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Unique magnetic properties of a ternary uranate Ba,U,0O, are reported. Magnetic susceptibility
measurements reveal that this compound undergoes a magnetic transition at 19 K. Below this
temperature, magnetic hysteresis was observed. The results of the low-temperature specific heat
measurements below 30 K support the existence of the second-order magnetic transition at 19 K.
Ba,U,0; undergoes a canted antiferromagnetic ordering at this temperature. The magnetic anomaly
which sets in at 58 K may be due to the onset of one-dimensional magnetic correlations associated
with the linear chains formed by U ions. The analysis of the experimental magnetic susceptibility
data in the paramagnetic temperature region gives the effective magnetic moment per=0.73 pg, the
Weiss constant §=—10K, and the temperature-independent paramagnetic susceptibility yrp=0.14
x 1072 emu/mole.

The magnetic susceptibility results and the optical absorption spectrum were analyzed on the basis
of an octahedral crystal field model. The energy levels of Ba,U,0- and the crystal field parameters were
determined.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

During fission of uranium, a variety of fission products are
formed, some of which are accommodated in UO5 fuel [1]. Among
them, barium has a quite low solubility into UO, [2] because
of its large ionic radius [3], and forms various kinds of ternary
oxides [1]. So, it is very attractive to study the Ba-U-O system,
and some ternary oxides such as BaU,0-, BaUOg4, and BasUOg are
known to form.

We have been interested in a compound Ba,U,05. This phase is
formed between BaUO; and BaUO,, and the valence state of
uranium is pentavalent. The crystal structure of Ba,U,0,; has
been determined by X-ray diffraction and neutron diffraction
methods [4].

The magnetic and optical properties of actinides are charac-
terized by the behavior of 5f electrons. For the 5f compounds, the
crystal field, spin-orbit coupling, and electron-electron repulsion
interactions are of comparable magnitude, which makes the
analysis of the experimental results complicated. In the case of
U°* compound, the situation is considerably simplified because
there is no electronic repulsion interaction (the electronic config-
uration of U** ion is [Rn]5f!). Therefore, the theoretical treatment
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of the U ion is easier and we may obtain a deeper under-
standing of the behavior of 5f electrons in solids.

Previously, we briefly reported the temperature-dependence
of magnetic susceptibility for Ba;U,0; [5]. In this study, we
freshly prepared Ba,U,0; and measured its magnetic suscept-
ibility in the temperature range 1.8-400 K, and specific heat in
the temperature range 1.8-30 K. Because the optical absorption
spectra are available [6], we will determine the energy state of the
U>* ion in the compound and evaluate the magnetic susceptibil-
ities measured here.

2. Experimental
2.1. Sample preparation

The present Ba,U,07; was prepared by mildly reducing BaUO,
in a flowing 4% H, in He gas atmosphere for 12-24h at
1100-1400 °C. The starting BaUO4 had been prepared by heating
mixtures of Ba(NO3), and UO3 powders at 800-1100 °C in oxygen
atmosphere.

2.2. Analysis
2.2.1. X-ray diffraction analysis

Powder X-ray diffraction profiles were measured using a
Rigaku Multi-Flex diffractometer with CuKo radiation equipped
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with a curved graphite monochromator. The data were collected
by step- scanning in the angle range of 10° <26 <120° at a 260
step-size of 0.02°. The X-ray diffraction data were analyzed by the
Rietveld technique, using the programs RIETAN2000 [7], and the
crystal structures were drawn by VESTA program [8].

2.2.2. Determination of oxygen amount

The oxygen non-stoichiometry in the sample was checked
by the back-titration method [9,10]. A weighed sample was
dissolved in excess cerium (IV) sulfate solution which had been
standardized in advance with stoichiometric UO,. Then the excess
cerium (IV) was titrated against a standard iron (II) ammonium
sulfate solution with ferroin indicator. The oxygen amount was
determined for a predetermined Ba/U ratio.

2.3. Magnetic susceptibility measurements

The temperature-dependence of the magnetic susceptibility was
measured at various magnetic field between 0.01 and 5.5 T over the
temperature range of 1.8 K < T <400 K, using a SQUID magnetometer
(Quantum Design, MPMS5S). The susceptibility measurements were
performed under both zero-field-cooled (ZFC) and field-cooled (FC)
conditions. The former was measured upon heating the sample to
400 K under the applied magnetic field of 0.01-5.5 T after zero-field
cooling to 1.8 K. The latter was measured upon cooling the sample
from 400 to 1.8 K at 0.01-5.5 T. Magnetization measurements (M-H
curve measurements) were performed at 2.0K in the applied
magnetic field of —-5.5T<H<55T.

2.4. Specific heat measurements

Specific heat measurements were performed using a relaxa-
tion technique by a commercial heat capacity measuring system
(Quantum Design, PPMS) in the temperature range 1.8-30 K. The
sintered sample in the form of a pellet was mounted on a thin
alumina plate with Apiezon for better thermal contact.

3. Results and discussion
3.1. Preparation and crystal structure

The chemical analysis of the oxygen concentration gives the
formula BayU,06.993. In view of the error limits for this analysis,
this result indicates that the specimen is oxygen-stoichiometric.
The X-ray diffraction analysis shows that the Ba,U,0- prepared in
this study crystallizes in the weberite-type Na,MgAIF,. It is
orthorhombic with lattice parameters a=8.162, b=11.301, and
c=8.189 A, and the space group is Imma. Fig. 1 shows the crystal
structure of Ba,U,0-. Both Ba and U atoms have two different
crystallographic sites. Bal and Ba2 have hexagonal bipyramidal
and square prismatic coordinations, respectively; both U1 and U2
have the octahedral coordination. The U10g octahedra are joined
together in infinite one-dimensional U10g chains by sharing their
apical oxygens. The U10g octahedra are tilted with respect to
each other with U1-0-U1 angle of 141.4° and form a zig-zag
chain running parallel to the a-axis. Each U10¢ octahedron is
connected with four U20g octahedra by corner-oxygen sharing.

3.2. Magnetic properties

3.2.1. Magnetic behavior in the paramagnetic temperature region
Fig. 2 shows the temperature dependence of the magnetic

susceptibility for Ba,U,0; measured at various magnetic field

between 0.01 and 5.5 T. Above 58 K, the susceptibility does not
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Fig. 1. Crystal structures of Ba,U,05.
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Fig. 2. Temperature dependence of magnetic susceptibility for Ba,U,05 at various
applied magnetic field (H=0.01-5.5 T) in the temperature region between 1.8 and
300 K. The susceptibility is expressed per mole of U. The inset shows the detailed
temperature dependence of the susceptibility below 70 K.

depend on the magnetic field, and Ba,U,0; shows paramagnetic
behavior.

Fig. 3 depicts the temperature dependence of the reciprocal
magnetic susceptibility for Ba,U,O; in the temperature range
between 1.8 and 300 K. Above 58 K, it follows a single curve. The
least square fitting gives the characteristic magnetic parameters
for the U>* jons in the distorted octahedral sites, i.e., the effective
magnetic moment pes=0.73 pp, the Weiss constant 0= —-10K,
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Fig. 3. The reciprocal susceptibility vs. temperature curve for Ba,U,0. A solid line
is the Curie-Weiss fitting.

and the temperature-independent paramagnetic susceptibility
ymip=0.14 x 10~ emu/mole.

The effective magnetic moment of Ba,U,07 is much smaller
than that for the moment of a free f' ion, U>* (2.54 pg), 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 some U>* bearing ternary oxides with the same 5f
electronic configuration [11].

Since the absorption spectra are available for this compound
[6], we can determine the crystal field energy levels and then
calculate the magnetic susceptibility.

Fig. 4 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 I'4 states, where 4
and O 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'4 states are split into
I'’ and I's, and I's and I'§, respectively. The ground-state Kramers
doublet is the I'; state and is coupled to the excited I'§ state
arising from the I's orbital, by the spin-orbit coupling. The I's

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';, I's, and I'g
states are

r.| 0 V3k(

7IVERE A-LKC

I A+ LkE 35k

S 13VEKKC A+O-3KC

I's: A+@+%k’§‘ 1

Here { is the spin-orbit coupling constant, and k and k’ are the
orbital reduction factors for an electron in a I's orbital state and
I'4 orbital state, respectively. Diagonalization of the energy matrix
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Fig. 4. Splitting of f' orbital energy levels perturbed by octahedral crystal field and
spin-orbit coupling.

produces the ground state I'; and the excited I';, and the
corresponding wavefunctions are written as

‘F7> =COSH|2F5/2'F7>—Sin9‘2F7/2’F;>
\F%):sin0|2F5/2'F7>+c050|2F7/2'F’§> (2)

where 0 is the parameter describing the admixture of the I';
levels in the ground state with the relation

2V3k( 3
A—(1,2kD) )
The g value for the ground I'; doublet is obtained as follows:

tan26 =

g=2<(I'7|L+2S|I';) =2cos? 0—4\/’§sin29— %(1—k)sin2 0 “4)

This g value is experimentally determined by the electron
paramagnetic resonance (EPR) spectrum measurements. In this
study, we tried to measure the EPR spectrum for Ba,U,0-.
However, no EPR spectrum was measured even at 4.2 K. Lewis
et al. [12] also reported that no EPR signal from the U>* ion could
be detected in concentrated alkali metal uranates. This is prob-
ably because of the strong magnetic interaction between uranium
ions (rapid spin-spin interaction) in the concentrated com-
pounds. As will be described later, the g value for the ground
doublet I'; is also determined for the temperature-dependent
part of the susceptibility. The energies for the I';, I's, I'7, I's, and
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I's (in the order of ascending energies) are
E(Ty)= A—%{k+2\/ﬁcot6}é

E(I'g)=4 +®—% {k’+«/5kk’c0t<p}§
E(I's) =+/3k{ cot0
Elg)=A4+ ‘ll {k+3v5kk’cot(p}C

Ele)=A+0+ %k’C 5)

where ¢ is the parameter describing the admixture of the I's
levels in the excited state. We apply the above-mentioned
treatments to the energy level analysis for Ba,U,05.

Since the effective magnetic moment of the U®* ion is found to
be 0.73 pp from the temperature-dependent part of the suscept-
ibility, the g value is calculated to be 0.84 assuming the relation
Uerr=8/S(S+1). This g value is reasonable for an f! electron in an
octahedral crystal field [13-16] and is often found for U>*
compounds [12,14,15,17-19]. It is worth noting that the sign of
the g value is expected to be negative for this 5f' electronic
configuration [13-16]. As is described later, the calculation result
using Eq. (4) gives a negative g value for this Ba,U,0; compound.

Now, we can use both the optical absorption spectrum and
magnetic susceptibility data (the effective magnetic moment) to
analyze the crystal field energy levels. The crystal field para-
meters and orbital reduction factors obtained are listed in Table 1.
The spin-orbit coupling constant is 1954 cm~!, which is a
reasonable value for U* ion in solids, and is close to the value
obtained from linear interpolation of the ¢ values between Pa**
and Np®" compounds, 1950 cm~! [20]. The obtained orbital
reduction factor, k'=0.80, for an electron in a I'4 orbital has also
been calculated for the same I'4 orbital in BasMU,09 (M=Ca, Sr,
Zn) and MUOs3 (M =L, Na, K, Rb) compounds [21-24]. As shown in
Table 1, the transition energies calculated from these crystal field
parameters and the g value of EPR (effective magnetic moment)
are fitted to the experimental data except the I';— I's transition.
Since the transition the I';— I'g transition for octahedral symme-
try is known to be broad and since this transition is furthermore
broadened even due to small crystal field distortion, we have
considered the I';—I's transition energy to be the least reliable.

Since we have obtained the wavefunctions and energies for the
ground and excited states, the magnetic susceptibility of Ba,U,0-
is easily calculated. The magnetic susceptibility of the molecule is
given by

= Nl Bl ks T—2Elexp(—Exn /s T)
3 nm€XP(—Em/ksT)
0)

where N is the Avogadro number, E{%), is the zero-field energy,
EQ), and E2), are the first- and second-order Zeeman terms
respectively, n and m are quantum numbers and kg is the

)

Table 1
Crystal field parameters and orbital reduction factors for Ba,U,0-.

Experimental Calculation
I;—Tg(cm™ ') 5634 5635
-5 (cm™) 7194 7195
r,—-Is(cm™") 9852 (8696-13,158) 12,122
I';—Tg(cm™1) 15,873 15,873
g value |g|=0.835 -0.835
{(cm™1) 1954
A(cm™1) 3409
O (cm™1) 7151
k 1
4 0.8

Boltzmann constant. If the separation of levels within the ground
state is much smaller and the energy of the next excited state is
much larger than kT, the susceptibility is expressed in the
following form [25]:

_ Ng?ug?
1= aksT +XTip 7
where
Ti|L+2S|I7 )2
Y1 = ZNﬁZZM 8)
i

E(I')—E(I'7)

The g value in Eq. (7) is the same as that for the ground crystal
field state I'; (Eq. (4)), i.e., the g value can be determined from the
temperature-dependent part of the susceptibility, as described
already.

Next, we will consider the temperature-independent suscept-
ibility. From Eq. (8), it is calculated to be 204 x 10~ ¢ emu/mol,
which is near the experimentally estimated value, 140 x 10~ ¢ emu/
mol. As shown in Fig. 3, the calculated magnetic susceptibilities are in
accordance with the experimental results in the paramagnetic
temperature region.

3.2.2. Magnetic behavior below 58 K

The temperature dependence of the magnetic susceptibility for
Ba,U,07 (Fig. 2) shows that there exist three magnetic anomalies.
When the temperature is decreased through 58 K, the increment
of the susceptibility differs among applied magnetic field. In
addition, steep increase and small increase of the susceptibility
has been observed at 19 and 8 K, respectively.

Fig. 5 shows the results of the specific heat measurements
(temperature dependence of the specific heat divided by tem-
perature (Cp/T)) for Ba,U,0. A A-type specific heat anomaly has
been observed at 19 K, corresponding to the results of magnetic
susceptibility. These results clearly indicate that with decreasing
temperature, Ba,U,0; undergoes a long-range antiferromagnetic
transition at 19 K. In order to estimate the magnetic entropy
change (AS,,) due to this transition, the magnetic entropy (Sy,)
was calculated by Sm= [Cr/T dT. The magnetic specific heat (Cp)
was obtained by subtracting the contribution of lattice specific

15 F
—e— Ba,U,0, .’1
it {s
777777 Clallice'T = (]
4
[
<«
i 1.0 —;
5 p
3 =
g =
2 £
¥ =
S E
C 0.5 oF

0.0
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Fig. 5. Temperature dependence of the specific heat divided by temperature (Cp/T)
and magnetic entropy (Smag) for Ba,U,07 in the temperature region between
1.8 and 30 K.



A. Nakamura et al. / Journal of Solid State Chemistry 184 (2011) 531-535 535

0.04
0.03

0.02

0.01 /
0.00 /
-0.01

-0.02

M (ug/U)

-0.03

-0.04 1 1 1 1 1 1 1 1 1 1

H (T)

0.04
0.03
0.02

0.01 /

0.00
-0.01 /

-0.02

M (ug/U)

-0.03

-0.04 1 1 1 1 1 1 1 1 1 1

H(T)

Fig. 6. (a) Magnetization (M) vs. H plot of Ba,U,0; measured at 2 K. (b) The
modified magnetization curve in which a soft ferromagnetic component
(~2.5x1073 ug/U) is extracted from the measured magnetization curve
(see text).

heat from the observed specific heat. The lattice contribution was
estimated by fitting a polynomial function of the temperature
fT)=aT?+bT°+cT’ [26] to the observed specific heat data
(T=26-30K). The obtained magnetic entropy is also plotted in
Fig. 5. The magnetic entropy change AS,, due to the antiferro-
magnetic transition is determined to be ~4 J/mol(U) K, which is
somewhat small but comparable to RIn2=5.76]/mol(U)K
(R: gas constant) expected from the doublet ground state of U>* ion.

Fig. 6(a) shows the magnetization curve of Ba,U,0; against
applied magnetic field measured at 2 K. This curve contains two
ferromagnetic components: a hysteresis loop with 1.25
x 1072 pg/U and soft ferromagnetic curve with 2.5 x 107> pg/U.
The modified magnetization curve, in which the soft ferromag-
netic component is extracted from the magnetization data, is
plotted in Fig. 6(b). The observed hysteresis loop corresponds to
the divergence between ZFC and FC susceptibilities below 19 K.
However, the value of the magnetization at H=5.5T is 0.034
up/U, and the magnetization does not saturate at 2.0 K. These

results indicate that this small ferromagnetic component is
attributed to a weak ferromagnetic moment associated with a
canted antiferromagnetic ordering. On the other hand, the soft
ferromagnetic component is corresponding to the small increase
of the magnetic susceptibility at 8 K. However, the results of the
specific heat measurements show no anomaly at this tempera-
ture. Therefore, we consider that the anomaly observed at 8 K
may be due to the small amount (0.2-0.3%) of ferromagnetic
impurity.

The origin of the magnetic field-dependence of the suscept-
ibility measured at 58 K is, at present, not clear. The results of the
specific heat measurements indicate that about 70% of the
theoretical magnetic entropy R In 2 has been consumed by the
antiferromagnetic ordering at 19 K. The magnetic anomaly which
sets in at 58 K suggests the short range magnetic correlations. One
possibility is that the anomaly at 58 K may be due to the onset of
one-dimensional magnetic correlations associated with the linear
chains formed by the U1 ions. Furthermore investigations are
needed to elucidate the magnetic behavior observed at 58 K.

4. Summary

Magnetic susceptibility, magnetization and specific heat mea-
surements reveal that Ba,U,0; undergoes a canted antiferromag-
netic ordering at 19 K. The magnetic anomaly which sets in at
58 K may be due to one-dimensional magnetic correlations of the
U ions. The magnetic susceptibility results and the optical
absorption spectrum were analyzed on the basis of an octahedral
crystal field model.
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