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Uranium complex oxides with the ordered perovskite structure,
Ba,Cal,0y and Ba,SrU,0,, were prepared, and their magnetic
susceptibilitics were measured in the temperature range between
4.2 K and room temperature. No magnetic cooperative phenome-
non was found down to 4.2 K. The effective magnetic moments of
Ba,CalU,(); and Ba,SrU,0, were 1.24 ptg and 0.56 pty, respectively.
Electron paramagnetic resonance (EPR) measurements were car-
ried out for these compounds, but no EPR spectra which are
ascribable to the U+ ion in an octahedral crystal field were ob-
served. The crystal lield parameters of these compounds were
determined from the analysis of the optical absorption spectra
published previously. The effective moments and temperature-
independent paramagnetic susceptibilities were calculated and
compared with the experimental results. © 1994 Academic Press, [nc.

INTRODUCTION

Actinide complex oxides with one or more metal ions
in addition to an actinide are important because they may
be found as fission products in nuclear fuels and because
they are models for possible matrixes in which nuclear
wastes are stored. Of many oxides, the mixed metal ox-
ides ABO; (A = Ba, Sr) with perovskite structure are
known to incorporate various kinds of tetravalent actinide
ions at the B sites of the crystal (1). One interesting feature
in these oxides is that ‘‘ordered” perovskites
AMPY MO, (A,M?* M5+ 0y are obtained by replacing
the +4 cations in the A2* M** O, perovskite compounds
with +3 and + 5 cations (or with +2 and + 6 cations) (2).

The ordered perovskites based on the BaUQ, attract
our attention, because replacing half of the uranium ions
with trivalent rare earth ions forms the ordered perov-
skites Ba,M>* U+ Q,, oxidizing the rest of the uranium
ions to the pentavalent state (3, 4). In a preceding paper
(5), we reported the formation of such ordered perovskites
and examined their magnetic properties through magnetic
susceptibility and electron paramagnetic resonance (EPR)
measurements.

Our attention is now focused on the ordered perovskites
with the general formula Ba,M?* U3+ 0, (M** = alkaline
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earth metal), i.e., replacing one-third of the uranium ions
with divalent alkaline earth ions also forms ordered perov-
skites. Since the oxygen stoichiometric BaUQ, showstem-
perature-independent paramagnetism over a wide temper-
ature range (6) and since hexavalent uranium ion is
diamagnetic, the magnetic properties of U** in the Ba,
MUQ;should be quite different from those of U** and US+,
and therefore their magnetic study is very useful in eluci-
dating the electronic state of uranium ions in these com-
pounds. In this study, we prepared Ba;CaU,0Qy and
Ba,SrU,0,, and measured their magnetic susceptibilities
in the temperature range between 4.2 K and room tempera-
ture, and their electron paramagnetic resonance spectra
both at room temperature and at 4.2 K. Because the optical
absorption spectra are available for these compounds (7);
we determine the energy state of the U** ion in the com-
pounds and evaluate the magnetic susceptibilities mea-
sured here.

EXPERIMENTAL
{. Preparation

As the starting materials, BaCO,, CaO (Sr0}, and U;04
were used. Before use, BaCO; and CaO (5r0O) were heated
in air at 800°C to remove any moisture, and U,O, was
oxidized in air at 850°C to form a stoichiometric com-
pound. The BaCO,, CaO (5r0), and U,0O4 were weighed
in the stoichiometric metal ratio, Ba: Ca(Sr): U =3:1:2.
After being finely ground in an agate mortar, the mixtures
were pressed into pellets and heated in a hydrogen gas
flowing atmosphere at {200°C for 10 hr. Then, the samples
were cooled to room temperature, crushed into powder,
re-pressed into pellets, and heated in an argon gas flowing
atmosphere at 1300°C for 10 hr. After cooling to room
temperature, the samples were re-crushed, re-pressed
into pellets, and heated again in an argon gas atmosphere
at [300°C to make the reaction complete.

2. Analysis

2.1. X-ray diffraction analysis. An X-ray diffraction
analysis was performed with CuKa radiation on a Philips



MAGNETIC PROPERTIES OF Ba,CaU,0; AND Ba;SrU,0,

TABLE 1
Lattice Parameter and Effec-

tive Magnetic Moment of
Ba;MU,0,

Compound a(A) Herlpig)
Ba;Cal,04q;p  8.695 1.24
Ba,SrU,;0p5 8816 0.56

PW 1390 diffractometer equipped with a curved graphite
monochromator. The lattice parameters of the samples
were determined by a least-squares method.

2.2 Determination of oxygen amount. The volatilization
of alkaline earth elements and uranium in the compounds
during heating is negligible under these preparation condi-
tions. The oxygen nonstoichiometry in the sample was
checked by the back-titration method (8, 9). A weighed
amount of sample was dissolved in an excess cerium(IV)
sulfate solution, which was standardized in advance with
stoichiometric UO,. The remaining cerium(lV) was ti-
trated against a standard iron(I) ammonium sulfate soiu-
tion with the ferroin indicator. The oxygen amount was
evaluated for each predetermined Ba: M : U ratio.

3. Magnetic Susceptibility Measurement

The magnetic susceptibility was measured by a Fara-
day-type torsion balance in the temperature range be-
tween 4.2 K and room temperature. The apparatus was
calibrated with a Manganese Tutton’s salt (x, =
10.98 x 1073/(T + 0.7)). The temperature of the sample
was measured by a ‘‘normal” Ag vs Au-0.07 at. % Pe
thermocouple (4.2 ~ 40 K) (10) and an Au-Co vs Cu
thermocouple (10 K ~ room temperature). Details of the
experimental procedure have been described elsewhere
(11).

4. Electron Paramagnetic Resonance Measurement.
The EPR measurements were carried out both at room
temperature and at 4.2 K using a JEOL RE-2X spectrome-
ter operating at X-band frequency (9.1 GHz) with 100
kHz field modulation. The magnetic ficld was swept from
100 to 13,000 G. Before the specimen was measured, a
blank was recorded to eliminate the possibility of interfer-
ence by the background resonance of the cavity and/or
the sample tube. The magnetic field was monitored with
a proton NMR gaussmeter, and the microwave frequency
was measured with a frequency counter.

RESULTS AND DISCUSSION

Two complex oxides prepared in this study, Ba,CalU, 0,
and Ba,SrU,0,, are listed in Table 1. They are cubic
with the ordered perovskite structure. From the results
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FIG. 1. Lattice parameters of Ba;MUQ, and BaMU;0Oy vs mean
ionic radius of the ions at the B sites of the perovskite crystal. The
lattice parameter shown for BaUQ; ) is twice the actual lattice parame-
ter (4.4075 A).

of oxygen analysis, we can say that they are nearly oxygen
stoichiometric, although some oxygen deficiency is found.
In these oxides, both Ca?* (Sr?*) and U** ions occupy
the B sites of the perovskite ABO,;. Figure 1 shows the
lattice parameters of Ba,MU,O, compounds against a
mean ionic radius r of the ions at the B sites in the crystal
(i.e., r = (r(M**) + 2r(U**))/3). In this figure, the lattice
parameters of Ba,M>*U** O, compounds (5) are also plot-
ted. The lattice parameters of the latter compounds are
linear against the mean radius of B-site ions, indicating
that the lattice parameter change among Ba,MUQ, com-
pounds depends only on the ionic radius of the ions at
the B sites of the crystals. Twice the lattice parameter of
the basic lattice BaUQ; (6) also follows this linear relation
(see Fig. 1; actually, a = 4.4075 A for BaUO, y,; (6)).
Roughly speaking, the lattice parameters for the com-
pounds prepared in this study may follow the same rela-
tion (the broken line in Fig. 1), but actually the lattice
parameter of Ba,SrU,0y is below this line, which means
that the effect of Sr** substitution for U** on the size of
the ordered perovskite is not so simple as the case of M**
substitution because of the large difference in ionic radius
between Sr** and U+ ions.

The oxidation state of uranium ions in these nearly
oxygen-stoichiometric compounds is considered to be
pentavalent from the charge neutrality conditions, which
is strongly supported by the magnetic susceptibility mea-
surements. Figure 2 shows the variation of reciprocal
magnetic susceptibility with temperature for Ba;CalU,0,
and Ba,SrU,0,. No magnetic cooperative phenomenon
was found down to 4.2 K. The susceptibilities of these
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compounds are both temperature dependent, in contrast
to the temperature-independent paramagnetism (TIP) of
oxygen-stoichiometric BaUQ; (6). This result indicates
that the possibility of oxidation species Ba,M** U** U+ O,
should be excluded, because in that case their magnetic
properties are expected to be similar to that of BaUQ,
(U®* is diamagnetic). Their susceptibilities do not follow
the Curie—-Weiss law. By extrapolating the reciprocal tem-
perature 1/T to zero for the susceptibility vs reciprocal
temperature curves, we obtain the temperature-indepen-
dent paramagnetic susceptibilitics 430 x 10~%and 310 x
10~¢ emu/mole for Ba;CaU,0, and Ba,SrU,0;, respec-
tively. These TIP values are, of course, much smaller
than that for BaUO, (1,110 x 105 emu/mole) (6). From
the temperature-dependent part of the susceptibility,
the effective magnetic moments for Ba;CaU,0, and
Ba,SrU,0; are caiculated to be 1.24 uy (70-300 K) and
0.56 ug (50-300 K), respectively. These values are much
smaller than that for the moment for a free f' ion, U+
(2.54 ug), which indicates that the crystal field effect on
the magnetic properties of an f electron is large. Similar
small magnetic moments have been reported for U’ and
other ternary oxides with the same 5! electronic configu-
ration (12).
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FIG.2. Temperature dependence of reciprocal magnetic susceptibil-

ities of Ba3C3U209 and BE3STU209 .
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Since the absorption spectra are available for these

compounds (7), we can determine the crystal field energy
levels and then calculate the magnetic susceptibility. In
these compounds, the U** ions are in the octahedral crys-

tal field by six oxygen ions.

Figure 3 shows the effects of perturbing the f! orbital
energy levels successively by an octahedral field and spin-
orbit coupling. In an octahedral crystal field, the sevenfold
degenerate energy state of the f orbitals is split into I,
I's, and T, states, where A and @ represent the parameters
of the crystal field strengths. If spin-orbit coupling is taken
into account, the I'; orbital state is transformed into I';,
whereas the I's and I, states are split into I'f and I'y, and
I's and ', respectively. The ground-state Kramers dou-
blet is the I'; state and is coupled to the excited I'¥ state
arising from the I'5 orbital, by the spin-orbit coupling. The
Iy state arising from the I's orbital state is also coupled
to the I'§ state arising from the I', orbital state by the
same spin-orbit coupling interaction. The energy matrices
for the I';, Iy, and I'g states are

0 V3RL
T vare A—%k;
A+ ik@; %\/Skk"; "
|
%\/Skk'g A+ O - %k'g
3.,
F6: A+6+ '2-k &l

Here ¢ is the spin-orbit coupling constant, and & and &’
are the orbital reduction factors for an electron in a I
orbital state and T', orbital state, respectively (13). Diago-
nalization of the energy matrix produces the ground state
I'; and the excited state I';, and the corresponding wave-
functions are written as

IFT) = COS 0|2F5,’2, F7) — sin 9|2F7/2 » FTT)’
] : 2 2 (2)
T3 = sin 0°Fs;,, T;) + cos *F,,,, T*7),

where 8 is the parameter describing the admixture of the
I'; levels in the ground state with the relation

2V3k¢

1
A - 3K

tan 24 = (3)
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FIG. 3. f! orbital splitting perturbed by octahedral crystal field and
spin-orbit coupling.

The g wvalue for the ground I'; doublet is obtained as
follows:

g = A[5L + 28T}

i 2 (4)
= 2cos¢ — 4 isin 26 — 5(1 — k) sin®6.

The energies for the I';, Ty, I'7, 'y, and T’ (in the order
of ascending energies) are

ET)=A - %{k + 2V3kcot 6} ¢
ET)=~A+0- %{k' + VR cot o}t

ET3) = V3k{cot 8 (5)

ETYH =A+ }I{k + 3VSkk' cot o}t
3.,
ET)=A+0+ k¢,

where ¢ is the parameter describing the admixture of
the I'; levels in the excited state. We apply the above-
mentioned treatments to the energy level analysis for
Ba;Cal,0y and Ba;SrU,0,.

First, we consider the case of the Ba,SrU,0, com-
pound. Since the effective magnetic moment of the U**
ion is found to be 0.56 iy from the temperature-dependent
part of the susceptibility, the g value is calculated to be
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TABLE 2
Crystal Field Parameters and Orbital Reduction Factors
Compound em™) Alcm™" B(cm™ ) k k'
Ba,Cal,;0, 1950 3949 7000 1 0.8
Ba,SrU,0, 1909 4089 7000 1 0.8

0.65 assuming the relation w,y = gV S(S + 1). This g
value is reasonable for an f! electron in an octahedral
crystal field (13—15) and is often found for U?* compounds
(16-20). 1t is worth noting that the sign of the g value is
expected to be negative for this 5f' electronic configura-
tion, which has been investigated using polarized micro-
wave radiation for NpIiy by Hutchison and Weinstock
(14). As is described later, the calculation result using Eq.
(4) gives a negative g value for this Ba,SrU,0,. Now, we
can use both the optical absorption spectrum and EPR
spectrum data to analyze the crystal field energy levels.
The crystal field parameters and orbital reduction factors
obtained are listed in Table 2. The spin-orbit coupling
constant is 1909 cm~7, which is a reasonable value for
U’* in solids (21-23), and is close to the value obtained
from linear interpolation of the  values between Pa?* and
Np®* compounds, 1950 cm ! (24). The obtained orbital
reduction factor, &' = 0.80, for an electron in a T, orbital
has alse been calculated for the same ', orbital in a Li; U0,
compound (25). As shown in Table 3, the transition ener-
gies calculated from these crystal field parameters and
the g value of EPR are fitted to the experimental data
except the I; — I’y transition. Since the transition I'; —
I'y for octahedral symmetry is known to be broad and
since this transition is furthermore broadened even due

TABLE 3
Electronic Transition Energies

Transition energies (cm™")

Compound Assignment Experimental’ Calculation

Ba,Cal,0y Ir,— T, 15152 15492
I,—-T; 10935 13271
=TIy 7380 7368
| P Y 5538 5350

Ba,SrtU,0q =T 15385 15476
=T 10760 13279
r,—=T; 7326 7326
I;— Ty 5367 5422

¢ These values are obtained from Fig. 2 of Ref. (7). Actually, some
of the transitions are split into two or three transitions. In this case, the
transition energy is the average value of individual transition energies.
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to small crystal field distortion, we have considered the
I'; — T'¢ transition energy to be the least reliable.

Next we consider the temperature-independent suscep-
tibility. Since this value is given by the equation (26)

TJL + 28|
v = 293 2

]

)

it is calculated to be 241 x 10~% emu/mole, which is near
the value from experiment, 310 x 10°° emu/mole. The
excess temperature-independent susceptibility obtained
from experiment is 69 x 10~ % emu/mole. We consider that
this excess temperature independent paramagnetism is
ascribable to the magnetic property of U** ions formed
due to the oxygen nonstoichiometry in Ba,SrU,0,. The
U** jon (5f? electronic configuration) in a crystal field
with octahedral symmetry shows temperature-indepen-
dent paramagnetism (TIP) over a wide temperature range
(27), and the temperature-independent susceptibility of
oxygen-stoichiometric BaUO, is yg,p = 1.11 x 107 emu/
mole (6). From the ratio of the e¢xcess temperature-inde-
pendent susceptibility to the susceptibility of BaUQ,, the
ratio of the uranium ions at the tetravalent state is 6.1%.
This value is comparable to the ratio of U** jon (5.4%)
calculated from the oxygen nonstoichiometry of
Ba,SrU,0,.

To obtain the information on the ground I, state, EPR
measurements were carried out for Ba,SrU,0,. No EPR
spectrum was observed at room temperature. At 4.2 K,
one weak broad spectrum was observed around ca. 3150
G, the g value of which was ca. 2.1. From Eq. {4), the g
value for an f! electron in an octahedral crystal field
should be less than two (15), and most of the experimental
results for the 5! compounds have given g values between
0.6 and 1.2 {as the absolute value) (14, 16-20, 23, 24,
28-30). Therefore, we have considered that the EPR spec-
trum measured is not ascribable to the magnetic property
of the U ion in an octahedral crystal field. Several re-
searchers reported that some pure uranium compounds
have given broad EPR spectra, the g values of which are
larger than two (31-35). In these compounds, the U+ ion
is in an octahedral crystal field. We have considered that
similar experimental conditions to measure the EPR spec-
trum (g > 2) might be valid for our case.

Next, we discuss the case of the Ba,Cal,0, compound.
The same calculation was performed for the optical ab-
sorption spectrum of Ba,CaU,Q, (7). Since the optical
absorption spectrum of Ba,CaU,Qy is quite similar to that
of Ba;SrU,0,, i.e., the transition energies from the ground
state to the excited states are comparable between these
two compounds, it is predicted that there are not many
differences in the crystal field parameters between
Ba,CalU,0, and Ba,;SrU,0, (Table 2). The energy fitting
to the I'; — I'g transition is still bad (Table 3). The crystal
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field at the U’* site in Ba,CaU,0q is expected to be
stronger than that in Ba,SrU,0, because of the smaller
lattice parameter (see Table 1). If we accept the g value
of U’" in Ba,SrU,0, to be —0.65, which is derived from
the calculation, then, with a stronger crystal field, the g
value of U°* in the octahedrai crystal field of Ba,;CaU,0,
should be less negative than —(0.65. We have previously
shown that the g value for an f electron in an octahedral
crystal field should be between — 1.43 and 2,00 (15). Thus
the g value of U** in Ba,CaU,0, should be between —0.65
and 2.00. However, the g value calculated from the crystal
field parameters using Eq. (4) is —0.711, which deviates
from the above expectation. We consider that this is due
to the inappropriate crystal field parameters because they
are only calculated from the optical absorption spectrum.
In spite of a large difference in the temperature-depen-
dent magnetic susceptibility between Ba,CaU,0, and
Ba;SrU,0,, the transition energtes observed (therefore
the crystal field parameters) for Ba,CalU,0, are similar to
those for Ba,SrU,0,. We have considered that the optical
absorption spectrum measured by Kemmler-Sack and
Walt (7) needs verifying. The absolute g value is also
calculated from the effective magnetic moment and it is
1.43, However, it is not likely that the g value could be
as large as +1.43, which implies a very much stronger
crystal field than that found in Ba,SrU,0,. If the crystal
field is zero, then the g value of the I'; state is —1.43;
again this is not possible for the U’ ion in Ba,CalU,0s;.
Based on the above argument, it appears that this simple
crystal field model for a U** ion in octahedral symmetry
is not adequate for the Ba,CaU,0, compound. Something
more complex is occurring and contributes to the mag-
netic susceptibility of Ba,Cal,0,. No EPR spectrum was
observed even at 4.2 K.
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