
Structural and magnetic study of PrBaCo2O5+d „d¶0.75… cobaltite

Carlos Frontera, José Luis García-Muñoz, and Anna E. Carrillo
Institut de Ciència de Materials de Barcelona, CSIC, Campus Universitari de Bellaterra, E-08193 Bellaterra, Spain

Clemens Ritter
Institut Laue Langevin, 6, rue Jules Horowitz, F-38042 Grenoble Cedex 9, France

David Martín y Marero
Institut Laue Langevin, 6, rue Jules Horowitz, F-38042 Grenoble Cedex 9, France,

and Instituto de Ciencia de Materiales de Aragón, CSIC, Zaragoza, Spain

Alberto Caneiro
Centro Atómico de Bariloche, 8400-San Carlos de Bariloche, Argentina

(Received 10 June 2004; revised manuscript received 22 September 2004; published 23 November 2004)

We have investigated the structural and magnetic properties of PrBaCo2O5+d sd.0.75d layered cobaltite. By
means of neutron and synchrotron x-ray powder diffraction we have determined the ordered distribution of
oxygen vacancies in PrOd planes. This order doubles botha andb lattice parameters from the perovskite cell
parameter, forming a tetragonal(rather than orthorhombic) structure. On cooling, a paramagnetic to ferromag-
netic and an incomplete ferromagnetic to antiferromagnetic transition take place. This second transition leads
to a coexistence of ferromagnetic and antiferromagnetic order, forming a cantedG-type antiferromagnetic
structure. Magnetic data above the ferromagnetic transition evidence a large value of the effective paramag-
netic moment of Co, implying that, well below room temperature, Co3+ ions in an octahedral environment
present a high-spin state, in contrast toRBaCo2O5.5 cobaltites.

DOI: 10.1103/PhysRevB.70.184428 PACS number(s): 75.25.1z, 71.27.1a, 75.80.1q

I. INTRODUCTION

The study of transition-metal oxides is, nowadays, very
extended in the field of materials science. Among them, co-
balt oxides are the subject of vivid studies. In cobaltites the
spin state degree of freedom of Co ions introduces new in-
teresting effects in the case of narrow-band oxides. Among
other families like misfit cobaltites for thermopower
applications1,2 or mixed-valence cobalt perovskites as candi-
dates to present charge ordering like Pr0.5Ca0.5CoO3,

3 layered
cobaltites with general formulaRBaCo2O5+d (R; rare earth,
0ødø1) have been the subject of several studies during the
last years.4–15 These compounds have been demonstrated to
be complex systems presenting very intriguing phenomena
like charge ordering,4,5 metal-insulator transitions,6,7 orbital
order,8 and also a large thermoelectric power.12 Following
the paper by Troyanchuket al.,6 the cornerstone paper by
Maignanet al.7 evidenced that the oxygen content of these
compounds can be tailored by heat treatments in different
atmospheres. Maignanet al.7 also established two special
structural features: the ordering in alternating planes of Ba
andR ions and the tendency of oxygen vacancies to place at
the R planes forming ordered patterns.

The most appealing features of narrow-band cobaltites are
the spin-charge-orbital coupling and the fact that Co pre-
sents, with great facility, transitions between different spin
states. As an example one can mention the case of LaCoO3,
object of great controversy during the 1980s and 1990s(Ref.
16). The competition between the Hund exchange and the
crystal field, together with the distortions in octahedral coor-
dination or the presence of pyramidal coordination, can sta-

bilize three different spin states: low spin(LS), intermediate
spin (IS), and high spin(HS) for both Co3+ (LS with t2g

6

and S=0, IS with t2g
5 eg

1 and S=1, and HS witht2g
4 eg

2 and
S=2) and Co4+ (LS with t2g

5 and S= 1
2, IS with t2g
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1 and

S= 3
2, and HS witht2g

3 eg
2 andS= 5

2). (Ref. 17)
The oxygen content of these layered cobaltites,d, controls

not only the mean valence of Co ions(which can vary from
3.5+ for d=1 to 2.5+ ford=0), but also the coordination of
Co (pyramidal or octahedral) and has therefore a strong in-
fluence on the spin state of Co. This leads to the magnetic
and transport properties of these compounds being mainly
dominated by the oxygen content. For instance, it has been
found that for lowd there is a great tendency to form charge-
ordered structures and this phenomenon has been reported
for YBaCo2O5 (Ref. 4) and TbBaCo2O5 (Ref. 5). Metal-
insulator and spin-state transitions as well as successive mag-
netic transitions due to competing ferromagnetic-
antiferromagnetic interactions are present in compounds with
d=0.5 for a wide variety of rare earths.7–9,14,15

In Ref. 10 we investigated the origin of this metal-
insulator transition above room temperature(RT)(for d=0.5).
We have attributed the changes of the electron mobility on
heating to a sudden change from the Co3+ LS statest2g

6 d to
Co3+ HS statest2g

4 eg
2d in Co3+O6 octahedra.10 For d=0.5 it is

well established that oxygen vacancies order forming filled
and empty rows of oxygen sites alonga in the ROd planes.
Associated with this ordering, IS/LS Co3+ states where found
to be orderly distributed in the structure belowTMI (IS/HS
states above the spin-state transition atTMI).10 This makes it
such that the spin-state transition takes place in an ordered
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manner(as was also suggested in Ref. 6). Moreover, giant
magnetoresistance effects accompany the ferromagnetic-
antiferromagnetic FM-AFM competition inRBaCo2O5.5
compounds. Ordering of oxygen inRO layers into alternat-
ing empty and filled rows favors a strong uniaxial anisotropy
of Co3+ spins. In the FM phase Co spins align along the
oxygen-chain direction forming ferromagnetic two-leg lad-
ders. The interaction between them is mediated by nonmag-
netic Co-O layers. Instead of FM, this coupling turns out to
be weakly AFM at low temperatures.14

Little is known about the properties of the compounds
with higher oxygen content. Ford.0.5 structural studies are
scarce. To the best of our knowledge, besides the initial study
of LaBaCo2O6 (more precisely La0.5Ba0.5CoO3 as no order
between La and Ba was reported),18 there is only a recent
study, including oxygenated compounds, which suggests par-
tial order of the oxygen vacancies into channels alonga in
NdBaCo2O5.69.

11

With the aim of reducing this lack of knowledge, we have
prepared and characterized the structural and magnetic prop-
erties of the cobaltite PrBaCo2O5+d with d.0.75. We report
the finding of a strong tendency to an order of oxygen va-
cancies different to that ofd=0.5 compounds. We describe
the magnetic properties of this composition and confirm a
different scenario(compared to RBaCo2O5.5 compounds) be-
low room temperature.

II. EXPERIMENTAL

Two polycrystalline samples of PrBaCo2O5+d cobaltite
were sintered following different ways. For both specimens,
the precursors were prepared by solid-state reaction in air.
High-purity powders of Pr6O11, BaCO3, and Co3O4 were
mixed at stoichiometric weights. After a decarbonation pro-
cess(15 h at 1000°C) the mixtures were pressed into pellets,
annealed at 1100°C during 24 h in air, and cooled down
s100°C/hd to RT twice. The quality of the initial compounds
obtained was tested by means of laboratory x-ray diffraction.
These precursors were found to be well crystallized and
single phase, having the characteristic staking sequence
fCoO2gfBaOgfCoO2gfLnOdg along thec direction.7 A careful
study of different annealing conditions and thermal treat-
ments was performed prior to attain the desired stoichiom-
etry. The equilibrium value ofd as a function of oxygen
pressurespO2

d and temperature was obtained by thermogravi-
metric analysis(TGA) within the range 250°C,T,900°C
and 10−5atm,pO2

,1 atm.19 The first sample(PBC-I) was
obtained by grinding the sintered bar with an agate mortar
and pestle, annealing the obtained powder in pure argon at
400°C during 3 h, and cooling it slowly to room tempera-
ture. The second sample(PBC-II) was obtained by ball mill-
ing the bar with an agate grinder, annealing the powder at
250°C under low oxygen pressure ofpO2

=3.28310−2 atm,
and quenching it to RT. The absolute oxygen content of the
quenched samples was measured by TGA reducing in dry H2
at 1000°C and assuming Co, Pr, and BaO as final products.
This renderedd=0.762s2d for PBC-I and d=0.74s1d for
PBC-II.

Magnetization measurements on these two samples were
performed using a superconducting quantum interferometer
device(SQUID, Quantum Design) and a physical properties
measuring system(PPMS, Quantum Design). Neutron pow-
der diffraction (NPD) data were collected at the ILL
(Grenoble) in the temperature range 5–300 K. Two neutron
diffractometers were used: D2B(l=1.594 Å, high resolu-
tion) and D1B sl=2.52 Åd. In this last diffractometer, by
means of a cryomagnet, we have also performed NPD mea-
surements up tom0H=4 T. These last measurements have
been done atT=10 K after cooling from RT at zero field. In
addition, ultrahigh-resolution synchrotron x-ray powder dif-
fraction (SXRPD) data were collected using BM16 beamline
(for PBC-I) at the European Synchrotron Radiation Facility
(ESRF) in Grenoble. PBC-I sample was loaded in a borosili-
cate glass capillarysf=0.5 mmd and rotated during data col-
lection. Good-quality angle-dispersivefl=0.450 294s1dÅg
patterns were recorded at RT, the short wavelength being
selected with a double-crystalSis1 1 1d monochromator and
calibrated with Si NISTsa=5.430 94 Åd.

III. MAGNETIZATION RESULTS

Figure 1 shows the temperature dependence of the dc
magnetization and the inverse susceptibility measured under
an applied field ofm0H=0.1 T after a field cooling process.
A sudden enhancement, on cooling, of the magnetic moment,
signaling a transition from a paramagnetic(PM) to a FM
phase, can be well appreciated in both samples. At lower
temperatures, in both cases, theMsTd curve shows a maxi-
mum and a decrease(on cooling) of the magnetization, sig-
naling perhaps some kind of antiferromagnetic ordering.
From the inflection points of theMsTd curves we estimate
TC=110s5dK (PBC-I) and TC=120s5dK (PBC-II). Maxima
of MsTd curves are observed atTN=80s5dK and TN

=65s10dK for PBC-I and PBC-II, respectively. ThisMsTd
evolution clearly differs from that inRBaCo2O5.5 com-

FIG. 1. Magnetization and inverse susceptibility of PBC-I(a)
and PBC-II(b) samples taken underm0H=0.1 T. Solid lines show
the best fits of the Curie law to the inverse susceptibility.

FRONTERAet al. PHYSICAL REVIEW B 70, 184428(2004)

184428-2



pounds, where a maximum around 250 K is followed by a
deep and abrupt drop of the magnetization 40–60 K below
the first enhancement(signaling the total disruption of the
ferromagnetic ordering).

We have also recorded the isothermal magnetization
curves shown in Fig. 2.MsHd curves have been recorded at
three temperatures: at 5 K, just aboveTN, and just aboveTC.
These measurements have been done after a zero-field cool-
ing from RT. It can be appreciated that, atT=5 K, the first
magnetization curves of PBC-I and PBC-II[see inset in Fig.
2(b)] samples present the usual instep followed by a quick
rise of the magnetic moment. The field at which the quick
rise starts is about 8 kOe for PBC-I and about 1 kOe for
PBC-II sample. At this temperature the magnetizing process
is highly irreversible as shown by the high separation be-
tween the up and down magnetization curves. This instep is
absent at the other temperatures measured. IsothermalMsHd
curves measured just aboveTN show a reversible behavior. It
must also be mentioned that, contrarily to the usual behavior
of a ferromagnet, the isothermalMsHd curve (of PBC-I) re-
corded atT=90 K overpassesMsHd curve recorded atT
=5 K. This fact is not so clear for PBC-II, but, at least
Msm0H=5 T,T=80 Kd.Msm0H=5 T,T=5 Kd. Above TC

a standard paramagnetic behavior is recovered for both
samples.

In addition to these similarities, Figs. 1 and 2 evidence
some differences between the two studied samples. The first
one is the different value of the low temperature magnetiza-
tion (found in Fig. 1): 0.42mB/ f .u. (PBC-I) and
1.34mB/ f .u. (PBC-II). This difference is not only due to the
fact that the applied field in the measurements0.1 Td is
above the instep inMsHd curve of PBC-II but below it for
PBC-I. As depicted in Fig. 2 also different magnetization

values are reached under high fieldsm0H=7 Td. We have
also recorded the full hysteresis cycle for both compounds
[shown, for PBC-I, as an inset in Fig. 2(a)] and found differ-
ences in the remanence(0.85mB/ f .u. for PBC-I and
1.6 mB/ f .u. for PBC-II) and coercive field(1.15 T for PBC-I
and 0.19 T for PBC-II). The differences in the magnetic be-
havior are reduced, but still persist, aboveTC. This is
reflected in the fitted Curie law to the inverse susceptibility
in both compounds. These fits renderuC=125s5dK and meff

=5.53s5dmB/ f .u. fmeff=3.91s5dmB/Cog for PBC-I and uC

=145s5dK and meff=5.29s5dmB/ f .u. fmeff=3.74s5dmB/Cog
for PBC-II.

The hysteresis cycle in Fig. 2(a) (inset) is much different
from the MsHd curves obtained in the AFM phase of
RBaCo2O5.5 oxides.9,6 In the latter, a field-induced FM mo-
ment occurs at higher critical fields and the transition has
been related to the spin alignment of AF-coupled adjacent
FM ladders, with Ising-like anisotropy. At variance with the
behavior ford=0.5, the low magnetization state is not recov-
ered again by lowering the field in the case ofd=0.75[inset
of Fig. 2(a)]. Hence, the rise of magnetization observed in
Fig. 2 is not reminiscent of the field-induced transition in
RBaCo2O5.5.

IV. DIFFRACTION RESULTS

A. Order of vacancies

For PBC-I we have performed a joint Rietveld refinement
of high-resolution NPD data collected at D2B and ultrahigh-
resolution SXRPD data collected at BM16(at RT). We have
found that both data sets can be quite well refined using an
average structure with lattice parametersa=b.ap and c
.2ap (whereap is the perovskite cubic cell) andP 4/mmm
(No. 123) space group(SG). But in addition to this average
structure, a set of much smaller peaks(with an intensity of
about three orders of magnitude smaller than that of the most
intense peak) is present. These extra peaks, which must be
attributed to a particular order of oxygen vacancies in the
structure, can be indexed by doubling botha and b lattice
parameters(so conserving the tetragonal symmetry).

The joint refinement of these two data sets has permitted
us to explore different possible ordered arrangements of the
oxygen vacancies within thefPrOdg planes. In Fig. 3 the
studied arrangements are shown. The first possibility ex-
plored [Fig. 3(a)] corresponds to a perfect order in a
2ap32ap supercell in thefPrOdg planes, with vacancies lo-
cated in 1bfs0 01

2
dg Wyckoff position of theP 4/mmmSG.

The refinements confirm that this model does not reproduce
well the intensity of some superstructure peaks, as can be
seen in Fig. 4(a). The second model refined[Fig. 3(a)] cor-
responds to the location of the vacancies ins1 0 0d lines, in a
similar manner to the order ind=0.5 layered cobaltites. In
the present case, due to the smaller concentration of vacan-
cies, these lines would be partially occupied forming a solid
solution with oxygen ions. Using this model, the refinement
leads to a very poor agreement with the experimental inten-
sities. As can be seen in Fig. 4(b) the agreement is clearly
worse than that obtained with the first model. To be men-

FIG. 2. (a) Isothermal magnetization curves of PBC-I at differ-
ent temperatures. The inset shows the whole hysteresis cycle atT
=5 K. (b) The same for PBC-II sample. The insets shows an en-
largement of theMsHd curve atT=5 K.
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tioned is that this second model violates the fourfold sym-
metry of the tetragonalP 4/mmmSG and, consequently, we
used theP mmm(No. 47) SG, with the constraintb=2a. The
third possibility corresponds to an imperfect order of the
2ap32ap structure, in which vacancies are inhomogeneously
distributed between 1bfs0 01

2
dg and 1dfs 1

2
1
2

1
2

dg Wyckoff posi-
tions of theP 4/mmmSG. This last model for the order of
oxygen vacancies provides the best agreement with the ex-
perimental intensities. The first model tried corresponded to
the particular case of having an occupation 0 and 100% of 1d

and 1b positions, respectively. In PBC-I the refinement con-
verges to the 25% of vacancies located in the 1d position and
the remaining 75% in the 1b position. It is apparent that with
this relaxation of the perfect 2ap32ap order, the experimen-
tal intensities shown in Fig. 4(c) are now much better repro-
duced. The whole refinement, according to the last model, of
SXRPD data is shown in Fig. 5(a).

It is worth mentioning that, in addition to superstructure
peaks doublinga andb lattice parameters(from ap), a single
peak, with similar intensity and shape to those shown in Fig.
4, is clearly visible in SXRPD pattern(of PBC-I sample).
This peak can only be indexed by doublingc lattice param-
eter.

Analysis of the superstructure reflections and vacancy or-
der was extended to the second sample. We successfully re-
fined the high-resolution NPD data of PBC-II using the same
model, as is shown in Fig. 5(b). The refinement rendered an
smaller degree of order between vacancies and oxygen at-
oms: 35% of vacancies in 1d and 65% in 1b Wyckoff posi-
tions.

FIG. 4. Portions of the SXRPD refinements of PBC-I sample at
RT showing some of the peaks attributed to the ordering of vacan-
cies. Rows labeled(a), (b), and(c) correspond to model Nos. 1, 2,
and 3 in Fig. 3, respectively. It must be noted that the most intense
peak of the diffraction pattern is about 3.53105 units, three orders
of magnitude larger than peaks coming from vacancy order.

FIG. 6. (Color online) Polyhedral view of the idealized order
(model No. 1). Cations within the unit cell are labeled accordingly
to notation used in Table I.

FIG. 3. Schematic picture of thez=0.5 mirror plane showing the
different ordered arrangements of vacancies adjusted.(a) Complete
order in a 232 structure.(b) Solid solution of the order found in
d=0.5 layered cobaltites.(c) Solid solution in alternatings1 1 0d
lines.

FIG. 5. Ajusted patterns following model No. 3 in Fig. 3 of(a)
SXRPD data from the PBC-I sample and(b) NPD data from the
PBC-II sample.
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According to our findings about the order of oxygen va-
cancies, a schematic view of the structure of PrBaCo2O5.75
is shown in Fig. 6. For sake of simplicity we have repre-
sented the perfect order of the 2ap32ap structure with 0%
of vacancies(100% of oxygen) in 1ds 1

2
1
2

1
2

d sites and 100%
of vacancies(0% of oxygen) in the 1bs0 0 1

2
d position.

B. Structural study and thermal evolution

A temperature-dependent neutron diffraction study was
carried out on a PBC-I sample on the medium-resolution
D1B diffractometer of the Institute Laue-Langevin in
Grenoble in the temperature range 1.5–300 K. D1B is opti-
mized for monitoring cell variations and the magnetic con-
tribution. These patterns are not suitable for precise structure
refinement and have been analyzed using the average
P 4/mmmSG with a.ap and c.2ap. At low temperature
the apparition of AFM ordering is evidenced by the appear-
ance of reflections that enlarge this structural cell. The details
of the magnetic structure are discussed in the next subsec-
tion. The lattice parameters found, as a function of tempera-
ture, are depicted in Fig. 7(a) (open symbols). To be empha-
sized is that, on cooling, the thermal contraction stops at
TN=135 K and, instead, a low-temperature expansion takes
place in botha and c parameters. This gives rise to a cell
volume expansion on cooling that has been depicted in Fig.
7(b).

For PBC-II sample, high-resolution NPD data(D2B) were
collected atT=10 K, 175 K, and RT. The structural details
obtained from Rietveld refinements of these data are listed in
Table I. The occupancies of 1b fOs2adg and 1d fOs2bdg Wy-
ckoff positions have been refined constraining the total oxy-
gen content to the experimental valued=0.74. We have
checked that relaxing this constraint does not improve the
refinement appreciably and that the obtained value ofd is,
within the errors, the same. Refinements at the three tem-
peratures converged to very similar distribution of vacancies.

In the structure summarized in Table I there are three differ-
ent crystallographic positions occupied by Co. Cos3d in 4i
only presents octahedral coordination(100% in octahedra).
For Cos1d in 2g, dominant coordination is pyramidal(77%
for PBC-I and 65% for PBC-II, respectively). Inversely, the
majority of Cos2d in 2h presents octahedral coordination
(29% for PBC-I and 34% for PBC-II).

Table II lists Co-O bond distances found for these three
Co sites as well as the basal Co-O-Co bond angles.(All
apical Co-O-Co bond angles are 180° by symmetry restric-
tions.) Concerning the Co-O distances, the evolution de-
pends on the Co site. In the paramagnetic region a contrac-
tion of kdCos3d-Ol by about ,1.5310−2 Å is observed on
cooling between 300 and 175 K. This evolution is opposite
to that of the mean Cos1d-O bond length, which displays a
tiny expansion in the same interval. On cooling from 175 to
10 K, the small expansion ofkdCos1d-Ol contrasts with the
tiny shrinking of kdCos2d-Ol and kdCos3d-Ol bonds.

C. Magnetic order

Qualitatively, we have observed very similar behavior of
magnetic intensities in the NPD patterns of both samples. On

FIG. 7. (a) Cell parameters, as a function of temperature ob-
tained for PBC-I(open symbols) and PBC-II(solid symbols), using
low-resolution and high-resolution NPD, respectively.a (left axis)
corresponds to squares andc (right axis) corresponds to circles.(b)
Cell volume(L, left axis) and ordered magnetic moment(D, right
axis) found by low-resolution NPD data.

TABLE I. Structural details and agreement factors found from
high-resolution powder diffraction at different temperatures. At
all the temperatures the refinements have been done using the
P4/mmm SG. Wyckoff positions of the different ions are
4j , sx x 0d, for Ba; 4k, sx x 1

2
d, for Pr; 2g, s0 0 zd, for Cos1d;

2h, s 1
2 , 1

2 zd, for Cos2d; 4i, s0, 1
2 zd, for Cos3d; 1a, s0 0 0d, for Os1ad;

1c, s 1
2

1
2 0d, for Os1bd; 2f, s0, 1

2 0d, for Os1cd; 1b, s0 0 1
2

d, for
Os2ad; 1d, s 1

2
1
2

1
2

d, for Os2bd; 2e, s0, 1
2

1
2

d, for Os2cd; 8s, sx,0 ,zd,
for Os3ad; and 8t, sx, 1

2 zd, for Os3bd. Os2ad and Os2bd are just
partially occupied. The occupancy factors found are reported in the
table.

PBC-II PBC-I

10 K 175 K 300 K 300 K

asÅd 7.7954(1) 7.8007(1) 7.8218(1) 7.81683(8)

csÅd 7.5941(1) 7.6057(1) 7.6353(1) 7.62913(8)

VsÅ3d 461.47(1) 462.82(1) 467.13(1) 466.16(1)

Ba x 0.2503(7) 0.2499(8) 0.2500(7) 0.2504(2)

Pr x 0.2535(9) 0.2543(8) 0.2575(7) 0.2548(2)

Cos1d z 0.250(2) 0.254(2) 0.249(2) 0.250(1)

Cos2d z 0.244(2) 0.246(2) 0.247(2) 0.2518(1)

Cos3d z 0.254(2) 0.254(2) 0.251(2) 0.2494(8)

Os2adoccup. 0.33(3) 0.32(3) 0.35(3) 0.29(2)

Os2bdoccup. 0.65(3) 0.66(4) 0.63(3) 0.77(2)

Os3ad x 0.2468(9) 0.2460(8) 0.2437(7) 0.246(2)

z 0.2888(3) 0.2871(3) 0.2875(3) 0.2869(9)

Os3bd x 0.2501(8) 0.2488(7) 0.2495(7) 0.247(2)

z 0.2693(3) 0.2705(2) 0.2702(3) 0.271(1)

x2 4.5 3.6 2.9 5.5a 1.16b

RB 3.4 3.3 2.9 2.1a 5.80b

aSXRPD pattern.
bNPD pattern.
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cooling acrossTN, the appearance of thes1 1 1d reflection
(referred to the 2ap32ap32ap cell) confirms the onset of
long-range AFM order. This peak signals the presence of
G-type AFM order in the system, which was confirmed by
our magnetic refinements. This AFM order does not require
an expanded magnetic cell. In addition, other intensity
changes confirm the development of ferromagnetic order. In
particular, there is an enhancement of preexistings2 0 0d,
ands0 0 2d peaks that can only be attributed to FM order(see
Fig. 8). Taking these considerations into account, the best
refinements of low-temperature NDP data corresponding to
PBC-I (collected using D1B at 1.5 K) and PBC-II(collected

using D2B at 10 K) samples have been obtained by assum-
ing a cantedG-type AFM structure(Rmag=7.3% and 6.7%
for PBC-I and PBC-II, respectively). In both samples, the

AFM momentssmAFMd are aligned along thes11̄0d direction.
On the other hand, the ferromagnetic momentssmFMd are
taken to be perpendicular to this direction and are composed
of an in-plane[alongs1 1 0d] component and an out-of-plane
(along c) component. For PBC-I the refinement renders an
AFM component mAFM =0.9s1dmB and a FM one mFM

=0.8s1dmB fmT=1.2s1dmBg. For PBC-II sample, it renders
mAFM =0.3s1dmB and mFM=1.3s1dmB fmT=1.3s1dmBg. The
magnetic structures obtained for each sample are detailed in
Table III. In both cases magnetic refinements have been done
assuming identical magnetic moments for all Co ions[Cos1d,
Cos2d, and Cos3d sites]. Although the spin state of Co ions,
and thus their magnetic moment, can be strongly influenced
by their coordination,17 the number of magnetic peaks in
powder patterns does not allow to refine, with confidence,
different magnetic moments in relation to the three distin-
guishable crystallographic positions of Co.

Figure 8 shows the temperature dependence of the inte-
grated intensity of the three most characteristic magnetic
peaks. In accordance with the thermal evolution of magneti-
zation depicted in Fig. 1, we have found, on cooling, first an
enhancement of FMs2 0 0d-s0 0 2d and, afterward, the ap-
pearance of AFMs1 1 1d peaks. The evolution shown in Fig.
8 permits us to estimate the Curie and Néel temperatures of
both samples:TC=115s10dK, TN=80s10dK for PBC-I and
TC=135s10dK, TN=70s10dK for PBC-II. These values are
fairly comparable with those obtained from magnetic mea-
surements.

Finally, we have investigated the possibility that the en-
hancement ofMsHd curves at 5 K, shown in Fig. 2, corre-
sponds to the disruption of the AFM structure due to the field
as has been reported to happen(at larger fields) for
RBaCo2O5.5 compounds. For this we have collected NPD
data at 10 K under a magnetic field, after a zero-field cooling
process, up to 4 T for PBC-II sample. Figure 9(a) shows the
measured intensity near 2u=32° corresponding tos1 1 1d re-
flection. To compare, Fig. 9 shows the same region but pre-
senting data corresponding, at zero field, to 10 and 100 K
where the disappearance of this peak aboveTN can be clearly
appreciated. Figure 9(c) shows that the integrated intensity of
s1 1 1d magnetic reflection is not affected by the field be-
tween 0 and 4 T. The same can be said for thes2 0 0d and
s0 0 2d reflections.

V. DISCUSSION AND CONCLUSIONS

According to joint NPD and SXRPD refinements, for
PrBaCo2O5.75 the location of oxygen vacancies in PrO0.75
planes does not correspond the ordering into channels as re-
ported for RBaCo2O5.5 compounds. For PrBaCo2O5.75 we
have observed an imperfect order of these vacancies consist-
ing in the preferential occupation of the 1b position. Partial
disorder is restricted to a solution with atoms in 1b and 1d
Wyckoff positions of theP 4/mmmSG. The concentration
of oxygen ions in these positions confirms the same prefer-

TABLE II. Co-O bond distances(in Å) and Co-O-Co bond
angles obtained from details reported in Table I. Os3ad and Os3bd
are basal oxygens while Os1id and Os2id (with i =a,b, andc) are
apical ones.

PBC-II PBC-I

10 K 175 K 300 K 300 K

dCos1d-Os1adsÅd 1.90(1) 1.93(1) 1.90(1) 1.907(8)

dCos1d-Os2adsÅda 1.90(1) 1.87(1) 1.92(1) 1.908(8)

dCos1d-Os3adsÅds34d 1.947(7) 1.936(7) 1.929(6) 1.94(1)

dCos2d-Os1bdsÅd 1.86(1) 1.87(1) 1.89(1) 1.921(8)

dCos2d-Os2bdsÅdb 1.94(1) 1.93(1) 1.93(1) 1.894(8)

dCos2d-Os3bdsÅds34d 1.958(6) 1.968(7) 1.967(6) 1.98(1)

dCos3d-Os1cdsÅd 1.93(1) 1.93(1) 1.92(1) 1.903(6)

dCos3d-Os2cdsÅd 1.87(1) 1.87(1) 1.89(1) 1.912(6)

dCos3d-Os3adsÅds32d 1.991(7) 1.998(7) 2.023(6) 2.01(1)

dCos3d-Os3bdsÅds32d 1.953(1) 1.945(1) 1.957(1) 1.939(1)

kdCos1d-OlsÅd 1.934(4) 1.930(4) 1.923(3) 1.933(2)

kdCos2d-OlsÅd 1.938(4) 1.947(4) 1.949(3) 1.961(2)

kdCos3d-OlsÅd 1.947(3) 1.948(3) 1.963(3) 1.951(2)

uCos1d-Os3ad-Cos3dsdegd 163.6(3) 165.2(3) 163.4(3) 163.5(6)

uCos2d-Os3bd-Cos3dsdegd 171.0(3) 170.7(2) 170.7(2) 171.0(6)

aPartially formed[29(2)% for PBC-I and 32(3)% for PBC-II].
bPartially formed[65(4)% for PBC-I and 77(2)% for PBC-II].

FIG. 8. Integrated intensity of(left axis) s2 0 0d (s) ands0 0 2d
shd and (right axis) s1 1 1d sLd peaks corresponding to(a) PBC-I
and (b) PBC-II samples. Solid lines are guides to the eye.
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ential ordering in samples PBC-I and PBC-II(being
75% –25% and 65% –35%, respectively). In order to get
samples with a perfect ordering(with all vacancies in 1d
Wyckoff position) it is important to emphasize that the main
difference in heat treatments between the two samples is that
PBC-I was slowly cooled from 400°C while PBC-II was
quenched from 250°C. Hence, apparently, it is below this
last temperature where the oxygen order can be improved. It
is of interest to recall that an order-disorder transition of
oxygen vacancies in YBaCo2O5.5 has been described at about
230°C (Ref. 20).

In spite of the great similarities in the magnetic behavior
between the two studied compounds, we have found a cer-
tain number of differences: the value of the FM and AFM
components at low temperature(which is also reflected on
the remanent magnetization), the behavior of the first mag-
netization curve, the coercive fields, and small differences in
Néel and Curie temperatures. These discrepancies may be
related to two dissimilarities between the samples: the oxy-
gen content and the degree of vacancy ordering. The varia-
tion in the oxygen content is very small, and we discard it as
the origin of these differences. In contrast, we argue that the

difference in the degree of vacancy ordering can be of sig-
nificance. This order must govern the magnetic interactions,
and a decrease of the degree of order drives a decrease of the
AFM strength, leading to a decrease of the Néel temperature
and AFM ordered moment at lowT, as found. This degree of
order can also influence the magnetic anisotropy and thus
change the first magnetization behavior and also the coercive
field. It cannot be discarded that a perfect ordering of vacan-
cies will drive a total disappearance of FM order, leading to
a pure AFM arrangement of moments at low temperature, as
happens ind=0.5.

From magnetic NPD data we can conclude that the low-
temperature magnetic order consists of a canted AFMG-type
structure. Interestingly, AFM and FM orders do not develop
simultaneously. The onset of both kind of magnetic ordering
is separated by about 40–50 K, the FM coupling appearing
first. Temperature and field-dependent measurements shown
in Figs. 1, 2, and 8 strongly suggest that a scenario of phase-
separated FM and AFM zones has to be ruled out. For this
conclusion it is clearer to discuss the results of PBC-I sample
showing similar AFM and FM contributions(mAFM
<0.9 mB vs mFM<0.8 mB). First, a decrease of the magneti-
zation is observed atTN. Second, Fig. 2(a) confirms that, for
the same applied field(sweep-up process), the magnetization
at 90 K (betweenTN and TC) is higher than the magnetiza-
tion at 5 K (belowTN), even though thermal fluctuations are
more important(at 90 K). Third, from the temperature evo-
lution of magnetic intensities(NPD) in Fig. 8, an apparent
slowdown in the development of FM moment can be ob-
served coinciding with the onset of AFM order. Therefore,
the most probably scenario corresponds to FM and AFM
order being interpenetrated, defining a proper canted mag-
netic structure. Another interesting feature is the evolution
acrossTN of the FM macroscopic magnetization at very low
field. In Fig. 2(a) at 90 K (betweenTN andTC) we observe a
FM low-field signal. In contrast, at 5 K(belowTN), this low-
field signal vanishes in the isothermal measurement. It
should also be noted that the field necessary for the rise of
magnetization increases with the proportion of AFM compo-
nent. This reinforces the interrelation between the AFM and
FM ordering.

The evolution of theG-type AFM signal under field, de-
picted in Fig. 9(a) confirms that the rise of magnetization at
m0H=0.1 T in Fig. 2(b) [and presumably in Fig. 2(a) at
m0H=0.8 T] is not related to the disruption of the AFM or-

TABLE III. Detailed magnetic structure found for PBC-I and PBC-II samples at low temperature.

PBC-I PBC-II

Co positiona mxsmBd mysmBd mzsmBd mxsmBd mysmBd mzsmBd

s0 0 z1d− s 1
2

1
2 z2d

−0.14s7d 1.13(8) 0.35(8) 0.65(6) 1.06(7) 0.49(7)s 1
2 0−z3d− s0 1

2 −z3d
s0 0−z1d− s 1

2
1
2 −z2d

1.13(8) −0.14s7d 0.35(8) 1.06(7) 0.65(6) 0.49(7)s 1
2 0 z3d− s0 1

2 z3d
mAFM mFM

s1 1 0d mFM
s0 0 1d mAFM mFM

s1 1 0d mFM
s0 0 1d

0.9(1) 0.7(1) 0.35(8) 0.3(1) 1.2(1) 0.49(7)

az1, z2, andz3 stand forz of Cos1d, Cos2d, and Cos3d, respectively. The corresponding values are those listed
in Table I.

FIG. 9. Results of the NPD under a magnetic field. Panel(a)
shows the measured intensity corresponding to thes1 1 1d AFM
peak at 0 and 4 T andT=10 K. For comparison panel(b) shows the
same peak at zero field, atT=10 and 100 K(aboveTN). Panel(c)
shows the evolution of the integrated intensity of thes1 1 1d AFM
peak with field.

STRUCTURAL AND MAGNETIC STUDY OF ... PHYSICAL REVIEW B70, 184428(2004)

184428-7



der. No changes on the integrated intensity ofs1 1 1d peak
can be appreciated betweenm0H=0 and 4 T. This result,
together with the fact that no anomaly inM-H curves appear
above 4 T, tells us that the magnetization values obtained at
m0H=7 T (Fig. 2) do not correspond to fully polarized mo-
ments. Indeed, the total moment found by refinement of NPD
data is larger than that found by magnetization measure-
ments, but the FM component from both techniques is very
consistent. From the extrapolation of high-field magnetiza-
tion to zero we obtainmFM =0.6s1dmB/Co for PBC-I and
mFM =0.9s1dmB/Co for PBC-II [to be compared withmFM

=0.8s1dmB/Co for PBC-I andmFM =1.3s1dmB/Co for PBC-II
from NPD data]. In both samples the ordered magnetic mo-
ment at low temperature is similar,mT=s1.2–1.3dmB/Co.

This total ordered moment from neutrons must be
compared with the effective paramagnetic moment found
aboveTC. A very appealing result of this study is the large
value of the paramagnetic moment found aboveTC:
meff<3.8 mB/Co [respectively, 3.91(5)and 3.74s5dmB/Co
for PBC-I and PBC-II]. This value is considerably larger
than the value found belowTMI for RBaCo2O5.5 smeff

<1.8 mB/Cod. Immediately, the question of whether the spin
transition has been shifted to much lower temperatures(well
below RT) or even suppressed in the present case naturally
arises. Assuming that the angular moment of Co ions is
quenchedsg=2d, this result leads us to a significant conclu-
sion: meff in the paramagnetic phase(below 300 K) is not
compatible with the presence of Co3+ ions in low spin. Ef-
fectively, according to oxygen content, Co3+ and Co4+ coex-
ist at a ratio 3:1. Taking into account the three spin states of
both Co3+ and Co4+ and the presence of two types of coor-
dinations (pyramids and octahedra) several possibilities
arise, but different facts must be taken into account. First, a
larger Co valencesCo4+d prefers a larger coordination(octa-
hedral). Second, pyramidal Co3+ strongly tends to present
IS.17 With these considerations 50% of Co will correspond to
Co3+ in octahedra. Let us supose that, as happens in
RBaCo2O5.5, these are in LS. If the other Co3+ are assumed
to be in pyramids(presumably, in IS state) and Co4+ in oc-
tahedra the effective paramagnetic moment will bemeff
=1.66mB/Co (Co4+ in LS), meff=2.40mB/Co (Co4+ in IS),
or meff=3.28mB/Co (Co4+ in HS), all being below the ob-
tained value. On the other hand, if Co3+ in octahedral coor-
dination would be in HS, Co3+ in pyramids in IS, and Co4+ in
LS, the effective magnetic moment expected would bemeff
=3.84mB/Co, fairly comparable with the experimental
value.

From this picture one would expect an average magnetic
moment for neutrons ofmT.2.75mB/Co and therefore more
than twice the observed ordered momentfs1.2–1.3dmB/Cog
at low temperature. At this point two possibilities should be
discussed. One possible explanation could be the presence of
magnetic disorder due to imperfect oxygen ordering leading
to frustration. A second possibility is the occurrence of
changes in the spin configuration of some Co ions between
TC and the lowest temperature. Regarding the first possibil-
ity, it must be mentioned that the same value ofmT is found
even when PBC-I is less disordered than PBC-II. Regarding
the second possibility, we have not detected any feature in

the lattice evolution of the structure that could be indicative
of spin state changes between low temperature and the de-
viation from the Curie-Weiss law(at TC). As explained in the
precedent section, there is a lattice anomaly within the afore-
mentioned temperature interval: an elongation of thec axis
and volume expansion belowTN. However, a cell contraction
is expected if a change to a low-spin state takes place on
cooling. Nevertheless, the magnitude this contraction(on cell
volume and cell parameters) reported forRBaCo2O5.5 is con-
siderably smaller than the changes shown nearTN in Fig. 7.
Thus, the cell anomaly due to a spin-state transition could be
hidden by the changes due to the magnetoelastic coupling. A
definitive answer to this point cannot be inferred from
present results and further investigations will be necessary.

The absence of LS Co3+ ions below RT implies a different
scenario accepted for samples withd=0.5. For them, half of
Co sites(octahedra) were reported to be in Co3+ LS below
the spin-state transition around 360 K. At this point, it is
interesting to highlight the fact that PrBaCo2O5+d with d
=0.7s1d in Ref. 7 is metallic well below RT. This will be in
accordance with the presence of Co3+ in HS, as ind=0.5
compounds where the metallic state is induced by the spin
state transition to HS of Co3+ ions.

VI. SUMMARY

To summarize, we have prepared and characterized, by
different techniques, two samples of PrBaCo2O5+d with d
.0.75. By means of NPD and SXRPD data we have found
that the most likely distribution of oxygen vacancies in the
PrO0.75 planes corresponds to an imperfect order in which
vacancies are inhomogeneously distributed along the diago-
nals of these planes. The structure, with this order, is found
to be tetragonal(P 4/mmmSG) with a.c.2ap. This order
contrasts with the location, alongs0 1 0d lines found ind
=0.5 compounds, driving to orthorhombic structures.8,10

Magnetization and NPD data show that, on cooling, both
samples present a paramagnetic-to-FM transition. Afterward,
there is a FM-to-AFM transition. These two transitions are
also found ind=0.5 compounds but at considerably higher
temperatures.7 We have found that the FM-to-AFM transition
is not complete. Thus, a certain FM moment persists below
TN. Results presented exclude the possibility of a phase-
separated scenario and a true canted AFM structure is con-
cluded. The low-temperature FM moment is different in both
samples. We attribute this difference to the different degree
of order in the studied samples, and the possibility of an
exclusive AFM ordering for a perfect order of vacancies is
suggested. We report a considerable volume expansion(on
cooling) concomitant with the appearance of magnetic order.
We also show that the low-temperature magnetic structure is
stable up tom0H=7 T.

AboveTC (and below RT) the effective paramagnetic mo-
ment of Co ions is considerably large. This strongly indicates
that Co3+ ions in an octahedral environment are not in the LS
(as in d=0.5 compounds below RT),10 but in the HS state.
This is consistent with the low values of the resistivity found
in this compound for similar values ofd (Ref. 7).
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