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Abstract

The crystal and magnetic structures of layered perovskites TbBaCo2�xFexO5+g (0:08pxp0:24) were studied by neutron powder

diffraction. Increasing iron concentration up to the x values higher than 0.10 leads to the orthorhombic-tetragonal phase

transition resulting from the transformation of 2� 1� 1-type superstructure, formed due to ordering of extra oxygen incorporated

into the vacant sites in [TbOg] layers, into 3� 3� 1 superlattice. The concentration ranges, where the orthorhombic and tetragonal

lattices exist, are separated with a narrow two-phase domain. For the tetragonal phases with 3� 3� 1 superstructure (space group

P4=mmm), the Co/Fe ions are antiferromagnetically coupled, forming G-type spin-ordered configuration. The Co3+ cations located

in square-pyramidal sites adopt intermediate spin state, whilst a relatively small magnetic moment of Co3+ ions in the octahedral

sublattice indicates that a minor fraction of cobalt is in the low-spin state.

r 2004 Elsevier Inc. All rights reserved.
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Unusual magnetic and transport properties have been
reported for layered orthocobaltites of LnBaCo2O5+g

family, where Ln is lanthanide or Y, and g is the oxygen
nonstoichiometry varying in a wide range from 0 to 0.7
[1–4] These oxides exhibit, in particular, a variety of
magnetic and structural phase transitions accompanied
by the charge- and orbital-ordering phenomena, induced
by the oxygen content variations [5–7]. Crystal lattice of
such compounds, which is closely related to the
YBaFeCuO5-type structure and can be easily derived
from perovskite, represents a consequence of [CoO2]–
[BaO]–[CoO2]–[LnOg] layers stacked along c-axis. When
the concentration of oxygen vacancies located in the
[LnOg] layers is maximum (g ¼ 0), the crystal structure is
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isostructural to YBaFeCuO5, with a 1� 1� 2 super-
structure due to the ordering of Ln3+ and Ba2+ ions
occupying the corresponding layers; all cobalt cations
are located within square pyramids with five-fold
coordination. As g increases, extra oxygen ions occupy
vacant sites in [LnOg] layers, thus providing octahedral
environment for a part of Co ions. Two types of
superstructure, 2� 1� 1 (0.5pgp0.52) and 3� 3� 1
(0.25pgp0.44), may be formed due to ordering of the
extra oxygen [4, 8]; this corresponds to orthorhombic
(O) and tetragonal (T) symmetry of the crystal structure,
respectively. In a narrow concentration range (0:44o
go0:5), the orthorhombic and tetragonal phases co-
exist [8]. The structure and physical properties of the O-
type LnBaCo2O5.5 perovskites with 2� 1� 1 super-
structure are known in Refs. [4,9,10]. In this case, the
extra oxygen ions and vacancies are located in the chains
along a-axis within [LnO0.5] layers; the planes formed by
CoO5 pyramids and CoO6 octahedra alternate along the
b-axis. On the contrary, literature data on the structure
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Fig. 1. Neutron diffraction spectrum of the two-phase TbBaCo1:86

Fe0:14O5þg at 300K (HRFD diffractometer). Experimental, calculated

and difference patterns are shown; the difference curve is normalized

for the mean square deviation. Vertical lines indicate the positions of

Bragg peaks for tetragonal (top) and orthorhombic (bottom) phases.

Inset shows the (200) multiplet in the cubic approximation. The

reflections of the orthorhombic and tetragonal phases are indexed in

anEap, bnE2ap, cnE2ap and anE3ap, cnE2ap (ap-the perovskite unit

cell constant) unit cells respectively.
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of tetragonal orthocobaltites with 3� 3� 1 superlattice
are scarce.

Previous work [11] reported the O–T transition
induced by iron doping in the TbBaCo2�xFexO5+g

system. For these perovskites, the lattice is orthorhom-
bic at xp0:10 and tetragonal when xX0:12; the material
with x ¼ 0:11 was found to contain both phases [11].
Mössbauer spectroscopy data showed that Fe3+ ions
occupy three (one high- and two low-symmetry) or two
(low-symmetry) sites for the T- and O-type structure,
respectively [11]. In the latter case, both iron positions
are 5-coordinated; first of them corresponds to the
regular square-pyramidal site in the structure of the
LnBaCo2O5.5, while the second pyramidal position
results from the octahedral sites when one oxygen ion
is removed from the [TbO0.5] layer. Due to this, iron
substitution leads to decreasing oxygen content, as
confirmed by thermogravimetric analysis (TGA) [11].

The concentration-dependent transformation from
orthorhombic into tetragonal lattice of TbBaCo2�x

FexO5þg at xE0:1 might result either from disordering
of the excess oxygen in [TbOg] layers (order–disorder
transition), or from the superstructure change due to
decreasing oxygen content (order–order transition).
Three different positions of iron ions in the tetragonal
phases (xX0:12) suggest that the second mechanism is
more likely. In this case, the highly symmetric position
corresponds to the octahedrally coordinated sites; the
two low-symmetry positions relate to Fe cations in
square-pyramidal sites, formed as for the orthorhombic
structure. In case of the order–disorder transition, only
one low-symmetry position of the iron ions should be
expected. However, additional structural studies are
necessary to clarify exact mechanism of this transforma-
tion. In the present work, the crystal and magnetic
structures of the TbBaCo2�xFexO5þg perovskites were
determined using the neutron powder diffraction
method.

The polycrystalline samples of TbBaCo2�xFexO5+g

(x ¼ 0:0820:15 with step 0.01, and x ¼ 0:24) were
prepared by a standard ceramic route from the
stoichiometric amounts of Tb2O3, Co3O4, Fe2O3 and
BaCO3. After pressing and pre-firing at 1173K, the
pellets were reground and annealed in air for 10 h at
different temperatures, varying in the range 1323–
1473K. The sample of TbBaCo1.76Fe0.24O5+g was
cooled down to room temperature with a rate of
100K/h; for other compositions cooling rate varied
from 2 to 250K/h. Neutron powder diffraction experi-
ments were carried out at the IBR-2 pulsed reactor of
the Joint Institute for Nuclear Research (JINR, Russia),
and at the SINQ spallation source of the Paul Scherrer
Institute (PSI, Switzerland). The crystal structures were
determined from the data taken using the high-resolu-
tion Fourier diffractometer HRFD and neutron dif-
fractometer DN2 (JINR). Data on the magnetic
ordering and possible superstructures were obtained
using the DMC powder diffractometer (PSI), situated at
a supermirror coated guide for cold neutrons at SINQ
(l ¼ 4:2 Å).

As mentioned above, X-ray diffraction (XRD) data
on TbBaCo2�xFexO5+g system [11] showed an existence
of narrow two-phase domain separating the concentra-
tion ranges where the O- and T-type phases are formed.
As an example, Fig. 1 presents the time-of-flight (TOF)
neutron diffraction spectrum of TbBaCo1.86Fe0.14O5+g,
collected at room temperature. The reflections of both
orthorhombic (space group Pmmm) and tetragonal
(S.G. P4=mmm) lattices can be clearly distinguished;
Rietveld refinement gives the O:T phase concentration
ratio of about 61:39. The neutron diffraction studies of
TbBaCo2�xFexO5+g, having compositions around the
structural transition (xB0:1) and prepared in different
conditions, revealed that the range of x values corre-
sponding to the two-phase domain is essentially
independent of synthesis temperature, but can be
slightly changed if varying the rate of cooling after
sintering. When cooling rate decreases from 250 to 2K/h,
the two-phase domain shifts from 0:09oxo0:12 to
0:12oxo0:14: However, when the materials with
different iron content are prepared under the same
conditions, formation of the phase mixture in a narrow
range of xðDxE0:0220:03Þ is observed in all cases. This
confirms an existence of miscibility gap between the O
and T phases in the TbBaCo2�xFexO5+g system.

Analysis of the neutron diffraction spectrum of
tetragonal TbBaCo1.76Fe0.24O5+g, collected above
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Fig. 2. Observed (DMC, l ¼ 4:2 Å), calculated, and difference

patterns of TbBaCo1.76Fe0.24O5+g at 300K.
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Fig. 3. Schematic representation of the crystal structure of tetragonal

TbBaCo2�xFexO5+g with 3� 3� 1 superstructure (a). The distribution

of oxygen anions forming a 3� 3� 1 superstructure in [TbO0.44]

layers (b).
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the magnetic ordering point, shows a presence of
superstructure reflections corresponding to a tripled a

parameter of the primitive perovskite unit cell, (Fig. 2).
Again, this is in excellent agreement with assumption
[11] concerning 3� 3� 1 superlattice type in the tetra-
gonal TbBaCo2�xFexO5+g. One can therefore conclude
that, as for other LnBaCo2O5+g phases, lattice symme-
try of TbBaCo2�xFexO5+g perovskites changes due to
the change of oxygen-vacancy ordering type when the
iron content increases. If compared to other possible
models of 3� 3� 1 superstructure [8], the best agree-
ment with experiment was found for the model shown in
Fig. 3. Neglecting oxygen content fluctuations, the value
of g for this superstructure model is 0.44. There are,
hence, 4/9 octahedral and 5/9 square-pyramidal posi-
tions for Co/Fe ions per unit formula (Fig. 3a). The
distribution of oxygen anions forming a 3� 3� 1
superstructure in [TbO0.44] layers is shown in Fig. 3b.
The refined TOF neutron diffraction pattern of
TbBaCo1.76Fe0.24O5+g is shown in Fig. 4; Table 1 lists
the structure refinement results.

It should be mentioned that TbBaCo1.76Fe0.24O5+g

perovskite exhibits no spontaneous magnetization in the
temperature range 4.2–300K, whereas the Mössbauer
spectroscopy shows an appearance of the hyperfine
splitting below TN ¼ 270K [11]. This indicates anti-
ferromagnetic ordering of the magnetic moments of
cobalt and iron ions below TN: Indeed, additional
reflections appear in the neutron diffraction spectra at
ToTN (Fig. 5). Calculations of the magnetic structure
using a model, where each Co/Fe ion is antiferromag-
netically coupled to its neighbors along all three
directions (G-type ordering), gives reasonably good
agreement factors (Rnuc ¼ 3:32%; Rmag ¼ 4:04%). The
difference in the magnetic moment values for Co/Fe
ions, occupying octahedral and pyramidal sites, leads to
a nonzero magnetic structure factor for 211 reflection.
At T ¼ 25K, the refined magnetic moments lying in
ðabÞ plane are mpyr ¼ 2:8ð2Þ and moct ¼ 1:6ð2Þ mB per Co/
Fe ion for the pyramidal and octahedral positions,
respectively. No evidence for a long-range ordering of
the magnetic moments of Tb3+ ions was detected at
25K. Apparently, the ordering of the terbium sublattice
occurs at lower temperatures, as for TbBaCo2O5
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Fig. 4. Observed (DN2 diffractometer) and calculated (S.G. P4=mmm)

intensity profile for TbBaCo1.76Fe0.24O5+g at 300K. Vertical lines

indicate the positions for Bragg reflections. The difference plot is

shown at the bottom.

Table 1

Crystallographic parameters of TbBaCo1.76Fe0.24O5+g, obtained by

the Rietveld refinement of neutron diffraction data (DN2 diffract-

ometer). Space group P4/mmm, an=11.6940(4) Å, cn=7.5461(5) Å,

V=1031.926(1) Å3, Z=18, Rp=3.18%, Rwp=3.86%.

Atom Wyck x y z B (Å2) Occupancy

Ba1 1a 0 0 0 0.60(3) 1

Ba2 4j 1/3 1/3 0 0.60(3) 1

Ba3 4l 2/3 0 0 0.60(3) 1

Tb1 1b 0 0 1/2 0.41(5) 1

Tb2 4m 2/3 0 1/2 0.41(5) 1

Tb3 4k 1/3 1/3 1/2 0.41(5) 1

Co1 2h 1/2 1/2 0.270(2) 0.77(9) 0.88

Fe1 2h 1/2 1/2 0.270(2) 0.77(9) 0.12

Co2 8r 1/6 1/6 0.239(2) 0.77(9) 0.88

Fe2 8r 1/6 1/6 0.239(2) 0.77(9) 0.12

Co3 8t 1/6 1/2 0.270(2) 0.77(9) 0.88

Fe3 8t 1/6 1/2 0.270(2) 0.77(9) 0.12

O1 4j 1/6 1/6 0 0.99(11) 1

O2 4n 1/6 1/2 0 0.99(11) 1

O3 1c 1/2 1/2 0 0.99(11) 1

O4 16u 1/6 1/3 0.300(3) 1.05(8) 1

O5 8s 1/6 0 0.300(3) 1.05(8) 1

O6 4i 0 1/2 0.300(3) 1.05(8) 1

O7 8t 1/3 1/2 0.300(3) 1.05(8) 1

O8 4k 1/6 1/6 1/2 1.30(12) 0.732(11)

O9 4o 1/2 1/6 1/2 1.30(12) 0.087(12)
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Fig. 5. Neutron diffraction pattern of TbBaCo1.76Fe0.24O5+g at 25K,

collected on DMS (l ¼ 4:2 Å). Vertical lines indicate angular positions

for the nuclear Bragg peaks (bottom) and for possible magnetic

reflections (top). Lower part of the figure shows the difference plot.

The magnetic reflections are indexed in the magnetic unit cell with

am ¼ O2an and cm ¼ cn:
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perovskite where the corresponding TN value is about
4K [7].

Prior to discussing magnetic moment value and spin
state of the cobalt ions, let us write the chemical formula
and charge distribution in TbBaCo1.76Fe0.24O5+g. Ac-
cording to the Mössbauer spectroscopy [11], iron ions in
this perovskite have 3+ oxidation state with high-spin
electronic configuration (t32ge2gS ¼ 5=2). Taking into
account TGA data [11] and structure refinement results
(Table 1), the chemical formula can be written as
TbBaCo3+

1.5 Co2+
0.26Fe3+0.24O5.37, with about 15% of cobalt

ions existing in the divalent state. One can assume that
the higher oxygen coordination should stabilize higher
oxidation state of cobalt ions. In other words, Co2+

cations should be predominantly incorporated into
crystallographic positions with a lower coordination
(square-pyramidal), whilst the octahedral sites are
mostly occupied by Co3+. Mössbauer spectra [11] also
showed that approximately 19% of iron ions are
6-coordinated. This means that Fe3+ occupies about
5% of the octahedral sites. The value of the magnetic
moment moctr ¼ 1:6ð2Þ mB per Co/Fe ion is relatively low
for the case when Co3+ and Fe3+ exist in the
intermediate (t52ge1gS ¼ 1) and high-spin states, respec-
tively. Such a behavior results, most likely, from
the existence of a minor fraction of six-fold co-
ordinated Co3+ with low-spin electronic configuration
(t62ge0gS ¼ 0Þ: Assuming completely quenched orbital
contribution to the magnetic moment of cobalt (gE2),
one can obtain approximately 72% and 23% of the
octahedral positions occupied by Co3+ with the inter-
mediate and low spin configurations, respectively. The
value of mpyr ¼ 2:8ð2Þ mB per Co/Fe ion can be easily
explained considering the contributions of intermediate-
spin Co3+, high-spin Co2+ (t52ge2gS ¼ 3=2), and also
high-spin Fe3+.

The spin state of cobalt ions and magnetic structure
for LnBaCo2O5+g perovskites were discussed in numer-
ous works [4–18]. In general, the attention was focused
on only two distinct structural types with gE0:5 and
gE0: For the former, several different models of the
magnetic structure were proposed [12–18] and this
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problem is still a matter of discussion. Nonetheless, one
can make a definite conclusion regarding the spin state
of cobalt ions in these compounds. Namely, various
experimental data directly show that the square-
pyramidal and octahedral positions are occupied by
the intermediate- and low-spin Co3+ ions, respectively
[9,14,15]. From this point of view, the electronic
configuration of cobalt ions proposed in this work for
TbBaCo1.76Fe0.24O5.37 is quite logical. The high con-
centration of paramagnetic Co3+ in octahedral sites is
apparently associated with the presence of iron cations,
making the low-spin state of cobalt ions unstable in their
local surrounding.

In the case when g ¼ 0; the experimental data
certainly demonstrates that the magnetic moments of
Co2+ and Co3+ ions, both adopting high spin state, are
ordered antiferromagnetically, forming the G-type spin
configuration [6,7,17,18]. The neutron diffraction study
of NdBaCo2O5+g (gE0:38) recently reported by Burley
et al. [18], revealed a coexistence of two phases with
different oxygen contents, g ¼ 0:29 and g ¼ 0:5: Crystal
structure of the former is derived from the structure of
g ¼ 0 phase, with a random distribution of oxygen ions
within [NdOg] layers. Most likely, there exists a
miscibility gap between two structural types with g ¼
0:5 and g ¼ 0: Therefore, the 3� 3� 1 superstructure,
found in this work and in the cases of DyBaCo2O5+g

and YBaCo2O5+g, is only stable for compounds with
small rare-earth ions. For the phase having g ¼ 0:29; the
long-range G-type antiferromagnetic ordering was
found at temperatures below 150K. The value of the
magnetic moment was interpreted assuming that the
octahedral Co3+ ions adopt low spin state and
the square-pyramidal Co2+/Co3+ are high spin, as for
the g ¼ 0 materials. In the present case, accepting the
model involving high-spin state for square-pyramidal
Co3+ makes is necessary to assume that a part of the
sample is not magnetically ordered. This would contra-
dict to the low-temperature Mosbauer data [11].

In summary, the neutron diffraction studies of
TbBaCo2�xFexO5+g system showed that the ortho-
rhombic-tetragonal phase transition results from chan-
ging the superstructure (2� 1� 1-3� 3� 1), formed
due to ordering of extra oxygen in [TbOg] layers. The
Co/Fe ions in tetragonal TbBaCo1.76Fe0.24O5+g with
3� 3� 1 superstructure type are antiferromagnetically
coupled; the spin-ordering configuration is G-type. The
refinement of magnetic peak intensities reveals that
Co3+ ions located in the square-pyramidal sites have
intermediate-spin state, whereas a minor part of
octahedrally coordinated Co3+ seems to adopt low-spin
state.
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