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Abstract

Magnetic properties of an ordered perovskite compound Ba,ErRuOg4 have been reported. We have performed powder neutron
diffraction measurements at 10 K and room temperature to investigate its crystal and magnetic structures. As a result of the
refinement of the data collected at room temperature, it has been found that the crystal structure of this compound is a cubic
perovskite (a = 8.323(1)1&) with the space group Fm3m and the 1:1 ordered arrangement of Er* ™ and Ru’" over the six-coordinate
B sites. From the magnetic susceptibility and specific heat measurements, this compound shows two magnetic anomalies at 10 and
40 K. The analysis of the temperature dependence of the magnetic specific heat indicates that the anomaly at 40 K is due to the
antiferromagnetic ordering of Ru®" ions and the anomaly at 10K is ascribable to the magnetic interactions between Er’®™ ions.
Neutron diffraction data collected at 10K show that the Ba,ErRuQOg has a long-range ferromagnetic ordering involving both
Er’" and Ru®". Each of their magnetic moments orders in a Type I arrangement and these magnetic moments are antiparallel in

the ab-plane with each other.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

In recent years, the solid-state chemistry of mixed-
metal 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
electronic properties [1-4]. We have focused our
attention on the structural chemistry and magnetic
properties of ordered perovskite-type oxides 4,LnMOq
(A=Sr, Ba; Ln=lanthanide elements; M = 4d or 5d
transition elements), in which the Lrn and M ions
regularly order [5-10]. These oxides show a variety of
magnetic behavior at low temperatures. We are parti-
cularly interested in such compounds containing penta-
valent ruthenium ions. The electronic structure of Ru®"
is [Kr]4d® ([Kr]: krypton electronic core). Such highly
oxidized cations from the second transition series
sometimes show quite unusual magnetic properties.
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E-mail address: hinatsu@sci.hokudai.ac.jp (Y. Hinatsu).

Most of the 4,LnRuOg compounds show antiferromag-
netic transitions at 15-30 K [10-13].

Now, we have paid attention to a compound
Ba,ErRuQOg4 in which both the erbium and ruthenium
ions are accommodated at the B sites of the perovskite
ABO; and they both contribute to the magnetic
properties of this compound. Previously, Battle et al.
investigated the crystal structure of Sr,ErRuQOg and
found that the structure is that of a distorted perovskite
with a 1:1 ordered arrangement of Er’** and Ru’* over
the six-coordinate sites [5,13]. Its magnetic susceptibility
measurements showed magnetic anomalies at 40 and
10 K. Neutron diffraction data collected at 4.2 K showed
the presence of long-range antiferromagnetic order
involving both Er’" and Ru®" [13]. This compound
orders as a Type I antiferromagnet. This magnetic
structure is envisaged in a pseudo-cubic unit cell of size
~2apx2apx2ay (ap: the primitive perovskite unit cell),
such that both the Er’" and Ru’" ions form two
interpenetrating face-centered sublattices. The directions
of magnetic moments are parallel to the a-axis.
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When the barium ion is situated at the A4 site of the
perovskite ABOs, the deviation from the cubic symme-
try of the BO¢ octahedral coordination is expected to be
much smaller than the case for 4 =Sr. In this paper, we
will report the crystal and magnetic structures and the
magnetic properties of Ba,ErRuOg through measure-
ments of its magnetic susceptibility, specific heat and
powder neutron diffraction. In addition, we have
determined the electronic state of the Er’ " ion in the
Ba,ErRuOg from the analysis of the temperature
dependence of its magnetic entropy data.

2. Experimental

A polycrystalline sample of Ba,ErRuOg was prepared
by firing the appropriate amounts of BaCOj3, Er,O; and
RuO,, first at 900°C for 12 h and then 1200°C for 60 h in
air with several interval regular grinding and pelleting. A
diamagnetic Ba,LuNbOg was also prepared. This
compound is isomorphous with Ba,ErRuO¢ and is
needed to estimate the lattice contribution of the specific
heat to the total specific heat of Ba,ErRuQg. As starting
materials, BaCO3;, Lu,O; and Nb,Os were used. In
addition, a couple of compounds Ba,YRuOg and
Ba,YNbOg were also prepared by firing the appropriate
amounts of BaCO3, Y03, RuO, and Nb,Os. These two
compounds are needed to estimate the magnetic entropy
due to the magnetic ordering of Ru®" ions, as will be
described later. The heating procedures were the same as
the case for Ba,ErRuOg. The progress of the reactions
was monitored by powder X-ray diffraction measure-
ments.

Powder X-ray diffraction measurements were carried
out in the region of 10°<260<120° using CuKo
radiation on a Rigaku MultiFlex diffractometer
equipped with a curved graphite monochromator.

Powder neutron diffraction profiles were measured at
10K and room temperature using a high-resolution
powder diffractometer at the JRR-3M reactor (Japan
Atomic Energy Research Institute), with a Ge (331)
monochromator (4= 1.8230A) [14]. The collimators
used were 6'-20—6', which were placed before and after
the monochromator, and between the sample and each
detector. The set of 64 detectors and collimators, which
were placed at intervals of 2.5° rotate around the
sample. Measurements were performed in the range of
10°<20<120°. Crystal and magnetic structures were
determined by the Rietveld technique, using program
RIETAN [15].

The temperature dependence of the magnetic suscept-
ibility was made in an applied field of 0.1 T over the
temperature range 1.8 K<7T <300K, using a SQUID
magnetometer (Quantum Design, MPMSS5S). The sus-
ceptibility measurements were performed either using
zero-field cooling (ZFC) and field cooling (FC)

conditions. The former was measured upon heating
the sample to 300 K under the applied magnetic field of
0.1T after zero-field cooling to 1.8 K. The latter was
measured upon cooling the sample from 300 to 1.8 K at
0.1T.

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

3. Results and discussion
3.1. Crystal structure

The X-ray diffraction data collected on Ba,ErRuOg
could be indexed in a cubic unit cell with ¢ = 8.323(1) A
and space group Fm3m. Its crystal structure is illustrated
in Fig. 1. The deviation from the cubic symmetry of the
BOg octahedral coordination is not observed in this
compound, which is contrastive to the structure of
Sr,ErRuQg [5,13]. Most of a series of Ba,LnRuOg
(Ln=La, Pr, Nd, Eu) are monoclinic with space group
P2;/n [11,12,16-17], but two compounds Ba,YRuOyg
and Ba,LuRuOg adopt the same cubic perovskite
structure with the case for Ba,ErRuQOgq [18]. This space
group Fm3m also allows two crystallographically
distinct octahedral sites in the double perovskite
structure, thus permitting 1:1 ordered arrangement
between Ru’* and Er’" ions.

Since the neutron diffraction measurements were
carried out at room temperature, we have performed
the Rietveld analysis for the neutron diffraction data
using a program RIETAN [15]. Fig.2(a) shows the

RuQ; octahedran

ErQg octahedran

Fig. 1. The crystal structure of Ba,ErRuQg. The solid lines indicate
the cubic unit cell.
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calculated and observed diffraction profiles at room
temperature.

Lattice parameters and atomic positions which are
refined by using the neutron diffraction data are
tabulated in Table 1. The Ru—O bond length (1.954 A)
is almost equal to those in various Ru’" compounds
[10-12,16-18] and is shorter than those in Ru*"
compounds, for example in BaRuO; [19]. This result
also supports that ruthenium ions in the Ba,ErRuOg are
in the pentavalent state.

(a)RT

=
E ¥ -
£
> | (b) 10K
B
c
8]
R S
2. g

=2 = ZSl o= ~

S < SNt mdi @ J

_:__A___)ﬂtJ Bl s

G i e xxi\x;:\x Do o o

v . } }
20 40 60 80 100 120

Fig. 2. Powder neutron diffraction profiles for Ba,ErRuO¢ at room
temperature (a) and 10 K (b). The calculated and observed profiles are
shown on the top solid line and cross markers, respectively. For (a), the
vertical marks in the middle show positions calculated for Bragg
reflections. For (b), the nuclear reflection positions are shown as upper
vertical marks and magnetic ones are shown as lower ones. The lower
trace is a plot of the difference between calculated and observed
intensities.

3.2. Magnetic properties

The temperature dependence of the magnetic suscept-
ibilities for Ba,ErRuQyg is shown in Fig. 3(a). It is found
that a magnetic anomaly has been found at 10K. In
addition, another small magnetic anomaly has been
observed at 40K. This anomaly is not clear in the
magnetic susceptibility vs temperature curve, the reason
for which will be described later. No divergence has been
observed between the ZFC and FC magnetic suscept-
ibilities in the whole temperature range for this cubic
Ba,ErRuOg¢. From the magnetic susceptibility measure-
ments, SrErRuQOyg also shows two magnetic anomaly at
10 and 40 K and very clear divergence between the ZFC
and FC magnetic susceptibilities has been observed
below the magnetic transition temperatures [5]. These
experimental results indicate that the monoclinic Sr,Er-
RuO¢ [5,13] is not an ideal antiferromagnet. We
consider that this is due to the contribution of the weak
ferromagnetic component to its magnetic properties [5].
In the case of the compound with a low crystal
symmetry such as monoclinic symmetry, the Dzya-
loshinsky—Moriya interaction can exist between the
ordered magnetic moments, which results in the
existence of a weak ferromagnetic component in
the susceptibilities. Fig. 3(b) shows the variation of
the reciprocal susceptibility against temperature. In the
paramagnetic region (7 > 40 K), the fitting of the Curie—
Weiss law to the temperature dependence of magnetic
susceptibilities gives the effective magnetic moment
(terp) and Weiss constant (0) to be 9.52(2) ug and —
14.6(5) K, respectively. Since the theoretical magnetic
moments of Ru’>* and Er’" (free ion) are 3.87 and
9.57 ug, respectively, the expected effective magnetic

Table 1

Structural parameters for Ba,ErRuQOg

Atom Site X y z B (10\2) m (ug)
At room temperature, space group Fm3m

Ba 8¢ 1/4 1/4 1/4 0.36(4)

Er 4b 12 12 1/2 0.33(6)

Ru 4a 0 0 0 0.14(7)

(0] 24¢ 0.2348(2) 0 0 0.70(4)

a=8323()A V =576.6(2) A’

Rwp = 10.45% R; =295%

At 10 K, space group Fm3m

Ba 8¢ 1/4 1/4 1/4 0.16(6)

Er 4b 12 12 12 0.58(8) 4.43(8)
Ru 4a 0 0 0 0.10(10) 2.87(13)
(0] 24e 0.2351(2) 0 0 0.62(5)

v =571.41)A°
R;=2.61%, R;(mag) = 9.18%

a=28.298(1)A
Rwp = 10.92%

Note: Definition of reliability factors Rywp and Ry are given as follows:

Re =[S w(F@) ~ 1FC /S wrr] . R = 3 k) — ol Y 1),
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Fig. 3. (a) Temperature dependence of the magnetic susceptibilities for
Ba,ErRuOg. No divergence has been observed between the ZFC and
FC magnetic susceptibilities in the whole temperature range. A vertical
arrow in the inset shows a magnetic anomaly at 40 K (see text). (b) The
reciprocal magnetic susceptibilities against temperature. A solid line
shows the Curie—Weiss fitting.

moment (~10.3 ug) is estimated from the relation p.q =

\/H% s+ + 12 5. The value obtained from the experiment

is lower than the calculated value. This result may
suggest that the magnetic ions in this compound are
affected by the crystal field to some extent. The negative
Weiss constant indicates that the predominant magnetic
interaction in Ba,ErRuQOg is antiferromagnetic.

Fig. 4 shows the variation of the specific heat for
Ba,ErRuOg as a function of temperature. The results of
the specific heat measurements are consistent with those
by the magnetic susceptibility measurements (Fig. 3(a)),
i.e., a A-type specific heat anomaly has been observed at
40K, and another anomaly has been found at ca. 10 K.

In the same figure, Fig. 4, the specific heat data for
Ba,LuNbOg (which is isomorphous with Ba,ErRuOg)
are also plotted. This Ba,LuNbOy is diamagnetic, i.e., it
has no magnetic ions. If we assume that the electronic

200 L |—e— BayErRuOq _e*"
Ba,LuNbOg

= 150 L
N~
'g 100
= 100 | :M
=~ S0l
< z

soL 1 S

%020 20 o0 80
T/K
0 L !
0 100 200 300

T/K

Fig. 4. Temperature dependence of the specific heat for Ba,ErRuOg
and Ba,LuNbOg.
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Fig. 5. The magnetic specific heat (Cnag) and magnetic entropy (Smag)
against temperature for Ba,ErRuOg.

and lattice contribution to the specific heat are equal
between Ba,ErRuOg4 and Ba,LuNbOg, the magnetic
specific heat (Cpag) for Ba,ErRuQOg is obtained by
subtracting the specific heat of Ba,LuNbOg from that of
Ba,ErRuOg. The temperature dependence of the mag-
netic specific heat (Cpnae) and the magnetic entropy
(Smag) 1s shown in Fig. 5. The magnetic entropy change
associated with the antiferromagnetic transition is
obtained to be ~18 Jmol 'K ™' (at 60 K) by integrating
Smag(T) = [(Cmag/T)dT. This magnetic entropy is
near to 3RS+ 1)=3RIn2x1+1)=3RIn2=
17.3Jmol ' K~ where R is a molar gas constant and
S is a total spin quantum number. Present measure-
ments of the temperature dependence of the magnetic
susceptibility and specific heat indicate that there exist
two magnetic transitions. We consider that the transi-
tion observed at ca. 10K is due to the magnetic
interactions between Er’" ions and the transition
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observed at 40K is ascribable to the antiferromagnetic
orderings of Ru®" ions. The reason why the magnetic
transition at 40K is not clear in the magnetic suscept-
ibility vs temperature curve is due to the smaller
magnetic moment of the Ru®* ion (3.87 ug) compared
with that of the Er’" ion (9.57 ug).

To estimate the magnetic entropy change for the
magnetic ordering of Ru®" ions, we evaluated it from
the specific heat measurements on Ba,LnRuOg (Ln=7Y,
Lu) in which only the Ru” " ions are paramagnetic. Both
the compounds show an antiferromagnetic transition at
37K which is due to the magnetic interactions between
Ru’" ions [16,17]. Fig. 6(a) shows the temperature
dependence of the magnetic susceptibility and the
specific heat for Ba,YRuOg. The magnetic entropy
change due to the magnetic ordering of Ru’" ions at
37K was determined by assuming that the electronic
and lattice contribution to the specific heat of the
Ba,YRuOg was equal to the specific heat of a
diamagnetic Ba,YNbOg. Fig. 6(b) shows the tempera-
ture dependence of the magnetic specific heat and the
magnetic entropy for Ba,YRuOg. The magnetic entropy
is 3.9Jmol 'K~!, which is close to RIn(2S+ 1) =
RIn(2 x %—1— 1) =5.76Jmol ' K~'. This result means
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Fig. 6. (a) Temperature dependence of the magnetic susceptibility (@)
and specific heat (O) for Ba,YRuO4. A solid line represents the
specific heat for Ba,YNbOg (see text). (b) The magnetic specific heat
(Cmag) and magnetic entropy (Smag) against temperature for Ba,
YRuOg.

that the ground state of the Ru’* ion should be a
doublet. That is, although a total spin quantum number
of the Ru’" ion is calculated to be S =3, the four
degenerating  states  split into two  doublets
|S =3 Mg= +£3), and |S =3 Mg= +1) [20]. When
the same estimation for the magnetic entropy change of
Ru’" ions holds for the case of Ba,ErRuQg, the rest of
the magnetic entropy due to the magnetic ordering of
Er’" jons is 3RIn2—RIn2=2RIn2 = RIn4. This
result indicates that the degeneracy of the ground state
of Er'* ion should be four, because the magnetic
entropy is given by Rln W (W: degeneracy). In the
Ba,ErRuOg, where the Er’* ions are surrounded by six-
coordinated oxygen ions, the ground state multiplet
4I5/, of the Er’" ion splits and a I'; doublet or a I
quartet becomes a ground state in the octahedral
crystalline electric field [21]. The results of the specific
heat measurements suggest that the ground state of the
Er’" ion should be the I's quartet. The variation of
the magnetic entropy with temperature (Fig. 5) implies
that the ordering of the magnetic moments of Er’®™"
ions gradually occurs when the temperature is decreased
through 30 K.

3.3. Magnetic structure

The neutron diffraction data collected at 10K are
depicted in Fig. 2(b). A number of low-angle peaks
which were not observed at room temperature appear,
indicating that Ba,ErRuQg exhibits long-range magnetic
ordering at this temperature. At 10K, this Ba,ErRuOg
has the same crystal structure as that at room
temperature. In the analysis of the neutron diffraction
data measured at 10 K, we assumed that all the magnetic
moments were collinear since no magnetic satellite
reflections exist. In addition, the size of the magnetic
unit cell is as large as that of the crystal unit cell, since
there appeared no superlattice reflections, and thus the
magnetic unit cell is described as 2a, x 2a, x 2a,, where
a, means a lattice parameter in a primitive cubic
perovskite unit cell. In this unit cell, the Er*" and
Ru’" jons form two interpenetrating face-centered
sublattices. Then, we have performed the Rietveld
analysis and succeeded in determining the magnetic
structure, which is illustrated in Fig. 7. In this magnetic
structure, each of the magnetic moments of Er®" and
Ru’" orders in a Type I arrangement. The magnetic
moments of the Er’ ™ and Ru’" ions which exist on the
ab-plane are ordered antiferromagnetically, and the ab-
planes would be ferrimagnetic planes. After all, Ba,
ErRuOg is an antiferromagnet in which the ferrimag-
netic ab-planes are stacked antiferromagnetically along
the c-axis. This magnetic structure is almost the same as
that for SroErRuQOg [13]. The ordered magnetic mo-
ments are determined to be 4.43(8)up for Er’* and
2.87(13) up for Ru’". Since the theoretical value of the
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a O Ru5+

Fig. 7. The magnetic structure of Ba,ErRuQOg. Diamagnetic ions are
omitted. Larger circles Er®*; smaller circles Ru>". Arrows show the
direction of the magnetic moments.

O Er*

magnetic moment for the Ru®>" ion which has a o*
electronic configuration is 3.0 ug, it can be said that the
magnetic moment of the Ru®" ion in Ba,ErRuOy is
almost saturated at 10 K. The results of the magnetic
susceptibility, specific heat and magnetic entropy
measurements for Ba,ErRuOg demonstrate that the
magnetic order of the Ru®" ions occurs at 40K, and
accordingly it is valid that the ordered magnetic
moments of the Ru’" ions are saturated at 10K. On
the other hand, the magnetic moment of the Er*™ ion
which is estimated to be 4.43(8) ug from the analysis of
the neutron diffraction data is approximately half the
theoretical value for the free Er®™ ion, 9.0 ug. One
reason for this is that this experimental temperature
(10K) is too high to determine the ordered magnetic
moment of Er’* ion. Similar small ordered moments of
the Er’" ions have been reported for the Sr,ErRuOg
(4.0 ug at 10K and 4.7 ug at 4.2 K) [13]. This result also

indicates that we should consider the crystal field effect
on the magnetic moments of the Er’ " ions.
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