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Abstract

Magnetic properties of the 6H-perovskite-type oxides Ba3LnIr2O9 (Ln=La and Nd: monoclinic; Ln=Sm–Yb: hexagonal

symmetry) were investigated. For all the title compounds, a specific heat anomaly was found at 5.3–17.4K. At the corresponding

temperatures, the magnetic susceptibilities show a slight variation in its gradient. These magnetic anomalies suggest the magnetic

ordering of the magnetic moments (S=1/2) remaining in the Ir4.5+2 O9 face-shared bioctahedra. In addition, the Ln3+ ions show the

onset of the antiferromagnetic ordering around these temperatures. The Ba3NdIr2O9 only shows a ferromagnetic behavior below

17.4K with a remnant magnetization of 1.25 mB. This behavior may be due to the ferromagnetic ordering of the Nd3+ moments.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, the solid-state chemistry of perovs-
kite-related oxides containing platinum group metals
has attracted a great deal of interest. These materials
adopt a diverse range of structures and show a wide
range of magnetic and electrical properties. Among such
perovskite-related oxides, we focus our attention on the
6H-perovskites Ba3LnRu2O9 (Ln=Y, lanthanides).
Their crystal structures are represented as the linkage
of the LnO6 octahedra and Ru2O9 dimers (Fig. 1). The
oxidation states of the B-site ions are Ba3Ln3þRu4:5þ2 O9

(for Ln=Y, La, Nd, Sm–Gd, Dy–Lu) [1–6] or
Ba3Ln4þRu4þ2 O9 (for Ln=Ce, Pr, and Tb) [3,7]. The
Ru compounds Ba3LnRu2O9 show a characteristic
temperature-dependence of the magnetic susceptibilities:
a broad maximum at 135–400K [5,7] and a magnetic
transition at 4–24K [4–7]. These magnetic properties
mainly reflect two kinds of the magnetic interactions: the
interaction between Ru ions in the Ru2O9 dimer with a
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short Ru–Ru distance (2.5–2.6 Å) and that between Ln

and Ru ions via the linear Ln–O–Ru pathway.
The Ir compounds Ba3LnIr2O9 also adopt the 6H-

perovskite-type structures with monoclinic (Ln=La and
Nd) or hexagonal (Ln=Y and other lanthanides)
symmetry [8,9] and have the same charge configuration
of the B site ions as the Ru series. Recently, we have
reported the magnetic susceptibility and specific heat for
the Ir compounds Ba3LnIr2O9 (Ln=Y, Ce, Pr, Tb, Lu)
[9]. In these compounds, the magnetic moments of Ir
ions form the antiferromagnetic spin-pairing in the
Ir2O9 dimer even at room temperature. Such a
phenomenon has been also found in the Ru2O9 dimer
in the Ba3LnRu2O9 [4–7] and Ba3MRu2O9 (M=Mg,
Ca, Cd, Sr) [10,11]. The Ce compound Ba3Ce

4+Ir4+2 O9

which has a nonmagnetic Ce4+ ion and magnetically
canceled Ir4+ ions shows no anomaly down to 1.8K. On
the other hand, the data for the Ba3Pr

4+Ir4+2 O9 and
Ba3Tb

4+Ir4+2 O9 suggest that the magnetic ordering of
the Ln4+ ions has occurred at low temperatures
(B2.0K). Both Ba3Ln3+Ir4.5+2 O9 (Ln=Y and Lu)
compounds show an antiferromagnetic transition at
4–5K, which is due to the ordering of the uncanceled
magnetic moments remaining in the Ir4.5+2 O9 dimers.
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Fig. 1. The crystal structure of the hexagonal Ba3LnM2O9

(M=Ru, Ir).
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In this study, we report the magnetic properties of
Ba3Ln3+Ir4.5+2 O9 (for Ln=La, Nd, Sm–Gd, Dy–Yb).
Except for Ln=La, these compounds have both
magnetic Ln3+ ions and Ir4.5+2 O9 dimers. Therefore,
there exist two kinds of the magnetic interaction (Ir–Ir
and Ln–Ir), hence they may bring about interesting
magnetic properties. In order to elucidate their detailed
magnetic properties, magnetic susceptibility and specific
heat measurements were carried out.
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Fig. 2. Temperature dependence of the reciprocal magnetic suscept-

ibilities for Ba3LnIr2O9 (Ln=Gd, Tb–Yb).
2. Experimental

Polycrystalline samples of Ba3LnIr2O9 (Ln=La, Nd,
Sm–Yb) prepared in the previous study [9] were used.
They were synthesized by firing stoichiometric mixtures
of barium carbonate, lanthanide oxides, and iridium
metal powders in air at 1100–1300�C. The magnetic
measurements were carried out using SQUID magnet-
ometer (Quantum Design, MPMS-5S). The temperature
dependence of the magnetic susceptibilities was mea-
sured under both zero-field-cooled (ZFC) and field-
cooled (FC) conditions in an applied field of 0.1 T
over the temperature-range 1.8–400K. For Ba3NdIr2O9,
the field dependence of the magnetization was measured
between 0 and 5T. Specific heat measurements
were performed using a relaxation technique with a
commercial physical property measurement system
(Quantum Design, PPMS model) in the temperature
range 1.8–300K. The sintered sample in the form
of a pellet (B10mg) was mounted on a thin
alumina plate with apiezon grease for better thermal
contact.
3. Results and discussion

3.1. Magnetic susceptibilities of Ba3LnIr2O9 (Ln=Sm–

Gd, Dy–Yb)

Fig. 2 shows the variation of the reciprocal magnetic
susceptibilities for Ba3LnIr2O9 (Ln=Gd, Dy–Yb) as a
function of temperature. The susceptibility data in the
high-temperature region (T4100K) are fitted using the
Curie–Weiss law. The effective magnetic moments and
Weiss constants are listed in Table 1. The effective
magnetic moments for Ln=Gd, Dy–Yb compounds are
close to those for the free Ln3+ ions rather than
those calculated from all magnetic ions mcal ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
Ln3þ

þ m2
Ir4þ

þ m2
Ir5þ

q
: This result indicates that the Ir

ions hardly contribute to the effective magnetic moment
in these compounds. Such small Ir moments have been
found in the Ba3LnIr2O9 (Ln=nonmagnetic Y3+ and
Lu3+); they are about 0.15 and 1.1 mB (per Ir ion) at 1.8
and 300K, respectively [9]. We consider that these small
magnetic moments are due to the strong antiferromag-
netic interaction between Ir ions in the Ir2O9 dimer or
the spin–orbit coupling of the Ir5+ ions. In the former
case, the magnetic moments of two Ir ions (Ir4+ and
Ir5+) in the dimer are partially cancelled, i.e., an
uncanceled magnetic moment (S=1/2) remains. In the
latter case, the Ir5+ ions are in a singlet ground state
[13]. On the other hand, there exist the magnetic
moments of Ir4+ ions with S=1/2 (the low-spin state).
At least, a small magnetic moment still remains in the
Ir4.5+2 O9 dimer even at low temperatures.
Fig. 3 illustrates the magnetic susceptibilities for Sm

and Eu compounds. Their magnetic susceptibilities do
not obey the Curie–Weiss law. This result is due to
the influence from the low-lying excited state of Sm3+
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Table 1

The effective magnetic moments (meff), magnetic moments for free Ln3+ mLn3þð Þ and calculated magnetic moments from all magnetic ions (mcal), Weiss

constants (y), magnetic transition temperature (Tm), and estimated magnetic entropy changes (DSM) for Ba3LnIr2O9

Ln meff/mB mLn3þ=mB mcal/mB y/K Tm//K DSM/Jmol
–1K–1

Ya 1.61(1)b — 3.32 — 4.0 3.7

La 1.82(1)b — 3.32 — 14.6 0.3

Cea 0.31(1) — 2.45c �0.55(2) — —

Pra 0.75(1) 2.54c 3.53c �5.3(7) o1.8 40.5

Nd 3.40(1) 3.62 4.91 �0.9(7) 17.4 8.9

Sm 2.27(1)b 1.55d 3.66 — 14.4 7.3

Eu 3.66(1)b 3.40d 4.75 — 8.2 3.0

Gd 7.89(1) 7.94 8.60 �6.8(5) 10.2, 6.4 18.4

Tba 8.10(1) 7.94b 8.31b �0.7(2) 2.0 12.6

Dy 10.28(1) 10.63 11.14 �5.2(2) 8.9 8.2

Ho 10.27(1) 10.58 11.09 �3.4(2) 5.6 14.0

Er 9.72(5) 9.59 10.15 �10(1) 6.0 8.1

Tm 7.59(1) 7.55 8.25 �25(1) 5.5 3.0

Yb 4.93(3) 4.54 5.62 �123(2) 5.3 7.1

Lua 1.58(1)b — 3.32 — 5.1 3.6

aRef. [9].
bData at 300K.
cMagnetic moments calculated from the Ln4+ and/or Ir4+ ion.
dValues calculated by the Van Vleck formula when the screening constant s is 33 [12].
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Fig. 3. Temperature dependence of the magnetic susceptibilities for

Ba3LnIr2O9 (Ln=Sm and Eu).

Y. Doi, Y. Hinatsu / Journal of Solid State Chemistry 177 (2004) 3239–3244 3241
(6HJ, J=7/2, 9/2,y) and Eu3+ (7FJ, J=1, 2,y) ions.
The effective magnetic moments at room temperature
are 2.27(1) and 3.66(1) mB, respectively. These values are
comparable to the effective magnetic moments calcu-
lated by the Van Vleck formula [12].

3.2. Calculation of the magnetic entropy for Ba3LnIr2O9

(Ln=Sm–Gd, Dy–Yb)

The temperature dependences of the magnetic sus-
ceptibility and specific heat for Ba3LnIr2O9 (Ln=Sm–
Gd, Dy–Yb) in the low temperature region are plotted
in Fig. 4. The specific heat anomaly is found for all the
compounds below 15K. The magnetic susceptibility also
shows a slight variation in its gradient at the corre-
sponding temperatures. In order to clarify the origin of
this anomaly, the magnetic contribution to the specific
heat was calculated. The other contributions (the lattice,
electronic, and nuclear specific heat) to the observed
specific heat were estimated by using a polynomial
function of the temperature, f ðTÞ ¼ aT3 þ bT5 þ cT7

[14], in which the constants were determined by fitting
this function to the observed specific heat data between
20 and 40K. Each calculated curve is shown as a dotted
curve in Fig. 4. The specific heat data below 1.8K were
extrapolated by CppT3 curve [15] except for the Ho
and Er compounds in which this extrapolation was
unsuccessful. The magnetic specific heat (Cm) for
Ba3LnIr2O9 is obtained by CmðTÞ ¼ CpðTÞ � f ðTÞ:
The temperature dependence of the magnetic entropy
calculated by Sm ¼

R
Cm=T dT is shown in Fig. 5.

3.3. Magnetic properties of Ba3LnIr2O9 (Ln=Sm–Gd,

Dy–Yb)

Ba3GdIr2O9 (Fig. 4(a)) shows three specific heat
anomalies at 3.0, 6.4 and 10.2K. Among them, the
anomaly at 6.4K greatly contributes to the magnetic
entropy change (DSm), and at this temperature, the
magnetic susceptibility also shows a magnetic transition
with the divergence of the ZFC and FC susceptibilities.
The magnetic entropy change associated with these
anomalies is 18.4 J/molK (Fig. 5). This value is close to
R lnW=R ln 8=17.3 J/molK (R: a molar gas constant,
W: number of states for Ln3+ ion) which is expected
from the 8S7/2 ground state of the Gd3+ ion; thus this
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Fig. 4. (a–h) Temperature dependence of the magnetic susceptibility, specific heat for Ba3LnIr2O9 (Ln=Sm–Gd, Dy–Yb).

0 5 10 15 20 25
0

5

10

15

20

Ho

Er

Dy

Gd

S m
 / 

J·
m

ol
 -1

·K
 -1

T / K

0 5 10 15 20 25
0

2

4

6

8

Sm

Tm

Eu

Yb

S m
 / 

J·
m

ol
 -1

·K
 -1

T / K

Fig. 5. Temperature dependence of the magnetic entropy for

Ba3LnIr2O9 (Ln=Sm–Gd, Dy–Yb).

Y. Doi, Y. Hinatsu / Journal of Solid State Chemistry 177 (2004) 3239–32443242
result indicates that the magnetic anomaly at 6.4K is
due to the antiferromagnetic ordering of Gd3+ ions. A
broad anomaly in the heat capacity is observed at
10.2K; however, the magnetic susceptibility shows no
variation at the temperature. We consider that this
anomaly is due to a magnetic ordering of the remaining
magnetic moments (S=1/2) in the Ir4.5+2 O9 dimers,
because similar magnetic ordering has been found for
the isostructural Ba3Y

3+Ir4.5+2 O9 and Ba3Lu
3+Ir4.5+2 O9

[9]. On the other hand, the cause of a specific heat
anomaly at 3.0K is unclear. Through this temperature,
the temperature-dependence of its magnetic susceptibil-
ity changes. This behavior may indicate the occurrence
of a spin reorientation of the Gd3+ moments.
The specific heats for the Ba3DyIr2O9, Ba3HoIr2O9

and Ba3ErIr2O9 (Fig. 4(b)–(d)) show anomalies at 8.9,
5.6 and 6.0K, respectively. Around each temperature,
the variation of the magnetic susceptibility with
temperature is very slight. These anomalies may be
due to a magnetic ordering of the Ir4.5+2 O9 dimers. The
magnetic entropy changes calculated from the data
below 25K are 8.2 (for Ln=Dy), 14.0 (Ho), and 8.1 J/
molK (Er), respectively (Fig. 5). These values are much
larger than those derived from the magnetic ordering of
the remaining magnetic moment in the Ir4.5+2 O9 dimer
of Ba3Y

3+Ir4.5+2 O9 (3.6 J/molK) and Ba3Lu
3+Ir4.5+2 O9

(3.7 J/molK) [9]. Thus, the Ln3+ ions should greatly
contribute to the magnetic entropy changes. However,
the magnetic specific heats are broad in shape and
extending for a wide range of temperature. This result is
in contrast with the antiferromagnetic transition found
in the Ba3LnRu2O9 (Ln=Ho and Er) [6]. They show a
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sharp l-type anomaly in the specific heat and a distinct
maximum in the magnetic susceptibility at 10.2K (for
Ln=Ho) and 6.0K (Er), which are due to the
antiferromagnetic ordering of the Ln3+ ions. We
consider that in the case of Ir compounds Ba3LnIr2O9

(Ln=Dy, Ho, and Er), the magnetic ordering of Ln3+

ions may be a short range ordering and gradually
growing toward a long range ordering with decreasing
temperature.
The temperature dependences of the specific heat and

magnetic susceptibility for Ba3LnIr2O9 (Ln=Sm, Eu,
Tm, and Yb) are plotted in Fig. 4(e)–(h). They also show
a specific heat anomaly at 14.4, 8.2, 5.5, and 5.3K,
respectively, and their magnetic susceptibility-tempera-
ture curves only indicate a slight variation of their
gradient at the corresponding temperatures. It is
thought that the magnetic ordering of the remaining
magnetic moment in the Ir4.5+2 O9 dimer also occurs in
these compounds. The magnetic entropy vs. temperature
curves are illustrated in Fig. 5. The magnetic entropy
changes are 7.3 (for Ln=Sm), 3.0 (Eu), 3.0 (Tm), and
7.1 J/molK (Yb). The values for the Eu and Tm
compounds are near to those for the Y and Lu ones
(3.6–3.7 J/molK) [9]. This result is due to the non-
magnetic ground states for Ln3+ ions: a 7F0 state for
Eu3+ and a singlet ground state (G1 or G2) in the
octahedral crystal field for Tm3+ [16]. On the other
hand, the magnetic entropy change for the Sm and Yb
compounds are much larger than those for the Y and Lu
compounds and it should have a contribution from the
magnetic moments of Ln3+ ions. The excess entropy, Sm

(Sm or Yb)–Sm(Y, Lu)=3–4 J/molK, indicates the
existence of the doublet ground state (R ln 2=5.76 J/
molK) of Ln3+ ions, i.e., the G7 doublet state of

6H5/2

for Sm3+ ion and the G6 doublet state of
2F7/2 for Yb

3+

ion [16].

3.4. Magnetic properties of Ba3LnIr2O9 (Ln=La and

Nd)

The temperature dependence of the magnetic suscept-
ibility for monoclinic Ba3LaIr2O9 is shown in Fig. 6(a).
The temperature dependence of its specific heat and
magnetic entropy are plotted in Figs. 7(b) and (c),
respectively. The magnetic susceptibility does not obey
the Curie–Weiss law. The small effective magnetic

moment is obtained from meff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBwMT=NA

p
(kB:

Boltzmann constant, NA: Avogadro constant): 0.15 mB
at 1.8K and 1.29 mB at 300K (per Ir ion). An
antiferromagnetic maximum is observed at 14.6K, and
at the same temperature, the specific heat anomaly is
also found. Its magnetic entropy change is extremely
small (DSmB0.3 J/molK) compared with those for the
Y and Lu compounds. Such a small magnetic entropy
change has been also found in the Ru analogue
Ba3LaRu2O9 (Tm=22K, DSmB0.3 J/molK) [5]. The
origin of this anomaly is unclear at present.
Fig. 6(b) shows the magnetic susceptibility of mono-

clinic Ba3NdIr2O9. A rapid increase below 17.4K and
the large divergence between the ZFC and FC suscept-
ibilities are observed. These features indicate that a
ferromagnetic or ferrimagnetic transition has occurred.
The field dependence of the magnetization at 1.8, 10, 20,
and 30K is shown in Fig. 8. A hysteresis loop was
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observed below the transition temperature, which means
that there exists a ferromagnetic moment. The remnant
magnetization is 1.25 mB from the 1.8K data. The
specific heat anomaly is also found at the same
temperature with the magnetic entropy change of 8.9 J/
molK (Fig. 7(b) and (c)). For the Ru-series of
compounds Ba3LnRu2O9, only the Nd compound shows
a ferromagnetic behavior (Tc=24.0K and remnant
magnetization is 1.05 mB) [4]. By its neutron diffraction
measurements below Tc, the ferromagnetic moment
found in the Ba3NdRu2O9 has been found to be due to
the ferromagnetic ordering of Nd3+ ions. We consider
that the ferromagnetic moment observed in the Ba3
NdIr2O9 should also be due to the same Nd

3+ ordering.
4. Summary

The magnetic susceptibility and specific heat measure-
ments for 6H-perovskite-type oxides Ba3Ln3+Ir4.5+2 O9

(Ln=La, Nd, Sm–Yb) were carried out. These com-
pounds have both magnetic Ln3+ ions and Ir4.5+2 O9

dimers; in the latter. A specific heat anomaly found at
5.3–17.4K indicates the magnetic ordering of the
uncanceled magnetic moments (S=1/2) in the Ir4.5+2 O9

dimer. The magnetic ordering of the Ln3+ ions also
occurs around this temperature; however, for almost all
compounds, a slight variation of the magnetic suscept-
ibility and the magnetic specific heat extending for
a wide range of temperature indicate that the magnetic
ordering is not completed down to very low
temperatures (1.8K). These features are in contrast
with those of the Ln3+ ordering for the Ru analogues
Ba3Ln3+Ru4.5+2 O9: a distinct maximum in the magnetic
susceptibility and a sharp l-type anomaly in the specific
heat. The Ba3NdIr2O9 only shows a ferromagnetic
behavior below 17.4K with a remnant magnetization
of 1.25 mB. This behavior may be due to the ferromag-
netic ordering of the Nd3+ ions.
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Dürrschmidt, I. Thumm, H. Bader, Z. Anorg. Allg. Chem. 481

(1981) 143–152.

[2] M. Rath, Hk. Müller-Buschbaum, J. Alloys Compds. 210 (1994)

119–123.

[3] Hk. Müller-Buschbaum, B. Mertens, Z. Naturforsch. 51b (1996)

79–84.

[4] Y. Doi, Y. Hinatsu, Y. Shimojo, Y. Ishii, J. Solid State Chem. 161

(2001) 113–120.

[5] Y. Doi, K. Mastuhira, Y. Hinatsu, J. Solid State Chem. 165

(2002) 317–323.

[6] Y. Doi, Y. Hinatsu, J. Mater. Chem. 12 (2002) 1792–1795.

[7] Y. Doi, M. Wakeshima, Y. Hinatsu, A. Tobo, K. Ohoyama,

Y. Yamaguchi, J. Mater. Chem. 11 (2001) 3135–3140.

[8] I. Thumm, U. Treiber, S. Kemmler-sack, J. Solid State Chem. 35

(1980) 156–166.

[9] Y. Doi, Y. Hinatsu, J. Phys.: Condens. Matter 16 (2004)

2849–2860.

[10] J. Darriet, M. Drillon, G. Villeneuve, P. Hagenmuller, J. Solid

State Chem. 19 (1976) 213–220.

[11] J. Darriet, J.L. Soubeyroux, A.P. Murani, J. Phys. Chem. Solids

44 (1983) 269–272.

[12] J.H. Van Vleck, The Theory of Electric and Magnetic Suscept-

ibilities, Clarendon, Oxford, 1932.

[13] M. Wakeshima, D. Harada, Y. Hinatsu, J. Alloys Compds. 287

(1999) 130–136.

[14] J.E. Gordon, R.A. Fisher, Y.X. Jia, N.E. Phillips, S.F. Reklis,

D.A. Wright, A. Zettl, Phys. Rev. B 59 (1999) 127–130.

[15] S.J. Joshua, A.P. Cracknell, Phys. Lett. A. 28 (1969) 562–563.

[16] K.R. Lea, M.J.M. Leask, W.P. Wolf, J. Phys. Chem. Solids 23

(1962) 1381–1405.


	Studies on magnetic susceptibility and specific heat for 6H-perovskite-type oxides Ba3LnIr2O9 (Ln=La, Nd, Sm-Yb)
	Introduction
	Experimental
	Results and discussion
	Magnetic susceptibilities of Ba3LnIr2O9 (Ln=Sm-Gd, Dy-Yb)
	Calculation of the magnetic entropy for Ba3LnIr2O9 (Ln=Sm-Gd, Dy-Yb)
	Magnetic properties of Ba3LnIr2O9 (Ln=Sm-Gd, Dy-Yb)
	Magnetic properties of Ba3LnIr2O9 (Ln=La and Nd)

	Summary
	Acknowledgements
	References


