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Magnetic properties of double perovskites A,LnRuO¢ (A = Sr, Ba; Ln = Tm, Yb) have been reported.
Powder neutron diffraction measurements have been performed at 10 K and higher temperatures (=100 K) to
determine their crystal and magnetic structures. As a result of the Rietveld analysis of the diffraction profiles, it
is found that they are monoclinic with space group P2,/n (A = Sr) or cubic with space group Fm3m (A = Ba).
From the magnetic susceptibility and specific heat measurements, a magnetic transition at 36-48 K is observed
in each compound. The neutron diffraction data collected at 10 K show that this magnetic transition is due to
a long range antiferromagnetic ordering involving both Ru>* and Ln>* ions. Each of the magnetic moments of

Ru’" and Ln*" orders in a type I arrangement.

Introduction

In recent years, the solid-state chemistry of mixed metal oxides
containing platinum group metals has attracted a great deal
of interest. In particular, ruthenium oxides with perovskite-
related structures show a wide range of electronic properties.'*
We focused our attention on the structural chemistry and
magnetic properties of the double perovskites A,LnRuOq
(A = Sr, Ba; Ln = Y, lanthanide elements) in which the Ln
and Ru ions order alternately. These compounds contain a
pentavalent ruthenium ion. Such a highly oxidized cation from
the second transition series sometimes shows quite unusual
magnetic properties. In addition, owing to the ordered
arrangement between Ln and Ru ions, they are expected to
show interesting magnetic behavior, reflecting the magnetic
interaction between Ru and Ln ions.

Previously, we have investigated the magnetic properties of
Sr,LnRuOg (Ln = Eu-Lu) and have found that they show an
antiferromagnetic transition at 30-46 K and a complicated
temperature dependence of the magnetic susceptibilities below
the transition temperatures.®> The barium series of compounds
Ba,LnRuO¢ (Ln = Y, lanthanides) also show the antiferro-
magnetic transition and have higher Néel temperatures than
those for the Sr series, Ty = 30-117 K.*® The magnetic struc-
tures for some of the A,LnRuOg compounds were determined
by neutron diffraction measurements. For the A,LnRuOg
compounds containing nonmagnetic Ln®" ions such as Y>*,
La**, and Lu**, only the Ru’" ions order antiferromagneti-
cally,*> while in the case that the compounds contain magnetic
Ln*" ions (Ln*" = Pr’*, Nd**, Tb®", Ho*", and Er* "), both the
Ru’* and Ln*" ions order antiferromagnetically.® %12 These
results indicate that not only the magnetic interactions between
Ru’" ions but also those between Ru®" and Ln*" ions contribute
to the magnetic ordering of the A,L.nRuO4 compounds.

In order to deepen our understanding of the magnetic coo-
perative phenomenon due to the interactions between d (Ru’*:
4d*) and f (Ln**: 4f") electrons, it is necessary to prepare all
the possible A,LnRuOg¢ with an ordered perovskite structure
and to investigate their detailed magnetic properties and the
magnetic structures. Although many studies on the magnetic
properties and the magnetic structures of A,LnRuO¢ have been
reported,S’12 those for A,LnRuOg (A = Sr, Ba; Ln = Tm, Yb)
have not been studied yet. We have successfully prepared these
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four compounds and performed their magnetic susceptibility,
specific heat, and powder neutron diffraction measurements.
In this paper, we will report the results and discuss the magnetic
properties and magnetic structures for all the possible
AanRuO(,.

Experimental

Polycrystalline samples of A,LnRuOg¢ (A = Sr, Ba; Ln = Tm,
Yb) were synthesized by a solid-state reaction. Powders of the
alkaline earth carbonate (SrCO; or BaCQOs), the lanthanide
sesquioxide (Tm,0O;5 or Yb,03), and ruthenium dioxide (RuO,)
were used as starting materials (>99.9% purity). Stoichio-
metric amounts of them were mixed in an agate mortar. Each
of the mixtures was pelletized and calcined in air at 1173 K
for 12 h. The calcined materials were initially fired in air at
1473 K for 24-48 h, and were then fired at 1573 K for 60-84 h
with several intermediate grindings and pelletings. The
progress of the reactions was monitored by powder X-ray
diffraction measurements. In addition, an isomorphous
compound Ba,LuNbO,'? with Ba,LnRuOg was also prepared.
This compound is a diamagnetic compound, and is needed to
estimate the lattice contribution of the specific heat to the total
specific heat of Ba,LnRuOg.

Powder neutron diffraction profiles were measured at 10 K
and 100 K (or room temperature) using a high-resolution
powder diffractometer (HRPD)'* installed at the JRR3-M
reactor (Japan Atomic Energy Research Institute), with a
Si(533) monochromator (A = 1.1624 A) for Sr,TmRuOg and
with a Ge(331) monochromator (A = 1.82255 A) for other
compounds. The collimators used were 6-20-6" and were
placed before and after the monochromator, and between the
sample and each detector. The set of 64 detectors and
collimators, which were placed every 2.5°, rotates around the
sample. Crystal and magnetic structures were determined by
the Rietveld technique, using the program RIETAN2000."

The magnetic measurements were carried out using a
SQUID magnetometer (Quantum Design, MPMS-5S). The
temperature dependence of the magnetic susceptibilities was
measured under both zero-field-cooled (ZFC) and field-cooled
(FC) conditions in an applied field of 0.1 T over the tem-
perature range of 2-300 K.
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Fig. 1 Powder neutron diffraction profiles for Ba,TmRuOg at 100 K
(a) and at 10 K (b). In (a), the vertical marks show nuclear reflection
positions, and in (b), upper and lower vertical marks show nuclear and
magnetic reflection positions, respectively. The asterisk (*) denotes an
impurity peak.

Specific heat measurements were performed using a relaxa-
tion technique with a commercial heat capacity measurement
system (Quantum Design, PPMS model) in the temperature
range of 1.8-300 K. The sintered sample in the form of a pellet
was mounted on a thin alumina plate with grease for better
thermal contact.

Results and discussion
Crystal structures

The neutron diffraction patterns for A,LnRuOg (A = Sr, Ba;
Ln = Tm, Yb) measured at 100 K or room temperature are
shown in Figs. 1(a)-4(a). Small impurity phases of C-type
Ln,O; and/or 6H-Ba;LnRu,0,'® were detected. The Rietveld
analysis containing both the main and impurity phases was
carried out.

The neutron diffraction data for the Ba compounds
(Ba,TmRuO¢ and Ba,YbRuOg) were indexed in a cubic unit
cell with space group Fm3m (2a, x 2a, x 2ap), where aj, is the
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Fig. 2 Powder neutron diffraction profiles for Ba,YbRuOg at 100 K (a)
and at 10 K (b).
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Fig. 3 Powder neutron diffraction profiles for Sr,TmRuO¢ at room
temperature (a) and at 10 K (b).

lattice parameter for the primitive perovskite ABO3;. On the
other hand, the data for the Sr compounds (Sr,TmRuOg and
Sr,YbRuOg) show that they have a monoclinic unit cell with
space group P2,/n (\/2a, x \/2a, x 2ap), which corresponds
to our previous result from X-ray dlffrdCthl’l measurements.’
In both structures, the Ln®" and Ru’" ions structurally order
over the six-coordinate B sites. Their typical crystal structures
are illustrated in Fig. 5. The structural parameters, and some
selected bond lengths and angles determined by the Rietveld
analysis are listed in Tables 1-3. Neither the cation disorder
between these two sites nor oxygen defect were found within
the error of these analyses. The average Ru-O bond lengths
are 1.957-1.971 A, which agrees with those found in various
ordered perovskites containing the Ru®>" ion, 1.953-1.963 A312
rather than with those in the perovskites ARuO; (A = Ca, Sr,
Ba) containing the Ru** ion, 1.984-1.993 A 1720

The difference in the crystal structure between the Sr and Ba
compounds can be explained by using the tolerance factor z.
For ordered perovskites, A,B'B"Og, this factor is defined by

rA+To

= 1
\/i()B/;)BH +V0) ( )

where ra, g, g, and rg are the ionic radii of the A, B’, B”, and
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Fig. 4 Powder neutron diffraction profiles for Sr,YbRuOg at 100 K (a)
and at 10 K (b).
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Table 1 Structural parameters for Ba,LnRuOg (Ln = Tm, YD)
determined by neutron diffraction

Atom Site X y z BIA?

Ba,TmRuOg at 100 K
Space group: Fm3m, z = 4, a = 8.2878(1) A, Ry, = 5.10%, Ry =
2.05%, Rg = 1.08%, R. = 4.35%

Ba 8¢ 1/4 1/4 1/4 0.09(2)
Tm 4b 12 12 12 0.10(1)
Ru 4a 0 0 0 0.16(2)
0 e 0.2366(1) 0 0 0.40(1)

Ba,YbRuOg at 100 K
Space group: Fm3m , z = 4, a = 8.2753(2) A, Ry, = 6.28%, Ry =
1.56%, Rg = 0.82%, R, = 4.40%

Ba 8¢ 1/4 1/4 1/4 0.14(1)
Yb 4b 12 12 172 0.18(1)
Ru 4a 0 0 0 0.01(2)
0 e 0.2382(1) 0 0 0.45(1)

O ions, respectively. For an ideal cubic perovskite structure, the
value of ¢ is equal to unity, whereas for structures distorted
from the cubic symmetry, the value of ¢ is <1. The calculated
tolerance factors of A,LnRuQOg are 1.003 (for Ba,TmRuOg),
1.006 (for Ba,YbRuOg), 0.946 (for Sr,TmRuOg), and 0.949
(for Sr,YbRuOg). The tolerance factors for the Ba compounds
are very close to one. On the other hand, those for the
Sr compounds are <1. It is expected from eqn. (1) that the
distortion of the crystal structure of A,LnRuOg becomes
significant with decreasing ionic size of the A ion and with
increasing that of Ln ion. Actually, a series of Ba,LnRuOg
compounds adopts more distorted structures from the
cubic symmetry with increasing ionic size of Ln ions, ie.,
they have the cubic (for Ln = Y, Eu, Er, Lu),4’8’21 monoclinic
(for Ln = Pr, Nd),® or triclinic (for Ln = La)® structures.
The Sr,LnRuOg compounds with a smaller A site ion (Sr*")
than the Ba®* ion adopt a monoclinic structure (for Ln = Y,
Eu-Lu).® The result of the structural analysis in this study is
in good agreement with this tendency.

The neutron diffraction profiles for A,LnRuQOg (A = Sr, Ba;
Ln = Tm, YD) at 10 K indicate that some additional reflection
peaks exist which were not observed in the profiles at 100 K and
room temperature. As will be described later, they are magnetic
peaks due to an antiferromagnetic ordering of both Ln** and
Ru®*. The crystal and magnetic structures at 10 K have been
determined by the Rietveld method. The crystal structure at
10 K has the same symmetry as that at higher temperatures,
i.e., A,LnRuOg do not show any structural phase transitions
down to 10 K.

View Article Online
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Fig. 5 Crystal structures of (a) Sr,LnRuOg and (b) Ba,LnRuOg (Ln =
Tm, YDb).

Magnetic susceptibility

The temperature dependence of the magnetic susceptibilities
for Ba,TmRuOg and Ba,YbRuOg are shown in Figs. 6(a) and
7(a). It is found that a magnetic anomaly has been observed at
42 and 48 K, respectively. No divergence has been observed
between the ZFC and FC susceptibilities in the whole tem-
perature range. The fitting of the Curie—Weiss law to the
temperature dependence of magnetic susceptibilities at higher
temperatures (7" > 200 K) gives effective magnetic moments

Table 2 Structural parameters for Sr,LnRuOg (Ln = Tm, Yb) determined by neutron diffraction

Atom Site X y

Sr,TmRuOg at room temperature
Space group: P2,/n, z = 2, a = 5.7553(4) A, b = 5.7542(4) A, ¢ =

R, = 7.02%

Ba 4e 0.0019(9)
Tm 2d 12

Ru 2¢ 12

O(1) 4e 0.2658(9)
0(2) 4e 0.2026(9)
0(3) 4e —0.0634(9)

Sr,YbRuOg at 100 K

Space group: P2,/n, z = 2, a = 5.7314(2) A, b = 5.7367(1) A, ¢ = 8.10293) A, b

R, = 4.30%

Ba 4e 0.0055(5)
Tm 2d 12

Ru 2¢ 12

o(1) 4e 0.2689(5)
0(2) 4e 0.2018(5)
0(3) 4e —0.0637(5)

z BIA?
8.1332(8) A, B = 90.157(4)°, Ryp = 743%, Ry = 342%, Rp = 1.31%,
0.0246(3) 0.2485(11) 0.74(3)
0 0 0.47(4)
0 1/2 0.20(4)
0.2955(9) 0.0326(7) 0.78(7)
—0.2304(10) 0.0322(7) 0.96(8)
0.4890(7) 0.2383(6) 0.64(4)
= 90.182(1)°, Ryp = 5.30%, Ry = 1.65%, Ry = 0.92%,
0.0258(3) 0.2480(5) 0.33(2)
0 0 0.11(3)
0 1/2 0.10(4)
0.2961(5) 0.0345(4) 0.43(6)
—0.2294(5) 0.0335(3) 0.37(5)
0.4876(4) 0.2378(3) 0.31(5)
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Table 3 Some selected bond lengths (A) and angles (°) for A,LnRuOg (A = Sr, Ba; Ln = Tm, Yb) at 100 K

View Article Online

Sr,TmRuO4” Sr, YbRuOg Ba,TmRuOg¢ Ba,YbRuOg¢
Bond length
Ln-O(1) 2.186(5) 2.173(3) 2.183(1) 2.167(1)
Ln-O(2) 2.181(5) 2.175(3)
Ln-O(3) 2.160(5) 2.155(3)
Average Ln-O 2.176(5) 2.168(3)
Ru-O(1) 1.948(5) 1.954(3) 1.961(1) 1.971(1)
Ru-0(2) 1.958(6) 1.954(3)
Ru-0O(3) 1.974(5) 1.964(3)
Average Ru-O 1.960(5) 1.957(3)
Bond angle
O(1)-Ln-0O(2) 91.5(3) 91.3(1) 90 90
O(1)-Ln-0O(3) 90.3(2) 90.0(1)
0O(2)-Ln-0O(3) 90.3(2) 90.7(1)
O(1)-Ru-0O(2) 90.4(3) 90.6(1) 90 90
O(1)-Ru-0O(3) 90.3(3) 90.8(1)
0O(2)-Ru-0O(3) 90.3(2) 90.2(1)

“The data at room temperature.

and Weiss constants. The respective values are 7.92(2) ug and
—34(1) K for Ba,TmRuOg, and 4.20(6) ppg and —181(6) K for
Ba,YbRuOg. Since the theoretical free-ion magnetic moments
of Ru’", Tm**, and Yb>* are 3.87, 7.55, and 4.54 ug, respec-
tively, the expected effective magnetic moments per formula
unit are calculated to be 8.48 ug for Ba,TmRuOg and 5.97 ug
for Ba,YbRuOg. The values from the experiment are lower
than the calculated values. This suggests that the magnetic
ions in these compounds are affected by the crystal field to
some extent.

The magnetic susceptibilities of Sr,TmRuOg and Sr,Yb-
RuOg have been reported in our previous study.® They show an
antiferromagnetic transition at 36 K and 44 K, respectively.
Below these transition temperatures, divergences between the
ZFC and FC susceptibilities are observed. This result indicates
that Sr,TmRuOg and Sr,YbRuOg are not ideal antiferro-
magnets. We consider that this is due to the contribution of the
weak ferromagnetic component to the magnetic properties.’
For compounds with low crystal symmetry such as monoclinic
symmetry, a Dzyaloshinsky—Moriya (D-M) interaction can
exist between the ordered magnetic moments, and results in the
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Fig. 6 Temperature dependence of (a) the magnetic susceptibilities and (b)
specific heat for Ba,TmRuOg. In (b), a solid line shows the specific heat of
Ba,LuNbOg. Inset shows the detailed specific heat at low temperatures.

ferromagnetic component to the magnetic susceptibility. On
the other hand, Ba,TmRuO4 and Ba,YbRuOg do not show
divergence between the ZFC and FC susceptibilities. This fact
is consistent with the result of the structural analysis in which
they have a cubic structure.

Specific heat

Figs. 6(b) and 7(b) show the variation of the specific heat for
Ba,TmRuO¢ and Ba,YbRuOg as a function of temperature.
A-Type anomalies have been observed at 42 K for Ba,TmRuOgq
and at 48 K for Ba,YbRuOg, which correspond to the magnetic
anomalies found in the magnetic susceptibility. The specific
heat data for diamagnetic Ba,LuNbQOg, which is isomorphous
with Ba,L.nRuQg, are also plotted in these figures. If these data
are equal to the electronic and lattice contribution to the
specific heat for Ba,L.nRuOg, the magnetic specific heat (Crag)
for Ba,L.nRuOg is obtained by subtracting the specific heat of
Ba,LuNbOg from that of Ba,LnRuQg.

The temperature dependence of the magnetic specific heat
and the magnetic entropy (Smag = j(Cmag/T)dT) for Ba,Yb-
RuOg¢ is shown in Fig. 8. The magnetic entropy change
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Fig. 7 Temperature dependence of (a) the magnetic susceptibilities and (b)
specific heat for Ba,YbRuOg. In (b), a solid line shows the specific heat of
Ba,LuNbOg. Inset shows the detailed specific heat at low temperatures.
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Fig. 8 Temperature dependence of (a) the magnetic specific heat and
(b) magnetic entropy for Ba,YbRuOg.

associated with the magnetic transition observed at 48 K is
estimated to be 7 T mol ™! K™, As will be described later, both
Yb** and Ru®" ions order antiferromagnetically in the magne-
tic structure of Ba,YbRuOg. Therefore, this value should
contain a contribution from the magnetic ordering of both of
these ions. Recently, the specific heat measurements for an
isomorphous Ba,YRuOg, in which only the Ru’* ions are
magnetic, were reported, and the entropy change associated with
the antiferromagnetic ordering of Ru>" ions was estimated to
be 3.9 J mol~! K18 If the magnetic entropy change for the
Ru’" ordering in Ba, YbRuOg is the same as that in Ba,YRuOg,
the rest of the magnetic entropy change of Ba,YbRuOg
(~3 T mol™! K™Y) is due to the Yb>* ordering. We believe
that this value means the ground state of the Yb** ion to be
doublet, although it is smaller than the expected value Rln
W = Rln2 = 5.76 J mol ' K™! (R: molar gas constant; W
number of states). The ground multiplet >F5, of Yb*" is split
into a doublet I's (ground state), a doublet I'7, and a quartet I'g
in the octahedral symmetry.>? Therefore, the doublet ground
state of Yb*" ion found in the Bay,YbRuOg is the I's state. This
agrees with the result of the energy splitting of Yb>™ ions in the
isomorphous compound Ba,YbTaOg.>> The reason why the
magnetic entropy changes estimated for Ru®" and Yb®" are
smaller than Rln 2 is not clear at present. This may be caused by
an onset of the short-range magnetic ordering above Ty and/or
an unsaturation of the ordered magnetic moment of Ln*" ions.'°

For Ba,TmRuQg, the magnetic entropy change associated
with the magnetic transition observed at 42 K cannot be
determined because of the poor fit of the specific heat data
between Ba,TmRuOg and Ba,LuNbOg above T. The ground
multiplet 3He of Tm?™ is split into the I'y, I',, I'5, T'y, and two
T's states in an octahedral crystal field.>? One reason why this
estimation was unsuccessful in the Ba,TmRuOg case may be
that both the ground state (normally singlet I'; or I';) and
low-lying excited states are populated around the magnetic
transition temperature.

Magnetic structures

The neutron diffraction profiles for Ba,LnRuQOg (Ln = Tm,
Yb) measured at 10 K are plotted in Figs. 1(b) and 2(b). The
data collected at 10 K show a number of low angle peaks,
which were not observed at 100 K and room temperature,
indicating that these compounds exhibit a long-range magnetic

1762 J. Mater. Chem., 2003, 13, 1758-1763
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ordering at low temperatures. The observed magnetic peaks
can be indexed with the condition that each (4, k, I) reflection
contains both an odd and even integer, and neither superlattice
reflections nor magnetic satellite reflections are found. There-
fore, the size of the magnetic unit cell is the same as that
of the crystal unit cell at 100 K. A Rietveld analysis of the
neutron diffraction data measured at 10 K was performed. In
this analysis, we assumed that all the magnetic moments were
collinear. The magnetic structures determined for Ba,LnRuOg¢
(Ln = Tm, Yb) are illustrated in Fig. 9. In these magnetic
structures, each of the magnetic moments of Lot and Ru’" ions
ordersin a type I arrangement and the directions of the magnetic
moments are parallel to the ¢ axis. The difference between
these magnetic structures is in the arrangement of the magnetic
moments of Ln** and Ru’" ions in the ab plane. In the case
of Ba,TmRuOg, the moments of Ln** and Ru”* are antiparallel
with each other, while they are parallel for Ba,YbRuOg.

Figs. 3(b) and 4(b) show the neutron diffraction profiles for
Sr,LnRuOg (Ln = Tm, Yb) measured at 10 K. The observed
magnetic peaks can be indexed with the condition that [4 + k + /]
is an odd integer, and neither the superlattice reflections nor
magnetic satellite reflections exist. The (001) magnetic reflec-
tion is negligible for Sr,TmRuOg or very weak for Sr, YbRuOg;
this fact indicates that the direction of the magnetic moments
of Ln** and Ru®* ions are parallel to the ¢ axis for Sr,TmRuOg
or cant from the ¢ axis to some extent for Sr,YbRuOg. Their
magnetic structures have been determined by the Rietveld
analysis, and are represented in Fig. 9.

The data concerning the magnetic structures of A,LnRuOg
(A = Sr, Ba; Ln = Y, lanthanides) compounds are

o

o

Fig. 9 Magnetic structures of (a) A, TmRuOg¢ and (b) A,YbRuOg4 (A =
Sr, Ba). The solid and dashed lines indicate the cubic and monoclinic
unit cells, respectively.
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Table 4 Magnetic structures of ordered perovskites A,LnRuOg (A = Sr, Ba; Ln = Y, lanthanides) determined by neutron diffraction
measurements

Type of ordering Ordered moments/ug

Ln A Ru Ln“ Angle/deg® Ru Ln Tn/K Tw/K¢ Ref.
La Ba Illa — (L a) 1.96(10) — 29.5 2 5
Pr Ba I I, 0 2.02) 2.2(1) 117 7 6
Nd Ba I I, 90 2.2(1) 2.3(1) 57 7 7
Tb Sr I I, ~20 2.99(11) 4.98(12) 41 10 12
Ho Sr I I 0 2.74(9) 6.66(8) 36 10 11
Ba I L, 0 29 9.7 51 10 24
Er Sr I I 90 1.74(6) 4.59(3) 42 42 10
Ba I I 90 2.87(13) 4.43(8) 40 10 8
Tm Sr I L, 0 1.5(1) 1.4(1) 36 10 This work
Ba I I, 0 2.13(5) 1.91(3) 42 10 This work
Yb Sr I I, 23(2) 3.0Q2) 0.92(8) 44 10 This work
Ba I I, 0 2.57(6) 1.00(3) 48 10 This work
Lu Sr I — d 2.10(8) — 30 42 4
Ba I — d 2.06(6) — 35 4.2 4
Y Sr I — d 1.85(10) — 26 42 9
Ba I — d 2.11(6) — 37¢ 42 4

“Ip: parallel arrangement of magnetic moments between Ln and Ru ions in the ab plane, I,: antiparallel arrangement. ®Direction of ordered
magnetic moments against the ¢ axis. “Temperature for measurements. “At least # 0° because a large (001) reflection was observed. °Ref. 8.
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summarized in Table 4. The ordered magnetic moments of
Ru’" in this study are determined to be 1.5-3.0 up. The theore-
tical value of the magnetic moment of Ru’* (4d* electronic
configuration) is 3.0 up. The difference in the ordered moments
may be attributed to the thermal fluctuations of the magnetic
moments'® and/or covalent effects. For the Tm>" ion, the
ground state is expected to be the nonmagnetic singlet state
(T'; or I) in an octahedral crystal field,?> however, significant
ordered moments (1.4(1) and 1.91(5) ug) were observed for
Sr,TmRuOg and Ba,TmRuOg, respectively. This fact indicates
that the ground state of Tm>* ions is not simple, and upper
excited states such as I'y and I's may contribute to the magnetic
behavior of the Tm** ion. This result is similar to that of our
previous study, i.e., the ordered magnetic moment of the Pr**
ion (2.2 up) was observed in Ba,PrRuQs,° although the ground
state of the Pr®" ion is expected to be singlet (I'y) in an
octahedral crystal field.?* In this case, the observed ordered
moments have been explained by the contribution from the first
excited T, state.® The ordered moments of Yb>" ions in
A,YbRuOg were determined to be ~1 ug. The ground state of
Yb*" is the I'g state from the result of the specific heat mea-
surements, as described earlier in this manuscript. The theore-
tical magnetic moment calculated from the I' state of Yb> 2% is
gXTelJATsy = 817 x 716 = 1.33 ug. This value is comparable
with the ordered magnetic moments determined from the
Rietveld analysis of the neutron diffraction measurements.
The magnetic structures of the A,LnRuQOyg series are based
on the type I ordering of Ru®" and Ln** ions, except for the
type Illa ordering in Ba,LaRuOg (see Fig. 9 and Table 4). For
Ln = Y, La, Lu compounds, only the Ru’" ions are magnetic.
For such cases, the type of the magnetic ordering of the Ru®"
ions is determined by the relative strength of the two dominant
magnetic interactions, one of which is the interaction between
the nearest neighbor Ru’" ion through the Ru-O-O-Ru
pathway and the other one is the interaction between the
next-nearest neighbor Ru’* ion through the Ru-O-Ln-O-Ru
pathway.’ In the case that the Ln>" ions are magnetic, their
Néel temperatures are higher than those for the compounds
containing the nonmagnetic Ln*" ions, and the long range
magnetic ordering of the Ln*" ions is also observed by the
analysis of the neutron diffraction data. These facts indicate
that not only the magnetic interactions between Ru ions
(Ru-O-O-Ru pathway) but also the interactions between Ru
and Ln ions (Ru-O-Ln pathway) contribute to the magnetic
ordering of the Ru®* and Ln®" ions. For each Ln ion, the
magnetic structure of Ba,LnRuQg is almost the same as that

of Sr,LnRuOg except for the difference in the magnitude of the
ordered magnetic moments and for the canting of the magnetic
moments from the ¢ axis.
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