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Magnetic properties of ordered perovskites Ba2LnIrO6 (Ln 5
Sm, Eu, Gd, and Yb) are reported. Their magnetic susceptibili-
ties were measured from 2 to 350 K. The 151Eu MoK ssbauer
spectrum of Ba2EuIrO6 and the electronic paramagnetic reson-
ance (EPR) spectrum of Ba2GdIrO6 were measured at room
temperature. Ba2EuIrO6 and Ba2SmIrO6 show Van Vleck para-
magnetism. A spin+orbit coupling constant of the Eu31 ion is
determined to be 364 cm21. The MoK ssbauer spectrum of
Ba2EuIrO6 shows that the Eu ion is in the trivalent state, and the
symmetry of the Eu site is slightly distorted from an octahedral
symmetry because of the existence of a quadrupole interaction.
The magnetic susceptibilities of Ba2GdIrO6 and Ba2YbIrO6 fol-
low the Curie law and the crystal 5eld splitting of the Yb31 ion is
calculated. The g value of the Gd31 ion in Ba2GdIrO6 is deter-
mined to be 1.99 and Gd31 is very slightly a4ected by the crystal
5eld from the EPR measurement. ( 1999 Academic Press

INTRODUCTION

Ordered perovskite-type oxides A
2
¸nMO

6
(A"Sr, Ba;

¸n"lanthanide; M"4d or 5d transition metal) in which
the ¸n and M sites regularly show an interesting magnetic
behavior at low temperatures. Battle et al. reported that
Sr

2
YRuO

6
, Sr

2
LuRuO

6
, and Sr

2
ErRuO

6
exhibited antifer-

romagnetic transitions, and their magnetic structures were
determined by neutron di!ractometry (1}3). Recently, Doi
and Hinatsu measured magnetic susceptibilities of a series
of Sr

2
¸nRuO

6
phases and found that these phases show a

very unique and complex magnetic behavior below 40 K (4).
Through magnetic studies on a series of Sr

2
¸nIrO

6
phases,

Harada et al. showed that Sr
2
CeIrO

6
and Sr

2
TbIrO

6
are

antiferromagnetic below 21 and 51 K, respectively (5). In
these compounds, most of the magnetic transitions are due
to the interaction between d electrons and f electrons.
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We focus our attention on the ordered perovskites
Ba

2
¸nIrO

6
(¸n"lanthanide). Ramos et al. reported that

Ba
2
¸nIrO

6
(¸n"La, Pr, and Ho) phases are paramagnetic

(6). We recently reported that the magnetic behavior of the
Ir ions in Ba

2
RIrO

6
(R"nonmagnetic rare earth ion) could

be explained by Kotani's theory (7) and that their oxidation
states were pentavalent with the low spin con"gurations (8).
In this paper, we will report the magnetic properties of
Ba

2
¸nIrO

6
(¸n"Sm, Eu, Gd, and Yb) through their

magnetic susceptibilities, electron paramagnetic resonance
(EPR) spectra, and 151Eu MoK ssbauer spectrum measure-
ments.

EXPERIMENTAL

As starting materials, barium carbonate, lanthanide ses-
quioxide (¸n

2
O

3
; ¸n"Sm, Eu, Gd, and Yb), and iridium

metal powder were used. Their purity is higher than 99.9%.
They were weighted in ratios, intimately mixed, pelletized,
and calcined in air at 1173 K for 6 h. The products were
heated in air at 1473 K for several days with regrinding and
repelletizing.

The magnetic susceptibility was measured in the tempera-
ture range between 2 and 350 K in a magnetic "eld of 0.1 T
with a SQUID magnetometer (Quantum Design, Model
MPMS).

The EPR spectrum was obtained at room temperature
with a JEOL 2XG spectrometer at X band frequency (l&
9.1 GHz). The magnetic "eld was monitored with a proton
NMR gaussmeter.

The 151Eu MoK ssbauer spectrum was measured with
a conventional transmissional MoK ssbauer spectrometer VT-
6000 (Laboratory Equipment Co., Japan) at room temper-
ature. The spectrometer was calibrated using a-iron at room
8



FIG. 1. X-ray di!raction pro"les for Ba
2
GdIrO

6
. The calculated and observed di!raction pro"le is shown on the top solid line and the cross markers,

respectively. The vertical marks in the middle show positions calculated for Bragg re#ections. The bottom trace is a plot of the di!erence between
calculated and observed intensities.
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temperature and the isomer shift was determined relative to
the shift of europium tri#uoride (EuF

3
).

RESULTS AND DISCUSSION

All the reaction products Ba
2
¸nIrO

6
were black in color

and were formed as a single phase with a perovskite-type
structure. Their X-ray di!raction patterns were indexed on
a monoclinic unit cell (space group P2

1
/n), and their struc-

tural analyses using the Rietveld method show that the
¸n3` and Ir5` ions are arranged alternatively and that they
have a rock salt sublattice. For example, the result of X-ray
di!raction pattern "tting for Ba

2
GdIrO

6
is shown in Fig. 1.

The di!raction pro"le shows the existence of the superla-
ttice re#ection at 2h+193 caused by the ordered arrange-
ment between the Gd and Ir ions.

The results of the magnetic susceptibility measurements
for Ba

2
¸nIrO

6
(¸n"Sm, Eu, Gd, and Yb) show that all

compounds are paramagnetic in the temperature range be-
tween 2 and 350 K. Both ¸n3` and Ir5` ions contribute to
the paramagnetic behavior of these compounds. To deter-
mine the magnetic behavior of ¸n3` ion in solids, we sub-
tracted the magnetic susceptibilities of Ba

2
LuIrO

6
(the

Lu3` is diamagnetic) from those of Ba
2
¸nIrO

6
.

Ba2SmIrO2

Figure 2 shows the temperature dependence of the mag-
netic susceptibilities of Sm3` ion in Ba

2
SmIrO

6
. The
ground state of the Sm3` ion is 6H
5@2

. At low temperatures,
only the magnetic 6H

5@2
ground multiplet is populated.

However, since the energy di!erences between the ground
state and the excited states 6H

J
(J"7/2, 9/2,2, 13/2)

are not so large compared to thermal energy k
B
¹, we

must take the population to the excited states into
consideration in the calculation of the magnetic susceptibili-
ties at high temperatures. According to the Van Vleck the-
ory, the molar magnetic susceptibility of the Sm3` ion is
given by (9)

s(Sm3`)"
N

A
k2
B
/3k

B
dT

2.14d#3.67#(42.9d#0.82)e~7d#(142d!0.33)e~16d#2

3#4e~7d#5e~16d#2

,

[1]

where N
A

and k
B

are the Avogadro number and the Bohr
magneton, respectively. The parameter d"j/k

B
¹ is 1/55 of

the ratio of the overall multiplet width (the spin}orbit coup-
ling constant, j) and the thermal energy (k

B
¹ ). The best "t of

Eq. [1] to the experimental data is shown in Fig. 2 with
a solid line, which gives j"422 cm~1. The energy di!er-
ence between the ground state 6H

5@2
and the "rst

excited state 6H
7@2

is determined to be 1477 cm~1,
which is near to the Van Vleck's theoretical value
(1540 cm~1) (9).



FIG. 2. Temperature dependence of the magnetic susceptibility of
Sm3` ion in Ba

2
SmIrO

6
.

FIG. 3. Temperature dependence of the magnetic susceptibility of
Eu3` ion in Ba

2
EuIrO

6
.
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Ba2EuIrO6

Figure 3 shows magnetic susceptibilities of Eu3` ion in
Ba

2
EuIrO

6
as a function of temperature. The susceptibili-

ties increase with decreasing temperature for temperatures
5100 K and become constant below 100 K. The shape of
this curve is characteristic of a Van Vleck paramagnet. The
ground state 7F

0
of Eu3` is nonmagnetic, and the excited

states 7F
J

(J"1, 2, 2, 6) are close enough to give energy
di!erences comparable to k

B
¹ at room temperature. The

excitation to upper state a!ects su$ciently the magnetic
susceptibility at room temperature. Thus, the molar mag-
netic susceptibility for Eu3` can be written by (9)

s(Eu3`)"
N

A
k2
B
/3k

B
c¹

24#(13.5c!1.5)e~c#(67.5c!2.5)e~3c#(189c!3.5)e~6c#2

1#3e~c#5e~3c#7e~6c#2

,

[2]

where c"j/k
B
¹ is 1/21 of the ratio the overall multiplet

width to k
B
¹. The magnetic susceptibilities calculated by

using Eq. [2] are "tted to the measured susceptibilities in
the range of 10 to 350 K, as shown in Fig. 3 with a solid line.
The spin}orbit coupling constant j of Eu3`, which is the
energy-level di!erence between the ground state 7F

0
and the

"rst excited state 7F
1
, is determined to be 364 cm~1 for
Ba
2
EuIrO

6
and is in good agreement with the previously

reported values in other compounds containing Eu3`, for
example, 352 cm~1 (Cs

2
NaEuCl

6
) obtained from the

luminescence spectra (10) and 365 cm~1 (Eu
2
BaZnO

5
) from

the magnetic susceptibility (11).
The 151Eu MoK ssbauer spectrum of Ba

2
EuIrO

6
measured

at room temperature is shown in Fig. 4. For comparison, the
spectrum of Sr

2
EuIrO

6
is shown in the same "gure. The Eu

site has the point symmetry 11 , which is distorted from an
octahedral symmetry m31 m. Then, the electric "eld gradient
exists and the quadrupole Hamiltonian is given by

H
Q
"

e2qQ

4I(2I!1)
[3I2

z
!I (I#1)#g(I2

x
!I2

y
)], [3]

where Q is the quadrupole moment, eq"<
zz

, I is the nu-
clear spin, and g"(<

xx
!<

yy
)/<

zz
(<

ii
is the electric "eld

gradient tensor). Actually, the spectrum exhibited a slightly
asymmetric line. It is impossible to "t such a spectrum with
a single Lorentzian line because of the distortion due to the
quadrupole interaction. The asymmetry parameter g is not
equal to zero at the Eu site, because the point symmetry is
not axially symmetric. Figure 4 shows 12 possible transi-
tions due to a quadrupole interaction. The observed spectra
were "tted with the 12 Lorentzian lines. The positions of the
lines depend on the isomer shift d, the quadrupole coupling
constant eQ

g
<
zz
, and the ratio R

Q
"Q

%
/Q

'
of the excited

and ground state quadrupole moments.



FIG. 4. 151Eu MoK ssbauer spectra of Sr
2
EuIrO

6
(a) and Ba

2
EuIrO

6
(b)

measured at room temperature.
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Table 1 lists the 151Eu MoK ssbauer parameters determined
for Sr

2
EuIrO

6
and Ba

2
EuIrO

6
. The isomer shifts d for

Sr
2
EuIrO

6
and Ba

2
EuIrO

6
are 1.39 and 1.18 mm/s, respec-

tively, which con"rms that the Eu ions are in the trivalent
state in both compounds. The average Eu}O bond lengths
in the Sr

2
EuIrO

6
and Ba

2
EuIrO

6
are 2.215 and 2.246 A_ ,

respectively. These results coincide with the reported cor-
relation between the isomer shifts of Eu3` ion and the
Eu}O bond lengths in the Eu3` compounds (12, 13); i.e., the
isomer shifts of Eu3` ion decrease with increasing Eu}O
bond lengths. The asymmetry parameters g of Sr

2
EuIrO

6

TABLE 1
151Eu MoK ssbauer Parameters of Sr2EuIrO6 and Ba2EuIrO6

at Room Temperaturea

Sr
2
EuIrO

6
Ba

2
EuIrO

6

d (mm s~1) 1.40 1.18
e<

zz
Q

'
(mm s~1) 3.39 4.92

g 0.75 0.37

a d, e<
zz
Q

'
, and g are isomer shift, quadrupole coupling constant, and

asymmetry parameter, respectively.
and Ba
2
EuIrO

6
are determined to be 0.75 and 0.37, respec-

tively. Compared with the value of g for Sr
2
EuIrO

6
, a lower

value of g is obtained for Ba
2
EuIrO

6
, which is in good

agreement with the results from the crystal structure
measurements.

Ba2GdIrO6

The temperature dependence of the reciprocal magnetic
susceptibilities of Gd3` ion in Ba

2
GdIrO

6
is shown in

Fig. 5. The reciprocal susceptibilities s~1 increase linearly
with temperature and obeys the Curie law. The e!ective
magnetic moment of the Gd3` ion is determined to be 7.63
k
B
. This value is near the theoretical magnetic moment

(k
%&&
"7.94 k

B
) of the free Gd3` ion.

Figure 6 shows the X-band EPR spectrum for Ba
2
GdIr

O
6

measured at room temperature. For comparison, the
spectrum for Sr

2
GdIrO

6
is shown in the same "gure. For

Ba
2
GdIrO

6
, a single broad spectrum, centered at 325.9 mT

(therefore g"1.99) with linewidth 78.8 mT, was measured,
which is ascribable to the Gd3` ion. The EPR spectrum for
the Ir5` (d4) is seldom observed because of the singlet
ground state in an octahedral ligand "eld. In fact, no EPR
spectrum for Ba

2
LuIrO

6
is measured. The EPR spectrum

for Sr
2
GdIrO

6
shows a very broad line associated with the

Gd3` ion. This spectrum means that the ligand environ-
ment of the Gd3` ion in Sr

2
GdIrO

6
is considerably dis-

torted from octahedral symmetry. If the ground state of the
FIG. 5. Temperature dependence of the reciprocal magnetic suscepti-
bility of Gd3` ion in Ba

2
GdIrO

6
.



FIG. 6. EPR spectra of Sr
2
GdIrO

6
(a) and Ba

2
GdIrO

6
(b) at room

temperature.

FIG. 7. Temperature dependence of the reciprocal magnetic suscepti-
bility of Yb3` ion in Ba

2
YbIrO

6
.

622 WAKESHIMA ET AL.
rare earth ions with a half-"lled f shell such as Eu2`, Gd3`,
or Tb4` is a pure 8S

7@2
state, the g-value is 2.00 for the EPR

measurement because of no interactions except for a Zee-
man interaction. For example, Hinatsu reported that the
g value of the Tb4` ions was very close to the theoretical
value (g"2.00) in tetravalent terbium perovskites, SrTbO

3
and BaTbO

3
(14). The g value (g"1.99) of Ba

2
GdIrO

6
obtained from this EPR measurement is in good agreement
with the theoretical value.

Ba2YbIrO6

The temperature dependence of the reciprocal magnetic
susceptibility of Yb3` ion in Ba

2
YbIrO

6
is shown in Fig. 7.

The ground state 2F
7@2

of Yb3` is split into two doublets
(!

6
and !

7
) and one quartet (!

8
) in the octahedral sym-

metry. One expects that the ground state is !
6

and that the
"rst and second excited states are !

7
and !

8
, respect-

ively, analogous with results for Cs
2
NaYbCl

6
(15). The
susceptibility of the Yb3` ion is then given by

s(Yb3`)"
N

A
g2
J
k2
B
J(J#1)

3k
B
¹ A98#260e~*

68@kBT#162e~*
67@kBT

#

432k
B
¹

*
68
!*

67

(e~*
67@kBT!e~*

68@kBT)

#

560k
B
¹

*
68

(1!e~*
68@kBT )BN378 (1#2e~*

68@kBT

#e~*
67@kBT ), [4]

where *
68

is the energy di!erence between the !
6

and
!
8

levels and *
67

is that between the !
6

and !
7

levels. By
"tting this equation to the experimental magnetic suscepti-
bility, the e!ective magnetic moment for Yb3` is obtained
to be 4.54 k

B
, which agrees with the theoretical value (k

%&&
"

4.54 k
B
). The calculated energy di!erences *

68
and *

67
are

430 and 1240 cm~1, respectively. These values are larger
than those of Cs

2
NaYbCl

6
(*

68
and *

67
are 271 and

580 cm~1, respectively) (16). Since the e!ect of the ligand
"eld of the O2~ ions is larger than that by the Cl~ ions, the
energy splitting for Ba

2
YbIrO

6
should be larger than that

for Cs
2
NaYbCl

6
. The energy splitting for Ba

2
YbIrO

6
is

slightly larger than that for Ba
2
YbNbO

6
(*

68
and *

67
are

368 and 1058 cm~1, respectively).
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