solutions pre- 
pared under any of the three conditions. 
However, the mean valency of uranium re- 
mains +5 for La,JJ~.~~O~.~i prepared un- 
der Condition III. This fact suggests that 
the oxidized state of uranium is U5+ in the 
solid solutions. This will be discussed in a 
later section. 

Magnetic Susceptibility 

The temperature dependence of magnetic 
susceptibilities per mole of uranium for the 

I  

. _ _ - - _ _ . . 
I’ 

,’ 
,’ 

,’ 
,i’ 

. Condition 1 
.A- 

/ 

A Condition I[ 

m Condition II 
,* ,’ 

,.” 
,’ 

, -0’ ,eA ,’ 
,d I’ 

/ 

d” -A---- 

// 

./--- 

Y in LayUt-yOp+x 

FIG. 3. Mean uranium valency against lanthanum 
concentration. 

solid solutions is shown in Figs. 4-6. An 
antiferromagnetic transition was found for 
the solid solutions prepared under Condi- 
tions I and II (y 5 0.3) in the temperature 
range measured. 

From the fact that the transition tempera- 
ture decreases with increasing lanthanum 
concentration for the oxygen-stoichio- 
metric solid solutions (Fig. 4), the magnetic 
dilution is found to proceed with lanthanum 
concentration. Below the transition tem- 
perature, the magnetic susceptibility de- 
creased with decreasing temperature, 
which is normal to antiferromagnetism but 
contrasts the behavior found in UOZ (12- 
14). The antiferromagnetic transition was 
not observed for the solid solutions with 
excess oxygens (Fig. 6). Hence, the excess 
oxygens located at the interstitial sites are 
considered to weaken the magnetic ex- 
change interactions between the uranium 
ions significantly. 

Oxidation State of Uranium 

The oxidation state of uranium in the 
solid solutions can be elucidated from the 
magnetic susceptibility data. 

In the case where U4+ ions are oxidized 
to the U6+ state, the ionic species in the 
solid solutions are expressed as 

La3+U4Z - Y  1 x 1.5y U6+ x+o.5yoLx~ (1) 

This equation shows that only the U4+ ions 
contribute to the paramagnetic susceptibil- 
ity of the solid solutions, because the U6+ 
ions are diamagnetic. Then, the ratio of U4+ 
ions in the two solid solutions with the 
same (total) uranium concentration will be 
proportional to the Curie constant in the 
paramagnetic temperature region where the 
Curie-Weiss law holds. For example, the 
Curie constants of La0.20U0.8001.994 and 
Lao.z&Jo.soOz.159 are 0.921 and 0.575, respec- 
tively. On the other hand, the ratios of U4+ 
ions (U4+/Utotal) which are given by (1 - x 
- lSy)/(l - y) are 0.883 and 0.676 for 
La0.20U0.8001.994 and L%20u0.8002.159, re- 
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FIG. 4. Temperature dependence of magnetic susceptibilities of solid solutions prepared under 
Condition I. 

spectively. The ratio of the Curie constant 
(0.921/0.575 = 1.60) is not near the ratio 
of U4’ ions (0.883/0.676 = 1.31) in the two 
solid solutions. From these results, it can 
be assumed that the uranium ions are not 
oxidized to the hexavalent state. 

In the case where the oxidation of ura- 
nium proceeds from U4+ to U5+, the ions in 
the solid solutions are 

La3+U4+ - Us+ Y 1 2x 2y 2x+yo:;x (2) 

and both U4+ and U5+ 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 (xl, x2), the following two 
equations hold: 

XI = (1 - 2x1 - 2y)x(U41-) 

+ (2x1 f Y)XWS’) (31 

x2 = (1 - 2x* - 2y)x(u4+) 

+ (2-Q + Y>X(U5’)~ (4) 

where x(U4+) and x(U5+) are the magnetic 
susceptibilities of U4+ and U5+, respec- 
tively. By eliminating x(U4+) from these 
two equations, x(U5+) is expressed as 

I(1 - 2x2 - 2Y)Xl 

x(u5+) = - (1 - 2x1 - 2Y)X21. (5) 

2(1 - Y>(Xl - x2) 
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FIG. 5. Temperature dependence of magnetic susceptibilities of solid solutions prepared under 
Condition II. - 

When this model is applied to the two solid 
solutions, viz., L%2OUO.80%994 and L%.ZO 

Uo,soOz, 159, the reciprocal susceptibility of 
U5+ vs the temperature curve is obtained as 
shown in Fig. 7. The Curie-Weiss law is 
found to hold in the temperature range from 
20 K to room temperature and its effective 
magnetic moment is 1.65 ps. This value iS a 
little lower than the moment calculated by 
assuming that only the ground level of Us+ 
ion in a cubic crystalline field produced by 
eight oxygen ions contributes to the suscep- 
tibility (2.00 pa) (5, 15), but is close to the 
value observed in the uranates of alkaline 
earth elements with fluorite structure 

MU206 (A4 =, Ca, Sr or Ba) (1.6-1.8 PB), 
the uranium valency of which is +5 (13). 
Therefore, it is considered that the oxida- 
tion of U4+ proceeds by producing Us+ 
state in the La,Ui-,Oz+, solid solutions. 

If the magnetic susceptibility of U5+ ion 
is eliminated from Eqs. (3) and (4), the sus- 
ceptibility of U4+ ion is given as 

x(u4+) = (2x1 + Y)X2 - (2% + Y)Xl 
a1 - Y)(Xl - x2) * 

(6) 

Substituting the magnetic susceptibility 
data of L%.2OuO.8001.994 and h1.20~0.80~2.159 

into Eq. (6), the susceptibility of U4+ ion is 
obtained. From the reciprocal susceptibility 
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vs the temperature curve shown in Fig. 7, 
the magnetic moment of U4+ was obtained 
to be 2.96 pg. This value is between the 
moment Of UOz (3.12 ,..@ (6, 17), 3.2 ,& (15, 
18)) and that of UOz infinitely diluted with 
diamagnetic ThOz, i.e., 2.83 pB (17, 19) or 
2.79 ,-&B (6). The magnetic moment obtained 
is in reasonable agreement with those of the 
compounds composed of U4+ ions, which 
also supports the above-mentioned oxida- 
tion model (Eq. (2)). 

Ne’el Temperature 

The paramagnetic-antiferromagnetic 
transition temperature, i.e., the NCel tem- 

perature, was plotted against uranium con- 
centration in Fig. 8. For comparison, data 
for (U, Th)Oz (6) and (U, Y)O, (4) solid 
solutions were also drawn. The variation of 
the NCel temperature for the present solid 
solutions with uranium concentration is 
similar to that for (U, Y)O, solid solutions, 
but considerably different from that for (U, 
Th)Oz solid solutions where the NCel tem- 
perature decreases linearly with decreasing 
uranium concentration. The nonlinear de- 
pendence of NCel temperature on uranium 
concentration is understood as related to 
the formation of Us+ ions (4). 

The Neel temperatures of (U, La)O, solid 
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FIG. 6. Temperature dependence of magnetic susceptibilities of solid solutions prepared under 
Condition III. 
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FIG. 7. Inverse magnetic susceptibilities of Us+ ion 
and U4+ ion vs temperature. 
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solutions are lower than those of the (U, 
Y)Oz solid solutions with the same uranium 
concentrations. The lower temperatures in- 
dicate that the dilution effect of La203 on 
antiferromagnetic interactions between the 
uranium ions in the U02 lattice is larger 
compared with that of Yz03. This differ- 
ence may result from the fact that the dis- 
tance between uranium ions increases with 
decreasing uranium concentration for (U, 
La)Oz solid solutions while it decreases for 
(U, Y)O, solid solutions. 

The NCel temperatures of (U, La)Oz solid 
solutions are likely also to be lower than 
those of the (U, Sc)Oz solid solutions with 
the same uranium concentrations. This is 
shown by the NCel temperatures 24.0 and 
17.2 K for ~~O.OS~O.95~2.001 and Sco.loUo.90 

01.998, respectively (5), although a very 
convincing conclusion cannot be drawn 
from the two data above for nearly oxygen- 
stoichiometric (U, Sc)02 solid solutions. 
The lower temperatures show that the mag- 
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netic dilution effect of La203 is also larger 
than that of Sc203. 

By extrapolating the curve of TN versus 
C (= 1 - y) to TN = 0 K in Fig. 8, the 
critical concentration, CO, at which the anti- 
ferromagnetism disappears for (U, La)02 
solid solutions was estimated to be Co = 
0.53. 

As already mentioned, the antiferromag- 
netic transition was not observed in the 
temperature range measured for the solid 
solutions having excess oxygens, which in- 
dicates that the excess oxygens located at 
the interstitial sites weaken the magnetic in- 
teractions between uranium ions to a larger 
extent. On the other hand, if the NCel tem- 
peratures of LaO.lOUO.9001.965 and h.20 

Uo.so0i.g33 are compared with those of La~.io 
U0.9002.005 and La0.20U0.8002.001~ rewc- 
tively, oxygen vacancies are found also to 
weaken the magnetic interactions between 
uranium ions. From these facts, it is seen 
that it is the oxygen ions at the regular an- 
ion sites in the fluorite lattice that play an 
important role in transferring the magnetic 
interactions between uranium ions, which 
reversely shows that these magnetic ex- 
change interactions are of the superex- 
change type of interaction via oxygen ions. 

The NCel temperature of La&&0.7001.988 
is slightly lower than that of Lao.~oUo.-/o 
0 i.sg6. In the y = 0.3 solid solutions, the 
oxygen nonstoichiometry has much larger 
effect on the increase of US+ than in the y = 
0.1 or 0.2 solid solutions. The ratios of US+/ 
U4+ are 0.65 and 0.15, for LaO.~OUO.JOO1.~gg 
and L~.30Uo.7001.896, respectively. There- 
fore, it is considered that the increased Us+ 
ions influence the magnitudes of the mag- 
netic interactions, as contrasted with the y 
= 0.1 or 0.2 cases. 

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 variation of magnetic moment with 
uranium concentration is shown in Fig. 9. 
For comparison, the data for (U, Th)Oz (6) 
and (U, Y)02 (4) solid solutions are also 
plotted. The magnetic moment decreased 
with decreasing uranium concentration for 
the solid solutions prepared under any of 
the three conditions. 

First, the case of nearly oxygen-stoichio- 
metric solid solutions prepared under Con- 
dition I will be considered. The magnetic 
moment decreased with decreasing ura- 
nium concentration. Its slope is much 
steeper than that of (U, Th)02 solid solu- 
tions and is comparable with that of (U, 
Y)O, solid solutions. Earlier discussion (6) 
on the decrease of magnetic moment in the 
(U, Th)02 solid solutions led to a conclu- 
sion that the decrease in the magnetic inter- 
actions with adjacent uranium ions is re- 
sponsible for the phenomenon. On the 
other hand, the decrease of magnetic mo- 
ment in the (U, Y)02 solid solutions is due 
to the formation of U5+ ion which gives a 
lower magnetic moment than U4” ion (4). 
The data for (U, La)02 solid solutions are 
similar to those for (U, Y)02 solid solu- 
tions. The decrease of magnetic moment in 
the (U, La)02 solid solutions can be attrib- 
uted to the oxidation of U4+ to Us+. 

The behavior of the magnetic moment 
with varying uranium concentration for the 
oxygen-deficient solid solutions is peculiar. 
The solid solutions Lao.ioUo.s~O~.~~~ and 
L~.&10.g001.933 have smaller magnetic mo- 
ments than the oxygen-stoichiometric solid 
solutions with the same uranium concentra- 
tion, but in the case of solid solutions with 
U/(U + La) = 0.7, the magnetic moment of 
a nearly oxygen-stoichiometric solid solu- 
tion (La&30UO.7001.98g) is smaller than that 
of an oxygen-deficient solid solution (Lao,30 
Uo.7001.8g6). This behavior is understandable 
by assuming the same mechanism as in the 
analysis of the NCel temperature. The 
smaller magnetic moment of oxygen-defi- 
cient solid solutions, in the case of U/(U + 
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La) = 0.8 and 0.9, is because the magnetic 
exchange interactions are weaker com- 
pared with those in the oxygen-stoichio- 
metric solid solutions. The fact that the 
solid solution with weaker magnetic inter- 
action has a smaller magnetic moment is 
found experimentally in (U, Th)Oz solid so- 
lutions (6). When the concentration of ura- 
nium is lowered to 0.7, the effect of the 
increased Us+ ion which has smaller mag- 
netic moment than U4+ ion is considered to 
be sufficiently large on the magnetic mo- 
ment of the solid solution, and conse- 
quently, the oxygen-stoichiometric solid 
solution in which the oxidation of uranium 
proceeds more than in oxygen-deficient 
solid solution had smaller magnetic mo- 
ment. 

The next is for the case of the oxygen- 
excess solid solutions (prepared under Con- 
dition III). Compared with the oxygen-stoi- 
chiometric solid solutions, the magnetic 
moment of the oxygen-excess solid solu- 
tions is smaller, which indicates, that the 
larger number of uranium was oxidized to 
Us+ state by excess oxygen. With decreas- 
ing uranium concentration, the magnetic 
moment decreased, but it did not decrease 
between C = 0.6 and 0.5. The magnetic mo- 
ment was 1.65 pa for both L~.~DU~.~~O~.~~~ 
and L~.soUO.soOz.aol. The mean valencies of 
uranium are both closely near to 5+ (Fig. 
3). Therefore, this value of the magnetic 
moment would be solely that of the Us+ ion 
at the cation sites in fluorite structure, and 
is in good agreement with the moment of 
U5+ obtained in under Oxidation State of 
Uranium. Furthermore it is near to the 
magnetic moment of uranates of alkaline 
earth elements with fluorite structure, 
MU206 (M = Ca, Sr or Ba) (1.6-1.8 pa) 
(16). 

Weiss Constant 

In Fig. 10, the Weiss constant is plotted 
against the uranium concentration for 

0’ 
1.0 0.6 0.6 

Concentration of uranium, C 

FIG. 10. Variation of Weiss constant with uranium 
concentration. The solid line represents the theoretical 
value calculated by assuming that the exchange inter- 
action for any one U4+ ion is proportional to the num- 
ber of nearest- and next-nearest-neighbor U4+ ions. 

nearly oxygen-stoichiometric solid solu- 
tions. For comparison, the data of (U, Y)O, 
solid solutions (4) are also drawn. The 
Weiss constant should be a measure of the 
magnitude of the magnetic exchange inter- 
action. The Weiss constant of (U, La)Oz 
solid solutions is smaller than that of (U, 
Y)Oz solid solutions. The result can be re- 
lated to the fact that the NCel temperature 
of the former solid solutions is lower than 
that of the latter solid solutions. The Weiss 
constant of (U, Th)02 solid solutions de- 
creases linearly with decreasing uranium 
concentration, which is explained well by a 
model that the exchange interaction for any 
one U4+ ion is proportional to the number 
of nearest- and/or next-nearest-neighbor 
U4+ ions (6). With decreasing uranium con- 
centration, the Weiss constant of (U, La)OZ 
solid solutions deviates more from the lin- 
ear relation obtained by the above model 
(solid straight line in Fig. lo), which corre- 
sponds to the formation of increased num- 
ber of U5+ ions in the solid solutions. 
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