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Uranium complex oxides with the ordered perovskite structure Ba,MUQ, (M = Sc, Y, Gd, Yb. Mn)
were prepared, and their magnetic susceptibilities and electron paramagnetic resonance (EPR) spectra
were measured. The lattice parameter of the compounds varied linearly with the ionic radius of A3+,
The effective magnetic moments of U™* in Ba,YUQ, and Ba,ScUQ, were very small. The moments
of Ba,GdUQ, and Ba,YbUO, were 7.74 and 4.69 ., respectively, close to the theoretical values for
Gd** and Yb'*. The electron paramagnetic resonance spectrum was observed for Ba,GdUO;,. its
g-value was 1.92. In Ba,MnUQ;, ferrimagnetic behavior was found below ca. 55 K. The effective
magnetic moment was 5.52 up and the g-value of EPR was 2.00. These results show that the manganese

ion is divalent at a high spin state and that the uranium ion is in the hexavalent state.

Press. Inc.

Introduction

Actinide complex oxides with one or
more metak 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 matrices in
which nuclear wasics will be stored.

Since the 5/ clectrons which characierize
the propertics of actinides have energics in
close proximily to those of the 6d and 7s
electrons, the actinides may show a great
number of oxidation stalcs. Among many
oxides, the perovskites ABO; (A = Ba, Sr)
incorporate various kinds of tetravalent ac-
tinide ions at the B site of the erystal (/).
The solubility of another actinide or lanthan-
ide ion into the B site in the ABOQ; crystal
is limited. One interesting feature is that
“ordered”  perovskites  AMPTMITO,
(A,M**M5*Q,) are obtained by replacing
the +4 cations in the A2t M**Q, perovskite
compounds with +3 and +35 cations (+2
and +6 cations). The space group of these
A,BB'Og compounds belongs to 0,° (Fm3m)
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with four formula units per unit cell. The
oxygenatoms are linked to the alkaline earth
atom in 12-fold coordination and with B and
B’ atoms in 6-fold coordination, forming reg-
ular octahedra.

We are interested in the BaUO; com-
pounds, because replacing half of the ura-
nitm ions with trivalent rare earth ions (di-
valent alkaline earth ions) produces the
ordered perovskites Ba,MUQ,, oxidizing
the rest of the uranium ions to the pentava-
lent state (hexavalent state).

The preparation and characterization of
nunmicrous A,MUQO, compounds with the or-
dered perovskite structure have been stud-
ied by Sleight and Ward (2). Later, Awasthi
et al. (3) reported a number of ordered
perovskite compounds with A,BB'O, where
A = Ba, Sr, B = U't, U*, U, and B’ is
adivalent, trivalent, or tetravalention. They
also examined the formation of ordered
perovskites with neptunium and plutonium
{4). However, Goodenough and Longo (5)
and Keller (6) raise a question about the
formation of compounds with the ordered
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perovskite structure such as Ba,ZrUQq,
Ba,GeUQ,, Ba,TiPu(y, and so on.

Magnetic properties of uranium complex
oxides with the ordered perovskite struc-
ture Ba,MUQg have not yet been studied,
except Ba,MnUQ, (7). Magnetic studies are
effective in elucidating the electronic states
of the uranium and M ions in Ba,MUOQ;.
Since the oxygen stoichiometric BalQ;
shows temperature-independent paramag-
netism over a wide temperature range (8)
and since the hexavalent uranium ion is dia-
magnetic, the magnetic behavior of U’* in
the Ba,MUQ, should be quite different from
that of U** and U®*.

In this paper, we prepared cubic Ba,
MUQO, (M = Sc, Y, Gd, Yb, Mn) with the
ordered perovskite structure and measured
their magnetic susceptibilities and electron
paramagnetic resonance (EPR) spectra to
elucidate the electronic states of uranium
and M in the crystals.

Experimental

1. Preparation

As starting materials, BaCO,;, M,0;,
(rare earth sesquioxide). MnQ,, and U,y
were used. Before use, BaCO, and M,0;
were heated in air at 800°C to remove any
moisture, and U,Q; was oxidized in air at
B50°C 1o form the steichiometric com-
pound. BaCO,;, M,0,, and U;Oy were
weighed in the stoichiometric metal ratio
Ba:M:U = 2:1:1. After being finely
ground in an agate mortar, the mixtures
were pressed into pellets and then heated
in a flowing hydrogen gas atmosphere at
1200°C. After cooling to room temperature,
the samples were crushed into powder, re-
pressed into pellets, and heated in a flowing
argon gas atmosphere at 1300°C. After
cooling to room temperature, the samples
were recrushed, re-pressed into pellets,
and heated again in an argon gas atmo-
sphere at 1300°C to make the reaction com-
plete.
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2. Analysis

2.1. X-ray diffraction analysis. The X-ray
diffraction analysis was performed with
CuKe radiation on a Philips PW 1390 dif-
fractometer equipped with a curved graphite
monochromator. The lattice parameters of
the samples were determined by a least-
squares method.

2.2. Determination of the oxygen content.
The oxXygen nonstoichiometry in the sample
was checked by the back-titration method
(9.10). A weighed amount of the sample was
dissolved in an excess of cerium(IV) sulfate
solution, which was standardized in ad-
vance with stoichiometric UQ,. The remain-
ing cerium{IV) wus titrated against a stan-
dard iron(Il) ammonium sulfate solution
with the ferroin indicator. The oxygen
amount was evaluated for each predeter-
mined Ba: M : U ratio.

3. Magnetic Susceptibility Measurement

The magnetic susceptibility was mea-
sured using a Faraday-type torston balance
in the temperature range between 4.2 K and
room temperature. The apparatus was cali-
brated with a manganese Tutton’s salt
(x, = 10,980 x 10~%(T + 0.7)). The temper-
ature of the sample was measured by a *‘nor-
mal”’ Ag vs Au-0.07 at.% Fe thermocouple
(4.2 K ~ 40 K) ({/) and an Au—-Co vs Cu
thermocouple (10 K ~ room temperature).
Details of the experimental procedure have
been described elsewhere (/2).

4. Electron Paramagnetic Resonance
Measurement

The EPR measurements were carried out
at room temperature using a JEOL RE-2X
spectrometer operating at X band frequency
{9.1 GHz) with 100 kHz field modulation.
The magnetic field was swept from 100 to
13,000 G. Before the specimen was mea-
sured, 4 blank was recorded to eliminate the
possibility of interference by the back-
ground resonance of the cavity and/or sam-
ple tube. The magnetic field was monitored
with a proton NMR gaussmeter, and the
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TABLE I

YUKIO HINATSU

LATTICE PARAMETER AND EFFECTIVE MAGNETIC

MoMENT oF Ba,MUO;

Compound a (&) Heorr (1)
Ba, YUO: g 8.682 0.67
Ba,ScUOs g 8.497 0.49
Ba,YbUOs oy 8.647 4.69
Ba,MnUO; 8.519 5.52

Note. Estimated error in a is =0.001 A. Estimated
CITOr in proy is £0.01 py.

microwave frequency was measured with a
frequency counter.

Results and Discussion

In spite of the report on the successful
preparation of some ordered perovskites
Ba,M*"U**Qq (3), Goodenough and Longo
(5} and Keller (6) raise a question about the
formation of such ordered perovskites. To
clarify this point, we tried to prepare Ba,
TiUQ, and Ba,ZrUQ, by the methods used
by Awasthi et al. (3), but ordered perov-
skites were not produced even at still higher
temperatures (~1500°C). The product con-
tained at least two phases; for example, Ba,
ZrUQ, was a mixture of two simple perov-
skites, BaUQ; and BaZr(),. Although the
tolerance factor of Ba,TiUO, would be very
close to | (13), the formation of the ordered
perovskite is difficult due to the large differ-
ence in the ionic radius between Ti** and
U+ (14).

Table 1 lists the ordered perovskites Ba,
MUQ, prepared in this study. They are all
cubic. Sleight and Ward report that
Ba,YUQ, was slightly distorted (2). This dif-
ference is considered to be due to the prepa-
ration method. Sleight and Ward prepared
the sample in an evacuated silica capsule at
1000°C. On the other hand, our sample was
heated at 1300°C and cooled down in a flow-
ing argon atmosphere. We have considered
that cubic Ba,YUQq in a high temperature

phase could be quenched and that there is
a difference in the oxygen nonstoichiometry
between their sample and ours. Unfortu-
nately, Sleight and Ward did not mention
any oxygen nonstoichiometry in their sam-
ple. From the results of oxygen analysis,
we can say that the specimens are nearly
oxygen stoichiometric, although some oxy-
gen deficiency is found in Ba,YUQ, and
Ba,ScUQ,. The lattice parameters of Ba,
MUQq are plotted against the ionic radius
of M*" (14) in Fig. 1. This figure shows that
they vary linearly with the ionic radius. This
result indicates that the lattice parameter
change among Ba,MUQ, compounds de-
pends only on the trivalent ion size of the
rare earth elements. Similar behavior has
been found in the lattice parameter of
M,UysQ, (M = rare earth) compounds
(I3). For the case of Ba,MnUQy, the situa-
tion is complicated; we will discuss this
later.

Ba,YUOQ, and Ba,ScUQ,

Figure 2 shows the variation of the mag-
netic susceptibility with temperature for
Ba,YUOQ; and Ba,ScUO,. For comparison,
the susceptibility of oxygen-stoichiometric
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F1G. 2. Temperature dependence of magnetic suscep-
tibilities of Ba,Y UQ, and Ba,ScUQ,. For comparison,
the susceptibility of BaUO, ts also shown.

BaUQ; (ideal) is also shown. The suscepti-
bilities of Ba,YUOQg and Ba,ScUQ, are tem-
perature-dependent, in contrast to the
temperature-independent  paramagnetism
(TIP) of BaUQ;. They do not follow the
Curie—Weiss law. By extrapolating the re-
ciprocal temperature 1/T to 0 for the suscep-
tibility vs reciprocal temperature curve, we
obtain the temperature-independent para-
magnetic susceptibilities 33¢ x 10~% and
340 x 107% emu/mole for Ba,YUQ, and
Ba,ScUQq, respectively. These TIP values
are, of course, much smaller than that for
BaUO, (1110 x 107% emu/mole) (8). The
oxidation state of uranium ions in these
nearly oxygen-stoichiometric compounds
are considered to be pentavalent from the
charge neutrality condition. From the tem-
perature-dependent part of the susceptibil-
ity, the effective magnetic moments for
Ba,YUQ, and Ba,ScUQy are calculated to
be 0.67 and 0.49 g, respectively. These val-
ues are much smaller than the moment for
a free f1ion (2.54 pg), which indicates that
the crystal field effect on the magnetic prop-
erties of an f electron is large. The effective
magnetic moment of Ba,YUQ, is a little
smalier than the values listed in Ref. {/6) as
the moments of US" in an octahedral crystal
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field, and is comparable to the moment of,
forexample, Li,UQ, (.87 ug). The moment
of Ba,ScUQ is very small. The TIP values
are larger than the values calculated for an
f! electron in an octahedral crystal field on
the basis of the crystal field model devel-
oped by Eisenstein and Pryce (/7) and Hi-
natsu et al. (18) (110 ~ 220 emu/mole). In
this case, we have no spectroscopic data
to determine the crystal field level, so we
cannot calculate the TIP wvalues for
Ba,YUOQO,or Ba,SclUQ,. The excess TIP val-
ues might be responsible for a U** ion pro-
duced by the oxygen deficiency found in
Ba,YUOQ, and Ba,ScUQ; (see Table 1), be-
cause the U*" ion in an octahedral field
shows large TIP (/9). In fact, ideal BaUQ,
shows TIP (1110 x 10-% emu/mole) over
the temperature range from 4.2 K to room
temperature. No EPR spectrum was ob-
served for the U°* ion in Ba,YUQ, and
Ba,ScUQ; even at 4.2 K.

Ba,GdU O and Ba, YbUO

Figure 3 shows the temperature depen-
dence of the reciprocal susceptibility of
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FiG. 4. EPR spectrum of Ba,GdUQ; at room temperature.

Ba,GdUOQ;. A linear relationship is found in
this x~! vs T curve, from which it can be
determined that the effective magnetic mo-
ment is 7.74 py. This value is very close
to the theoretical moment of a Gd** ion,
indicating that the magnetic properties of
this compound are attributable entirely to
the moment of the Gd** ion. This result
is consistent with the very small magnetic
moment of U in Ba,YUQO, and Ba,ScUQ.

It is well known that the EPR spectra for
rare earth ions can be measured only at very
low temperatures because of the rapid
spin-lattice relaxation. However, the situa-
tion is different for the rare earth ions with
a half-filled f shell such as the Gd** ion,
because the ground state is the 85, state.
Figure 4 shows the EPR spectrum measured
at room temperature. The g-value is 1.92,
and the peak-to-peak line width is about
1700 G. At 4.2 K, there was little change in
the resonance spectrum other than an in-
creased intensity. The large deviation of the
g-value from 2.00 indicates that there is a
significant amount of intermediate coupling,
which results in the ground state of 4f7 in-
cluding the ®P,, state. On the other hand, the
g-value for an f' electron in an octahedral

crystal field should be in the range
—1.43 = g 2.00 (I8). However, even at
4.2 K no EPR signal corresponding to the
Ut ion was detected up to 13,000 G. This
result is consistent with the result that no
EPR spectrum was found for the Ba,YUQ,
and Ba,ScUQ, in which the only paramag-
netic ion is U°*.

In Ba,YbUQ;, the paramagnetic ions are
Yb’* and U°*. Figure 5 shows the recipro-
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cal susceptibility vs temperature curve for
Ba,YbUQ,. The effective magnetic moment
derived from this figure is 4.69 pg. This
value is a little larger than the theoretical
moment of Yb'* (4.54 py). Assuming that
both Yb** and U** contribute to the suscep-
tibility of this compound, the effective mag-
netic moment of U is calculated to be 1.18
pp- This is a small value for the moment of
the U>* ion. No EPR spectrum for U*" or
Yb** was observed even at 4.2 K.

Ba,MnUQ;

In this compound, both uranium and man-
ganese have two or more oxidation states.
Therefore, there exist several combinations
for which different oxidation states of ura-
nium and manganese are possible. Awasthi
et al. (3} claimed that they prepared both
Ba,Mn*' U**O, and Ba,Mn’*US*0,, but
did not show any experimental evidence for
the oxidation states of uranium and manga-
nese. Kemmler-Sack (7) also prepared
Ba,MnUQ; and considered that the charge
distribution in her sample was Ba,(Mn** ,,
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FiG. 6. Temperature dependence of reciprocal mag-
netic susceptibility of Ba,;MnUO,.
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FiG. 7. Magnetization curves of Ba,MnUQ, at 5, S0,
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Mn?* g HU? g, U, JO, from the results of
spectroscopic and magnetic measurements.

The lattice parameter of our sample is 8.519

A, which is near that reported by Sleight and

Ward (2}, but larger than those of Awasthi et
al. (3) and Kemmler-Sack (7). As will be
discussed later, the oxidation states of Mn
and U in the Ba,MnUOQO, prepared in this
study are divalent and hexavalent, respec-
tively; i.e., the Ba,Mn?*U®*Q, model is
valid. Grenet er al. stated that the lattice
parameter for the Ba,Mn?* U®* 0O, model is
larger than that for the Ba,Mn**tU’+O
model and still larger than that for the Ba,
Mn** U**O¢ model (20). So, if the lattice
parameter of Ba,MnUOQO, reported by
Kemmler-Sack is correct (8.465 ;\), the lat-
tice parameter for pure Ba,Mn?*US$tQq
should be larger than this value, because
her sample was 0.6Ba,Mn>*US*0Q, +
0.4Ba,Mn’ " U** Qg (7). The lattice parame-
ter of Ba,Mn>*U®* Q¢ reported by Awasthi
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FiG. 8. EPR spectrum of Ba,MnUOQ, at room tem-
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et al. (8.36 A) is smaller than that of Ba,
Mn**U** Q¢ reported by the same research-
ers (8.47 A); i.e., their data are unreliable.
Figure 6 shows the temperature dependence
of the reciprocal susceptibility (x™') of Ba,
MnUOQO, prepared in this study. This com-
pound shows ferrimagnetic behavior below
ca. 55 K. Figure 7 shows its magnetization
curves at various temperatures, clearly indi-
cating a large field dependence of the sus-
ceptibility at 5 K. Above 160 K, a linear
relationship is found in the ¥~! vs T curve
(Fig. 6). The effective magnetic moment is
calculated to be 5.52 ug. This value is close
to the moment of Mn?" at a high spin state
(3d%), which indicates that the magnetic
properties of Ba,MnUQ are mostly attrib-
utable to the behavior of the manganese ion
at a high spin state. If the electronic state
of the manganese ion in the compound were
an S-state (d° configuration at the high spin
state), the EPR spectrum should be measur-
able even at room temperature. We mea-
sured the EPR spectrum at room tempera-
ture; the g-value is 2.00 as expected, and is
shown in Fig. 8. From the charge balance
in the Ba,MnUQ, the oxidation state of ura-
niumis +6. The U%* ionis diamagnetic and

YUKIO HINATSU

shows no contribution to the magnetism of
the compound, which is in accordance with
the results of magnetic susceptibility and
EPR measurements.

References

I. R. W.G. WyckoFF, “*Crystal Structures, [1,”’ 2nd
ed., Vol. 2, Interscience, New York (1964).

2. A. W. SLEIGHT AND R. WaRD, fnorg, Chem, 1,
790 (1962).

3. 8. K. AwasTHI, D. M. CHACKRABURTTY, AND
V. K. TonNpON, J. Inerg. Nucl. Chem. 29, 1225
(1967).

4. 5. K. AwasTHI, D. M. CHACKRABURTTY. AND
V. K. Tonpon, J. Inorg. Nucl. Chem. 30, 819
(1968).

5. 1. B. GoopENoUGH aND J. M. LoNGo, in
“‘Landoit-Boérmnstein Tabellen™ (K.-H. Hellwege
and A. M. Hellwege, Eds.), New Series, Group
111, Vol. 4, Part a Chapter 3, Springer-Verlag Ber-
lin/New York (1970).

6. C. Kerier, in ‘‘Lanthanides and Actinides"”
(K. W, Bagnall, Ed.), MTP International Review
of Science, Series I, Vol. 7, p. 47, Butterworths,
London (§972).

7. S. KEMMLER-SACK, Z. Anorg. Allg. Chem. 369,
217 (1969).

8. Y. HINATSU, J. Solid State Chem. 102, 566 (1993).

9. S. R. DHARWADKAR AND M. S. CHANDRASE-
KHARAIAH, Anal. Chim. Acta 45, 545 (1969).

10. T. Funno aND T. Y AMASHITA, Fresenius Z. Anal.
Chem. 314, 156 (1983).

1. L. L. Sparks anD R. L, PoweLL, J. Res. Nui.
Bur. Stand. Sect. A 76, 263 (1972).

12. Y. Hinatsu anp T. FuliNo, J. Solid State Chem.
60, 195 (1985).

13. V.M. GoLDSCHMIDT, “*Geochemische Verteilungs-
gesetze der Elemente,”” Vols. VII, VIH (1927/
1928}.

14. R. D. SHANNON, Acta Crystallogr. Sect. A 32,
751 (1976).

15. C. KeELLER, H. EUGERER, L. LEITNER, AND U.
SRIYOTHA. J. Inorg. Nucl, Chem. 31, 965 (1969).

16. B. KANELLaKoPULOS, ‘*Gmelin Handbook of In-
organic Chemisiry,” Supplement Vol. A6 Ura-
nium, Springer-Verlag, New York/Berlin (1983).

17. ). C. E1SENSTEIN AND M. H. L. PrycE, Proc. R.
Soc. London A 225, 181 {(1960).

18. Y. HinaTsu, T. FuniNo, aND N. EDELSTEIN. J,
Solid State Chem. 99 182 (1992).

I9. C. A. HutcHisoN, JR., aND G. A. CANDELA, J.
Chem. Phys. 27, 707 (1957).

20. J.-C. GreENET, P. Porx, aND A. MICHEL, Ann.
Chim. (Paris) 7, 231 (1972).



