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The entire family of carefully oxygen-adjusted RBaCo2O5.5 or R2Ba2Co4O11 (R¼Y, Ho–La) double-

perovskite oxides is systematically investigated for the lattice parameters, A-site cation disorder, and

characteristic physical properties, i.e. the metal–insulator transition, ferromagnetic transition and so-

called metamagnetic transition. With increasing size of the R constituent, the lattice parameters start to

deviate from the linear behavior, indicating partial oxygen/vacancy and A-site cation disorder for the

largest Rs of Nd, Pr and La. Both the metal–insulator transition and the two magnetic transitions are

found to be highly sensitive to even minor deviations from the ideal 5.5 oxygen stoichiometry, thus

underlining the importance of proper oxygen-content adjustment.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The oxygen-deficient A-site ordered double-perovskite struc-
ture was first realized for RBa(Cu0.5Fe0.5)2O5 +d with R¼Y in 1988
[1]. Later the same structure has been revealed for compounds
with various R and B site constituents. The cobalt-based system,
RBaCo2O5 +d (R¼Y, Ho–La) [2,3], in particular has been the target
of intensive studies after the discoveries of phenomena such as
relatively large magnetoresistance effect [4] and metal–insulator
transition [5,6] for RBaCo2O5 +d samples with the oxygen content
at d¼0.5 or in the vicinity of it.

The RBaCo2O5 +d structure is composed of [CoO2] layers
separated by alternate layers of [BaO] and [ROd] to double the
perovskite cell along the c axis. At d¼0.5, also the oxygen atoms
and vacancies within the ROd layer are ordered, creating
alternating octahedral and pyramidal coordination polyhedra for
the trivalent Co ions. As a result, the perovskite unit cell is also
doubled along the b direction [7]. This is illustrated in Fig. 1.

The ideal A-site-cation and oxygen/vacancy ordered RBa-
Co2O5.5 (or R2Ba2Co4O11) phase is somewhat difficult to realize
except for the smallest R constituents (Y, Ho, Dy). Firstly, the
stacking sequence of the [RO0.5] and [BaO] layers gets readily
irregular for the largest Rs with the ionic radii close to that of
divalent barium. Moreover, under ordinary conditions used for
sample synthesis samples with d40.5 and lattice parameters and
physical properties different from those at d¼0.5 are obtained for
ll rights reserved.

pinen).
the intermediate-sized Rs (Tb�Sm) and especially for the largest
Rs (Nd, Pr, La) for which even structural changes are seen upon
oxygen-content deviation from the half occupancy.

The metastability of the RBaCo2O5.5 structure makes it readily
absorb and desorb oxygen which can lead to both oxygen/vacancy
disorder and substructures [3,8]. Hence it is crucially important to
both control and determine the actual oxygen content precisely.
There are several options for the precise oxygen-content deter-
mination, i.e. thermogravimetric (TG) reduction, wet-chemical
redox titrations and neutron diffraction (ND). Even though a
sensitive thermobalance may be accurate enough for detecting
tiny mass changes, reductive decomposition to binary oxides and/
or metals has proven not to be the best method for rare-earth
cobaltites [9,10]. There are several issues that should be
considered. One is the sensitivity of R2O3 oxides (especially with
the large Rs) to absorb humidity, another is the tendency for some
of the Rs to form not so well defined (mixed-valent) oxides and/or
their mixtures (e.g. Pr2O3–Pr6O11–PrO2, Tb4O7–Tb6O11, EuO–
Eu2O3). Since ND is not always available, wet-chemical redox
methods in which cobalt is reduced to its divalent state are very
practical and accurate for oxygen-content determination. Both
iodometric and cerimetric titration techniques can be used [9]. In
the latter case the unavoidable precipitation of BaSO4 may be
considered harmful, and for this reason, iodometry should be
preferred.

Owing to the apparent difficulties in both sample synthesis
and proper oxygen-content adjustment and analysis, literature
data for the various samples meant to represent the RBaCo2O5.5

system are somewhat scattered. Moreover, until now no
systematic studies involving the complete series of RBaCo2O5.5

www.elsevier.com/locate/jssc
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Fig. 1. Schematic crystal structure of RBaCo2O5.5 compounds with a 122-type

(ap�2ap�2ap) unit cell.
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compounds with the ‘‘5.5’’ stoichiometry have been reported.
Here we have synthesized high-quality samples of the
RBaCo2O5 +d system with R¼Y, Ho, Dy, Tb, Gd, Eu, Sm, Nd, Pr
and La, carefully adjusted their oxygen contents to the target
d¼0.5 value and characterized the oxygen-tuned samples for the
evolution of the lattice parameters and A-site cation disorder as
well as the metal–insulator and magnetic transition temperatures
regarding the size of the R constituent or so-called chemical-
pressure effect.
Table 1

Oxygen stoichiometry parameter d of the as-air-synthesized RBaCo2O5 +d samples

together with the final annealing conditions and oxygen contents of the oxygen-

adjusted ‘‘5.5 samples’’. The values in parenthesis are standard deviations.

R3 + d (as-synth.) Ann. cond. d (adjusted)

Laa – – 0.52(1)

Pr 0.777(5) 790 1C, Ar, 3 h 0.501(6)

Nd 0.702(5) 570 1C, Ar, 3 h 0.512(7)

Sm 0.599(5) 360 1C, Ar, 3 h 0.492(5)

Eu 0.552(4) 310 1C, Ar, 3 h 0.499(5)

Gd 0.515(2) 260 1C, Ar, 3 h 0.502(4)

Tb 0.398(4) 330 1C, air, 12 h 0.514(5)

Dy – Synth. in O2 0.492(5)

Ho – Synth. in O2 0.511(5)

Y – Synth. in O2 0.495(5)

a Data taken from Ref. [3].
2. Experimental

Polycrystalline samples of RBaCo2O5 +d with R¼Y, Ho, Dy, Tb,
Gd, Eu, Sm, Nd and Pr were prepared through standard solid-state
synthesis routes from stoichiometric amounts of pre-calcined
R2O3 (except Pr6O11 and Tb4O7), BaCO3 and Co3O4 powders. All the
samples were first calcined in air at 900 1C for 12 h, then pelletized
and sintered at temperatures between 1100 and 1150 1C as long
as it was needed to obtain a phase-pure sample and then slowly
furnace-cooled down to room temperature. In practice, the
synthesis time required varied from 36 to 120 h, increasing with
decreasing ionic radius, r(R3 +). Samples with the smallest Rs (Y,
Ho, Dy) were sintered in O2 gas flow, others (except the R¼La
sample) in air. The data for the LaBaCo2O5.5 compound are from
Ref. [3] where its synthesis is described in detail. In brief, the
material was synthesized from a sol–gel-based precursor under
Ar gas (5 N) flow at 1150 1C for 48 h, then oxygenated under
pressurized O2 (100 bar) and treated at 590 1C in Ar flow for 12 h
to reach the target 5.5 oxygen-content value.

Phase purity of the as-synthesized samples was confirmed
with a laboratory X-ray powder diffractometer (XRD; PanAnaly-
tical X’Pert PRO MPD, CuKa1 radiation) at room temperature in
the 2y range 101–1001. Oxygen content was determined (by
means of iodometry) for each sample to guide the subsequent
oxygen-adjustment annealings. These annealings were carried out
either in a thermobalance (Perkin Elmer Pyris 1 TGA) or in a tight
tube furnace at pre-selected temperatures under Ar gas (5 N) flow
of 100 ml/min. In the former/latter case, the sample amount was
ca. 100 mg/1 g. Heating and cooling rates were kept slow (2 1C/
min) to enable better cation and oxygen/vacancy ordering within
the materials. The samples were kept at the annealing tempera-
ture for 3 h.

Iodometric titrations were carried out not only for the as-
synthesized samples but also for all the oxygen-adjusted samples.
About 30 mg of the finely ground sample powder was dissolved in
1 M HCl (bubbled thoroughly from dissolved oxygen) together
with an excess of potassium iodide (ca. 1.5 g) in an air-tight cell
under constant N2 (5 N) bubbling. The thus formed iodine was
then titrated with standard 0.100 M Na2S2O3 solution (Merck) in
the presence of starch indicator, added close to the end point.
Each experiment was repeated three to four times with excellent
reproducibility (less than 70.005 variation for d).

The final oxygen-adjusted samples were characterized for the
lattice parameters, determined from the XRD patterns using the
Rietveld refinement program FULLPROF [11]. Differential scanning
calorimetry (DSC; Perkin Elmer Diamond) measurements were
carried out to probe the metal–insulator transition reported for
several RBaCo2O5.5 compounds above room temperature [5–7].
The measurements were performed within the temperature range
of 300–400 K using sealed aluminum pans. Heating and cooling
rates were 20 1C/min and N2 was used as a protective and purging
gas. Magnetization (M) was measured for the samples in zero-
field-cooled (ZFC) and field-cooled (FC) modes with a SQUID
magnetometer (MPMS-XL, Quantum Design) between 5 and 400 K
under an applied field of 0.1 T.
3. Results and discussion

Oxygen-content adjustment: The as-air-synthesized, furnace-
cooled RBaCo2O5 +d samples with R¼Gd, Eu, Sm, Nd and Pr were
oxygen-rich with d40.50 as expected, and these samples were
oxygen-depleted in Ar gas flow at appropriate temperatures.
Relatively good estimates for the proper annealing temperatures
were obtained from the pre-information gathered from TG
measurements. Nevertheless, several heat treatments were often
required at gradually increased temperatures to reach the target
oxygen-content value of 5.50 as precisely as possible. For the
R¼Y, Ho, Dy and Tb samples, either synthesis or post-annealing in
O2 gas flow was required to obtain the 5.5 stoichiometry.
Moreover, in the case of TbBaCo2O5 +d, it was noticed that upon
treating the sample in O2 flow, the oxygen content increased from
the value of d¼0.398 for the as-air-synthesized sample to
d¼0.556, the latter being too far from the target. To avoid
additional back-reduction, low-temperature oxygenation in air at
320 1C for 12 h was employed instead. This resulted in an
acceptable d value of 0.514. Oxygen contents for the as-air-
synthesized samples, conditions used for the oxygen-adjustment
and the final oxygen contents of the ‘‘5.5 samples’’ are gathered in
Table 1. Moreover, in Fig. 2 we plot the d values of the as-air-
synthesized samples to illustrate the dependence on r(R3 +).
Finally we should mention that in the case of the R¼La
member, the as-Ar-synthesized LaBaCo2O5 +d sample was first
oxygenated up to dE1 under pressurized oxygen (100 bar) and



ARTICLE IN PRESS

1.20 1.25 1.30 1.35 1.40

0.4

0.5

0.6

0.7

0.8

Tb

Gd
Eu

Sm

Nd

Pr
δ

r(R
3+

) (Å)

Fig. 2. Oxygen non-stoichiometry parameter d of the as-air-synthesized

RBaCo2O5 +d samples plotted against the ionic radius of the R constituent, r(R3 +).

Table 2
Lattice parameters and unit-cell volume for oxygen-adjusted RBaCo2O5.5 samples.

The fractional occupancy factor, g(R3+), is also given for selected samples.

R3+
a (Å) b/2 (Å) c/2 (Å) V (Å3) g (R3 +)

Ya 3.8482(2) 3.9094(2) 3.7511(2) 56.43(1)

Ho 3.8527(1) 3.9090(1) 3.7556(1) 56.57(1)

Dy 3.8594(3) 3.9101(1) 3.7555(1) 56.67(1)

Tb 3.8701(1) 3.9102(1) 3.7595(1) 56.89(1) 0.996(2)

Gd 3.8779(2) 3.9163(2) 3.7668(2) 57.20(1) –

Eu 3.8838(1) 3.9206(1) 3.7709(1) 57.34(1) –

Sm 3.8879(2) 3.9237(1) 3.7774(1) 57.62(1) 0.991(2)

Nd 3.9011(1) 3.9336(2) 3.7959(2) 58.25(1) 0.944(2)

Pr 3.9076(1) 3.9365(1) 3.8056(1) 58.54(1) 0.908(3)

Lab 3.9264(4) 3.9605(2) 3.8485(2) 59.84(1)

a Phase abundance 90.9(1)%.
b Data taken from Ref. [3].
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then treated at 590 1C for 12 h under Ar flow to obtain the 5.5
phase [3].

Lattice behavior: Starting points for the structural models were
taken from Refs. [8,12–21]. For all the 5.5 compounds a ‘‘122-
type’’ unit cell of ap�2ap�2ap with space group Pmmm was
assumed. The main purpose of the refinements was to obtain the
lattice parameters for comparison within the RBaCo2O5.5 series.
Yet, the degree of A-site cation order was additionally studied and
therefore the Rietveld method was employed instead of just Le
Bail profile fitting. It is worth to mention that some of the small
members have been found to crystallize in a 2ap�2ap�2ap

structure with space group Pmma [19,21–23]. This was tested
here too and found not to have any significant effect on the lattice
parameters, thereby justifying the choice of the 122 structure for
the present work. All the refinements were conducted assuming a
perfect RBaCo2O5.5 structure, meaning no additional (or lacking)
oxygen was taken into account.

Table 2 lists the refined structural parameters. Lattice
parameters together with the unit-cell volume V are moreover
plotted in Fig. 3 as a base for the following discussion (full circles).
Literature data for various RBaCo2O5 +d samples (assigned by the
authors to represent the ‘‘5.5 phases’’) are also included in Fig. 3
(hollow circles). Before further discussions it should be mentioned
that we also characterized some off-stoichiometric samples to
reveal that an increase in the oxygen content causes b parameter
to decrease and c parameter to increase. From Fig. 3, a continuous
increase in lattice parameter a with increasing r(R3 +) is verified
for the d¼0.5 samples. Apparently the a parameter is not affected
by small variations in oxygen content possibly existing within the
samples (present+literature) included in Fig. 3, whereas there is
much more scattering seen for the parameter b. Among the
present samples (filled circles), only the R¼Tb sample is vaguely
out of the trend, which is consistent with the slightly over-
stoichiometric oxygen content that makes the lattice contract
along the b axis. For parameter c (and also for the unit-cell volume
V) a linear increase with increasing r(R3 +) is seen for the samples
with small and medium-sized rare earth constituents whereas
those with R¼(Sm), Nd, Pr and La somewhat deviate from the
linear behavior. This is attributed to a gradually lowered degree of
order within the A-cation sublattice. The change in the slope of
parameter b (about R¼Eu) is tentatively attributed to increasing
oxygen/vacancy disorder with increasing r(R3 +). Note that the
doubling of the b parameter in the 122 unit cell originates from
the oxygen/vacancy ordering. Recent reports have underlined the
tendency of the PrBaCo2O5.5 and LaBaCo2O5.5 compounds to
exhibit partial (�10%) oxygen/vacancy disorder [3,8,24]. In Refs.
[8,24], an improved synthesis route to obtain highly oxygen/
vacancy ordered PrBaCo2O5.5 is described. Unfortunately, the
authors do not present the lattice parameters for their highly
ordered PrBaCo2O5.5 sample, and hence we are not able to see
where the R¼Pr datum point would place in Fig. 3 without the
disorder effect.

The degree of A-site cation order was investigated for
representative Rs by refining the fractional occupancies of R and
Ba atoms at the two A-cation sites. The results indeed revea-
led—within the limits of XRD—a certain level of disorder for our
R¼Nd and Pr samples, whereas e.g. for the R¼Tb sample the
results indicated essentially perfect ordering (see Table 2).

To play little further with the lattice parameter data, we show
in Fig. 4 the c versus r(R3 +) plot for the as-air-synthesized R¼Tb,
Gd, Eu, Sm, Nd and Pr samples. For the same samples the d versus
r(R3 +) plot was shown in Fig. 2, revealing essentially linear
behavior from R¼Tb up to Pr. Now for the c parameter the linear
dependency extends only up to R¼Sm, indicating cation disorder
for the R¼Nd and Pr samples. Hence we conclude that the A-site
cation disorder is not induced by the reductive annealing but
exists already in the as-air-synthesized R¼Nd and Pr samples.

Metal–insulator transition: Differential scanning calorimetry
was used to investigate the effects of oxygen off-stoichiometry
and chemical pressure on the metal–insulator transition seen for
the RBaCo2O5.5 compounds above room temperature. As has been
shown earlier, the metal–insulator transition is accompanied by a
strong, reversible calorimetric effect [25,26]. Fig. 5 presents DSC
heating scans for TbBaCo2O5 +d with different oxygen contents.
The effect of oxygen off-stoichiometry is prominent. Clearly seen
is an increase in the enthalpy when getting closer to the 5.5
stoichiometry, accompanied by a change in the transition
temperature TM� I. The chemical-pressure effect on the DSC
heating scans is depicted in Fig. 6 and the inset shows the TM� I

values (determined from the scans). The R¼Y and Ho samples did
not present any calorimetric effect in the present temperature
measurement range, as the TM� I values of these two samples
probably fall below 300 K [25]. The mass-corrected enthalpy
turned out to be very similar for the oxygen-adjusted R¼Tb�Sm
samples (Fig. 6) but significantly smaller for the corresponding
oxygen off-stoichiometric samples (Fig. 5). It moreover seems that
also the oxygen/vacancy disorder might have an effect on the
magnitude of enthalpy [27]. This was evidenced in the case of the
PrBaCo2O5.5 phase, for which we employed various lengths of the
post-synthesis Ar annealing: the longer annealing somewhat
increased the magnitude of enthalpy (not shown here). On the
other hand, from Fig. 6 clearly seen is that DSC peak gets broader/
weaker for the large Rs. We calculated the FWHM values of the
enthalpy change which gave 3.9(2) K for R¼Pr and Nd, 2.8(2) K for
R¼Sm and 1.5(2)–2.1(2) K for R¼Dy–Eu. It is reasonable to
assume that the peak broadening/weakening is due to the
disorder effect. If there is only 80–90% of the properly ordered
phase present, it is rather natural to observe a weaker peak.
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Regarding the transition temperatures in the inset of Fig. 6, it
should first be mentioned that the absolute values of TM� I may
deviate from one study to another as it depends on the heating
rate employed. In the present work the relatively fast heating rate
(20 1C/min) used shifts the TM� I values to the higher tempera-
tures. From Fig. 6, TM� I first increases along r(R3 +) but then
starting from R¼Nd drops significantly for the largest Rs.

Magnetic properties: Fig. 7(a) presents the magnetization
versus temperature curves for the oxygen-adjusted RBaCo2O5.5

samples (For R¼La, see Ref. [3]). The materials exhibit magnetic
behavior typical of this family [5–7], that is, a spontaneous
magnetization which then turns to antiferromagnetic ordering at
lower temperatures. In the oxygen-adjusted samples, the ZFC and
FC curves converge and overlap fully, lacking any sign of
secondary ordering after the antiferromagnetic transition, which
is not always clear from earlier data for ‘‘5.5 phases’’. The first
magnetic transition occurs in a narrow temperature range at
temperatures somewhat below room temperature, the transition
temperature TC (determined from the dM/dT curves) depending
on the particular R such that with decreasing r(R3 +) TC increases
except for the end members, R¼La and Y, see Fig. 7(b). In Fig. 7(b)
we also plot the so-called metamagnetic transition temperature
Tm [19] for the same samples that represents the maximum in
magnetic susceptibility. Nearly similar trend in terms of r(R3 +) is
seen for Tm compared to that for TC. The unusual shape of the R¼Y
magnetization curve is explained by co-existence of two phases.
We could fit our XRD data in a satisfactory manner (w2

¼3.07,
RBragg¼10.3%) assuming the d¼0.44 phase with a ‘‘332-type’’ P4/
nmm structure [21] as the secondary phase; the fitting yielded an
abundance of 9.07(6)% for this phase. Quite interestingly, the
existence of the d¼0.44 minority phase with 9% abundance yields
an average oxygen content for the sample at 5.495 which is
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exactly the value obtained from iodometric titration. Here we
should also mention that the magnetization of the d¼0.44 phase
is stronger than that of the d¼0.50 phase [25,28].

As for the effect of oxygen off-stoichiometry, in overall we
noticed that the temperature range of the spontaneous magne-
tization gets narrower by 10–20 K in the oxygen-adjusted samples
compared to the corresponding off-stoichiometric materials, as
illustrated in Fig. 7(c) in the case of R¼Tb. The present oxygen-
adjusted TbBaCo2O5.51 sample lacks the secondary magnetic
transition observed near 170 K by previous workers [16,29]. In a
close examination of the magnetization data for our oxygen over-
stoichiometric TbBaCo2O5.56 sample, the inverse susceptibility,
300

H
ea

t F
lo

w
 (

a.
u.

)

T (K)

La

Tb

Pr

Nd

Sm

Gd

Eu

Dy

320 340 360

Fig. 6. DSC heating scans recorded with a heating rate of 20 1C/min for oxygen-

adjusted RBaCo2O5.5 samples. The inset shows the metal–insulator transition

temperatures TM� I plotted against the ionic radius of the R constituent, r(R3+).

0.00
0.05
0.10
0.15
0.00

0.05

0.10

0.00

0.02

0.04

0.00
0.15
0.30
0.45

0.00

0.10

0.20

0.00
0.10
0.20
0.30

0

0.00

0.15

0.30

0.00
0.06
0.12
0.18

M
 (

μ B
/f

.u
.)

Pr

Nd

Sm

Gd

Tb

Y

Eu

Dy

T (K)

H = 0.1 T

100 200 300 400

a

Fig. 7. (a) ZFC (hollow circles) and FC (filled circles) magnetization of oxygen-adjusted

metamagnetic (Tm, half filled circles) transition temperatures. (c) Magnetization of TbB

Ref. [3].
w�1, reveals a hump at �175 K (not shown here), suggesting that
the lower-temperature secondary magnetic transition is related
to the oxygen off-stoichiometry.

For the present oxygen-adjusted samples, with increasing
r(R3 +) the ZFC and FC curves start to separate for R¼Sm.
According to the previous reports for the R¼Pr member [8,12],
magnetic susceptibility is affected by the partial oxygen/vacancy
disorder. The disorder results in a large separation between the
ZFC and FC curves, as noticed here too. The separation has been
shown to vanish for R¼Pr when the oxygen/vacancy ordering is
enhanced [24]. The oxygen/vacancy disorder is most likely behind
the ZFC–FC separation also in the case of the NdBaCo2O5.5 sample.
Note that the lattice parameters indicated partial disorder for this
material too. Even though there are several reports that deal with
NdBaCo2O5.5, only in Ref. [30] is the FC magnetization shown, thus
comparison is difficult. Surprisingly, for LaBaCo2O5.52 the M(T)
curve does not resemble the behavior measured for the R¼Pr and
Nd samples even though neutron diffraction and high-resolution
transmission electron microscopy data indicated similar oxygen/
vacancy disorder [3]. The La-based compound [3,31] rather
resembles SmBaCo2O5.5 except for the abnormal transition
temperature.
4. Conclusions

We have systematically investigated the RBaCo2O5.5 family of
A-site-cation and oxygen ordered double-perovskite oxides for
their basic (crystal) chemical and physical properties in terms of
the size of the R constituent. Our study comprises all the existing
members of the family (i.e. R¼Y, Ho, Dy, Tb, Gd, Eu, Sm, Nd, Pr and
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La) and involves samples with the oxygen content carefully
adjusted to the ideal 5.5 value. The results strongly underline the
sensitivity of both the crystal features and physical properties to
even tiny deviations of oxygen content from the target value.
Moreover, not only the overall oxygen stoichiometry but also the
distribution of oxygen/oxygen vacancies play a role as also does
the stacking disorder among the [RO0.5] and [BaO] layers. Our
study has clearly demonstrated that the disorder effects get
enhanced with increasing r(R3 +) becoming prominent for samples
with the three largest R constituents of Nd, Pr and La.
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