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The synthesis, crystal structure, and magnetic properties of quaternary oxides Ba3Ln2MO9 (Ln = Y, Sm–Gd, Dy–Lu
for M=Mo; Ln = Y, Sm–Lu for M=W) are reported. Their powder X-ray diffraction measurements and Rietveld analy-
sis showed that they have a ‘‘disordered’’ perovskite structure, i.e., BaLn2=3M1=3O3 except for Ba3Tb2WO9, and that their
structures are monoclinic with space group I2=c (Ln = Y, Sm–Gd, Dy–Yb for M = Mo; Ln = Y, Sm–Lu for M =W) or
cubic with space group Pm�33m (Ln = Lu for M = Mo). Powder neutron diffraction measurements showed that
Ba3Tb2WO9 has an ordered perovskite structure and is monoclinic with space group P21=n. Magnetic susceptibility meas-
urements showed that all the Ba3Ln2MO9 compounds are paramagnetic down to 1.8 K. The Tb ions of Ba3Tb2WO9 are in
the mixed valence state (þ3, þ4). Through 151Eu Mössbauer measurements on Ba3Eu2MoO9 and Ba3Eu2WO9, it was
found that the Eu ion is in the trivalent state, and that the symmetry of the Eu site is distorted from the octahedral sym-
metry.

It is well known that the most stable oxidation state of lan-
thanide (Ln) ions is trivalent, and that the electronic configura-
tion of Ln3þ ions is [Xe]4fn ([Xe]: xenon electronic core). The
magnetic properties of lanthanide ions are fascinating in their
systematic variety and intelligible complexity. Their magnetic
properties are determined by the behavior of unpaired 4f elec-
trons. These are highly localized electrons, and the shielding by
the surrounding 5s and 5p electrons in the outer shell makes the
magnetic interactions between 4f electrons in solids very weak.
In fact, many of the lanthanide oxides order magnetically below
4 K. One of the most challenging problems in the modern
chemistry of lanthanide compounds is to find a compound in
which strong magnetic interactions between 4f electrons exist,
which gives rise to a long-range magnetic order at relatively
high temperatures. We have been focusing our attention on per-
ovskite-type compounds containing lanthanide ions.

The perovskite-type oxides have the general formula ABO3,
where A represents a large metal cation and B represents a
small one. The perovskite structure can be described as a frame-
work of corner-shared BO6 octahedra which contains A cations
at 12-coordinate sites. 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 ox-
ide ABO3. By selecting large alkaline earth elements such as Sr
and Ba as the A site atoms, one finds that lanthanides occupy
the 6-coordinate B sites. The perovskite-type oxides have some
flexibility in their chemical composition and crystal structure.
Combining many kinds of ions and control of their crystal
structures are possible.

In ‘‘ordered’’ perovskite-type oxides A2B
0B00O6 or

A3B
0B00

2O9, two kinds of cations at the B sites, B0 and B00,
are regularly ordered, i.e., 1:1 or 1:2 arrangement of B0 and
B00 ions has been observed over the six-coordinate B sites.1,2

Since the B site ions normally determine the physical properties
of the perovskites, the ordered perovskite-type oxides can show
a variety of physical properties reflecting the nature of the con-
stituent B0 and B00 cations. So far, we have studied the prepara-
tion, crystal structure, and magnetic properties of ordered per-
ovskite-type oxides containing lanthanides, Ba2LnMO6 (M =
Nb, Ta, Ru, Ir).3–6

Now, our focus has turned to the A3B
0B00

2O9 compounds.
There exist three types of B0 and B00 arrangements concerning
the B-site cations. When different B0 and B00 cations are situated
on crystallographically distinct sites, 1:2 B-site cation ordering
occurs. This type of order has been reported for many
A3B

0B00
2O9 compounds. We have found this type of order in

perovskite-type oxides containing lanthanides and ruthenium
(Ba3LnRu2O9), and observed peculiar magnetic properties at
low temperatures.7 It should be noted that not all the com-
pounds in which the B0:B00 ratio is 1:2 are genuine examples
of 1:2 ordering. In some instances the real order is 1:1, as the
B00 cations are distributed over both B sites, i.e., the ordering
is such that one of the B sites is fully occupied by B00, whereas
the other contains 2/3B0 and 1/3B00 with a random distribution,
and therefore the chemical formula should be described as
A2(B

0
2=3B

00
1=3)B

00O6. The third case is that B0 and B00 cations
are disordered at the B site of the perovskite ABO3.

In this paper, we will study the crystal structure and magnetic
properties of perovskite-type oxides Ba3Ln2MO9 (M = Mo,
W). Because of the large difference in the ionic radius between
Ln and Mo or W cations, a structural ordering of these cations
should be present. The valence states of the Mo and W cations
in Ba3Ln2MO9 are expected to be hexavalent, and their elec-
tronic configurations should be [Kr]4d0 and [Xe]4f14 ([Kr]:
krypton electronic core; [Xe]: xenon electronic core), respec-
tively. The magnetic properties of compounds Ba3Ln2MO9 will
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then depend only on the magnetic behavior of the Ln ions.
Therefore, this system is appropriate for studying the magnetic
properties of f-electrons in the B site of perovskites.

Experimental

Polycrystalline samples of Ba3Ln2MO9 were prepared by a
standard solid state reaction. As starting materials, barium carbo-
nate (BaCO3), lanthanide sesquioxide (Ln2O3) (Ln = Y, La, Nd,
Sm–Gd, Dy–Lu), and molybdenum oxide (MoO3) or tungsten ox-
ide (WO3) were used. For the cases of Ce, Pr, and Tb, CeO2,
Pr6O11, and Tb4O7 were used. These reagents were weighed in ap-
propriate metal ratios and ground together in an agate mortar. The
mixtures were pressed into pellets and then calcined in air at 1173
K for 12 h. After being cooled to room temperature, the pellets
were reground, repressed, and heated in air at 1623–1773 K for
several days with intermediate regrinding and repelletizing.

Powder X-ray diffraction (XRD) patterns were measured with
CuK� radiation on a MultiFlex diffractometer (Rigaku, Japan).

XRD data were collected by step scanning over the range 10� �
2� � 120� in increments of 0.02�. The structure refinements were
carried out by Rietveld analysis for the XRD data with the
RIETAN2000 program.8

A powder neutron diffraction pattern for Ba3Tb2WO9 was
measured with a high-resolution powder diffractometer (HRPD)
at the JRR-3M Reactor (Japan Atomic Energy Research Institute),
with a Ge(331) monochromator. The measurement was made at
room temperature in the range 4� � 2� � 120� at intervals of
0.1� with a wavelength of 1.82301 �A.

Magnetic susceptibility measurements were performed using a
SQUID magnetometer (Quantum Design MPMS). A susceptibili-
ty–temperature curve was measured under both the ZFC (zero-
field-cooled) and the FC (field-cooled) conditions. Magnetic sus-
ceptibilities for two series of Ba3Ln2MoO9 and Ba3Ln2WO9 were
measured in a magnetic field of 0.01 T or 0.1 T over the tempera-
ture range between 1.8 and 300 K.

The 151Eu Mössbauer spectrum was measured with a conven-
tional transmissional Mössbauer spectrometer VT-6000 (Laborato-

Fig. 1. X-ray diffraction profiles for (a) Ba3Lu2MoO9 and (b) Ba3Ho2MoO9. The calculated and observed diffraction profiles are
shown on the top as a solid line and cross markers, respectively. The vertical marks show positions calculated from Bragg reflec-
tions. The bottom traces are plots of the difference between calculated and observed intensities.
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ry Equipment Co.) in the constant acceleration mode. The spec-
trometer was calibrated with a spectrum of �-Fe at room temper-
ature. A 151SmF3 radiation source (1.85 GBq) was used and �-rays
were detected with a NaI scintillation counter. EuF3 was used as a
reference standard for the chemical isomer shift. The average sur-
face density of the sample was 15.0 mg (Eu) cm�2.

Results and Discussion

Synthesis and Crystal Structures. The results of the X-ray
diffraction measurements show that both the Ba3Ln2MoO9 (Ln
= Y, Sm–Gd, Dy–Lu) and Ba3Ln2WO9 (Ln = Y, Sm–Lu)
compounds have a perovskite structure. In these compounds,
some impurities such as Ln2O3 and scheelite-like BaMoO4

9

were found. Since their ratios are below 0.5–2 mol%, such im-
purities do not have an influence on the magnetic properties of
the above compounds. On the other hand, a single phase com-
pound was not formed for Ba3Ln2MO9 (Ln = La, Ce, Pr, Nd; M
=Mo,W) or Ba3Tb2MoO9 because the size of Ln

3þ ions (Ln =
La–Nd) is too large for the B-site cations of the perovskite
ABO3. The X-ray diffraction patterns for Ba3Lu2MoO9 were
indexed with a cubic unit cell, whereas Ba3Ln2MoO9 (Ln =
Y, Sm–Gd, Dy–Yb) and Ba3Ln2WO9 (Ln = Y, Sm–Lu) were
monoclinically distorted. Figure 1 shows the X-ray diffraction
profiles for Ba3Lu2MoO9 and Ba3Ho2MoO9. The diffraction
reflection at 2� � 18� was not observed for any compound ex-
cept for Ba3Tb2WO9. The absence of this reflection indicates
that the B site ions are disordered. Since these compounds have
a disordered perovskite-type structure, their structures are re-
fined by applying the space group Pm�33m (No. 221, ap �
ap � ap) for the Ba3Lu2MoO9 compound and I2=c (No. 15,ffiffiffi
2

p
ap �

ffiffiffi
2

p
ap � 2ap) for the other compounds.10 Figure 2

shows the X-ray diffraction profiles for Ba3Tb2WO9. A reflec-
tion at 2� � 18� was observed only for Ba3Tb2WO9. The pres-
ence of this reflection indicates that there exists 1:1 ordered ar-
rangement between the B site ions. Its structure was refined by
applying the space group P21=n (No. 14,

ffiffiffi
2

p
ap �

ffiffiffi
2

p
ap � 2ap).

This is because the reliability factors obtained by applying the

space group P21=n are the smallest and were the most reliable
result after applying other possible space groups. The unit cell
parameters and the reliability factors for all compounds are list-
ed in Table 1. The crystallographic data for Ba3Lu2MoO9 and
Ba3Ho2MoO9 are shown in Table 2.

To discuss the stability of the perovskite-type compounds
ABO3, Goldshmidt introduced the tolerance factor (t), defined
by t ¼ ðrA þ rOÞ=

ffiffiffi
2

p
ðrB þ rOÞ, where rA, rB, and rO are the rad-

ii of the A and B metal ions and oxygen ions, respectively. For
A3B2B

0O9 compounds, it is modified by t ¼ ðrA þ rOÞ=ffiffiffi
2

p
fð2=3rB þ 1=3rB0 Þ þ rOg, where rB and rB0 are the radii of

the B and B0 metal ions, respectively. For tolerance factor less
than unity, the perovskite structure distorts from the ideal cubic
symmetry. The Ln3þ ionic radius decreases with the increasing
atomic number of lanthanide elements. Therefore, the tolerance
factors (t) of Ba3Ln2MoO9 (Ba3Ln2WO9) increase from t ¼
0:950 (t ¼ 0:949) for Ba3Sm2MoO9 (Ba3Sm2WO9) to t ¼
0:978 (t ¼ 0:977) for Ba3Lu2MoO9 (Ba3Lu2WO9). This trend
is in accordance with the variation of the � value against the
Ln3þ ionic radius shown in Fig. 3. The � value increases from
90� with the increasing Ln3þ ionic radius, which means that the
distortion from cubic symmetry becomes larger.

Figure 3 shows that the lattice parameters for Ba3Ln2MO9

increase monotonically with the Ln3þ ionic radius. However,
the value of Ba3Tb2WO9 deviates greatly from this trend. This
result means that the Tb ion is in the tetravalent state. This con-
clusion is based on the fact that the ionic radius of the tetrava-
lent ion is smaller than that of the trivalent ion; 0.76 �A for Tb4þ

ion and 0.923 �A for Tb3þ ion.
Powder neutron diffraction measurements on Ba3Tb2WO9

were performed in order to determine its detailed structure.
The diffraction profile is shown in Fig. 4. The Rietveld analysis
for the collected data indicates that Ba3Tb2WO9 adopts an or-
dered perovskite structure, which is consistent with the X-ray
diffraction measurements. The refined structural parameters
are summarized in Table 3. Its crystal structure is illustrated
in Fig. 5. The results of the Rietveld analysis indicate that

Fig. 2. X-ray diffraction profiles for Ba3Tb2WO9. The calculated and observed diffraction profiles are shown on the top as a solid
line and cross markers, respectively. The vertical marks show positions calculated from Bragg reflections. The bottom traces are
plots of the difference between calculated and observed intensities. The asterisk in the profile corresponds to a diffraction peak
for TbO2 impurity.
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Table 1. Lattice Parameters and R Factors of Ba3Ln2MO9

Compounds a b c � V Rwp RI RF

Ba3Y2MoO9 6.0120(2) 6.0126(4) 8.5390(2) 90.014(7) 308.66(2) 11.57 1.68 2.86
Ba3Sm2MoO9 6.0930(5) 6.1244(4) 8.6333(5) 90.345(3) 322.15(4) 13.57 5.01 8.09
Ba3Eu2MoO9 6.0814(4) 6.1044(7) 8.6118(9) 90.291(6) 319.70(5) 12.76 2.88 5.63
Ba3Gd2MoO9 6.0680(4) 6.0900(4) 8.5893(5) 90.183(3) 317.41(3) 12.25 2.87 4.91
Ba3Dy2MoO9 6.0311(6) 6.0323(5) 8.5515(5) 90.068(1) 311.11(5) 13.07 1.76 2.18
Ba3Ho2MoO9 6.0149(3) 6.0150(3) 8.5472(3) 90.052(1) 309.23(2) 11.67 1.29 2.15
Ba3Er2MoO9 5.9987(2) 5.9993(3) 8.5201(2) 90.041(1) 306.65(2) 11.04 1.00 1.91
Ba3Tm2MoO9 5.9860(2) 5.9867(2) 8.4918(2) 90.028(1) 304.31(2) 9.91 1.34 2.65
Ba3Yb2MoO9 5.9746(3) 5.9749(1) 8.4659(2) 90.011(8) 302.21(2) 11.22 1.13 1.86
Ba3Lu2MoO9 4.2213(3) — — — 75.22(8) 13.89 1.27 1.14

Ba3Y2WO9 6.0054(6) 6.0125(3) 8.5288(6) 90.005(2) 307.96(4) 11.33 2.49 1.57
Ba3Sm2WO9 6.0881(1) 6.1250(6) 8.6304(9) 90.029(6) 321.82(8) 14.49 2.48 1.73
Ba3Eu2WO9 6.0664(9) 6.0951(4) 8.6028(6) 90.022(5) 316.15(5) 13.61 2.53 1.81
Ba3Gd2WO9 6.0488(4) 6.0695(4) 8.5783(5) 90.012(7) 314.94(8) 12.03 1.77 1.19
Ba3Tb2WO9 6.0070(7) 6.0131(6) 8.4931(12) 90.173(9) 306.77(6) 11.00 1.68 1.29
Ba3Dy2WO9 6.0189(7) 6.0253(8) 8.5562(6) 90.007(5) 310.30(5) 11.79 1.88 1.49
Ba3Ho2WO9 6.0029(3) 6.0115(2) 8.5289(4) 90.006(4) 307.78(2) 10.71 1.27 1.58
Ba3Er2WO9 5.9910(4) 5.9995(2) 8.5018(4) 90.005(5) 305.58(3) 11.36 1.15 1.35
Ba3Tm2WO9 5.9850(8) 5.9854(2) 8.4736(4) 90.004(8) 303.55(4) 9.78 1.02 1.03
Ba3Yb2WO9 5.9762(2) 5.9773(8) 8.4499(3) 90.003(8) 301.84(4) 9.34 0.94 0.74
Ba3Lu2WO9 5.9614(3) 5.9616(3) 8.4379(2) 90.003(3) 299.88(2) 9.79 1.09 0.76

Rwp ¼ ½
P

wðjFðobsÞj � jFðcalÞjÞ2=
P

wjFðobsÞj2�1=2, RI ¼
P

jIkðobsÞ � IkðcalÞj=
P

IkðobsÞ, and RF ¼P
j½IkðobsÞ�1=2 � ½IkðcalÞ�1=2j=

P
½IkðobsÞ�1=2.

Table 2. Structure Parameters for Ba3Lu2MoO9
aÞ and Ba3Ho2MoO9

bÞ

Atom Site Occupation x y z B/ �A2

(a) Ba3Lu2MoO9

Ba 1b 1.0 0.5 0.5 0.5 0.88(3)
Lu 1a 0.667 0 0 0 0.35(2)
Mo 1a 0.333 0 0 0 0.35(2)
O 3d 1.0 0.5 0 0 2.87(2)

(b) Ba3Ho2MoO9

Ba 4e 1.0 0 0.500(3) 0.25 0.81(3)
Lu 4a 0.667 0 0 0 0.36(3)
Mo 4a 0.333 0 0 0 0.36(3)
O1 4e 1.0 0 0.001(5) 0.25 3.11(2)
O2 8f 1.0 0.232(6) 0.713(4) 0.003(1) 3.11(2)

a) Space group Pm�33m, lattice parameter: a ¼ 4:2213ð3Þ �A, Rwp ¼ 13:89 (%), RI ¼ 1:27 (%), and
RF ¼ 1:14 (%). b) Space group I2=c, lattice parameter: a ¼ 6:0149ð3Þ �A, b ¼ 6:0150ð3Þ �A,
c ¼ 8:5472ð3Þ �A, � ¼ 90:052ð1Þ�, Rwp ¼ 11:67 (%), RI ¼ 1:29 (%), and RF ¼ 2:15 (%).

Table 3. Structure Parameters for Ba3Tb2WO9
aÞ

Atom Site Occupation x y z B/ �A2

Ba 4e 1.0 0.520(1) 0.503(4) 0.247(1) 0.69(6)
Tb(1) 2d 1.0 0 1/2 0 0.72(1)
Tb(2) 2c 0.333 1/2 0 0 0.72(1)
W 2c 0.667 1/2 0 0 0.72(1)
O(1) 4e 1.0 0.235(3) 0.233(2) �0:022ð2Þ 1.86(4)
O(2) 4e 1.0 0.241(3) 0.777(2) �0:018ð2Þ 1.86(4)
O(3) 4e 1.0 0.479(1) �0:004ð4Þ 0.231(1) 1.86(4)

a) Space group P21=n, lattice parameter: a ¼ 6:0059ð4Þ �A, b ¼ 6:0134ð3Þ �A, c ¼ 8:4931ð7Þ �A,
� ¼ 90:173ð9Þ�, Rwp ¼ 4:11 (%), RI ¼ 4:41 (%), and RF ¼ 1:37 (%).
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Ba3Tb2WO9 is actually a 1:1 ordered compound, i.e., one of
the B sites is fully occupied by Tb, whereas the other contains
2/3W and 1/3Tb in a random distribution. The Tb and W ions
in the Ba3Tb2WO9 compound are alternatively arranged be-
tween Tb and (1/3Tb + 2/3W), and form a rock salt sublattice.

Therefore, this compound should be described as Ba2Tb-
(Tb1=3W2=3)O6.

Magnetic Susceptibilities. Figure 6 shows the temperature
dependence of the inverse magnetic susceptibilities for
Ba3Ln2MO9 (Ln = Sm–Yb, M = Mo and W). The Mo6þ and
W6þ ions are both nonmagnetic, hence only the Ln3þ ions
contribute to the magnetic properties of Ba3Ln2MO9. These
compounds are paramagnetic down to 1.8 K. The susceptibili-
ties were fitted to the Curie–Weiss law over the entire temper-
ature range for Ba3Gd2MO9, or in higher temperature ranges
(above 50 K for Ln = Tb–Tm compounds, above 150 K for
Ba3Yb2MO9). The determined effective magnetic moments
and Weiss constants are listed in Table 4. The values of the ef-
fective magnetic moments are consistent with the free ion val-
ues, assuming that �E � kBT , where �E is the energy differ-
ence between the ground and excited states of the electronic
multiplet. The value of the effective magnetic moment for
Ba3Tb2WO9 (8.94(4) �B) is smaller than the free ion value
of the Tb3þ (9.72 �B). This indicates that the Tb ion is in the

Fig. 3. The variation of lattice parameters with ionic radius
of Ln3þ for (a) Ba3Ln2MoO9 (Ln = Y, Sm–Gd, Dy–Lu)
and (b) Ba3Ln2WO9 (Ln = Y, Sm–Lu).

Fig. 4. Neutron diffraction profile for Ba3Tb2WO9 at room temperature. The calculated and observed diffraction profiles are shown
on the top as a solid line and cross markers, respectively. The vertical marks show positions calculated from Bragg reflections. The
bottom traces are plots of the difference between calculated and observed intensities. The asterisk in the profile corresponds to a
diffraction peak for TbO2 impurity.

Fig. 5. The crystal structure of Ba3Tb2WO9.

S. Oyama et al. Bull. Chem. Soc. Jpn., 77, No. 7 (2004) 1363



mixed valence state (þ3, þ4), which is consistent with the
above-mentioned arguments on the lattice parameter anomaly.
Since the magnetic moment for the Tb4þ ion is 7.94�B, the ra-
tio of the Tb3þ and Tb4þ ions is estimated to be 1:1. In this case,
the W ion is reduced to the pentavalent state to preserve charge
neutrality in the solid (also see the note in Table 4). All of the
Weiss constants are negative. This fact may indicate the exis-

tence of a Ln3þ–Ln3þ antiferromagnetic interaction. Due to
the effect of the crystal field splitting, the magnetic susceptibil-
ities of some compounds depart from the Curie–Weiss law at
lower temperatures. For the case of the Tm and Yb compounds,
their departure from the Curie–Weiss law occurs at relatively
high temperatures,11,12 which results in the large negative
Weiss constants.

151Eu Mössbauer Spectra. 151Eu Mössbauer spectra for
Ba3Eu2MoO9 and Ba3Eu2WO9 measured at room temperature
are shown in Fig. 7. Because of the low symmetry of the euro-

Fig. 7. The 12 possible transitions by a quadrupole interac-
tion of 151Eu nucleus.

Table 4. Calculated Magnetic Moments for Ln3þ (�calc),
Experimental Magnetic Moments of Ln3þ (�exp), and
Weiss Constants (�) for Ba3Ln2MO9

Compounds �calc/�B �exp/�B �/K

Ba3Gd2MoO9 7.94 7.86(3) �1:63ð6Þ
Ba3Dy2MoO9 10.63 10.17(6) �11:94ð8Þ
Ba3Ho2MoO9 10.58 10.28(4) �13:73ð3Þ
Ba3Er2MoO9 9.59 9.49(4) �12:75ð4Þ
Ba3Tm2MoO9 7.55 7.44(4) �25:2ð1Þ
Ba3Yb2MoO9 4.54 4.36(1) �45:6ð1Þ

Ba3Gd2WO9 7.94 7.85(2) �1:51ð7Þ
Ba3Tb2WO9 8.96aÞ 8.94(4) �9:84ð9Þ
Ba3Dy2WO9 10.63 10.27(1) �8:85ð2Þ
Ba3Ho2WO9 10.58 10.51(4) �9:36ð0Þ
Ba3Er2WO9 9.59 9.48(2) �8:82ð9Þ
Ba3Tm2WO9 7.55 7.56(8) �25:3ð4Þ
Ba3Yb2WO9 4.54 4.46(2) �53:0ð1Þ

a) As discussed in the text, the ionic species in the Ba3Tb2WO9

are Ba2þ3Tb
3þTb4þW5þO2�

9. Therefore, the effective
magnetic moment per mole of Ba3Tb2WO9 is calculated to
be

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Tb3þ

2 þ�Tb4þ
2 þ�W5þ2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9:722 þ 7:942 þ 1:732

p
¼

12:67 �B. For comparison with the moments of other
Ba3Ln2MO9 compounds, the value of �calc for Ba3Tb2WO9

is calculated to be 12:67=
ffiffiffi
2

p
¼ 8:96 �B (per Tb).

Fig. 6. Temperature dependence of the inverse magnetic susceptibilities of (a) Ba3Ln2MoO9 (Ln = Sm–Gd, Dy–Yb) and (b)
Ba3Ln2WO9 (Ln = Sm–Yb).
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pium site in Ba3Eu2MoO9 and Ba3Eu2WO9 (point symmetry:
�11), an electric field gradient tensor should exist at this site.
The quadrupole Hamiltonian is given by:

Hquad ¼
e2qQ

4Ið2I � 1Þ
½3I2z � IðI þ 1Þ þ �ðI2x � I2y Þ� ð1Þ

where Q is the quadrupole moment, I is the nuclear spin,
eq ¼ Vzz, and � ¼ ðVxx � VyyÞ=Vzz (Vii is the electric field gra-
dient tensor). The asymmetry parameter � is not equal to zero
because the symmetry at the Eu site is not axially symmetric.
Then, the 12 possible transitions (eight allowed transitions
and four forbidden transitions) due to quadrupole interactions
were taken into account. Figure 7 shows the 12 possible transi-
tions by quadrupole interactions of the 151Eu nucleus. The ob-
served spectra were fitted with the sum of these Lorenzian lines.
In order to derive these Lorenzian equations, the results by
Shenoy and Dunlap13 were used, and the ratio of the excited
and ground state quadrupole moments (RQ ¼ Qe=Qg) was
taken to be 1.312.14 Therefore, the parameters that should be fit-
ted are the isomer shift (�), the quadrupole coupling constant
(eVzzQg), the asymmetry parameter (�) and two common pa-
rameters for 12 Lorenzians, i.e., linewidth (�) and peak inten-
sity (I0).

The calculated spectra are shown in Fig. 8, and the obtained
fitting parameters are listed in Table 5. The isomer shifts are
0.473 mms�1 for Ba3Eu2MoO9 and 1.479 mms�1 for
Ba3Eu2WO9, which confirms that the europium ions are not
in the divalent state, but in the trivalent state, because large neg-

ative isomer shifts (	�12 mms�1) are observed for the Eu2þ

ions.15 The quadrupole coupling constants 4.3 and 6.3 mm s�1

and asymmetry parameters 0.94 and 0.67 mms�1 show the ex-
istence of an electric field gradient at the Eu nuclei. The sign of
eVzzQg is positive in this case, which is the same result as those
for other perovskite-type compounds measured at room tem-
perature.3,16

Summary

Perovskite-type oxides Ba3Ln2MO9 (Ln = Y, Sm–Gd, Dy–
Lu for M = Mo; Ln = Y, Sm–Lu for M = W) were prepared.
The Rietveld analyses of the X-ray diffraction data show that
the Ln and M cations are disordered at the B site of the perov-
skites except for Ba3Tb2WO9. Their structures are refined by
applying the space group Pm�33m for the Ba3Lu2MoO9 and
I2=c for the other compounds. Ba3Tb2WO9 has an ordered per-
ovskite structure and is monoclinic with space group P21=n.
The result of the Rietveld analysis indicates that Ba3Tb2WO9

is actually a 1:1 ordered compound, i.e., one of the B sites is
fully occupied by Tb, whereas the other contains 2/3W and
1/3Tb with a random distribution.

The Magnetic susceptibility measurements show that all the
compounds are paramagnetic down to 1.8 K. The Tb ions of
Ba3Tb2WO9 are in mixed valence states (þ3, þ4). Through
151Eu Mössbauer measurements for Ba3Eu2MoO9 and
Ba3Eu2WO9, it was found that the Eu ion is in the trivalent
state, and the six oxygens coordinated around the Eu site are
distorted from octahedral symmetry.

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