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Solid solutions MgyU1-yOZ+x with fluorite structure were prepared and their magnetic susceptibilities 
were measured from 4.2 K to room temperature. An antiferromagnetic transition was observed for the 
solid solutions examined in this study. Both the Neel temperature and the effective magnetic moment 
of uranium decreased with increasing magnesium concentration. The change in the magnetic properties 
of these solid solutions with x and y values was compared with that of MvUI-,,02+x solid solutions 
where M = Ca*+, Y3+, La3+, or Th4+. The substitution of Mg2+ for U4+ was found to oxidize uranium 
ions to the + 5 state but not to the + 6 state. The variation of the effective magnetic moment of uranium 
against mean uranium valency is quite similar to that for the solid solutions with M = Ca2+, Y3+, or 
La3+. 0 1991 Academic Press, Inc 

Introduction 

Uranium dioxide (UO,) crystallizes in the 
well known fluorite structure in which U4+ 
ions order antiferromagnetically below 30.8 
K(I). This UO, incorporates excess oxygen 
in the interstitial lattice positions. Some 
metal oxides such as alkaline earth oxides 
and rare earth oxides dissolve in the UO, 
at high temperatures forming substitutional 
solid solutions, MyU1-yOZ+x (2), which 
show oxygen deficiency on one side of the 
stoichiometric composition and excess oxy- 
gen on the other (3). For the case of trivalent 
rare earth ions, oxygen stoichiometric solid 
solutions (x = 0) are formed and their mag- 
netic properties have been examined to elu- 
cidate the behavior of 5f electrons in the 
solids. The substitution of M’+ for uranium 
results in not only a magnetic dilution of 
UO, but also an oxidation of uranium ions 
to the +5 state in order to preserve the 
electrical neutrality in the solid solutions 

(4). In the case of M*+ , the situation is more 
complicated, i.e., it is difficult to prepare 
oxygen stoichiometric solid solutions. 
Then, oxygen nonstoichiometry also affects 
the magnetic properties of solid solutions. 
In our earlier study, the magnetic properties 
ofCa,Ul-,02+x solid solutions were exam- 
ined (5). In this study, we will extend the 
study to the Mg,U,_,O,+X solid solutions. 

The magnetic properties of MgyU,-y02+x 
solid solutions were studied only by 
Kemmler-Sack et al. (6), who measured the 
magnetic susceptibility of Mg,.,,U,,,,O, 
(MgU,O,) in the temperature range of 78 
to 473 K and found the susceptibility data 
followed the Langevin-Debye relation, x = 
C/T + A, where C = 0.16 and A = 415 x 
10m6. However, the oxygen amount in the 
solid solution was not analyzed. 

The solubility of magnesium oxide (MgO) 
in UO, is only a few mole percent, even at 
2350°C in vacuum (7), because MgO has a 
rock salt structure which is not a related 
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type to the fluorite structure of UO, and 
because the ionic radius of Mg2+ is consider- 
ably smaller than that of U4+. However, it 
increases markedly when the solid solution 
is allowed to take up extra oxygen until a 
fluorite lattice having no vacant anion sites 
is formed. Fujino and Naito (8) reported 
the preparation of solid solutions with 0 < 
y < 0.33 by the reaction of the mixtures of 
MgU04, MgU,O,,, and/or UOz in a flow of 
helium gas at 1000 - 1100°C. 

In this study, Mg,Ul-,O,+x solid solu- 
tions with various x and y values over 
which the crystal structures are fluorite- 
type were prepared in a flow of helium gas, 
and their magnetic susceptibilities were 
measured from 4.2 K to room temperature. 
The results were compared with the mag- 
netic properties of solid solutions, M,IJ-, 
0 2+x, where M = Ca*+, Y3+, La3+, or 
Th4+, and 
tution and 
magnetic 
amined. 

the effects of magnesium substi- 
oxygen nonstoichiometry on the 
properties of UO, were ex- 

Experimental 

1. Sample Preparation 

As starting materials, U02, U,O,, and 
MgO were used. Before use, UO, was re- 
duced to stoichiometric composition in a 
flow of hydrogen gas at 1000°C U,Os was 
oxidized in air at 850°C to form stoichiomet- 
ric compound, and MgO was heated in air 
at 800°C to remove any moisture. 

The UO,, U,O,, and MgO were weighed 
to form seemingly oxygen stoichiometric 
solid solutions, MgyU,_,O,,,, as shown in 
the following equation: 

(1 - 2.5y) uo, + 0.5y u30, 

+ y MgO + Mg,U,-y%w (1) 

After being finely ground in an agate mortar, 
the mixtures were pressed into pellets and 
then heated under either of the following 
two conditions: 

Condition I: The reaction in a flow of he- 
lium gas at 1500°C for 15 hr. The partial 
pressure of oxygen was approximately 1 x 
10-l Pa; y = 0.05, 0.10, 0.20, 0.30. 

Condition ZZ: The reaction in a flow of 
unpurified helium gas at 1260°C for 80 hr. 
The approximate partial pressure of oxygen 
was 10Pa;y = 0.05,0.10,0.15,. 9 * ,0.30, 
0.33. 

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 proce- 
dures were repeated twice. 

2. Analysis 

2.1. X-ray diffraction analysis. An X-ray 
diffraction study on the solid solutions was 
performed using Cuba! radiation with a Phil- 
ips PW-1390 diffractometer with a curved 
graphite monochromator. The lattice pa- 
rameter of the samples was determined by 
the Nelson-Riley extrapolation method 
(9) 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- 
titration method (10, 11 >. A weighed amount 
of sample was dissolved in an excess ceri- 
um(IV) sulfate solution, which was stan- 
dardized in advance with stoichiometric 
UO,. The remaining cerium(IV) was titrated 
against a standard iron(H) ammonium sul- 
fate solution with the ferroin indicator. The 
oxygen amount was evaluated for each pre- 
determined Mg : U ratio. The error in x is 
estimated to be less than kO.003. 

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, = 10980 x 10m6/(T + 0.7)) 



432 YUKIO HINATSU 

TABLE I 

LATTICE PARAMETER AND MAGNETIC DATA FOR MgyU1-yOZ+x SOLID SOLUTIONS 

Solid solution 
Preparation 

condition 

Mgo.osUo.9sO1.975 5.4602 3.03 26.6 

Miso.,oUo.&m 5.4506 2.97 23.0 

Mgo.2oUo.so%so, 5.4485 2.94 20.8 

M&.20U0.8001.927 

M&k25U0.7501.898 

Mg0.30U0.7001.859 

Mgo.33Uo.670,.827 

5.4316 2.12 - 11 
5.4152 2.66 10.8 II 
5.3955 2.51 9.3 II 
5.3778 2.44 8.4 II 
5.3667 2.35 8.0 II 
5.3624 2.31 7.8 II 

as a standard. The temperature of the sam- 
ple was measured by a “normal” Ag vs. 
Au-O.07 at.% Fe thermocouple (4.2 - 40 K) 
(12) and an Au-Co vs. Cu thermocouple 
(10 K - room temperature). Details of the 
experimental procedure have been de- 
scribed elsewhere (13). 

Results and Discussion 

1. X-ray Diffraction and Oxygen 
Nonstoichiometry 

X-ray diffraction analysis showed that cu- 
bic solid solutions with fluorite structure 
were formed as single phase for the speci- 
mens with y = 0.05, 0.10, and 0.20 under 
Condition I and for the specimens with y = 
0.10 - 0.33 under Condition II. The speci- 
men with y = 0.30 formed under Condition 
I was a mixture of cubic solid solution and 
cubic MgO, and the specimen withy = 0.05 
formed under Condition II was a mixture 
of cubic solid solution and rhombohedral 
U,O,. The composition and lattice parame- 
ter of the solid solutions prepared are listed 
in Table I. The determination of oxygen 
amount in the solid solutions by the cerium 
back-titration method showed that except 
for the solid solution MgO,,,U,,,,O,,,, pre- 
pared under Condition II, the oxygen/metal 

ratios, O/M, of the solid solutions were less 
than two, i.e., they were oxygen hypostoi- 
chiometric. 

The mean valency of uranium (v) in the 
solid solutions was calculated assuming the 
valencies of magnesium and oxygen to be 
+2 and -2, respectively. Its variation 
against magnesium concentration (y) is 
shown in Fig. 1. The uranium ions in the 
solid solutions prepared under Condition II 
are seen to be oxidized with increasing mag- 
nesium concentration. On the other hand, 
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FIG. 1. Mean valency of uranium against magnesium 
concentration. 
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FIG. 2. Temperature dependence of magnetic suscep- 
tibilities of MgyU1-y02+x solid solutions prepared un- 
der Condition I. 

the variation of mean uranium valency with 
y for the solid solutions prepared under Con- 
dition I is not straight. The reason for this 
is that the preparation conditions such as 
reaction temperature and partial pressure of 
oxygen are a little different from specimen 
to specimen. 

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 with the exception of 
Mg,,JJ,~WO,,~ prepared under Condition 
II. The transition temperature (the Neel 
temperature) decreased with increasing 
magnesium concentration, which indicates 
that the magnetic dilution proceeds with 
magnesium concentration. In the solid solu- 
tions prepared under Condition I, the mag- 
netic susceptibilities become temperature- 
independent below the NCel temperatures 
(Fig. 2). Similar behavior has been observed 
in the susceptibilities of UO,, (U,Th)02, or 
(U,Zr)O, solid solutions (23-25). On the 

other hand, the magnetic susceptibilities de- 
crease significantly with decreasing temper- 
ature in the solid solutions prepared under 
Condition II, and this decrease becomes 
more prominent for the solid solutions with 
higher magnesium concentrations (Fig. 3). 
This behavior is normal for the antiferro- 
magnet, and has been observed in the sus- 
ceptibilities of (U,Y)02 or (U,La)O, solid 
solutions (16, 17). As will be discussed in 
the following section, some U4+ ions are 
oxidized to the U5+ state in the (U,Mg)O,+. 
solid solutions. So, the decrease of magnetic 
susceptibility with decreasing temperature 
below the NCel temperature is considered to 
be due to the magnetic interactions between 
Us+-Us+ ions or in some cases those be- 
tween Us+-U4+ ions. 

l Mho “0 so %006 

* Mgo.15 ‘-b ~5 01961 
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FIG. 3. Temperature dependence of magnetic suscep- 
tibilities of MgyU1-vOl+x solid solutions prepared un- 
der Condition II. 



434 YUKIO HINATSU 

3. Oxidation State of Uranium 

The oxidation state of uranium in the solid 
solutions is discussed by analyzing the mag- 
netic susceptibility data. The oxygen non- 
stoichiometry in the solid solutions affects 
the effective magnetic moment of uranium 
mainly through the change of the valence 
state of uranium. This effect will be ana- 
lyzed for the solid solutions with the same 
y value but different x values. 

If U4+ ions are assumed to be oxidized to 
the U6+ state by the substitution of Mg*+ 
for U4+ or by the incorporation of oxygen, 
the ionic species in the solid solutions are 
expressed as 

Mg;+ U:+,-2, II;:, O;;,. (1) 

This model shows that only the U4+ ions 
contribute to the paramagnetism of the solid 
solutions, because the U6+ ions generated 
by introduction of Mg2+ are diamagnetic. 
The excess oxygen is positioned intersti- 
tially. For the two solid solutions with the 
same magnesium amount (y) but different 
oxygen amounts (x), the paramagnetic sus- 
ceptibility of the solid solution with higher 
oxygen amount must be smaller than that of 
solid solution with lower oxygen amount, 
since the ratio U4+ /(total U) is smaller in the 
former solid solution. Experimental results, 
however, show that, for example, the mag- 
netic susceptibility of Mg,,,,U,.,02,006 is 
larger than that of Mg0,10U0,900,,932 below 
100 K. From these results, we can conclude 
that the uranium ions are not oxidized as 
shown in Eq. (1). 

In the case where the oxidation of ura- 
nium proceeds from U4+ to US+ by substitu- 
tion of Mg2+ for U4+, the ionic species in 
the solid solutions are 

Mg;+ U‘~+W,~ U::,, O:;,, (2) 

and both U4+ and US+ 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, 

x1 = (1 - 2x, - 3y)x(u4+) 
+ m, + 2Y)Xw5+), (3) 

x2 = (1 - 2x, - 3y)x(u4+) 

+ (2-q + 2Y)XvJS’), (4) 

where, x(U4’) and x(U5’) are the magnetic 
susceptibilities of U4+ and US+, respec- 
tively. By eliminating x(U4’) from Eqs. (3) 
and (4), x(U5+) is expressed as 

x(U5’) = 
(1 - 2x, - 3Y)Xl - (1 - 2% - 3YlX2. 

2(1 - Y)(Xl - x3 

(5) 

When this model is applied to the two solid 
solutions, viz., Mg0,,,,U,,,9001.932 and Mg,,,, 
b3lo2.clo6 2 the susceptibility of U5+ is de- 
rived from Eq. (5). The effective magnetic 
moment of Us+ is calculated from the incli- 
nation of the reciprocal susceptibility vs. 
temperature curve and is obtained to be 1.67 
ps. In the case that a Us+ ion is in the crys- 
talline field produced by eight oxygen ions 
in cubic symmetry, the ground state 2F5/2 (in 
Russell-Saunders’ coupling scheme) splits 
into two levels, of which the lowest is quar- 
tet I8 (in Bethe’s notation) (28). If only this 
quartet level contributes to the paramagne- 
tism of these solid solutions, its magnetic 
moment is calculated to be 2.00 pB (19, 20). 
The moment obtained from the present ex- 
periment is a little smaller than that calcu- 
lated, but is very close to the magnetic mo- 
ment of uranates of alkaline earth elements 
with fluorite structure, MU,O, (M = Ca, Sr, 
or Ba) (1.68 - 1.82 pa) (21). These results 
indicate that there exist U4+ and Us+ ions 
in the MgyU,--y02+x solid solutions. 

4. Ne’el Temperature 

The variation of the NCel temperatures 
with uranium concentration is shown in Fig. 
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FIG. 4. Variation of Nobel temperature with uranium 
concentration. 

4. For comparison, the data for Ca,IJ-, 
0 2+x,YyUl-,,02,andTh~U,-,0,solidsolu- 
tions (5, 23, 16) are also shown. The NCel 
temperatures of solid solutions prepared un- 
der Condition I are decreased with decreas- 
ing uranium concentration, but the decre- 
ments are much smaller than those for 
Ca,V -yO2+x solid solutions. The reason 
for this is that the oxidation of uranium did 
not proceed greatly with magnesium substi- 
tution (Fig. 1); that is, the oxygen concentra- 
tion also decreased with decreasing uranium 
concentration. This effect is also found in 
the temperature dependence of magnetic 
susceptibilities in the lower temperature re- 
gion, where the susceptibilities become tem- 
perature independent below the NCel tem- 
perature (Fig. 2). The NCel temperatures of 
solid solutions prepared under Condition II 
decrease with increasing magnesium con- 
centration, indicating the magnetic dilution 
proceeds with magnesium substitution. The 
NCel temperatures of MgyU1-yOZ+x solid 
solutions are higher than those of Ca,LJ-, 
Ozfx solid solutions with the same y values, 

which indicates that the dilution effect of 
MgO on antiferromagnetic interactions be- 
tween the uranium ions is smaller compared 
with that of CaO. This may be attributable 
to the fact that with increasing y value, the 
lattice parameter (therefore the distance be- 
tween uranium ions) decreases much more 
in the magnesium solid solutions than in the 
calcium solid solutions. The same results 
have been found in the NCel temperatures 
of YyUl-y02+X and La,U1-,02+x solid 
solutions (16, 17). Surprisingly, no anti- 
ferromagnetic transition was observed in 
mcl. 10u0.9002.006 solid solution. One possible 
reason for this is that the interstitial oxygens 
hinder the magnetic exchange interactions 
between uranium ions. 

5. Magnetic Moment 
From the reciprocal susceptibility vs. 

temperature curves, the effective magnetic 
moments of uranium were obtained in the 
temperature region in which the Curie 
-Weiss law holds. The moments are listed 
in Table I. With increasing magnesium (y) 
or oxygen (x) concentrations, the moment 
decreased. The variation of magnetic mo- 
ment with uranium concentration is shown 
in Fig. 5. For comparison, the data for 
Th,U,-,02, YyUI-,02, and CayU1-yOz+x 
solid solutions (5, 13, 26) are also plotted in 
the same figure. 

The magnetic moment of uranium reflects 
its oxidation state. First, the case of solid 
solutions prepared under Condition II will 
be considered. The effective magnetic mo- 
ment of uranium decreases with increasing 
magnesium concentration, which corre- 
sponds to the increase of mean uranium va- 
lency as shown in Fig. 1. At the same y 
values, the magnetic moments of MgyIJPy 
O2+x (x 5 0) solid solutions prepared under 
Condition II are smaller than those of Y, 
U, -yOz solid solutions, which is attributable 
to the higher oxidation state of uranium in 
the former solid solutions than in the latter 
solid solutions. The effective magnetic mo- 
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FIG. 5. Variation of effective magnetic moment of 
uranium with uranium concentration. 

ments of solid solutions prepared under 
Condition I are larger than those of solid 
solutions prepared under Condition II. This 
result is caused by the less oxidized uranium 
(formation of the higher oxygen vacancies) 
in the former solid solutions than in the latter 
solid solutions (Fig. 1). Although the mean 
valency of uranium in Mg,,,,U,,soO,,,,, (V = 
+4.02) is smaller than that in 
Mga.dJa.~oQ.m (V = +4.07), the moment 
of the former solid solution is smaller than 
that of the latter solid solution. The reason 
for this is the decrease of magnetic exchange 
interactions with decreasing uranium con- 
centration. This effect is seen more clearly 
in the decrease of magnetic moment of Th, 
U, -y02 solid solutions with decreasing ura- 
nium concentration (13) (Fig. 5). 

The variation of the effective magnetic 
moment of uranium against the mean ura- 
nium valency is shown in Fig. 6. For com- 
narison. the moments of Ca,,U, -..O, L _ and 

Y,Ui-,02 solid solutions are also drawn. 
The data of latter solid solutions are con- 
nected by dashed line. Both the moments of 
Mg&yO2+x and Ca,Ui-,02+X prepared 
under Condition II follow this dashed line. 
This result means that the magnetic moment 
of uranium is insensitive to the kind of sub- 
stitutional atom for uranium, i.e., it is deter- 
mined mainly by the oxygen coordination 
around the uranium atom. From Fig. 6, the 
moment of uranium of which the mean va- 
lency is + 5 is 1.67 pa, which is in accord 
with the moment obtained from Eq. (5). The 
moments of oxygen deficient solid solutions 
prepared under Condition I deviate a little 
downward from this dashed line. In the flu- 
orite-type structure, each uranium ion is 
octa-coordinated by the eight oxygen ions. 
In the oxygen deficient solid solutions, some 
of these oxygen atoms remove from their 
regular sites, forming the oxygen vacancies. 
Therefore, it is considered that the lack of 
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oxygen atoms (formation of oxygen vacanc- 
ies) in these solid solutions affects signifi- 
cantly the moments of uranium. The same 
deviation from this dashed line has been also 
found in the moments of oxygen hypostoi- 
chiometric solid solutions, YyU1-yOz-x (22) 
(Fig. 6). 
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