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measured from 1.8 K to room temperature. With increasing lanthanum and oxygen concentrations, the
effective magnetic moment of uranium decreased, and the uranium ions were found to be oxidized
from +4 to +5 to + 6. The effect of lanthanum substitution for uranium and oxygen nonstoichiometry

on the variation of effective magnetic moment and the Néel temperature was discussed.
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Introduction

Uranium dioxide (UQG,) is a paramagnet
with two unpaired 5f electrons and becomes
antiferromagnetically ordered below 30.8 K
(7). Some metal oxides such as lanthanum
sesquioxide are known to dissolve in the
UQ, at high temperatures, forming substitu-
tional solid solutions (2). In the preceding
paper (3), we prepared solid solutions with
the fluorite-type structure, La U, ,0,,,,
with various x and y values in flowing helium
atmospheres and measured their magnetic
susceptibilities in the temperature range of
4.2 K to room temperature. With substitut-
ing lanthanum for uranium, the magnetic ex-
change interactions between uranium ions
are weakened and some of the tetravalent
uranium ions are oxidized not to the +6
state, but to the + 5 state. The oxidation of
uranium did not proceed beyond +35, even
by further substitution of lanthanum for
uranium.

In this study, the reaction was carried out
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in air to prepare solid solutions in which
the mean uranium valency is over + 5. The
oxidation state of uranium in the La,U,_,
0,. . solid solutions was elucidated through
their magnetic susceptibility measurements,
and the effect of oxygen nonstoichiometry
on the magnetic properties of solid solutions

was uncusseu

Experimental

As starting materials, UO,, U,0q4, and

La,0; were used. Before use, UO, was re-
duced to stoichiometric composition in
flowing hydrogen at 1000°C, U,04 was oxi-
dized in air at 850°C to form stoichiometric
compound, and La,0; was heated in air at
800°C to remove any moistyre.

The UO,, U;04 and La,0, were weighed
to form seemingly oxygen stoichiometric
solid solutions, La,U,_ 0, ¢, as shown in
the following equation:
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+ y/2 La,0; — La U;_,0,4. (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 1300°C for 80 hr. The approxi-
mate partial pressure of oxygen was 10 Pa.

Condition II: The reaction in air at 1400°C
for 40 hr. After cooling to room tempera-
ture, the samples were crushed into powder,
re-pressed, and reacted under the same
conditions as before to make the reaction
complete. These procedures were repeated
twice.

2. Analysis

2.1. X-ray diffraction analysis. An X-ray
diffraction study on the solid solutions was
performed using CuKa radiation on a Philips
PW-1390 diffractometer with a curved
graphite monochromator. The lattice pa-
rameter of the samples was determined by
the Nelson—Riley extrapolation method (4)
applied to the diffraction lines above 80°
(26).

2.2 Chemical Analysis. The chemical
analysis to determine x and y values in the
La,U,_,0,,, solid solutions was done by
determining the amount of total uranium and
U** by means of Ce(IV)-Fe(II) back titra-
tion method after being dissolved in an ex-
cess cerium(IV) sulfate solution (5, 6). The
cerium(IV) sulfate solution was standard-
ized in advance with stoichiometric UQ,.
The remaining cerium(IV) was titrated
against a standard iron(II) ammonium sul-
fate solution with the ferroin indicator. After
the y value was ascertained to be unchanged
by heating, only the x value was determined
by the titration. The error in x is estimated
to be less than *=0.003.

3. Magnetic Susceptibility Measurement

Magnetic susceptibility was measured by
a Faraday-type torsion balance in the tem-
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F1G. 1. Mean valency of uranium against lanthanum
concentration.

perature range from 1.8 K to room tempera-
ture. The apparatus was calibrated with Mn-
Tutton’s salt (x, = 10980 x 10~¢/(T + 0.7))
used as a standard. The temperature of the
sample was measured by a ‘‘normal’’ Ag vs.
Au-0.07 at.% Fe thermocouple (1.8 ~40 K)
(7) and an Au-Co vs. Cu thermocouple (10
K ~room temperature).

Results and Discussion

1. Oxygen Nonstoichiometry

X-ray diffraction analysis showed that cu-
bic solid solutions with the fluorite structure
were formed in single phase for all of the
solid solutions in this study. The composi-
tion and lattice parameter of the solid solu-
tions prepared are listed in Table I together
with those of the solid solutions previously
reported (3).

Figure 1 shows the variation of mean va-
lency of uranium (») in the solid solutions
with lanthanum concentration (y). In a flow
of unpurified helium gas at 1310°C (previous
experiment) (3), all of the uranium ions were
oxidized to the +35 state for the LaU,_,
0O, solid solutions with y = 0.4, and the
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TABLE I
MAGNETIC PARAMETERS OF La,U,_,0,., SoLID SOLUTIONS

Lattice Mean uranium Meft 6 Tn Preparation
Solid solution parameter(A) valency (up) (K) (K) condition
Lag,0U.8002.119 5.4712 4.55 2.26 -97.4 — I
Lag 30U0.7002.080 5.4846 4.66 2.10 -98.4 — I
Lag 4Ug.6002.022 5.5033 4.74 1.94 —100.4 — |
Lay 50Ug.5001.966 5.5192 4.86 1.65 —108.8 — 1
Lag 35Ug 7007226 5.4769 5.07 1.65 -119.4 — 1I
Lag 49U0 001,166 5.4970 5.22 1.43 ~87.8 — 1I
Lag 50Uy 5603 104 5.5108 5.42 1.21 —-70.4 —_ 11
Lag 0sU.0502.006 5.4755 4.07 2.97 — 186.6 22.4 a
Lag 10U0.0003 005 5.4790 4.12 2.89 —165.4 12.8 a
Lagy 15U 8502000 5.4836 4.18 2.80 —151.7 9.1 a
Lag 50U 8001 994 5.4873 4.24 2.71 -137.2 7.9 a
Lao'25U0‘7501'991 5.4923 4,31 2.54 —115.6 6.3 a
Lag 39U 701 988 5.4983 4.39 2.49 -112.7 4.7 a
Lagy 19U0.901 965 5.4780 4.03 2.86 —-166.0 11.5 a
Lag 50U 4601033 5.4881 4.08 2.66 -1329 7.6 a
Lag 30Ug 7601 596 5.5003 4.13 2.54 -121.6 5.2 a
Lag 49Ug 001 884 5.5174 4.28 2.38 -100.8 — a
Lag 50U 8604 159 5.4672 4.65 2.14 —86.9 —_ a
Lag 30U 702,116 5.4800 4.76 1.96 —89.8 — a
Lag 40U 6003008 5.5003 4.99 1.66 —120.6 — a
Lag 50Ug.5002.001 5.5153 5.00 1.65 -159.1 —_ “

2 These data have been reported in Ref. (3).

oxidation of uranium did not proceed be-
yond + 5 by further lanthanum substitution
for uranium. In this experiment, the ura-
nium valency is over +5 even for the solid
solution with y = 0.3 heated in air (under
Condition II) and the oxidation of uranium
proceeds with increasing lanthanum con-
centration (y). On the other hand, the mean
uranium valency is less than + 5 for the solid
solutions prepared under Condition I (in a
flow of helium at 1400°C) and it increases
with lanthanum concentration.

2. Magnetic Susceptibility

Figure 2 shows the temperature depen-
dence of magnetic susceptibilities of solid
solutions prepared under Condition II (in
air). We could no longer observe the mag-
netic exchange interactions between ura-
nium ions down to 1.8 K. This result is con-

sistent with the previous result that when
the mean uranium valency (v) of the La,
U,_,0,,, solid solutions is over +4.4 or
when the lanthanum concentration (y) is
over 0.3, there is no magnetic transition in
the temperature range from 4.2 K to room
temperature. The magnetic susceptibilities
of solid solutions decrease with increasing
lanthanum concentration, except at very
low temperatures. This is due to the oxida-
tion of uranium by the incorporation of lan-
thanum. Below 20 K, the susceptibility of
Laj 10U 7056 is smaller than that of
Lay 40Ug 600,166 - The reason for this is that
although the magnetic transition was not ob-
served in the experimental temperature
range, the antiferromagnetic interactions
actually operated between uranium jons,
which resulted in lowering the susceptibilit-
ies at low temperatures.
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Fi1G. 2. Temperature dependence of magnetic suscep-
tibilities of La, U, _, 0., solid solutions prepared under
Condition II (in air).

The effect of oxygen nonstoichiometry on
the magnetic susceptibilities of La U,_,
0, ., solid solutions with y = 0.30 is shown
in their temperature dependences (Fig. 3).
With increasing oxygen concentration (x),
the susceptibility decreases, which is due to
the oxidation of uranium. The antiferro-
magnetic transition was found at 4.7 K in
Lag 30U}.7001 0ss - No magnetic transition was
found for the oxygen excess solid solutions
(x = 0.080, 0.116, and 0.226), which indi-
cates that the interstitial oxygens weaken
the magnetic exchange interactions through
oxidation of uranium. Since this interaction
is of the superexchange type of interaction
via oxygen ions, the oxygen vacancies also
weaken the magnetic interaction between
uranium ions, which is found experimen-
tally in the La,U,_ 0, , solid solutions with
y = 0.1 and 0.2 (3). The Néel temperature
of Lag 30U 700 s96 1S slightly higher than that
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of Lag 30U 700, 035 (Table I). The reason for
this is that in the y = 0.3 solid solutions
the lanthanum substitution for uranium has
much larger effect on the increase of U**
than in the y = 0.1 or 0.2 solid solutions;
that is, in the Lag 10U} 700 g5 s0lid solution,
a larger number of U’" ions influence the
magnitude of the magnetic interactions.

3. Oxidation State of Uranium

As a consequence of the substitution of
La’** for U** and oxygen nonstoichiometry,
some of the U** ions are oxidized. In the
preceding paper (3), it was quantitatively
elucidated that the U** ions are oxidized to
the U’ state, not to the U®* state; that is,
the ionic species in the solid solutions are
expressed as Lal*Ui*,, , U3l 0%7,.

The mean uranium valencies of solid solu-
tions prepared in air (Condition 1I) are over
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F1G. 3. Temperature dependence of magnetic suscep-
tibilities of Y, U,_,0,_, solid solutions with y = 0.30.
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+35. So, some of the uranium ions are oxi-
dized to the hexavalent state. The effective
magnetic moment of uranium in the solid
solutions, Lag 30U.7007.226 » L-39.40U0.6002.166 >
and Lag soUg 500, 104, are listed in Table 1. If
the oxidation state of uraniumis U** or U®+,
Le.,LaltUtr, | USt, 03, theeffective
magnetic moments of U** are calculated to
be 2.42,2.29, and 2.24 uy, respectively, be-
cause of the diamagnetism of U®*. These
values are far below the moment of U** in
UO, (3.12 ~ 3.20 ug) 8—11) or U** in ThO,
(2.79 ~ 2.83 ug) (8, 11, 12). For the case
that the oxidation state of uranium is U+ or
US* (Lad*U3*,, 3, U5 515,037, the mo-
ments of U** are calculated to be 1.71, 1.62,
and 1.58 up, respectively. These values are
very near to the magnetic moment found
experimentally in the uranates of alkaline
earth elements with fluorite structure,
MU,O¢ (M = Ca, Sr, or Ba) (13), and the
moments of Lag U .6002.008 and Lag 50Uy 50
O, 001 » in which the mean uranium valencies
are very close to +35.

Now the ionic speciesinthe La, U, _, 0, ,
solid solutions are given as follows:

Lai+UA1‘t2x—2yUg;+yO%;x’
forv =5.0, (2)

LaS+Ugt2x—3yU6—+l+2Jc+2yo%;x7
forv>5.0. (3)

This result indicates that with increasing
lanthanum (y) and oxygen (x) concentra-~
tions, uranium ions are oxidized from +4 to
+5to +6.

4. Magnetic Moment

The effective magnetic moments obtained
from the slope of the reciprocal susceptibil-
ity vs. temperature curves are listed in Table
I together with those of solid solutions pre-
viously reported (3), and they decrease with
increasing oxygen and lanthanum concen-
trations, which is the result of oxidation of
uranium. The variation of magnetic moment
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FIG. 4. Variation of effective magnetic moment of
uranium with the mean valency.

of uranium with its mean valency is shown
in Fig. 4. The magnetic moments of uranium
in the oxygen stoichiometric solid solutions
are shown by closed circles and they are
connected by the dashed line. This dashed
line is not straight, but convex downwards;
i.e., the magnetic moment of oxygen stoi-
chiometric solid solution is lower than the
arithmetic mean value of the individual mag-
netic moments of U** and U’*. The reason
for this is that the effective magnetic mo-
ment of U** in UO, actually decreases with
magnetic dilution from 3.12 to 2.79 g (11).
The data points shown by closed triangles
depart from this dashed line. This is due to
the oxygen deficiency of these solid solu-
tions. The departure of the magnetic mo-
ments of uranium from this dashed line for
the oxygen excess solid solutions (shown by
closed squares) is not great compared with
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FiG. 5. Variation of Néel temperatures of M, U,_,0,, solid solutions (M = La, Y) with x and y values.

that for the oxygen deficient solid solutions.
In this fluorite-type structure, each uranium
atom is octa-coordinated by the eight oxy-
gen atoms. For oxygen deficient solid solu-
tions, some of these oxygen atoms are miss-
ing from their regular sites, forming the
oxygen vacancies. On the other hand, for
oxygen excess solid solutions, the excess
oxygen atoms exist at the interstitial site,
that is, outside of the coordination sphere
by eight oxygen atoms. Therefore, it is con-
sidered that the lack of oxygen atoms (for-
mation of oxygen vacancies) affects signifi-
cantly the magnetic moment of uranium. In
Fig. 4, the magnetic moments of Y, U,_,
0,., solid solutions are also shown. The
magnetic moments of oxygen stoichiometric
(x = 0), hypostoichiometric (x < 0), and
hyperstoichiometric (x > 0} Y,U;_,0,_,
solid solutions (/4) are shown by open cir-
cles, open triangles, and open squares, re-
spectively. The same situation with the case
of La,U,_,0,., solid solutions was found.
The magnetic moments of oxygen stoichio-
metric Y, U,_,0,,, solid solutions also fol-
low the same dashed line. On the other

hand, the moments of oxygen hypostoichio-
metric solid solutions deviate greatly from
this dashed line. This result indicates that
the main factor which determines the mag-
netic moment of uranium in this crystal is
the oxygen crystal field around the uranium
ions.

5. Néel Temperature

With substitution of lanthanum for ura-
nium, the magnetic interaction between ura-
nium ions weakens. At the same time, the
oxidation of uranium proceeds, accompa-
nying oxygen sublattice imperfections. The
variation of Néel temperatures of La, U, _,
0, ., solid solutions with x and y values are
drawn in Fig. 5. This figure shows that not
only the substitution of lanthanum for ura-
nium but also oxygen sublattice imperfec-
tions (oxygen vacancies and oxygen intersti-
tials) weaken the magnetic interactions
between uranium ions. The Néel tempera-
tures of Y, U,_,0, ., solid solutions (14) are
also drawn in this figure. The magnetic dilu-
tion effect of La,0; is much stronger than
that of Y,0;. One reason for this is that the
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distance between uranium ions increases
with y value for La,U, _,0, ., solid solutions
while it decreases with increasing y value

for

Y,U,_,0,., solid solutions.
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