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Abstract

Structures and magnetic and electrical properties of quadruple perovskites containing
rare earths BaysLnM3O4, (Ln = rare earths; M = Ru, Ir) were investigated. They crystallize in the
12L -perovskite-type structure. Three MOg octahedra are connected to each other by face-sharing
and form a M3O,, trimer. The MsOy, trimers and LnOg octahedra are alternately linked by
corner-sharing, forming the perovskite-type structure with 12 layers. For Ln = Ce, Pr, and Tb,
both the Ln and M ions are in the tetravalent state (Ba4Ln4+M4+3012), and for other Ln ions, Ln
ions are in the trivalent state and the mean oxidation state of M ions is +4.33
(Ba,Ln*M****;04,). All the Ba,Ln**Ru***;0,, compounds show magnetic ordering at low
temperatures, while any of the corresponding iridium-containing compounds Ba,Ln**1r****,0,,
is paramagnetic down to 1.8 K. Ba,Ce*Ir**;04, orders antiferromagnetically at 10.5 K, while
the corresponding ruthenium-containing compound Ba,Ce**Ru**;0,, is paramagnetic. These
magnetic results were well understood by the magnetic behavior of M;Oy,. The effective
magnetic moments and the entropy change for the magnetic ordering show that the trimers
Ru***;0,, and Ir**;04, have the S = 1/2 ground state, and in other cases there is no magnetic
contribution from the trimers Ru**;0,, or 1r****;0,,.

Measurements of the electrical resistivity of Ba,LnMsO;, and its analysis show that these

compounds demonstrate two-dimensional Mott-variable range hopping behavior.



1. Introduction

Perovskite-type oxides have the general formula ABOs, in which A represents a large metal
cation and B represents a small one. Structures of perovskite compounds can be regarded as the
stacking of close-packed AQO; layers and the filling of subsequent octahedral sites by B site ions.
The difference in the stacking sequence changes the way of linkage of BOg octahedra: the
corner-sharing BOg in the cubic perovskite (3L: three-layer) with abc... sequence, the
face-sharing BOs in 2L-perovskite (2L: two-layer) with ab... sequence, and mixed linkages
between the corner- and face-sharing in various intergrowth structures [1].

The rare earth ion is relatively large and tends to adopt a high coordination number.
Therefore, the rare earth ion usually sits at the A site of the perovskite oxides ABOs, and does
not much contribute to their magnetic properties. By selecting large alkaline earth elements such
as Sr and Ba as the A site atoms, one can accommodate the rare earth (Ln) with smaller
transition elements (M) at the B sites. Many researchers have been interested in the properties of
the perovskites containing pentavalent ruthenium and iridium ions. Such highly oxidized cations
from the second and third transition series sometimes show quite unusual magnetic behavior.

The stacking sequence is controlled by changing the ratio of the Lh and M ions. Double
perovskites Ba,LnMOg are formed (doubling the formula unit, Fig. 1 (a)), when the size and/or
charge of the Ln and M cations are sufficiently different. The Ln and M ions are regularly
ordered over the six-coordinate B sites. These compounds show antiferromagnetic transitions at
low temperatures [2-26], and the Neel temperatures for Ba,LnRuOg compounds change widely
from 26 to 117 K [14, 15]. This feature is affected by the properties of Ln ions.

When the ratio of Ln:M is 1:2, triple perovskites BasLnM,0Oq are formed (Fig. 1 (c)). Two
MO octahedra are connected by face-sharing and form a M,Og dimer. These dimers and LnOg
octahedra are placed alternately; thus, 6-layer (6L) structure is generated (the stacking
sequence: abacbc...). Magnetic properties of these compounds have been investigated [27-53].

In the BasLnM,0Oq, the ground state of the total spin of the isolated M,O4 dimer may be zero,



i.e., Sgimer = S1 + S, = 0, for the case that the antiferromagnetic coupling exists between the M
ions.

Now, we started studies on quadruple perovskites Ba,LnM30;, in which the ratio of Ln:M
is 1:3. Three MOg octahedra are connected to each other by face-sharing and form a M0,
trimer. The M304, trimers and LnOg octahedra are alternately linked by corner-sharing (Fig. 1
(d)). As shown in this figure, the perovskite-type structure with 12 layers is formed (the
stacking sequence: ababcacabchbc...) [54-58]. In this case, the total magnetic moment of the
M304, trimer does not disappear as far as three M ions are equivalent in the trimer (i.e., Syimer =
S; + S, + S3 # 0), and the ground state of the total spin of the MsO;, trimer should strongly
contribute to the magnetic properties of Ba,LnMsO;,. Previously, we prepared a series of
quadruple perovskites BayLnM3O,, (Ln = rare earths; M = Ru, Ir), and determined their crystal
structures from powder X-ray and neutron diffraction measurements. Through magnetic
susceptibility measurements, magnetic properties of each compound were determined [57-60].

In order to elucidate the role of the trimer MO, in the magnetic behavior of BasLnM30;,,
we re-measured magnetic susceptibilities and specific heat for some of the Ba;LnM3O;,, and
performed electrical resistivity measurements. Magnetic properties of quadruple perovskites
Ba,LnM3O;, were also compared with those of triple perovskites BasLnM,Oy and double
perovskites Ba,LnMOs to understand how the difference in the connection of the BOs
octahedra (i.e., face-sharing and corner-sharing) affects the magnetic properties of the

perovskites.

2. Experimental
2.1. Preparation
Polycrystalline samples of BasLnRusO5, (Ln = La—-Nd, Sm-Lu) were prepared by the
standard solid-state reaction. BaO, BaO,, Ru, RuO,, and Ln,O; were used as starting materials.

They were well mixed in an agate mortar. The mixtures were pressed into pellets and enclosed



with platinum tubes, and they were sealed in evacuated silica tubes. They were fired at 1250°C
for 12-204 h. Details were described elsewhere [57, 58, 60].
2.2. X-ray diffraction analysis

The obtained phases were identified by powder X-ray diffraction (XRD) measurements.
They were performed with using a Rigaku Multi-Flex diffractometer with Cu-Ka radiation. The
data were collected by step-scanning in the angle range of 10° < 20 < 120° at a 26 step-size of
0.02°. The X-ray diffraction data were analyzed by the Rietveld technique, using the programs
RIETAN2000 [61].
2.3. 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 <400 K, using a SQUID magnetometer
(Quantum Design, MPMS5S).
2.4. Specific heat measurements

Specific heat measurements were performed using a relaxation technique by a commercial
heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 0.5-400
K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with
Apiezon grease for better thermal contact.
2.5. Electrical resistivity measurements

The temperature dependence of the electrical resistivity was measured by the dc
four-probe technique in the temperature range of 60-1,000 K. The sample was sintered and then

cut into a piece approximately 3.5 mm x 3.5 mm x 1. mm in size.



3. Results and Discussion
3.1. Structures and the oxidation states of Ba,LnM30;,

Quadruple perovskites Ba,L.nM3;0y, (Ln = La-Nd, Sm-Lu; M = Ru, Ir) were prepared as a
single phase. The powder X-ray diffraction measurements and their Rietveld analysis show that
the BayLnRus0y, for Ln = Th-Lu have a hexagonal unit cell with space group R-3m (N0.166)
(Fig. 1 (d)), while those for Ln = La-Nd, Sm-Gd have a monoclinic unit cell with space group
C2/m (No.12) due to the larger difference in the ionic radius between Ln and Ru [57]. On the
other hand, all the iridium compounds BasLnlr;O;, were indexed with the monoclinic unit cell.
Structural parameters were summarized in Supplementary tables 1-3. Figure 2 shows the
monoclinic perovskite structure with 12 layers for BasLhM3;0, (Lnh = La-Gd for M = Ru; Ln
=La~Lu for M = Ir). In this structure, M ions are octahedrally coordinated by six oxide ions, and
three MOg octahedra share faces forming a M;Oy; trimer. The M3O,, trimers and LnOg octahedra
are alternately linked by corner-sharing and form the perovskite-type structure with 12 layers.
The M-M interatomic distances in the MO, trimer are 2.4~2.6 A for both Ba,LnRu;0;, and
Ba,Lnlr;0;, compounds. These distances are much shorter than double the metallic radius of Ru
and Ir (2.72 A) [62], indicating that strong interactions between M ions should exist in the
M;0, trimer.

The lattice parameters and volumes of Ba,LnM3O,, were plotted against the ionic radius of
Ln* in Fig. 3. Except for the compounds having Ln = Ce, Pr, and Tb, the lattice parameters a, b,
¢, and # monotonously increase with the Ln** ionic radius. However, the values for Ln = Ce, Pr,
and Tb compounds are considerably smaller than this trend. Table 1 lists the refined Ln-O bond
lengths for Ln = Ce, Pr, and Tb compounds. For both M = Ru and Ir cases, these bond lengths
are close to the Ln**-O% lengths calculated from Shannon’s ionic radii [63]. These results show
that the Ce, Pr, and Tbh ions are in the tetravalent state. Therefore, the oxidation states of Ru and
Ir are also tetravalent (Ba,Ln*'Ru**30.,, BasLn**Ir*";04,). For other Ln ions, the mean oxidation

state of Ru and Ir ions is +4.33 (Ba,Ln*"Ru***;0,,, Ba,Ln**Ir****;0,,).



3.2. Magnetic properties of Ba,Ln**M****;0,,

Measurements of the magnetic susceptibility for Ba;LnM30,, give the contrastive results
between the ruthenium-containing compounds Ba,LnRuzO;, and the iridium-containing
compounds BasLnlr;0p,, and the results are summarized in Table 2. Any of the
Ba,Ln**Ru***;0,, compounds shows similar magnetic transitions at very low temperatures,

4.33+

whereas Ba,Ln*"Ir***;04, (Ln # La, Lu) compounds are paramagnetic down to 1.8 K.

4.33+

Magnetic properties of Ba,Ln* 1r****;0,, clearly show that we have to treat the M ions as

the M40, trimer to understand their magnetic behavior. Both compounds Ba,Ln**Ir****;0;, (Ln

= La, Lu) are diamagnetic, indicating that the 1r*3*

301, trimers are diamagnetic. Other
compounds Ba,Ln**Ir****;0,, (i.e., Ln # La, Lu) are paramagnetic down to 1.8 K, and their
effective magnetic moments (uer) are close to the magnetic moments of Ln** ions (u.,) (see
Table 3). That is, the contribution of the Ir***;0,, trimer to the magnetic properties of
Ba,LnlIr;0y; is negligible.

As described above section, the distances between Ir atoms in the Ir;O., trimer are
2.48~2.60 A. The short Ir-Ir interatomic distances in the Ir;O,, trimer suggest the overlap of
metal d orbitals having lobes along the threefold symmetry axis, which means the formation of
molecular orbitals in the Ir;O4, trimer. The electronic structure of RusCly, with Dg, point
symmetry has been described [64]. The energy level scheme of Ir;0y; in the BayLnlr;O,, should
be similar to the case of RusCly,, but the degenerated energy levels are expected to be split into
more levels due to the monoclinic distortion of the 1r;04, trimer and to the spin-orbit coupling
of the 5d electrons (Ir ions). The electronic configuration of the Ir*+3¥*,0,, trimer (the number of
5d electrons is 14) with Ds, point symmetry is (aig)*(e,)"(a2s)’(eu)*(e,)>, and the schematic
energy level diagrams for the Ir-Ir interactions in the Ir****;0,, trimer are illustrated in Fig. 4 (c).
The highest occupied eq orbital of the Ir;O;, trimer should be split into two singlets by the
monoclinic distortion, which causes the S = 0 ground state of the filled HOMO level (Syimer = 0).

4.33+

Therefore, the Ir"°"30y, trimer does not contribute to the magnetic properties of BayLnlr;O;,



(Ln = La, Nd-Gd, Dy-Lu), and both BayLalr;O,, and BayLulr;0;, are diamagnetic.

In a similar way as the case for the Ir;Oy, trimer, the electronic configuration of the
Ru***;0;, trimer (the number of 4d electrons is 11) with Ds, point symmetry is
(a1g)*(ey)*(a2s)°(eu)® and the schematic energy level diagrams are illustrated in Fig. 4 (a). The
highest occupied e, orbital has the S = 1/2 ground state. Therefore, the Ru****;01, trimer (Syimer
= 1/2) contributes to the magnetic properties of Ba,LnRu3O;,. Figure 5 shows the temperature
dependence of the magnetic susceptibility for BasLaRuzO,,. Both Ba;LaRuzO;, and
BayLuRu304, order antiferromagnetically at 6.0, and 8.0 K, respectively. Since La* and Lu**

ions are diamagnetic, the Ru*®*

301, trimers are antiferromagnetically coupled. Other
BasLnRu30;, compounds show similar antiferromagnetic transitions at comparable temperatures,

which should be due to the magnetic ordering of the Ru****;0,, trimers.

3.3. Magnetic properties of Ba,Ln*"M**;04,

Figure 6 shows the temperature dependences of the magnetic susceptibility for Ba;,CeM3O04,
(M = Ru, Ir). Since the tetravalent Ce*" ion is diamagnetic, only the M** ions (i.e., Ru* and Ir**
ions) contribute to the magnetic properties of Ba,CeM;0;, compounds. Magnetic behavior at
low temperatures is different between these two compounds, i.e., the iridium-containing
compound Ba,Celr;O4, antiferromagnetically orders at 10.5 K, while the ruthenium-containing
compound Ba,CeRus0;, shows no magnetic ordering down to 0.5 K. This magnetic behavior of
Ba,Ln**M**;0;, is understandable by considering the magnetic properties of M**;0,, trimer.

In the same way as the case of Ir****;0,,, the Ir**;0,, trimer has fifteen 5d electrons, and its
electronic configuration is (ay)*(eg)*(a2s)°(eu)"(e,)°. The highest occupied e, orbitals (doublet)
have the S = 1/2 ground state (see Fig. 4 (d)). The antiferromagnetic ordering of Ba,Celr;O,, is
due to this ground S = 1/2 state. On the other hand, the electronic configuration of the Ru*;0;,
trimer is (a15)°(eg)*(a2u)°(ev)*, indicating the S = 0 state of the filled HOMO, as shown in Fig. 4

(b). Therefore, Ba,CeRu30;, should be diamagnetic and shows no magnetic ordering. Actually



it is weakly paramagnetic, indicating that the molecular orbital model is not perfect for the case
of Ru;04, trimer. We have to consider the excited state. This is because the 4d electrons are
somewhat more localized than the 5d electrons.

The magnetic susceptibility vs. temperature curves for Ba,PrM;O;, (M = Ru, Ir) are
depicted in Fig. 7, indicating an antiferromagnetic transition at 2.4 K (M = Ru) and 35 (M = Ir).
Since Ba,CeRu;0;, shows no long-range magnetic ordering down to 0.5 K, the magnetic
anomaly observed at 2.4 K in BasPrRusO, is due to the magnetic interactions of the magnetic

moment of Pr** ions. The results of the specific heat measurements have cleared this point.

3.4. Specific heat of Ba;,LnM3O04, (Ln = Ce, Pr; M =Ru, Ir)

Figure 8 (a) shows the temperature dependence of the specific heat (C,) for Ba,PrRus;O,,
together with that for Ba,CeRusO,. A specific heat anomaly has been observed at 2.4 K,
indicating that the long-range antiferromagnetic ordering occur at this temperature. In order to
evaluate the magnetic entropy change due to the observed transition for Ba;PrRus0;,, following
procedures were performed. Magnetic contribution to the specific heat (Cpg) 0f BasPrRuzOy,
was evaluated by subtracting the contribution of the lattice specific heat (Ci) from the total

specific heat (Crmag = C, — Ciar). The lattice specific heat (Ci) from the total specific heat was

estimated by using the specific heat data of Ba,CeRu3O1,. By the relation Sy,g = J‘(Cmag /T )ﬂ ,

the magnetic entropy change for Ba,PrRusO;, was calculated to be 5.20 J/mol K, which is near
to R In2 = 5.76 J/mol K (R : gas constant) (Fig. 8 (b)). This result clearly shows that the
antiferromagnetic ordering is due to the ground Kramers doublet of Pr** in a low-symmetric
crystal field.

Figure 8 (c) shows the temperature dependence of the specific heat divided by temperature
(C,/T) for the iridium-containing two compounds BasLnlr;O;, (Ln = Ce, Pr). The magnetic
ordering temperature for BayPrir;O;, (35 K) is much higher than that for Ba,Celr;O;, (10.5 K).

This result indicates that not only the Ir;0, trimer but also the Pr*" ion contribute to the



antiferromagnetic interaction of the BasPrlr;O,,. The magnetic entropy change of Ba,Prir;Oy; is
obtained to be 8.7 J/mol K. Since the corresponding ruthenium-containing compound
BasPrRuz0,, shows an antiferromagnetic transition at 2.4 K, and since its transition is due to the
ground Kramers doublet of Pr** jon from the specific heat measurements, the contribution of the
Ir**;0,, trimer to the antiferromagnetic transition of BasPrlr;O1, is estimated to be R In2. That is,
the magnetic behavior of Ir**301, trimer is the one with S = 1/2, which is consistent with the

above-mentioned discussion using the molecular orbital diagram for the M3O,, trimer (Fig. 4

(d)).

3.5. Effective magnetic moments of Ba,LnMs0;, (Lh = La ~ Lu; M =Ru, Ir)

As described already, the effective magnetic moments of Ba,Ln*Ir***

301, compounds
(uer) are close to the magnetic moments of Ln** ions (x.,) (Table 3). That is, since the Ir*®*,0,,
trimer has the S = 0 ground state, its contribution to the magnetic properties of Ba,Ln**Ir****;0,,

is negligible. For the case of Ba,Ln*Ir**;01, (Ln = Ce, Pr, Th) compounds, the ground state of

the 1Ir*";0y, trimer is S = 1/2. Therefore, the effective magnetic moments should be calculated

from the equation x,, = \/’uLn‘“Z + /us=1/22 , and they are also listed in Table 3. The effective

magnetic moments of Ba,Ln*"1r**;0,, are almost in accordance with the calculated moments.

In the same way as the case of Ba,Ln*Ir*";0y,, both the Ln** ion and Ru****;0,, trimer
contribute to the magnetic properties of the Ba,Ln**Ru****;0,,, because the Ru****;0,, trimer
has the S = 1/2 ground state. The effective magnetic moments of the Ba,Ln**Ru***;0,,

compounds should be calculated from the equation,

2 2
Hea = \/'uLnS* + Hsayz (1)
and they are shown in Fig. 9. Experimental values are comparable with the calculated moments

(Eq.(1)) and are much smaller than the moments calculated from the contribution of each ion

(Ln** + 2Ru*" + Ru™),

10



Heg = \/ TR YT T )

3.6. Magnetic transition temperatures of Ba,+;LnRU,Oz43 (N =1, 2, 3)

Figure 10 shows the magnetic transition temperatures of BasLnRusO;, with those of
BasLnRu,0Oy and Ba,LnRuOs. It is clear that magnetic transition temperatures of the double
perovskites Ba,LnRuOg (n = 1) are considerably higher than those of BasLnRusOg (n = 2) and
Ba,LnRu3O1, (n = 3). This is due to the fact that the magnetic interaction of Ba,LnRuQgs is via
the almost linear pathway of Ln-O-Ru [22]. Therefore, the Ln ions greatly contribute to the
antiferromagnetic ordering of Ba,LnRuQg, and their transition temperatures are considerably
different among Ba,LnRuOgs compounds.

The situation for the quadruple perovskites BasLnRusOy, is quite different from that for
Ba,LnRuOg. Any of the Ba,Ln**Ru***;0,, compounds shows magnetic anomaly at lower
temperatures, and their transition temperatures are comparable among Ba;LnRu;0;, compounds.

On the other hand, the iridium-containing compounds Ba,Ln®Ir****

301, are paramagnetic down
to 1.8 K, and their magnetic properties are due to the magnetic behavior of Ln** jons  (Table 3)
(because the ground state of the Ir*33*50,, trimer is Syimer = 0). These results indicate that the
antiferromagnetic transition observed in the Ba,Ln**Ru****;0,, is mainly due to the magnetic

behavior of the Ru***

3012 trimer with S = 1/2. The results on magnetic susceptibility and
specific heat measurements for BasLn*'"Ru***,0, compounds also show that the
antiferromagnetic interaction is ascribed to the behavior of Ru***,0, dimer (S = 1/2) [46, 48].
All the Ba,Ln*'1r*";04, compounds (Ln = Ce, Pr, Th) show an antiferromagnetic transition
at lower temperatures (Table 2), and it has been found that the Ir**;0,, trimer with S = 1/2
contributes to the magnetic transition from the specific heat measurements. The corresponding
Ba,Ce*"Ru*";0,, compound does not show any magnetic ordering (because the Ce** ion is

diamagnetic and the Ru**;04, trimer has the S = 0 ground state). Both Ba,Pr**Ru**;0,, and

Ba,Th*'Ru*;0,, compounds show an antiferromagnetic transition at 2.4 and 24 K, which are

11



due to the antiferromagnetic ordering of the magnetic moments of Pr** (Tb*") ions from the

specific heat and neutron diffraction measurements [57].

3.7. Electrical resistivity of BasLnMs01,

The electrical resistivity of Ba,;EuM3;04, (M = Ru, Ir) is plotted as a function of reciprocal
temperature in Fig. 11 (a). All the Ba,LnM30;, compounds are nonmetallic in the temperature
range 60 < T < 1,000 K, showing the increasing resistance with decreasing temperature.
Attempts to fit the observed data to a simple Arrhenius model were unsuccessful. The Mott

variable-range hopping (VRH) model [65],

p o< eXp{(To / T )1/(”+1)} 3)

was taken into account. When the parameter n is 2, experimental data show good linearity (see
Fig. 11 (b)), suggesting that the semiconducting behavior of Ba,LnM3O,, may be attributable to
the variable-range hopping in two-dimensions. The crystal structure of Ba,LnM3O,, can be
expressed by the alternate stacking of two kinds of two-dimensional layers which consisit of the
LnOs octahedra or the M30g, trimers. This structural feature may account for the observed
resistivity behavior.
4. Conclusions

Quadruple perovskites Ba,LnM3;Oy, (Ln = rare earths; M = Ru, Ir) crystallize in the
12L -perovskite-type structure. Three MOg octahedra are connected to each other by face-sharing
and form a M3O,, trimer. The M3Oy, trimers and LnOg octahedra are alternately linked by
corner-sharing, forming the perovskite-type structure with 12 layers. All the Ba,Ln**Ru****;0,,
compounds show magnetic ordering at low temperatures, while any of the corresponding
iridium-containing compounds Ba,Ln*Ir****;0,, is paramagnetic down to 1.8 K.
Ba,Ce*Ir**;0;, orders antiferromagnetically at 10.5 K, while the corresponding
ruthenium-containing compound Ba,Ce*"Ru**;01, is paramagnetic. These magnetic results were

well understood by considering the magnetic behavior of the M3Oy, trimer.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 8

Fig. 9

Figure captions

Schematic crystal structures of (a) cubic double perovskite Ba,LnMOg, (b) the stacking
sequence of the double perovskite (abc...), (c) hexagonal triple perovskite BasLnM,Oq
(the stacking sequence: abacbc...), and (d) hexagonal quadruple perovskite
Ba,LnM;0,, (the stacking sequence: ababcacabchbc...).

The monoclinic perovskite structure with 12 layers for Ba,L.nM3Oy, (Ln = La-Gd for
M = Ru; Ln =La~Lu for M =Ir)

Variation of lattice parameters and volumes for Bay,LnM3O;, against the ionic radius of
Ln* (M = Ru, circles; M = Ir, squares). (a) a (@, W) : for monoclinic structures,
values of a/y 3 are plotted; b(O, ), (b) ¢, (c) A, and (d) volume V: for monoclinic

structures, half of the volumes are plotted.

Schematic energy level diagrams for (a) Ru****;0,, trimer, (b) Ru**;04, trimer, (c)
Ir*33*504, trimer, and (d) Ir**304, trimer.

Temperature dependence of the magnetic susceptibility for BasLaRusO1,. The inset
shows the reciprocal susceptibility against temperature.

Temperature dependence of the magnetic susceptibilities for Ba,CeM;04, (M = Ru, Ir).
The inset shows the magnetic susceptibilities of Ba,Celr;O;, at low temperatures.
Temperature dependence of the magnetic susceptibilities for Ba4,PrM;0,, (M = Ru, Ir).
The inset shows the magnetic susceptibilities of Ba;PrRusO;, at low temperatures.

(a) Temperature dependence of the specific heat (C,) for Ba;LnRuzO4, (Ln = Ce, Pr).
(b) The magnetic specific heat divided by temperature (C../T) and the magnetic
entropy (Sn) of BayPrRusOq,. (¢) Temperature dependence of the specific heat divided
by temperature (C,/T) for Ba,Lnlr;0,, (Ln = Ce, Pr).

Comparison of the effective magnetic moments of Ba,Ln**Ru****;0;, with the

calculated values.
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Fig.10  Magnetic transition temperatures of Ba,.;LNRU,Ozp3.
Fig.11 Temperature dependence of the resistivity for Ba;EuM3;O1, (M = Ru, Ir).

() log pvs T * plot; (b) log pvs T plot.
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Table 1 Average Ln—O bond lengths d(Ln—O) determined for Ba;LnM3O01, (Ln = Ce,
Pr, Tb; M = Ru, Ir) and bond lengths (dca) calculated from Shannon’s ionic radii

[Ref.63].

d(Ln-0) / A Oeat / A
Ln  BalLnRusO;,  BasLnlrsO1, Ln*-0* Ln*-0*
Ce 2.21 2.19 2.41 2.27
Pr 2.18 2.24 2.39 2.25

Th 2.08 2.17 2.32 2.16




Table 2 Magnetic properties of Ba;LnM3O1, (Ln = Rare Earths; M = Ru, Ir).

Valence state Magnetic properties (Transition temperature / K)

Ln of Lnion Ba;LnRu301» BasLnlr3Oq2
La 3+ AF(6.0) Dia
Ce 4+ CwW AF (10.5)
Pr 4+ AF (2.4) AF (35)
Nd 3+ F(11) Cw
Sm 3+ AF (3.2) van Vleck
Eu 3+ AF (4.0) van Vleck
Gd 3+ AF (2.5) Cw
Th 4+ AF (24) AF (16)
Dy 3+ AF (30) Cw
Ho 3+ AF (8.5) CwW

Er 3+ AF (8.0) CwW
Tm 3+ AF (8.0) Cw
Yb 3+ AF (4.8) Cw
Lu 3+ AF (8.0) Dia

Note: AF: antiferromagnetic, F: ferrimagnetic, CW: Curie-Weiss, Dia: diamagnetic.



Table 1 Effective magnetic moments of BasLnlIr;O1,

Ba,Ln**1r****;04, Electronic configuration ~ J Left 1B Linus
La** 4 ° 0 — —
Nd®* 43 9/2 3.60 3.62
Sm** 4 ° 5/2 0.84
Eu’* 4f° 0 — —
Gd** 4t 7 712 7.98 7.94
Dy** 4 ° 152 10.71 10.63
Ho®" 4510 8 10.36 10.60
Er** 4f 152 9.21 9.59
Tm** 4f 12 6 7.31 7.57
Yb** 4f 1 712 3.86 4.54
Lu®* 4f 14 0 — —

Ba,Ln*1r*"301,  Electronic configuration  J Leit I 1ig Lical *pg

ce™ 4f© 0 1.61 1.73
Prt 4f 5/2 2.94 3.07
Th* af "’ 7/2 8.02 8.13

® Ly free ion values of Ln*".
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