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Abstract

The crystal structures and magnetic properties of quaternary oxides BazLnlr,Og
(Ln =Y, lanthanides) are reported. Rietveld analyses of their x-ray diffraction
data indicate that they adopt the 6H-perovskite-type structure with space group
P63/mmc or, in the case of Ln = La and Nd only, a monoclinically distorted
structure with space group C2/c. They have the valence state of Bas Ln4+Ir§+Og
(forLn=Ce, Pr,and Tb) or Ba3Ln3+Ir‘2"5+Og (for Ln =Y and other lanthanides).
Measurements of the magnetic susceptibility and specific heat were carried out
for Ln = Y, Ce, Pr, Tb, and Lu. It was found that the effective magnetic
moment of Ir ions is significantly small, which indicates the existence of the
strong antiferromagnetic interaction between Ir ions in the Ir,Og bioctahedra.
The Y and Lu compounds with an unpaired magnetic moment remaining in the
Ir‘zt'5 *Qg show an antiferromagnetic transition at 4.0 and 5.1 K, respectively. For
Ba; Tblr, Oy, a long-range magnetic ordering of Tb** ions was found at 2.0 K.

1. Introduction

Perovskites or perovskite-related oxides containing platinum group metals often exhibit
interesting magnetic and electrical properties: for example, Sr,RuQ4 (superconductivity below
~1 K) [1], SrRuO; (ferromagnetic below 160 K) [2], Sr,IrO4 (weak ferromagnetic below
250 K) [3], etc. The quaternary oxides BasMRu,Oq¢ (M = alkali, alkaline earth, 3d transition
metal elements, etc) also show interesting magnetic properties [4—7]. Many of them adopt
the 6H-BaTiOs; structure [8], in which the Ru and M ions occupy the face-sharing octahedral
sites (RuyOg dimer) and the corner-sharing octahedral ones (MOg octahedron), respectively.
This structure has a short Ru—Ru distance (2.5-2.8 1&) in the Ru;Og dimer, thus strong
magnetic interaction exists between Ru ions. This magnetic interaction often brings about
the antiferromagnetic spin-pairing of Ru ions [4].

Recently, we have reported the magnetic properties of the 6H-perovskites Ba;LnRu,Og
(Ln =Y, lanthanides) [9—-12]. They adopt the valence configurations of Ba3Ln3+Ru‘2"5+Og
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(for Ln =Y, La, Nd, Sm-Gd, Dy-Lu) [9, 10, 12-15] or Ba3Ln4+Ru‘2‘+09 (for Ln = Ce, Pr,
and Tb) [11, 15]. These compounds show a characteristic temperature dependence of the
magnetic susceptibilities; that is, a broad maximum at 135-400 K and a magnetic transition at
4.5-24 K [9-12]. These magnetic properties mainly reflect two kinds of magnetic interactions:
the interaction between Ru ions in the Ru,Og dimer and that between Ln and Ru ions.

We now turn our attention to the magnetic properties of the iridium-based oxides
BazLnlr,Og. Their crystal structures were reported for Ln = Y, La, Nd, Sm—Gd, Dy, Ho,
and Yb [16]; they adopt 6H-perovskite-type structures in analogy with BazLnRu,Og. The Ir
and Ru ions often produce oxides with common crystal structures; however, their physical
properties are remarkably different (e.g. Sr,RuQOy4 [1] and SrpIrO4 [3]). Such differences
provide us with a significant motivation for investigating the effects of Ru substitution for
Ir in the face-sharing octahedral sites. Before now, the magnetic properties of BazLnlr,Og
were unknown apart from the magnetic susceptibility of Ba3;YIr;,Og [17]. In this study, we
investigated the magnetic properties of BasLnlr,O9 (Ln =Y, Ce, Pr, Tb, and Lu). The results of
their electrical resistivity, magnetic susceptibility, and specific heat measurements are reported.
In addition, we completed the structural data for this series of compounds including previously
unreported materials (Ln = Ce, Pr, Tb, Er, Tm, Lu) by x-ray diffraction measurements.

2. Experimental details

Polycrystalline samples of BazLnlr,O9 (Ln = Y, La-Nd, Sm-Lu) were synthesized by
conventional solid-state reaction. As starting materials, BaCO3; and Ln,03, CeO;, PrgOyy,
Tb4O7, and Ir powders were used. Before use, La;O3 and Nd, O3 were dried in air at 900 °C
for a day. Stoichiometric amounts of them were mixed in an agate mortar. The mixtures were
pressed into pellets and then calcined at 900 °C for 12 h. The calcined materials were fired in
air at 1100-1300°C for 72—144 h with several intermediate grindings and pelletings.

The x-ray diffraction measurements were taken at room temperature in the range 10° <
20 < 120° using a 26 step size of 0.02° with Cu Ko radiation on a Rigaku MultiFlex
diffractometer. The data were analysed by the Rietveld technique, using the program
RIETAN2000 [18].

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 temperature range 1.8—400 K. For Ba;Tblr, Oy, the field dependence of
the magnetization was measured between 0 and 5 T.

Specific heat measurements were performed using a relaxation technique with a
commercial physical property measurement system (Quantum Design, PPMS model) in the
temperature range 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.

The temperature dependence of the resistivity was measured in the temperature range
100-400 K using a DC four-probe technique with the PPMS. The sintered samples were cut
into pieces having sizes of approximately 5.0 x 2.5 x 1.0 mm?®. Four contact wires were
painted onto the samples using silver paste.

3. Results and discussion

3.1. The crystal structures of BazLnlIryOqg

The BazLnlr,Og prepared in this study crystallize as 6H-perovskite or its related structure.
The x-ray diffraction profiles for BazLalr,Og9 and BasLulr,Og are shown in figure 1. The
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Figure 1. X-ray diffraction profiles for (a) BazLalr,Og and (b) BazLulr,Oq.

diffraction data for compounds with Ln =Y, Ce, Pr, Sm—Lu were indexed in a hexagonal
unit cell with space group P63/mmc, while those for compounds with Ln = La and Nd were
indexed in a monoclinic unit cell with space group C2/c (dmono ™~ Ghex> Pmono ™~ «/gahex,
Cmono ™~ Chexs Bmono ~ 90°). The schematic structure of BazLnlr,Oy is illustrated in figure 2.
Both structures have two kinds of octahedral site: corner-sharing and face-sharing. The Ln
and Ir ions occupy the former and latter sites, respectively.

The lattice parameters and reliability factors for BazLnlr,Og and the structural parameters
for Ln = La and Lu are listed in tables 1 and 2, respectively. The lattice parameters for Ln =Y,
La, Nd, Sm—Gd, Dy, Ho, and Yb show good agreement with those in the previous report [16];
thus it is likely that our samples also have a valence configuration of Ba3Ln3+Ir‘2"5+09. The
variation of lattice parameters for BazLnIr,Og with the ionic radius of Ln* is shown in figure 3.
For comparison, the lattice parameters for Ru-analogues BazL.nRu,Oq are also plotted. The
lattice parameters increase monotonically with the ionic radius of Ln** except for Ln = Ce,
Pr, and Tb. The variation of the Ln—O(2) length is plotted in figure 4(a). For only these
three compounds, the Ln—O(2) lengths are much shorter than those for the Ba3Ln3+Ir‘2"5+Og
compounds. These facts indicate that the Ln ion is in the tetravalent state (i.e., Ba3Ln4+Ir§+Og).
This result is the same as that found in the Ba;LnRu,Og [11].

The variation of the Ir-Ir distance in the Ir,O9 dimer is plotted in figure 4(b). The
BazLnlr,O9 compounds have a short Ir-Ir distance (2.53-2.58 A), which is comparable
to the Ru-Ru distance of the 6H-perovskites Ba3MRu,O9 (M = alkali, alkaline earth,
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Figure 2. (a) The crystal structure of hexagonal BazLnlr;Og. (b) A schematic illustration of the
relationship of the unit cell axes between the hexagonal (dotted arrows) and monoclinic (solid
arrows) cells.

lanthanides, transition metal elements, etc). For the Ru compounds, it is known that this
distance increases with increasing the average Ru valence due to the electrostatic repulsion
between Ru ions [7]. Typical Ru—-Ru distances are 2.48-2.49 A (for Ru**) [10, 15], 2.52—
2.58 A (Ru*3*) [9, 11, 12, 14, 15, 19], 2.65-2.70 A (Ru®*) [4, 6, 19-21], and 2.75-2.77
A (Ru*>*) [7]. Although such a tendency is not clear between BasLn**Ird3*Qq (2.54—
2.58 A) and BagLn“*Ir‘z”Og (2.53-2.57 A), the effect of the electrostatic repulsion appears
in the centre-shift (A) of the Ir position in the IrOg octahedron (figure 4(c)). Here, the centre is
defined as a 4f position (Wyckoff’s crystallographic site in the hexagonal cell) at which six Ir-O
bonds are equal in lengths. A positive A value represents the situation that Ir ions in the Ir,Og
dimer keep away from each other. The A value for Ba3Ln3+Ir‘2"5+09 (0.07-0.13 A) is much
larger than that for BagLn“*Ir‘z‘*Og (0.03-0.05 A); this result reflects the stronger electrostatic
repulsion between Ir ions in the former compounds than that in the latter compounds.

3.2. Electrical resistivity

The resistivity of BazLnlr,O9 (Ln = Pr, Nd, and Sm) is plotted as a function of reciprocal
temperature in figure 5. They are nonmetallic at least in the range 120-400 K, showing an
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Figure 3. The variation of the lattice parameters for BazLnlr,Og and BazLnRu;Og (see [8—11]).
Note that @meno and ¢mono are plotted for the monoclinic BazLalr, Og and BazNdIr, Og.

Table 1. Lattice parameters and reliability factors for BazLnlr,Og. (Note: space group
P63/mmc; z = 2. Definitions of the reliability factors Ryp, Ry and R, are as follows: Ry, =

[ w(Fol = 1FeD?/ X wlFolP1'2, Rt = Y. ko = Ikel/ Y- Ikos Re = [(N = p)/ Y2 wiy?]'/?).

Ln a ) b (A) cd) B (deg) Ryp (%) R (%)  Re (%)
Y  5.8842(2) 14.6224(3) 12.21 2.84 8.03
La®  5.9628(2) 10.3244(3) 15.0953(6) 90.622(2) 11.39 1.59 7.94
Ce  5.9002(1) 14.7333(3) 12.00 1.91 8.73
Pr  5.8939(2) 14.7014(4) 12.22 1.86 9.42
Nd*  5.9395(2) 10.2844(3) 14.8635(7) 90.567(2) 11.64 1.85 8.05
Sm  5.9235(2) 14.7828(4) 11.70 2.05 7.41
Eu  5.9182(1) 14.7542(3) 11.87 2.17 7.39
Gd  5.9115(1) 14.7238(3) 12.90 2.93 7.25
Tb  5.8486(1) 14.5482(2) 11.81 1.67 8.9
Dy  5.8930(2) 14.6514(4) 12.00 2.39 7.16
Ho  5.8864(1) 14.6280(2) 12.58 3.13 6.70
Er  5.8791(1) 14.6067(3) 11.27 274 6.70
Tm  5.8719(1) 14.5820(3) 10.24 1.88 6.53
Yb  5.8640(1) 14.5595(3) 11.45 2.55 6.60
Lu  5.8587(1) 14.5471(3) 10.89 2.13 6.53

4 Monoclinic structure with space group C2/c (z = 4).

increase of resistivity with decreasing temperature. A significant difference in the behaviour
of the resistivity was not observed in three compounds: hexagonal Ba3Pr4+Ir§+Og, monoclinic
Ba3Nd3+Ir§'5+Og, and hexagonal Ba3Sm3+Irg'5+Og.
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Table 2. Structural parameters for BazLalr,Og and BazLulr;Og.

Atom  Site «x y z B (A?)

BasLalr, Og
Space group C2/c (No. 15),z =4,
a=5.9628(2) A, b =10.3244(3) A, ¢ = 15.0953(6) A, B = 90.622(2)°

Ba(l) 4e 0 —0.0012(6) 1/4 0.65(3)
Ba(2) 8f  0.0034(3)  0.3314(5) 0.1029(1) 0.65
La 4 0 0 0 0.20(3)
Ir 8f  0.0072(2)  0.3343(4) 0.8343(1)  0.16(3)
o) 4de 0 0.505(4)  1/4 1.5(2)
002) 8  0.267(5) 0.246(3)  0.243(1) 15

03)  8f  0.0195) 0.824(4)  0.094(2) 15
oW 8f  0.267(5) 0.093(3)  0.086(1) L5
05)  8f  0.754(6) 0.091(3)  0.096(1) 1.5

BaszLulr,Og
Space group P63/mmc (No. 194), z = 2,
a=5.8587(1) A, c = 14.5471(3) A

Bal) 2b 0 0 1/4 0.37(5)
Ba2) 4f  1/3 2/3 0.9080(1)  0.67(3)
Lu 2. 0 0 0 0.05(4)
Ir 4 13 2/3 0.1613(1)  0.32(2)
O(l) 6h  049388)  0.9876 1/4 0.7(3)
0(2) 12k 0.1721(7)  0.3442 0.4142(4)  1.3(2)

3.3. Magnetic susceptibility and specific heat

3.3.1. BazCelr,Oy. Figure 6 shows the temperature dependence of the ZFC magnetic
susceptibilities for Ba3Ce4+Ir‘2‘+Og. The FC data agree with the ZFC data over the whole
experimental temperature range. The magnetic susceptibilities decrease monotonically with
increasing temperature. In order to estimate the effective magnetic moment of Ir** ions (Ce**
is nonmagnetic), the data were fitted using a modified Curie—Weiss law:

X + XTIP- (D)

T—-6
The effective magnetic moment (uerr), Weiss constant (6), and temperature-independent
paramagnetic susceptibility (xtrp) are 0.31(1) ug (=0.22 ug/Ir), —0.55(2) K, and 4.8(1) x
10~* emu mol~!, respectively. The temperature dependences of the magnetic susceptibility
and specific heat divided by temperature at low temperatures are plotted in figures 7(a) and (b),
respectively. This compound shows no anomaly down to 1.8 K.

The effective magnetic moment of BazCelr,Oy is excessively small compared with that
expected for the free Ir** ion (1.73 g for the low spin state). Even though we ignore the large
xTip in the fitting using equation (1), fegr is still small (0.78 wp/Ir at 300 K and 0.20 pg/Ir at
1.8 K). This indicates that the magnetic moments of Ir ions cancel each other in the Ir,Og dimer,
i.e., an antiferromagnetic spin-pairing of Ir** ions occurs. The antiferromagnetic interaction
in the dimer has been found in many BazMRu;O9 compounds with short Ru—Ru distances
(2.48-2.77 A) [4, 6,7, 9-12]. Since Ba3;Celr,Og also has a short Ir-Ir distance (2.526(2) A),
it is likely that there exists a strong antiferromagnetic interaction between the Ir ions.

The origin of the Curie—Weiss-like behaviour of the magnetic susceptibility is not clear at
present. In the antiferromagnetic dimer which consists of the same magnetic ions, its magnetic
susceptibility ideally approaches zero with decreasing temperature, because such a dimer has
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Figure 6. The temperature dependence of the magnetic susceptibility for BazLnlr,O9 (Ln =Y,
Ce, and Lu). The solid curve is the Curie—Weiss fitting for Ba3Celr, Og.

a singlet (S = 0) ground state. This may be due to the existence of magnetically unpaired Ir
ions which are formed by the small amount of oxygen defects.

3.3.2. Ba3Lnlr, Oy (Ln =Y and Lu). The temperature dependences of the ZFC magnetic
susceptibilities for BasY**Ir;>*Og and BasLu**Ir;*Oy are also shown in figure 6. Attempts
to fit the Curie—Weiss law to their magnetic susceptibilities ended in poor results. For both
compounds, the magnetic moments calculated from the data at 1.8 and 300 K are about 0.15 and
1.1 up (per Ir ion), respectively. These magnetic moments are much smaller than the average
magnetic moment (2.34 up) which is expected from the spin-only values of Ir** and Ir>* ions
in the low-spin state. This result indicates the existence of a small magnetic moment remaining
in the Ir3>*Oy dimer. We consider that it is derived from an uncancelled magnetic moment in
the antiferromagnetic Ir3->*Og dimer or the magnetic moment of the only Ir** ion. In the latter
case, half of the iridium ion is in the pentavalent state and it is in a singlet ground state [22].

Figure 7(b) shows the temperature dependence of the specific heat divided by temperature
(C,/T). BazY**Ir3**Oy and BasLu**Irj*Oy show a A-type anomaly at 4.0 and 5.1 K,
respectively. No such anomaly has been observed in the specific heat of BagCe“*Ir‘z”Og. This
result reflects the difference in the valency of Ir ions in the Ir,Og dimer. At sufficiently low
temperatures, the magnetic moment of the Ir‘z”Og dimer should be almost cancelled (Sgimer = 0)
by the strong Ir-Ir antiferromagnetic interaction, while a magnetic moment (Sgimer = 1/2) in
the Ir§'5+09 dimer can remain when this dimer adopts the valence configuration of Ir**Ir>*Qq.
Therefore, the observed specific heat anomalies may be due to the magnetic ordering of such
remaining magnetic moments.

In order to estimate the magnetic entropy change (A Sy,) of these anomalies, the magnetic
entropy (Sy) was calculated by Sy, = [ Cr/T dT. The magnetic specific heat C;, was obtained
by subtracting the lattice and electronic specific heats from the observed specific heat. The
lattice and electronic contributions were approximated by using the data of Ba3Ce4+Ir‘2‘+Og. The
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divided by temperature, and (c) the magnetic entropy for BazLnlr,O9 (Ln =Y, Ce, and Lu). In
(b), the dotted curves at low temperatures are extrapolated curves of C),/T T2,

specific heat data below 1.8 K were estimated from the extrapolation curve of C,/ T oc T2 [23].
The temperature dependence of the magnetic entropy is shown in figure 7(c). The magnetic
entropy changes for Y and Lu compounds are 3.6 and 3.7 J mol~! K~!, respectively. These
values are very close to those found in B213M3+Ru2 70y (ASm ~ 3.0 Jmol~ ' K~!) with a
nonmagnetic M** ion: M =Y, In, and Lu [11]. The observed magnetic entropy changes are
smaller than the expected value of R In (2Sgimer + 1) = 5.76 T mol~! K~!. This may be due to
the occurrence of short-range magnetic ordering at higher temperatures.

3.3.3. BasLnlr,Og (Ln = Pr and Tb). The temperature dependences of the magnetic
susceptibility and specific heat divided by temperature (C,,/T') for Ba3Pr4+Ir§+Og are plotted
in figures 8(a) and 9(b), respectively. The magnetic susceptibility of BazPrlr,Oy shows
no magnetic anomaly down to 1.8 K, and the C,/T data only show a slight increase with
decreasing temperature below ~3 K. The susceptibility data in the high temperature region
(T > 100 K) are fitted using the modified Curie—Weiss law. The effective magnetic moment
and Weiss constant for Ba;Prlr,Og are obtained to be 0.75(1) ug and —5.3(7) K, respectively.

This effective magnetic moment is much smaller than the free-ion magnetic moments for
Pr3* (3.58 up) and Pr** (2.54 up) ions. It is close to the moments observed in perovskites
containing the Pr** ion in the octahedral site: 0.68 ug for BaPrOs [24], 0.812-0.879 up
for Ba;_,Sr,PrO; [25], and 0.90 pg for BazPrRu;Og [11]. The small magnetic moments of
BaPrO; and Ba;_, Sr,PrOsz have been quantitatively analysed by the octahedral crystal field
model using the g value of the electron paramagnetic resonance (EPR) spectrum of Pr** doped
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Figure 8. The temperature dependence of the magnetic susceptibility for BazLnlr,Og9 (Ln = Pr
and Tb). The inset shows the reciprocal magnetic susceptibility (open circle) and the Curie—Weiss
fitting (solid curve).

in diamagnetic BaCeO3 and Ba;_,Sr,CeOs [25, 26]. The small magnetic moment found in
BasPrlr, Oy indicates that the Pr** ions are affected by the octahedral crystal field (°Fs n =T
+I'g) and are probably in a I'; ground state.

Figure 8(b) shows the magnetic susceptibility for Ba3Tb4+Ir§+Og as a function of
temperature. The Curie—Weiss fitting was carried out (7 > 100 K); the effective magnetic
moment and Weiss constant were obtained to be 8.10(1) ug and —0.7(2) K, respectively. The
effective magnetic moment of Ba3Tblr,Oy is in good agreement with the free-ion magnetic
moment for Tb*" (7.94 pp) rather than that for Tb>* (9.72 ug).

The temperature dependences of the magnetic susceptibility, specific heat divided by
temperature, and magnetic entropy for Baz3TblIr,Og are shown in figure 9. Two specific heat
anomalies have been found: a broad peak at 7.6 K and a sharp peak at 2.0 K. The magnetic
entropy associated with the magnetic anomaly was estimated in the same manner as that used for
the Y and Lu compounds. A large magnetic entropy change (~12.6 J mol~! K~!) associated
with both anomalies is observed (figure 9(c)). This result indicates that these anomalies are
attributed to the magnetic ordering of Tb*" ions, because this value is comparable to that
expected from RIn(2S + 1) = RIn8 = 17.3 I mol~! K~! when the magnetic moments of
Tb* (4f7) ions fully order.

We consider that the specific heat anomaly observed at 7.6 K actually begins below ~24 K
(see figure 9(b)). However, the magnetic susceptibility does not show any distinct magnetic
anomaly around 7.6 or 24 K. This magnetic behaviour may be due to the short range magnetic
ordering of Tb** ions. The specific heat anomaly at 2.0 K corresponds to a marked increase
of the magnetic susceptibility at the same temperature. From measurements of the field
dependence of the magnetization (figure 10), no magnetic hysteresis loop was found down
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Figure 9. The temperature dependence of (a) the magnetic susceptibility for Ba3TbIr,Og, (b) the
specific heat divided by temperature for BazLnlrpOg (Ln = Ce, Pr, and Tb), and (c) the magnetic
entropy for BazTbIr,Og. In (b), the dotted curves at low temperatures are extrapolated curves of
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Figure 10. The field dependence of the magnetization for Baz TbIr,Og.
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to 1.8 K. These results indicate that a long-range magnetic ordering of Tb** ions occurs at
2.0 K. The magnetization at 1.8 K shows a small anomaly at H = 0.5 T; however, its origin is
unclear at present. In order to clarify the magnetic ordering of Ba3;TblIr,Oy, detailed magnetic
and neutron diffraction measurements at lower temperatures are needed.

4. Summary

The quaternary oxides BazLnlr,Oy (Ln =Y, lanthanides) have the 6H-BaTiOs-type structure.
The structures of the La and Nd compounds are monoclinically distorted, while those of the
others are hexagonal. The valence configuration at the B site is Ba3Ln3+Ir§'5+09 except for
Ln = Ce, Pr, and Tb. For the Ln = Ce, Pr, and Tb compounds, the Ln ions adopt the tetravalent
state (Ba3Ln4+Ir‘2‘+Og). The Ir-Ir distance in the Ir,O9 dimer is short (2.53-2.58 A). This
short distance brings about a strong antiferromagnetic interaction between Ir ions. The results
of the magnetic susceptibility and specific heat measurements indicate that there exists an
antiferromagnetic pairing between Ir ions in the Ir,O9 dimer. In addition, magnetic anomalies
due to the magnetic ordering of the unpaired magnetic moments of Ir§'5+09 dimer or the
magnetic moments of Ln ions have been observed.
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