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The magnetic properties of quaternary oxides Ba3PrM2O9 and Ba3CeM2O9 (M = Ir, Ru) have been investigated.
They crystallize in the 6H-perovskite structure with the space group P63/mmc, in which the cation sites with the face-
sharing octahedra are occupied by Ir (or Ru) ions, and those within the corner-sharing octahedra are occupied by Pr
(or Ce) ions. Magnetic susceptibility measurements for Ba3PrIr2O9 show that an antiferromagnetic interaction between
two Ir ions in the Ir2O9 dimer results in a large temperature-independent paramagnetic susceptibility over a wide temper-
ature range. Another interesting result is in the small effective magnetic moments for Ba3PrIr2O9 (0.31(1) �B) and for
Ba3PrRu2O9 (0.75(1) �B). The electron paramagnetic resonance (EPR) spectrum of Pr4þ in these compounds was meas-
ured by diluting them in the corresponding isomorphous compounds Ba3CeIr2O9 and Ba3CeRu2O9 and lowering the tem-
perature to 4.2 K. A very large hyperfine interaction with the 141Pr nucleus was observed. The results were analyzed based
on the weak field approximation. The measured g values are much smaller than j�10=7j, showing that the crystal field
effect on the behavior of a 4f electron is large. The low g values correspond to the small effective magnetic moments
of the Pr compounds.

The most stable oxidation state of lanthanides is trivalent. In
addition to this state, cerium, praseodymium, and terbium have
the tetravalent state.1 Nonetheless, there are surprisingly few
compounds in which praseodymium or terbium is exclusively
tetravalent. Furthermore, very little magnetic data have been
published for tetravalent praseodymium compounds, despite
its straightforward 4f1 electronic configuration. One of the most
challenging problems in the modern chemistry of lanthanide
compounds is to prepare compounds containing tetravalent pra-
seodymium ions and to find magnetic cooperative phenomena
which are ascribable to the behavior of unpaired 4f electrons.

We have been focusing our attention on the perovskite-type
compounds. The lanthanide ion is relatively large and tends to
adopt a high coordination number. Therefore, the lanthanide
ion usually sits at the A site of the perovskite-type oxide ABO3.
By selecting large alkaline earth elements such as Sr and Ba as
the A site atoms, one finds that lanthanides occupy the 6-coor-
dinate B sites, i.e., the structure can be described as a frame-
work of corner shared LnO6 octahedra. The B site ions normal-
ly determine the physical properties of the perovskites ABO3.
Previously, we investigated the crystal structures and magnetic
properties of many ABO3-type perovskites containing lantha-
nide ions at the B-site.2–8 Among them, it is noteworthy that
BaPrO3, SrTbO3, and BaTbO3 show antiferromagnetic transi-
tions at relatively high temperatures, i.e., 11.5, 32.0, and 33.4
K, respectively.2,3,6

Now, our studies extend to perovskite-type oxides contain-
ing both the lanthanides (Ln) and platinum group metals (M)
at the B sites. Highly oxidized cations from the second or third
transition series sometimes show quite unusual magnetic be-
havior. In general, perovskites have some flexibility in chemi-
cal composition and crystal structure. When the ratio of the Ln
and M ions is 1:2, such compounds often adopt a hexagonal

perovskite structure. The 6H-BaTiO3 type structure is most
likely.9 In this structure, there exist two kinds of sites for the
B ions: the corner-sharing octahedral site and the face-sharing
octahedral site. Generally, a B site ion with a large size and a
low oxidation state occupies the former kind of site, and that
with a small size and a high oxidation state occupies the latter
kind of site. In the case of Ba3LnM2O9, Ln and M ions occupy
the corner-sharing and face-sharing sites, respectively, and
form the LnO6 octahedron and the M2O9 polyhedron (MO6

dimer).
Previously, we reported a series of 6H-perovskites,

Ba3LnRu2O9, and investigated their magnetic properties.10–12

For Ln = Ce, Pr, and Tb, they adopt the valence configuration
of Ba3Ln

4þRu4þ2O9, and show a characteristic temperature-
dependence of the magnetic susceptibilities. That is, a broad
maximum at high temperatures (�350 K) and a magnetic tran-
sition at 9–11 K, which reflects magnetic interactions between
Ru ions in the Ru2O9 dimer and between Ln and Ru ions.10

Another interesting result is in the effective magnetic mo-
ment of Ba3PrRu2O9. It was estimated to be 0.90 �B, which
is much smaller than the free-ion magnetic moments of Pr4þ

(2.54 �B),
10 but is close to the moments observed in the perov-

skites containing a Pr4þ ion in the octahedral site: 0.68 �B for
BaPrO3

2,4 and 0.812–0.879 �B for Ba1�xSrxPrO3.
13

To clarify the nature of the peculiar temperature dependence
of the magnetic susceptibility and the low effective magnetic
moment of Ba3PrRu2O9, we have performed two experiments
in this study. First, we diluted Ba3PrRu2O9 with Ba3CeRu2O9

(Ce4þ is diamagnetic) and measured the electron paramagnetic
resonance (EPR) spectrum of the Pr4þ ion to examine its elec-
tronic ground state. Furthermore, the corresponding iridium
compound (Ba3PrIr2O9) was prepared, and its magnetic sus-
ceptibility and EPR spectrum were measured. The Ir and Ru
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ions often produce the oxides with common crystal structures.
However, their physical properties are sometimes quite differ-
ent. The effects of Ir substitution for Ru in the face-sharing
octahedral sites will provide us the information on the above-
mentioned peculiar magnetic behavior. The results are dis-
cussed here.

Experimental

Sample Preparation. Two polycrystalline samples of
Ba3PrIr2O9 and Ba3CeIr2O9 were prepared by firing the appropri-
ate amounts of BaCO3, Pr6O11 (or CeO2), and Ir metal powders,
first at 900 �C for 12 h and then 1200 �C for several days in air with
several interval grinding and pelleting steps. Specimens for EPR
measurements, Ba3PrxCe1�xM2O9 (x ¼ 0:02, 0.05; M = Ir, Ru),
were also prepared. As starting materials, BaCO3, Pr6O11, CeO2,
and Ir metal powders (or RuO2) were used. The heating procedures
were the same as the cases for Ba3PrIr2O9 and Ba3CeIr2O9. The
progress of the reactions was monitored by powder X-ray diffrac-
tion measurements.

X-ray Diffraction Analysis. Powder X-ray diffraction profiles
were measured using a Rigaku Multi-Flex diffractometer with
CuK� radiation equipped with a curved graphite monochromator.
The data were collected by step scanning in the angle range 10� �
2� � 120� at a 2� step size of 0.04�. Crystal structures were deter-
mined by the Rietveld technique, using the program RIETAN.14

Magnetic Susceptibility Measurements. The temperature-
dependence of the magnetic susceptibility was measured in an
applied field of 0.1 T over the temperature range of 1:8 K � T �
300 K using a SQUID magnetometer (Quantum Design,
MPMS5S). The susceptibility measurements were performed un-
der both the zero field cooling (ZFC) and field cooling (FC) condi-
tions. The former was measured upon heating the sample to 300 K
under the applied magnetic field of 0.1 T after zero-field cooling to
1.8 K. The latter was measured upon cooling the sample from 300
to 1.8 K at 0.1 T. There was no difference between the ZFC and FC
susceptibilities in the whole experimental temperature range.

Specific Heat Measurements. The specific heats were meas-
ured using a relaxation technique through a specific heat measuring
system (Quantum Design, PPMS) in the temperature range of
1:8 � T � 300 K. The sample in the form of a thin plate was
mounted on a sample holder with Apiezon for better thermal
contact.

Electron Paramagnetic ResonanceMeasurements. The EPR

measurements were carried out with a JEOL RE-2X spectrometer
operating at an X-band frequency (9.1 GHz) with a 100-kHz field
modulation. Measurements were made both at room temperature
and at 4.2 K. The magnetic field was swept from 100 to 13500
G. Before the sample was measured, a blank was recorded to elim-
inate the possibility of interference from the background resonance
of the cavity and/or sample tube. The magnetic field was moni-
tored with a proton NMR gaussmeter, and the microwave frequen-
cy was measured with a frequency counter.

Results and Discussion

Crystal Structures. The X-ray diffraction measurements
show that the Ba3PrIr2O9 prepared in this study crystallizes
in the 6H-perovskite type structure. The diffraction data were
indexed in a hexagonal unit cell with the space group P63/
mmc, and were analyzed by the Rietveld method. The lattice
parameters, atomic positional parameters, and some important
bond lengths are listed in Table 1. Ba3PrIr2O9 is isostructural
with Ba3PrRu2O9

10,15,16 and its schematic structure is shown
in Fig. 1.

Magnetic Susceptibilities. Figure 2(a) shows the tempera-
ture dependence of the magnetic susceptibility for Ba3PrIr2O9.
No magnetic anomaly was observed down to 1.8 K. The tem-

Table 1. Lattice Parameters, Atomic Positional Parameters, and Some Bond Lengths for
Ba3PrIr2O9

Ba3PrIr2O9 Space group P63/mmc (No. 194), Z ¼ 2,
a ¼ 5:8939ð2Þ �A, c ¼ 14:7014ð4Þ �A

Atom Site x y z B/ �A2

Ba(1) 2b 0 0 1/4 0.44(2)
Ba(2) 4f 1/3 2/3 0.9021(1) 0.59(3)
Pr 2a 0 0 0 0.08(3)
Ir 4f 1/3 2/3 0.1637(1) 0.10(2)

O(1) 6h 0.4919(8) 0.9838 1/4 1.1(1)
O(2) 12k 0.1725(7) 0.3450 0.4134(5) 1.2(2)

Bond lengths
Pr–O(2) � 6 2.174(7) �A Ir–O(1) � 3 2.056(7) �A

Ir–Ir � 1 2.537(2) �A Ir–O(2) � 3 1.995(7) �A

PrO6

Ba 

Ir2O9

a
a

c

Fig. 1. The crystal structure of 6H-perovskite Ba3PrIr2O9.
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perature dependence of the susceptibilities at higher tempera-
tures (T > 100 K) is well fitted with the ‘‘modified’’ Curie–
Weiss law in which the temperature independent paramagnetic
susceptibility term (TIP) is included. The effective magnetic
moment, the Weiss constant, and the TIP term were 0.75(1)
�B, �5:3ð7Þ K, and 915� 10�6 emu/mol, respectively. This
effective magnetic moment is much smaller than the free-ion
magnetic moment for Pr4þ, but is quite reasonable as the mo-
ment for a Pr4þ ion octahedrally coordinated by six oxygen
ions, which we will discuss later using the results of the EPR
measurements.

Specific Heats. Figure 2(b) shows the temperature depend-
ence of the specific heat for Ba3PrIr2O9. No anomaly was ob-
served down to 1.8 K, which corresponds to the results of the
magnetic susceptibility measurements.

We have already shown that the quaternary oxides
Ba3LnRu2O9 have the valence states Ba3Ln

4þRu4þ2O9 for
Ln = Ce, Pr, and Tb from the X-ray diffraction measure-
ments.10 A similar valence configuration should be valid for
the corresponding iridium compounds, which we reported as
Ba3Ln

4þIr4þ2O9 for Ln = Ce, Pr, and Tb.17

In Ba3PrIr2O9, both the magnetic moments of Pr4þ and Ir4þ

contribute to the paramagnetism of the compound. In order to
examine the magnetic contribution of the Pr4þ ion, a
Ba3CeIr2O9 compound in which the Ce4þ ions are substituted
for the Pr4þ sites was prepared and its magnetic susceptibility
was measured. The temperature dependence is also shown in
Fig. 2(a). The susceptibility of Ba3CeIr2O9 is much smaller
than that of Ba3PrIr2O9. It increases with decreasing tempera-
ture, but has a large temperature-independent term. The modi-
fied Curie–Weiss fitting gave the effective magnetic moment,

the Weiss constant, and the TIP term as 0.31(1) �B,
�0:55ð2Þ K, and 4:8ð1Þ � 10�4 emu/mol, respectively. We be-
lieve that this large TIP term is the result of the antiferromag-
netic interaction between two Ir ions in the Ir2O9 dimer, and
that the very small effective magnetic moment may be due to
the existence of magnetically unpaired Ir ions formed by the
small amount of oxygen defects. Comparing the effective mag-
netic moment for Ba3PrIr2O9 with that for Ba3CeIr2O9, we can
conclude that the effective magnetic moment of Ba3PrIr2O9 is
due to the Pr4þ magnetic moment in this compound. In order
to elucidate the small magnetic moment of Pr4þ in the
Ba3PrIr2O9, we have performed EPR measurements.

EPR Spectra. For the praseodymium ion in the tetravalent
state, an EPR spectrum should be observed because the Pr4þ

ion is a Kramers ion ([Xe]4f1 configuration). However, no
EPR spectra were observed, even at 4.2 K, for pure Ba3PrIr2O9.
Our previous study showed that the EPR spectra of the Pr4þ ion
can be observed by diluting it in a nonmagnetic substance.4,5,18

So, in this study we have prepared a sample in which the
Ba3PrIr2O9 is diluted with isomorphous Ba3CeIr2O9. The ratio
of Pr:Ce is 0.02:0.98 and 0.05:0.95. At low temperatures, EPR
spectra could be observed. Figure 3 shows the spectrum meas-
ured at 4.2 K. This observation of an EPR spectrum strongly in-
dicates that the oxidation state of the praseodymium ion is not
trivalent, but tetravalent, because the non-Kramers Pr3þ ion
usually shows no EPR spectrum.19 There is no difference be-
tween two samples in which the concentrations of the Pr ions
are different.

The tetravalent praseodymium Pr4þ is a Kramers’ ion with
one unpaired 4f electron and in a magnetic field one isotropic
EPR spectrum may be observable. The isotope 141Pr (natural
abundance 100%) has a nuclear spin of I ¼ 5=2 and a nuclear
magnetic moment of þ4:3 nuclear magnetons. The spin Ham-
iltonian for the EPR spectrum of Pr4þ/Ba3CeIr2O9 is:

H ¼ g�H�S0 þ AI�S0 � g0N�H�I ð1Þ

where g is the g value for Pr4þ with an effective spin S0 ¼ 1=2,
A is the hyperfine coupling constant, g0N is the effective nuclear
g value (in units of Bohr magnetons), � is the Bohr magneton,
andH is the applied magnetic field. Usually the assumption can
be made that the electronic Zeeman term (the first term on the
right-hand side of Eq. 1) is much larger than the hyperfine term
(the second term on the right-hand side), which would result in
a six-line spectrum for an isotropic resonance with I ¼ 5=2. Ex-
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Fig. 3. An EPR spectrum for Pr4þ ion doped in Ba3CeIr2O9

measured at 4.2 K.
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Fig. 2. Temperature dependence of (a) the magnetic
susceptibility and (b) specific heat for Ba3PrIr2O9 and
Ba3CeIr2O9. Solid lines in Fig. 2(a) show the modified
Curie–Weiss law fitting.
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perimental results show that the observed hyperfine spacings
between the absorption lines are quite large and that they in-
crease with the magnetic field (see Fig. 3), which indicates that
the electron spin quantum number and the nuclear spin quan-
tum number are not good quantum numbers. In this case, the
hyperfine interaction with the 141Pr nucleus is so large that
the spin Hamiltonian including the electronic Zeeman term
and the hyperfine term must be solved exactly. The solution
is well known (Breit–Rabi equation) and has been provided
by Ramsey20 and others.21

First, I and S are coupled together to form the resultant F,
where F ¼ Iþ S. For S ¼ 1=2 and I ¼ 5=2 in the absence of
a magnetic field, there are two states, F ¼ 2 and F ¼ 3, which
are separated by 3A. When the magnetic field is included, each
of these two states splits into ð2F þ 1ÞjmFi Zeeman levels, and
six allowed transitions (�F ¼ �1; �mF ¼ �1) should be ob-
servable (see Fig. 4). In order to obtain the g value and the hy-
perfine coupling constant A, we tried to fit the five observed res-
onance peaks to the calculated ones. The best fitting parameters
are jgj ¼ 0:695 and A ¼ 0:0606 cm�1. Table 2 lists the results
of fitting the observed EPR spectra to the parameters of the spin
Hamiltonian Eq. 1. The resonance field for the sixth transition
(the highest resonance field) is calculated to be 13608 G, which
is beyond our maximum obtainable magnetic field.

The g value for a 4f1 electron perturbed by the octahedral
crystal field should be between �10=7 (no crystal field effect,
for the �7 ground doublet in the 2F5=2 multiplet) and 2.00 (no
spin–orbit interaction), and increases with increasing crystal
field strength.22,23 Although the sign of the g value was not ob-
tained in this experiment, a comparison with other f1 systems in
octahedral symmetry, such as NpF6/UF6

24 and Pa4þ/
Cs2ZrCl6,

21 indicates that the g value for the Pr4þ/Ba3CeIr2O9

should be negative. Therefore, the value of jgj which was ob-

tained from the EPR experiment decreases with increasing
crystal field strength. The jgj value obtained for Pr4þ/
Ba3CeIr2O9 is 0.695, which is comparable to the values report-
ed earlier for the Pr4þ ion in an octahedral coordination
(jgj ¼ 0:64{0:74), Pr4þ/BaZrxCe1�xO3,

25 and much smaller
than j�10=7j, indicating that the crystal field effect on the
Pr4þ ion is strong. The effective magnetic moment of Pr4þ

is calculated to be 0.602 �B from the relation � ¼
g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S0ðS0 þ 1Þ
p

. This moment is close to the moment of
Ba3PrIr2O9 (0.75(1) �B) derived from the magnetic suscepti-
bility measurements.

We have also measured the EPR spectrum for Pr4þ doped in
Ba3CeRu2O9. Fitting Eq. 1 to the experimental EPR spectra
gives jgj ¼ 0:673 and A ¼ 0:0606 cm�1. The situation for the
Pr4þ ions in the Ba3CeIr2O9 and in the Ba3CeRu2O9 is the
same, i.e., the central Pr4þ ion is almost octahedrally coordinat-
ed by six oxygens, but the crystal field strength is different be-
tween them. The average Pr4þ–O2� distance in the Pr4þ/
Ba3CeRu2O9 is shorter than that in the Pr4þ/Ba3CeIr2O9.
Therefore, the strength of the crystal field affecting the elec-
tronic state of the central Pr4þ ion in the former compound
should be stronger than that in the latter compound. The present
experimental result indicated that the jgj value for the Pr4þ/
Ba3CeRu2O9 is smaller than that for the Pr4þ/Ba3CeIr2O9.
This result is in accordance with the above theoretical consid-
eration. On the other hand, the hyperfine coupling constant A is
almost the same as those for the Pr4þ octahedrally coordinated
by six oxygens.4,25

Summary

The magnetic properties of Ba3PrM2O9 and Ba3CeM2O9 (M
= Ir, Ru) have been studied. The magnetic susceptibility of
Ba3PrIr2O9 shows that an antiferromagnetic interaction be-
tween two Ir ions in the Ir2O9 dimer results in the tempera-
ture-independent paramagnetism over the wide temperature
range. The effective magnetic moments for Ba3PrIr2O9 and
Ba3PrRu2O9 are very small, which were analyzed by the EPR
measurements on the Pr4þ ions doped in the Ba3CeIr2O9 and
Ba3CeRu2O9.

The present study was supported by the Japan Securities
Scholarship Foundation.
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