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Magnetic susceptibilities of NdJJ-,O,+, solid solutions with fluorite-type structure were measured 
from 4.2 K to room temperature. The susceptibilities of oxygen-stoichiometric solid solutions 
(Nd&J-,OJ increased with Nd concentration, i.e., y value, in the whole temperature range measured. 
From the analysis of the magnetic susceptibility data, it was found that the oxidation state of uranium 
was tetravalent or pentavalent. The susceptibilities of solid solutions with low Nd concentrations (y 5 
0.07) increased with decreasing temperature down to ca. 31 K, and showed discontinuous change 
(susceptibility drop) at ca. 30-31 K ( Td temperature). Below this temperature, after a little decreasing, 
the magnetic susceptibilities increased again with decreasing temperature. This increase of susceptibil- 
ity below Td temperature is considered to be due to both U5+ ion and Nd’+ ion. The effective magnetic 
moment of NdyU1-yOZ+x solid solutions is discussed as a function of x and y. o 1988 Academic press, IX. 

Introduction 

The phase relations on U02-UOj-Nd203 
system have been extensively studied by 
several researchers (Z-4). Hund and Peetz 
(1) indicated that solid solutions with fluo- 
rite structure were formed in air-sintered 
U02-Nd203 mixtures in the range from 25 
to 65 mole% NdZOJ at 1200°C. Lambertson 
and Mueller (2) found that the Nd3+ ion 
could be substituted extensively for the U4+ 
ion in the fluorite-type solid solutions 
formed by sintering in hydrogen atmo- 
sphere. Kolar et al. (3) studied the forma- 
tion of the compounds in either air or hy- 
drogen atmosphere by chemical, X-ray, 
and differential thermal analyses. Keller 
and Boroujerdi (4) examined in further de- 
tail the phase relation at ~(0~) = 1 atm and 
1150°C 5 T I 1550°C. As Nd3+ ion is sub- 
stituted for U4+ ion in the face-centered cu- 
bic lattice, an oxygen deficiency must be 
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created or some of the U4+ ion must be oxi- 
dized to a higher valence state to conserve 
the charge neutrality in the solid solutions. 
However, there have been no definite de- 
scriptions about the oxidation state of ura- 
nium. 

As shown above, there have been several 
phase relation studies on this system, but 
no magnetic studies seem to have been re- 
ported yet. Although the electronic configu- 
ration of Nd3+ ([Xe]4f3) is different from 
that of Pr3+ ([Xe]4f2), the magnetic moment 
of Nd3+ is close to that of Pr3+ in a free 
ion state. Therefore, if magnetic data of 
Nd,U-,,O:! solid solutions with fluorite 
structure are compared with those of 
Pr,UI-y02 solid solutions (5), the effect of 
the ground state of rare-earth ions (Nd3+ 
and Pr3+) on the magnetic properties of 
solid solutions could be elucidated. The ef- 
fect of interstitial oxygen will also be clari- 
fied by comparing the results of hyperstoi- 
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chiometric NdYUi-,02+x (x > 0) solid 
solutions with those of stoichiometric 
Nd,U, -,,OZ solid solutions. 

In the present study, Nd,Ui-,02+, solid 
solutions with various x and y values of 
which the crystal structures are fluorite- 
type (same as UOz) were prepared and their 
magnetic susceptibilities were measured in 
the range from 4.2 K to room temperature. 
The change of the magnetic properties of 
solid solutions is examined as a function of 
substituted Nd3+ for U4+ and/or the inter- 
stitial oxygens. The oxidation state of ura- 
nium in the solid solutions is discussed in 
terms of the magnetic susceptibility data. 

pellets, and heated 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. X-ray dif- 
fraction study was performed using Cuba! 
radiation with a Philips PW-1390 diffrac- 
tometer equipped with curved graphite 
monochromator. The lattice parameter of 
the samples was determined by the Nel- 
son-Riley extrapolation method (6) applied 
to the diffraction lines above 80” (28). 

Experimental 

1. Sample Preparation 

As starting materials, UO2 and Ndz03 
were used. Before use, UOz was reduced to 
stoichiometric composition in a flow of hy- 
drogen gas at 1000°C. Ndz03 was heated in 
air at 850°C to remove any moisture. 

The UOZ and Ndz03 were weighed to the 
intended atom ratios of uranium and neo- 
dymium (Nd/(Nd+ U) I 0.30). After being 
finely ground in an agate mortar, the mix- 
tures were pressed into pellets and then 
heated under either of the following three 
conditions: 

2.2. Determination of oxygen amount. 
The oxygen nonstoichiometry in the solid 
solutions was determined by the back-titra- 
tion method (7, 8). The weighed amount of 
sample was dissolved in excess cerium(IV) 
sulfate solution. This cerium(IV) sulfate so- 
lution was standardized with stoichiometric 
UOZ. The excess cerium(IV) was titrated 
against standard iron(I1) ammonium sulfate 
solution with ferroin indicator. The oxygen 
amount was determined for predetermined 
Nd/U ratio. 

3. Magnetic Susceptibility Measurement 

Condition I: The reaction in an induction 
furnace in a flow of purified helium gas at 
1400°C for 8 hr. 

Condition II: The reaction in an Sic re- 
sistance furnace in a flow of unpurified he- 
lium gas at 1340°C for 150 hr. The partial 
pressure of oxygen in the helium gas used 
here was significantly higher than that of 
Condition I. 

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 (& = 10980 X 10v6/(T + 
0.7)) used as a standard. The temperature 
of the sample was measured by a “normal” 
Ag vs Au-O.07 at% Fe thermocouple (9) 
(4.2-40 K) and an Au-Co vs Cu thermo- 
couple (10 K - room temperature). Details 
of the experimental procedure have been 
described elsewhere (IO). 

Condition III: The reaction in a muffle 
furnace with molybdenum silicide heating 
elements in air at 1600°C for 11 hr. 

Results and Discussion 

1. Lattice Parameter and Oxygen 
Nonstoichiometry 

After cooling to room temperature, the X-ray diffraction analysis showed that 
samples were reground, pressed again to cubic solid solutions with fluorite-type 
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structure were formed in single phase for all 
the specimens in this study with the excep- 
tion of the Nd/(Nd + U) = 0.10 and 0.20 
specimens formed under Condition III (in 
air). They were a mixture of cubic solid so- 
lution and orthorhombic a-UjOs. Figure 1 
shows the variation of O/M ratio with Nd 
concentration, y, for the solid solutions pre- 
pared in this work (Conditions I, II, and 
III), where M indicates Nd + U. The O/M 
ratios for the solid solutions with y I 0.10 
prepared under Condition I were close to 
two. Similar behavior has already been re- 
ported in earlier works on this system (3) 
and on some rare-earth oxide-uranium ox- 
ide systems (11-14). The solid solutions 
prepared under Conditions II and III 
showed hyperstoichiometry, i.e., the O/M 
ratios were larger than 2. 

The variation of lattice parameter with y 
is indicated in Fig. 2. In spite of the substi- 
tution of Nd3+ of which the crystal radius is 
larger than that of U4+ (15), the lattice pa- 
rameter of solid solutions prepared under 
Condition I decreased with increasing Nd 
concentration until y = 0.20. On the other 
hand, the lattice parameter of the solid so- 
lutions prepared under Condition II in- 
creased slightly with y. This difference is 
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FIG. 1. Variation of O/M ratio with neodymium con- 
centration. 0, Condition I; A, Condition II; W, Condi- 
tion III. 
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FIG. 2. Variation of lattice parameter with neodym- 
ium concentration. 

considered to arise from the enhanced oxi- 
dation of uranium in the solid solutions pre- 
pared under Condition II due to reaction 
with oxygen in higher oxygen pressure. The 
mean valency of uranium in the solid solu- 
tions against Nd concentration is shown in 
Fig. 3. The uranium ion is seen to be oxi- 
dized with increasing y for the solid solu- 
tions prepared under any of the three condi- 
tions. For the solid solutions with the same 
y value, the uranium ions were more oxi- 
dized under Condition II than under Condi- 
tion I. 

2. Magnetic Susceptibility 

For all specimens examined here, no field 
dependence of magnetic susceptibility was 
found. Figure 4 shows the temperature de- 
pendence of magnetic susceptibilities of 
Nd,Ui-,02 solid solutions (y 5 0.1) pre- 
pared under Condition I. Except for the 
lower temperature region (T < 20 K), the 
susceptibility behavior of the N$Ui-,O;! 
solid solutions is similar to that of the 
PrJJi-,02 solid solutions (5). In the whole 
temperature range measured, the suscepti- 
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FIG. 3. Mean valency of uranium against neodym- 
ium concentration. 

bility increases with Nd concentration (y). 
This fact reflects larger effective magnetic 
moment of Nd3+ than that of U4+ as will be 
described later. The magnetic susceptibility 
for the solid solutions with low Nd concen- 
trations (y 5 0.07) increases with decreas- 
ing temperature down to ca. 31 K, and 
shows discontinuous change at ca. 30-31 K 
(Fig. 4). This temperature will be referred 
to as Td hereafter. Below this temperature, 
the susceptibility decreases but turns to in- 
crease again with decreasing temeprature. 
The temperature dependence of magnetic 
susceptibility in low-temperature region is 
shown in Fig. 5 more closely. For compari- 
son, the data of Pr&JI-,02 solid solutions 
are also drawn in this figure as dot-dashed 
lines. The decline of magnetic susceptibility 
below Td with decreasing temperature be- 
comes less prominent with increasing Nd 
concentration. However, the Td tempera- 
tures does not change irrespective of the 
Nd concentration. This behavior is differ- 
ent from Th,,LJ-,02 solid solutions in which 

the NCel temperature decreases linearly 
with decreasing uranium concentration 
(10, 16). Neither Y,U1-y02 nor LaJJI-yO2 
solid solutions (27, 18) behave similarly. In 
these solid solutions where some uranium 
ions are oxidized to a higher valence state 
to maintain the electrical neutrality in the 
solids, the N6el temperature decreases with 
decreasing uranium concentration but the 
decrement becomes smaller with decreas- 
ing uranium concentration. Figures 6 and 7 
show the temperature dependence of recip- 
rocal magnetic susceptibilities of solid solu- 
tions with y = 0.10 and 0.20, respectively. 
In each case, the paramagnetic susceptibil- 
ity is larger when the x value is larger below 
certain temperatures (Figs. 6 and 7). This 
result shows that the oxidation state of ura- 
nium in the solid solutions is either tetrava- 
lent or pentavalent, as will be described 
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FIG. 4. Temperature dependence of magnetic sus- 
ceptibilities of NdYU1-,02 solid solutions (y 5: 0.10) 
prepared under Condition I. 
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FIG. 5. Comparison of low-temperature magnetic 
susceptibilities of Nd,U,-,02 solid solutions with those 
of PryUI-,02 solid solutions. Dot-dashed lines repre- 
sent the data of Pr,.U,-,02 solid solutions. 

later. Figure 8 shows the plot of reciprocal 
magnetic susceptibility against temperature 
for the solid solutions with y = 0.30. Above 
ca. 50 K, the magnetic susceptibility of the 
specimen with larger oxygen amount be- 
comes smaller. In the temperature range in 
which the Curie-Weiss law holds, the ef- 
fective magnetic moment per mole of 
Nd,U,-,02 solid solutions, ~~6, were ob- 
tained from the slope of the reciprocal sus- 
ceptibility vs temperature curves. The vari- 
ations of peg with Nd concentration is 
shown in Fig. 9. 

3. Oxidation State of Uranium 

The oxidation state of uranium in the 
NdJJl-,Oz+x solid solutions can be eluci- 
dated from the magnetic susceptibility data. 
U4+ ions are oxidized to Us+ or U6+ by ac- 
commodation of Nd3+ ions in the crystal, 
and the same by accommodation of excess 
oxygen ions. In these cases, the following 
two models of ionic species are considered: 

(9 Nd:‘U~t_,-l.syU6,f+o.5~O~~~ (1) 
(ii) Nd~+U~I_~-2,U~+YO& (2) 

In the oxidation model (i) where the U6+ 
ions are formed, the paramagnetic ions are 
Nd3+ and U4+ only, since the U6+ ion is 
diamagnetic. For the two solid solutions 
with the same Nd 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 
the solid solution with lower oxygen 
amount, since the ratio U4+/(total U) is 
smaller in the former solid solution. Experi- 
mental results, however, show that the 
magnetic susceptibility of Nd0JJ0.&2.i57 
is larger than that of Ndo.r&o.9001.~ below 
90 K (Fig. 6). The same result is found for 
the solid solutions with y = 0.20, viz., 
N4dJ0.dh0 and N&dhdh~ (Fig. 

I I 
loo 200 ! 

T (Kl 

FIG. 6. Temperature dependence of reciprocal mag- 
netic susceptibilities of N&.10U0.~01.999 and N&.,&Jo., 
02.157. 
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FIG. 7. Temperature dependence of reciprocal mag- 
netic susceptibilities of Nd0.20U0.8001.968 and Nd0.20Uo~ 
02.110. 

7). From these facts, we can conclude that 
the uranium ions are not oxidized as shown 
in model (i). 

When model (ii) is the case, there exist 
three kinds of paramagnetic ions in the 
solid solutions. For the magnetic suscepti- 
bilities of two NdJJr-,02+, 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 equations hold, 

x(S.1) = yx(Nd3+) + (1 - 2x, - 2y)x(U4+) 
+ (2x1 + YMJS’), (3) 

x(S.2) = yx(Nd3+) + (1 - 2x2 - 2y)x(U4+) 
+ (2x2 I- Y)XWS’), (4) 

where x(Nd3+), x(U4+), and x(Us+) are the 
magnetic susceptibilities of Nd3+, U4+, and 
U’+, respectively. By eliminating x(U4+) 
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FIG. 9. Variation of effective magnetic moment of 
NdYU,-,02+x solid solutions with neodymium concen- 
tration. Solid line represents the calculation result (see 

from Eqs. (3) and (4), the following equa- text). 
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FIG. 10. Reciprocal susceptibility of yNd’+ + 
(1 - y)US+ vs temperature. 

tion is obtained, 

yx(Nd3+) + (1 - yMJ5+) 

= .qxl 1_ x2) ((1 - 2x2 - 5)x61) 

- (1 - hl - 2Y)x@.m. (5) 

Equation (5) gives the magnetic susceptibil- 
ity of solid solution containing Nd3+ and 
Us+ ions with a ratio y/(1 - y). Applying 
this model to the two solid solutions, viz., 
Ndo.dJo.dh.~ and WdJo.dh.1~7~ the 
reciprocal susceptibility of yNd3+ + (1 - y) 
U5+ vs temperature curve is obtained as 
shown in Fig. 10. The moment is 2.13 B.M. 
Since the theoretical value of the magnetic 
moment of Nd3+ is 3.62 B.M.,’ the moment 
of Us+ is calculated to be 1.89 B.M. In the 
case that a U5+ ion is in the crystalline field 
produced by eight oxygen ions in cubic 

I This value, p, is calculated from the relation p = 
g,m, where gJ is the Lande’s splitting factor 
and J is the total angular momentum. 

symmetry, the ground state 2F5,2 (in Rus- 
sel-Saunders coupling scheme) splits into 
two levels, of which the lowest is quarter Ts 
(in Bethe’s notation) (19). If this quartet 
level contributes to the paramagnetism of 
these solid solutions, their magnetic mo- 
ment is calculated to be 2.00 B.M. (20, 21). 
This value is close to the value obtained 
above: model (ii) is reasonable. 

If no magnetic interaction exists between 
three kinds of paramagnetic ions, the mag- 
netic moment per mole of NdYUI-,02+X 
solid solution (pu,~) is expressed as 

+ (1 - 2X - 2y)j&(u4+) 
+ (2~ + yh-&U.J5+L (6) 

where ,u,dNd3+), P~I-F(U~+), and ~~t-dJ~+) 
are the magnetic moments per mole of 
Nd3+, U4+, and Us+, respectively. For oxy- 
gen-stoichiometric NdO.lOUO.~O~.~, by sub- 
stituting the values obtained for peg, 
p&Nd3+), and ,LL,~(U~+) in Eq. (6), the 
magnetic moment of U4+ is calculated to be 
2.86 B.M. This value is between the moment 
of U02 (3.12-3.20 B.M.) (10, 20, 22, 23) 
and that of U02 infinitely diluted with dia- 
magnetic ThOa, i.e., 2.79-2.83 B.M. (10,22, 
24). Therefore, the magnetic moment ob- 
tained above is found to be reasonable as 
the value of the compounds composed of 
U4+ ions, which also supports the oxidation 
model (ii). 

The mean valency of uranium for 
Nd0.&J0.7002.2i8 is close to +5 as shown in 
Fig. 3. Since the effective magnetic mo- 
ment of this solid solution is found to be 
2.44 B.M. from experiment, the magnetic 
moment per uranium is calculated to be 
1.70 B.M., which is a reasonable value for 
the moment of pentavalent uranium. This 
fact also supports the model of ionic spe- 
cies described by Eq. (2). 

When a U4+ ion is replaced by a Nd3+ 
ion, another U4+ ion is oxidized to Us+ ac- 
cording to the model (ii), and the magnetic 
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susceptibility of stoichiometric Nd,Ui-,02 
solid solutions should increase with Nd 
concentration. This is true as shown in Fig. 
4 in the temperature range of this experi- 
ment. Similar behavior has been found in 
the magnetic susceptibility of PrYUi-,02 
solid solutions (5). The reason for the in- 
crease of magnetic susceptibility with y is 
considered to be the same for both Nd, 
U1-,,02 and PrYUI-Y02 solid solutions (5). 
In the case that no magnetic interaction 
exists between paramagnetic ions, the sus- 
ceptibility of stoichiometric Nd,Ui-,02 
solid solution is given by the following 
equation (x = 0 in Eq. (3)), 

x(NdyUI -yOd = yxW3+) 
+ (1 - 2Y)xw4+) + Yxw5+). (7) 

The magnetic susceptibility of U4+ ion in 
UOz is expressed by the equation x(U4+) = 
1.22/(T + 220) in the temperature range in 
which the Curie-Weiss law holds (17). 
Since the Weiss constant of U4+ is much 
larger than those of Us+’ and Nd3+,’ the 
decrement of magnetic susceptibility 
due to the decrease of the U4+ ratio with 
increasing y, i.e., -2yx(U4’) = -2y * 
1.22/(T + 220) in Eq. (7), is small in this 
temperature range. This smaller effect 
could explain the increase in the magnetic 
susceptibility of solid solutions with Nd 
concentration. 

4. Low-Temperature Magnetic 
Susceptibility 

The largest difference in magnetic behav- 
ior between NdYUI-y02 and Pr,Ui-,02 solid 
solutions (5) is in the temperature depen- 
dence of magnetic susceptibility at low tem- 

2 The susceptibility of Us+ ion in fluorite structure is 
given, for example, by the equation x = 0.42/V + 111) 
for SrU206 (25). 

3 Several data for the Weiss constant of Nd’+ ion are 
given in (26). 

peratures (T < Td) (Fig. 5). With increasing 
Nd concentration, the increase of magnetic 
susceptibility becomes pronounced. Similar 
behavior has been found in the magnetic 
susceptibility vs temperature curve of Pr, 
UI-~OZ solid solutions, and we discussed 
the origin of this increase as due to the Us+ 
ion formed in the solid solutions to maintain 
charge neutrality (5). The Us+ ion is a 
Kramers’ ion with one unpaired electron. 
Below the antiferromagnetic-paramagnetic 
transition temperature (TN), U02 (27, 28), 
(U,Th)02 (10, 16), and (U,Zr)02 (29) show 
constant magnetic susceptibilities. As men- 
tioned above, the ion species of uranium 
and the oxidation state of rare-earth ele- 
ment in NdYUi-y02 solid solutions are the 
same as those in PrJJi-,,02 solid solutions. 
Despite that, the increase of magnetic sus- 
ceptibility below Td temperature is more 
striking for the NdYU,-y02 solid solutions 
than for the PrYUi-Y02 solid solutions. 
Therefore, these phenomena are consid- 
ered to be not due to the effect of U4+, but 
due to the effect of U5+ and Nd3+. Both Us+ 
and Nd3+ ions are Kramers’ ions with odd 
unpaired electrons and their ratios in total 
metal amount both increase with Nd con- 
centration. 

It may be useful to compare these mag- 
netic behavior with those of other com- 
bined Sf-4f electronic systems. The mag- 
netic properties of phosphide (Ln,Ui-,P) 
and sulfide (Ln,UI-,S) solid solutions (Ln 
being Pr or Nd) have been reported (30- 
32). The NCel temperature of N$UI-,P 
solid solutions decreases with increasing y 
(30, 32). This is reasonable because UP and 
NdP are type-1 antiferromagnetic with NCel 
temperatures 125 and 11 K, respectively 
(33, 34). On the other hand, it is difficult 
to explain the magnetic behavior of 
Nd,IJ,-,,02 solid solutions from composite 
U02 and Nd203, since UO2 transforms to 
antiferromagnetic state below 30.8 K (35) 
but Nd203 is paramagnetic down to 4.2 K 
(36). 
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5. Magnetic Moment 

From Fig. 9, the effective magnetic mo- 
ment for the solid solutions prepared under 
Condition I is found to decrease with in- 
creasing Nd concentration. On the other 
hand, the moment for the solid solutions 
prepared under Condition II increases. For 
the solid solutions with the same y value 
but different x values, the effective mag- 
netic moment decreases with increasing x 
value, which is caused from the increased 
mean valency of uranium due to uptake of 
oxygen (Fig. 3). First, we will discuss the 
decrease of magnetic moment for the case 
of Condition I. The magnitude of the mo- 
ment is comparable to that of Pr,U,-,02 
solid solutions (0 5 y 5 0.1) (5). Since the 
effective magnetic moment of Nd3+ (3.62 
B.M.) is close to that of Pr3+ (3.58 B.M.) 
(see footnote 1) the origin for the decrease 
of magnetic moment of Nd,U1-,02 solid so- 
lutions is considered to be the same as that 
for Pr,U1-,02 solid solutions, that is, this 
decrease is due to both the oxidation of ura- 
nium and the decrease of magnetic moment 
of tetravalent uranium with increasing Nd 
concentration. It is difficult to evaluate the 
magnetic moments of Nd,Ui-,O*+, (x < 0) 
solid solutions with y -> 0.2, because the 
assumption that the uranium ion is sur- 
rounded by eight oxygen ions is no longer 
valid for considerably oxygen-deficient 
solid solutions. 

Let us evaluate the effective magnetic 
moment of oxygen hyperstoichiometric 
solid solutions, and discuss the increase of 
the moment with y for Nd,Ui-,02+, pre- 
pared under Condition II. As a first approx- 
imation, we treat the central uranium ion to 
be surrounded by the nearest-neighbor 
eight oxygen ions located at the toners of a 
cube. Since the magnetic exchange interac- 
tions are not found in these solid solutions 
(Figs. 6-S), we can take the moment 2.80 
B.M., as the effective magnetic moment of 
U4+, p,&U4+). The effective magnetic mo- 
ment of Us+, p&J5+), is calculated to be 

1.70 B.M. from the data of Nd0.&,.7002,2r8 
of which the mean uranium valency is 
closely near to +5. The magnetic moment 
of Nd3+ ion, pe&Nd3+), is 3.62 B.M. By 
substituting the values obtained for 
,&U4+), /.4Us+), and &&Nd3’) in Eq. 
(6), the effective magnetic moment per 
mole of NdYU1-y02+x solid solution, peff, is 
obtained as follows, 

/..L~E = d7.84 - 9.90x + 0.31~. (8) 

For the solid solutions prepared under Con- 
dition II, ,zu,g is found to increase with Nd 
concentration (y) (solid line in Fig. 9), 
which corresponds to the experimental 
results. However, the agreement between 
calculated and found values is not good. 
This is considered to be ascribed to a small 
change in the crystal field by interstitial 
oxygens, which may result in the excursion 
of magnetic moments of pcL,~(U4+) and 
~&JS+) in Eq. (6). 
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