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In this work we present the result of the first experimental investigation of the role of oxygen content on the
properties of the HoBaCo,0s, 5 layered cobaltite. We have measured the variation of oxygen content as a
function of temperature and oxygen partial pressure by means of thermogravimetry coupled to chemical
titration analysis. On selected samples of accurately known oxygen content we have undertaken a systematic
investigation of their structural, thermal, and magnetic properties by means of x-ray diffraction, differential
scanning calorimetry, and magnetometry. The overall results gained by this study confirm the central role of
oxygen content on the properties of these materials suggesting that, for the Ho composition, even very slight
variation of the order of 6=0.01 has a dramatic influence on the magnetic and transport properties of the
samples. In addition, we have presented results showing the strategy to check the quality of samples prepared
at selected oxygen contents by annealing procedures.
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I. INTRODUCTION

Recently there has been a growing interest in the study of
layered cobaltites of general formula REBaCo,0s,s (RE
=rare earth) due to their rich structural, electronic, and mag-
netic phase diagrams resulting from the strong coupling be-
tween charge, orbital, and spin degrees of freedom.'~ These
strongly correlated electron systems have attracted a great
deal of attention as a promising alternative to conventional
semiconductors in the field of thermoelectric power
generation.®

One of the most interesting aspects of layered cobaltites is
the large oxygen nonstoichiometry they show, with & theo-
retically varying from O to 1. This degree of freedom allows
a continuous doping of the square-lattice CoO, planes, which
not only influences the mean Co valence state but also the
carrier nature, the Co spin state, and the bandwidth. For ex-
ample, considering the REBaCo,0j5 5 parent compound with
all cobalt ions in the +3 valence state, the change in the
oxygen content around this stoichiometry allows a doping
with both electrons (Co®* ions) or holes (Co** ions).” Figure
1 shows a sketch of the orthorhombic crystal structure of a
generic REBaCo,0s 5 cobaltite. As can be seen, this compo-
sition is characterized by an equal numbers of ordered CoOgq
octahedra and CoOs square pyramids. Upon changing the
oxygen content, some oxygen ions are inserted into or re-
moved from the REO, planes, which changes the numbers of
CoOg¢ octahedra and CoOs pyramids and also creates elec-
trons or holes in CoO, planes.

Among the most interesting properties of layered cobal-
tites, which are tuned by the oxygen content, Taskin et al.’
have shown a remarkable change in the charge carriers na-
ture in GdBaCo,05, s and NdBaCo,05 s single crystals mov-
ing from 6=0.40 to 0.60, allowing them to give a solid
experimental support to the idea that strong electron correla-
tions and spin-orbital degeneracy can bring about a large
thermoelectric power in transition-metal oxides. This feature
was first observed by Maignan et al.! on the HoBaCo0,0s 5
composition, where they proposed a model to explain the

1098-0121/2008/78(14)/144405(10)

144405-1

PACS number(s): 75.50.—y, 71.27.+a

change in the transport properties based on a complete or
partial conversion of the high-spin (HS) Co** located in the
octahedra to the low-spin (LS) state. This conversion “immo-
bilizes” the electron charge carriers due to the phenomenon
of spin blockade, and the latter is replaced by an activated
regime for holes (LS Co**) moving in the much narrower tre
band.*

A study of the physical properties of layered cobaltites as
a function of the oxygen content may reveal interesting and
new features on their properties. However this kind of study
is experimentally quite demanding particularly in systems
where fast oxygen diffusion occurs, as in the present case. As

FIG. 1. (Color online) Sketch of the HoBaCo0,0j5 5 orthorhombic
unit cell with a doubling along the b direction. Light blue (gray)
polyhedra represent the coordination of Co ions. Green (light gray)
spheres are Ba ions, the blue (black) ones the Ho ions, and the red
(white) ones the O ions.
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a matter of fact only one thorough investigation of this
aspect has appeared in the current literature on the
GdBaCo,0s, s composition.” For other rare earths the avail-
able work reports data on a limited number of samples as
a function of & as for the PrBaCo,0s,s (Ref. 9) and
NdBaCo,0s,'® However, this last work contains quite
questionable data where most of the samples investigated are
biphasic in nature as a result of a poor control of the oxygen
content and the optimization of the procedure needed in or-
der to obtain high-quality samples.

In this paper we undertook a study of the role of oxygen
content on the physical properties of the HoBaCo,0s, s
sample. This particular rare earth has been chosen since it
was the composition showing the most impressive resistivity
change at the I-M transition (located at about 305 K). In
addition Ho is the smallest rare earth and thus, to carry out a
systematic investigation of the REBaCo,0s, s family, we de-
cided to start from this “limit” of the various RE present in
the REBaCo,05, 5 lattice.

In the present work we are going to give experimental
results regarding the tuning of the oxygen content in this
composition and also show the experimental difficulties be-
hind the control of this variable. On several samples with
varying oxygen content we carried out a structural and mag-
netic characterization by means of x-ray diffraction and su-
perconducting quantum interference device (SQUID) mag-
netic measurements. In addition, the presence of I-M
transitions has been checked by means of differential scan-
ning calorimetry (DSC).

II. EXPERIMENTAL SECTION

Powder samples of HoBaCo,0s, s have been prepared by
conventional solid state reaction from the proper stoichio-
metric amounts of Ho,03, Co;0,4, and BaCOj; (all Aldrich
=99.99%) by repeated grinding and firing for 24 h at
1050-1080 °C. Ho,O5 was first heated at 900 °C overnight
before being used in the reaction.

Oxygen content was fixed according to thermogravimetry
(TGA) measurements by annealing HoBaCo,Os, 5 pellets at
selected T and p(O,) in a home-made apparatus for at least
48 h followed by rapid quenching in liquid nitrogen. This
assures a very limited oxygen in-diffusion during the cooling
step and a rigorous control of the oxygen content. This pro-
cedure allowed us to prepare samples with 0<5=0.5. In
order to prepare a sample with 6=0 we annealed a
HoBaCo,0s, 5 pellet under high vacuum (10~ bar) at
700 °C followed by slow cooling at room temperature at
0.5 °C/min. Finally, we also annealed one sample under
100-bar oxygen pressure at 600 °C in order to prepare a
sample with 6>0.5.

The oxygen content of the samples was determined by
means of a well-known iodometric method described
elsewhere.!! In order to avoid the interference of atmospheric
oxygen, we evacuated the container from air before dissolv-
ing the samples in hydrochloric acid under nitrogen. The
nitrogen flux was maintained during the whole titration since
we observed that the endpoint was reversible in the presence
of air. For each sample the oxygen content reported is the
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FIG. 2. Weight change of HoBaCo0,0s, s as a function of tem-
perature in pure oxygen.

average of at least three titrations, with standard deviation
below 1%. In order to avoid any Co oxidation during the
titration we evacuated all the solution from air and we car-
ried out the procedure under a dry argon atmosphere.

X-ray diffraction (XRD) patterns at room temperature
were acquired on a “Bruker D8 Advanced” diffractometer
equipped with a Cu anode in a -6 geometry. Measurements
were carried out in the angular range from 10 to 110° with
0.02° step-size and acquisition time for each step of at least
10 s. Diffraction patterns were refined by means of Rietveld
method'>!3 with the FULLPROF software.'* Sample chemical
composition was checked by means of electron microprobe
analysis (EMPA), and it was found in agreement with the
expected nominal one. Static magnetization was measured at
100 Oe from 360 K down to 2 K with a SQUID magneto-
meter (Quantum Design).

DSC measurements were carried out in static atmosphere
using a DT2029 calorimeter. Samples were first equilibrated
at 220 K and then slowly heated up to 320 K with a heating
rate of 2 °C/min. Thermogravimetric measurements were
used to determine the oxygen content. These measurements
have been performed under different atmospheres, namely,
p(0,)=1,1072,107*, and 107 atm from 473 to 973 K with a
TA 2905 thermal analysis system.

III. RESULTS AND DISCUSSION
A. Oxygen content

Figure 2 shows a typical TGA trace of HoBaCo,05, s as a
function of temperature. In particular, the measurement dis-
played in Fig. 2 refers to the weight change in pure oxygen.
As can be appreciated the weight variation is significant and
the behavior of the weight change is highly reversible.

From this kind of measurements and taking different
“fixed” points through the chemical titration, we calculated
the oxygen content as a function of 7 and p(O,) variables,
which is shown in Fig. 3. The minimum oxygen content
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FIG. 3. Oxygen content of HoBaC0,0s, s as a function of tem-
perature under various p(O,).

attainable at ambient pressure, within the T and p(O,) ranges
employed in the present work, is 5.01 and the maximum one
is 5.50. We will show later that even at the highest tempera-
ture and lower p(O,), the samples obtained are not in the
average +2.5 oxidation state (HoBaCo,0Os) and, as men-
tioned in Sec. II, this sample had to be prepared by high-
temperature annealing in high vacuum. The sample annealed
under 100-bar oxygen pressure resulted to have an oxygen
content of about 5.540. This result suggests that even under a
highly oxidizing treatment the HoBaCo,0O5, s compound can-
not attain high oxygen contents. Looking at the current lit-
erature it is possible to notice that high oxygen contents
around six have been found for the LaBaCo,0s5, s system,
while for the Nd and Gd substituted cobaltites &, values up to
0.75 have been obtained by means of thermal treatments un-
der high pressure analogous to that performed in the present
work.”? It is clear a correlation between the maximum oxygen
content attainable and the size of the RE. Holmium is the
smallest among the rare earths investigated so far, and its
behavior related to the amount of oxygen that can be intro-
duced in the lattice agrees well with the dependence with the
RE size.

We remark here that the definition of the equilibrium oxy-
gen content for this and related systems is a very delicate
procedure which requires an intensive research effort par-
ticularly in order to obtain reliable results. However, this
piece of information is essential in order to understand the
physical properties of the layered cobaltites and to carry out
a systematic investigation of the correlation between oxygen
content and the physical properties.

Starting from the compound with five oxygen atoms in
the structure, the increase in oxygen content (5+6) can be
written according to the following quasichemical equilibrium
(in the Kroeger-Vink notation):
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FIG. 4. (Color online) Rietveld refined pattern of HoBaCo,0s, 5.
Red (white) empty circles represent the experimental pattern, black
line the calculated one, while vertical green (gray) bars at the bot-
tom of the pattern are the Bragg peaks positions. Horizontal blue
(dark gray) line shows the difference between the calculated and
experimental patterns.

120, 0! + 21" (1)

the electronic holes created are responsible for the oxidation
of the Co?* ions to Co**:

Cog, + 1" & Cog, (2)

or, for & values greater than 5.5, also to the creation of Co**
ions.

This means that the fraction of Co®* ions over the total Co
is

[Co™] 0.5+6

[Co] ~ 1 ®)

So, by tuning the oxygen content it is possible to finely
tune the Co valence state. We stress here that the in-diffusion
of the oxygen within the lattice may not be random. This is
the common situation found at 6=0.5 where there is a regu-
lar alternation of CoOs pyramids and CoOgq octahedra (see
Fig. 1) which is due to a preferential occupation of one of the
two O-sites located at z=0.5 in the Pmmm structure. Oxygen
atoms ordering is however possible also at & values lower
than 0.5.°

B. X-ray diffraction

X-ray diffraction and Rietveld analysis have been used to
extract information about the structural evolution of the
HoBaCo0,0s, s layered cobaltite as a function of &. Figure 4
shows a typical refined pattern of a tetragonal sample of
HoBaCo0,0s, s In particular, the figure refers to the sample
with 6=0.22. From a structural point of view these com-
pounds can be described as ordered oxygen-deficient perovs-
kites derived from the simple perovskite by doubling along
the ¢ axis, and characterized by 1:1 ordering of the Ba>* and
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TABLE I. Space group, lattice constants, and cell volume for the various samples investigated in the present work. For the 6=0.45
sample we reported the data related to the major tetragonal phase of the sample.

6=0 6=0.01 0=0.02 0=0.22 6=0.31 6=0.39 0=045 6=0.50 6=0.55
Space group Pmmm P4/mmm P4/mmm P4/mmm P4/mmm P4/ mmm P4/ mmm Pmmm Pmmm
A 3.8975(1)  3.8930(1)  3.8892(1) 3.87851(7) 3.87766(7) 3.87519(7) 3.87380(7) 3.85027(6)  3.8271(1)
B 3.8897(1)  3.8930(1)  3.8892(1) 3.87851(7) 3.87766(7) 3.87519(7) 3.87380(7) 7.8209(1)  7.8497(4)
Cc 74761(2)  7.4814(2)  7.4854(2)  7.4968(1)  7.4966(1)  7.4986(1)  7.5009(2)  7.5099(1) = 7.5231(4)
Vv 113.390(3)  113.383(4) 113.226(3) 112.773(3) 112.721(3) 112.608(3) 112.561(4) 113.074(3) 113.003(3)

Ho?* cations in the form of alternating planes (see Fig. 1)
with oxygen vacancies located at the level of the Ho’*
layers.!>:16

Let us start to consider the evolution of the crystal sym-
metry at room temperature along with the increase in the
oxygen content from 6=0 to 6=0.55. At 6=0 the crystal
structure was refined according to an orthorhombic unit cell
(space group, Pmmm) with a~b~a, (where a, represents
the pseudocubic lattice parameter of the perovskite unit cell)
and ¢~ 2a,,. Table I reports the structural parameters for the
various samples investigated in the present work. At 6=0 the
number of Co?* and Co** ions is equal and all of these cobalt
ions are coordinated in corner shared square base pyramids
formed by the oxygen neighbors while the La and Ba atoms
are ordered and form alternated layers along the ¢ axis. The
orthorhombic distortion of the unit cell is extremely small as
can be appreciated from the values of the lattice parameters
reported in Table I. However, a clear indication of this dis-
tortion was observed in some diffractions such as the (020)
and (200) located at about 46°. The presence of an ortho-
rhombic symmetry for the HoBaCo,0O5 sample agrees with
the general behavior of the REBaCo,O compounds which
have been found to present all a slight orthorhombic distor-
tion at room temperature.'” Interestingly, by even slightly
moving away from 8=0 to §=0.01 (i.e., by oxidizing 1% of
Co”* jons), the structure already becomes tetragonal and the
peculiar features of the HoBaCo,0s sample disappear (see
later in the text).

1134 @

=
=
o
Do
T

o

Cell Volume (A?)

113.0 |
112.8 °

112.6 F

1124 L 1 1 1 1 1 1
5.0 5.1 5.2 5.3 5.4 5.5 5.6

Oxygen Content (5+3)

FIG. 5. Cell volume as a function of 6 for HoBaCo0,05_ s

From 6=0.01 to 0.39 all the samples present a tetragonal
symmetry (space group, P4/mmm) with a=b=a, and c
~2a,. The evolution of the unit cell parameters and cell
volume are reported, respectively, in Figs. 5 and 6. In this
composition range the oxygen ions start to populate the
HoOy; layer by distributing on the 15 Wycoff position that is
the (0,0, %) position. The distribution of oxygen can be ran-
dom or ordered. However, by x-ray diffraction this difference
cannot be observed since this involves the rise of ordering
extra peaks, which can be only revealed by neutron diffrac-
tion.

At 6=0.5 the crystal structure can no longer be described
within the tetragonal P4/mmm symmetry. As can be appre-
ciated from Fig. 7 several single diffraction peaks for &
< 0.5 samples are now split at 6=0.50. The new symmetry at
6=0.50 is orthorhombic (Pmmm) with a doubling (with re-
spect to the tetragonal lattice) of the unit cell along the b axis
giving rise to the a,X2a, X 2a, unit cell. The indexed pat-
tern shows in fact that all of the (h0l) diffractions are now
described by two distinct diffraction peaks. In this sample all
the cobalt ions are present in the +3 oxidation state, and there
is an ordering of the oxygen ions within the HoO layer with
a preferential occupation of the (O,%,%) with respect to the
(0,0,%), which results in the regular alternation of CoOg
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FIG. 6. (Color online) Lattice constants variation as a function
of & for HoBaCo,0s, 5.
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octahedra and CoOs square base pyramids (see Fig. 1). It
should be noticed that the crystal structure observed at &
=0.50 most probably exists in a very narrow 6 range below
this value of oxygen content and requires that all the Co ions
are in the +3 oxidation state. This is witnessed by the fact
that even a sample with 6=0.45 presents a tetragonal sym-
metry with a small fraction (about 10% as determined from
the Rietveld refinement) of a secondary orthorhombic phase
due to a possible slight oxygen content inhomogeneity. How-
ever this behavior is indicative that at 6=0.45 we are most
probably very close to a boundary for the existence of the
orthorhombic symmetry. This result seems to be peculiar for
the Ho containing layered cobaltites since for the only other
two members (Sm and Eu) for which some samples around
6=0.5 have been inspected, the crystal structure has been
found to be orthorhombic.!® However, since no structural
data have been shown in this work it is not possible to judge
if the samples were monophasic or contained a major ortho-
rhombic phase with 6=0.50 and a secondary phase with a
different oxygen content. Looking at the very broad and
asymmetric susceptibility curves reported by the authors of
Ref. 18, particularly when the deviation from 6=0.50 is sig-
nificant, the hypothesis that oxygen inhomogenous samples
have been obtained may not be discarded.

Finally, the same orthorhombic a,,XZa,,X2a,, unit cell
found at 6=0.50 was found for the sample with 6=0.55. The
extra oxygen introduced in the lattice starts to populate the
(0,0, %) position of the HoOy layer, thus increasing the num-
ber of CoOg4 octahedra and leading to a mixed Co valence
greater than 3.

Looking at Fig. 5 it is possible to observe a progressive
reduction of the cell volume as the oxygen content increases
up to 6<<0.50. The contraction of the cell volume is due to
the oxidation of the Co®** ions to Co®* ions since, for the
same coordination, the first one has an ionic radius of
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FIG. 8. (Color online) Bond length variation as a function of &
in the tetragonal phase of HoBaCo,0s, s

0.885 A (high-spin configuration) while the second has an
jonic radius of 0.75 A (high-spin configuration). However,
the cell-volume trend as a function of J is not linear due to
the fact that the ions are not always in the same coordination
and that there are also changes in the Co®* spin state as a
function of the oxygen content (see later in the text). A quite
surprising rise of the cell volume is observed at 6=0.50. This
anomalous result has been checked by preparing several
samples with this composition and in all the cases we found
the same result. The source of the slight sudden expansion of
the unit cell at this oxygen content is related to the ordering
process of the oxygen ions (and consequently of oxygen va-
cancies), to the ordered distribution of the Co ions, and to the
setup of the magnetic ordering, which occurs around room
temperature with a jump in the cell volume of about 0.15%,
which, however, does not account for the whole increase
observed here. This jump in the cell volume at 6=0.50 is
also confirmed by the structural data above 6=0.50. The cell
volume of the 6=0.55 sample decreases with respect to &
=0.50 as a consequence of the Co oxidation. Interestingly,
the change in the lattice parameters from 6=0.50 to 0.55 is
not isotropic. The lattice constant a is the only one which
shrinks while both b and ¢ parameters enlarge.

Concerning the lattice parameters reported in Fig. 6, it is
possible to note that, for the tetragonal samples, there is a
slight reduction of the tetragonal distortion along with the
increase in the oxygen content, particularly at low & values.
The trend of the Co-O bond lengths, which is shown in Fig.
8, shows in fact a progressive approach of the Co-O1 and
Co-02 lengths (the apical bonds) as & increases. Co-O2 in-
creases with & since more and more oxygen ions are popu-
lating the HoOg layer as the oxygen content increases while
the Co-O1 bond length trend mainly reflects the cell contrac-
tion. The average value of the Co-O bonds is reported for all
the samples in Table 1.
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FIG. 9. (Color online) Bond lengths in the CoO5 and CoO6
polyhedra for the HoBaCo,05 s sample. Light blue (black) spheres
are Co ions and red (gray) spheres the oxygen ions.

For the sample with 6=0.50 the orthorhombic structure
with the doubling around the b direction leads to two differ-
ent Wycoff positions for the Co ions: 2r at (0, % ,z) and 2q at
(0,0,z) with the two z values slightly different for the two
sites [0.2397(15) for the first one and 0.2498(17) for the
second one]. The difference results from the coordination of
the Co ions. Those in the 2¢ position are octahedrally coor-
dinated while those in the 2r position are coordinated by
square base pyramids. It is interesting to note that the distor-
tion of the CoOg¢ octahedron is mainly within the plane since
the Co-Ol and Co-O3 lengths (the two apical bonds) are
very close each other [Co-O1=1.8769(13) and Co-O2
=1.8790(13)]. A sketch of the Cog-COs polyhedra with the
bond lengths is reported in Fig. 9. The interoctahedra Co-
O-Co bond angles is about 168°, the interpyramids angle is
155.9, while the interpolyhedron bond angle is around
162.3°. These values are in perfect agreement with neutron
diffraction results recently reported on the HoBaCo,0s s
sample, indicating that we are already in the insulating and
charge ordered phase, in agreement with the I-M transition
temperature for this sample (see Fig. 11).

For the sample with 6=0.55 the geometry around the Co
ions changes significantly with respect to 6=0.50. As an ex-
ample, the two apical bonds of the octahedra, which were
very close each other at 6=0.50, are now different: Co-Ol
=1.8055(13) and Co0-02=1.9560(13). Overall, the bond
lengths and bond angles closely resemble the behavior of the
HoBaCo0,05 5 sample above the IM transition, i.e., where no
orbital ordering is present. The magnetic, transport, and DSC
data of the HoBaCo,0j5 55 sample (see later in the text) reveal
that a step-like increase in the electrical resistivity occurs at a
temperature lower with respect to that of the 6=0.50 sample
(inflection point in the resistivity curve is around 282 K).
The anisotropic change in the lattice constants from o
=0.50 to 0.55 is totally analogous to the change which oc-
curs in the 6=0.50 sample when moving to high temperature
from the orbital ordered phase (i.e., from the insulating to the
metal phase). To summarize, the structural data coupled to
the physical properties of the 6=0.55 sample indicate that at
room temperature, we are within a metal-like phase (even
though the electrical resistivity is one order of magnitude
higher than the metallic value at §=0.50) without any sign of
orbital order. The geometrical data also suggest that the
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FIG. 10. In-plane Co-O-Co bond angle variation as a function of
6 for HoBaCo,0s,. 5.

lower electrical conductivity is mainly due to the reduction
of the interpolyhedra and intrapolyhedron bond angles,
which reduce the electron transfer integral through the Co-
0O-Co network.

With reference to this last aspect, let us consider the in-
plane Co-O-Co bond angle (¢). This parameter has a quite
relevant importance for the properties of the HoBaCo,0s, s
layered cobaltite, particularly for the transport properties in
an analogous way as found in the manganites,'>?° where the
electron transfer integral through the Co-O-Co network is
proportional to ~cos(7—¢). Figure 10 shows the trend of
the interpolyhedron Co-O-Co bond angle as a function of 6.
As can be seen there is a progressive increase in its value as
J increases, suggesting a progressive delocalization of the
charge carriers as the oxygen content increases up to o
=0.50.

C. Differential scanning calorimetry and
electrical conductivity

DSC has been used to study the possible presence of
insulating-to-metal (I-M) transitions and structural transi-
tions. Previous works have shown that clear DSC peaks are
observed at the I-M transition and also at the magnetic
transitions.?!?2 It is already known that the sample with &
=0.50 shows a sudden rise of the electrical resistivity at
about 300-310 K.* The nature of this I-M transition is
closely related to the Co** spin state: in the metallic regime
the carriers are delocalized in a e, conduction band of the
intermediated-spin (IS) /HS Co** orbitals. At the I-M transi-
tion there is a partial or total conversion of the Co®* located
in the octahedra to the LS spin state with a concomitant
immobilization of the electron charge carriers due to the phe-
nomenon of the spin blockade.*

Figure 11 shows the DSC curves for some selected
sample among those studied in the present work. The only
samples which showed endothermic peaks in the DSC curves
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(done on heating 5 °C/min) are the HoBaCo,0s,
HoBaCo,055, and HoBaCo,05 55 samples. We remark that
DSC is a very useful tool since it allows also us to detect the
possible presence of two phases with close oxygen contents,
which may give apparent single-phase x-ray diffraction pat-
terns (the two phases have similar lattice constants, and only
an accurate evaluation of the peak width may reveal the “dis-
tribution” of lattice parameters) and one apparent magnetic
transition (when the two magnetic transitions are very close
just one relatively broad peak is present). As a matter of fact,
the red line in Fig. 11 (panel A), shows the DSC curve of a
HoBaCo,055; sample annealed at 700 °C in pure oxygen
and slowly cooled down to room temperature. This proce-
dure is often applied in the current literature in order to give
samples with 6=0.50. As can be seen, even though the XRD
pattern—without a thorough analysis performed on samples
with varying —may suggest a single-phase material, the
presence of two peaks is suggestive of a two-phase compo-
sition. In fact through a deep Rietveld analysis, these and
other samples, which have not been prepared by annealing
and quenching in liquid nitrogen, are actually two-phases
materials. This situation occurs particularly for treatment un-
der oxygen, where the § variation with T is significant (see
Fig. 2) and the oxygen diffusion is very fast and has a strong
dependence with the temperature. On the opposite, the
HoBaCo,05 5 sample prepared by annealing and quenching
in liquid nitrogen (black curve) displays one sharp and nar-
row transition at about 303 K, which perfectly agrees with
recently published work on very high-quality samples;>* this
I-M transition is clearly revealed by four-probes conductivity
measurements (shown in the inset of Fig. 11, panel A). Only
“optimally” doped samples have a sharp I-M transition in
this temperature range, while oxygen inhomogeneous
samples usually present only slope changes and not the pe-
culiar step-rise increase in resistivity shown by these com-
pounds at 6=0.50. These [-M transitions occur concomi-
tantly with the melting of the orbital order in pyramids and
increase in the Co-O-Co bond angle, together with unit cell
volume collapse.?

The HoBaCo,05 55 sample has a clear endothermic DSC
peak (blue line) at a lower temperature with respect to &
=0.50 as well (peak max. at 295 K instead of at 303 K). The
peak maximum corresponds well to the rise of the electrical
conductivity (see the blue curve in the inset of Fig. 11 panel
A). The transition in the resistivity curve is not sharp as for
the 6=0.50 sample and extends from about 295 to 275 K.
The width of the I-M transition agrees well with the width of
the DSC peak. Let us finally note that the conductivity before
the I-M transition is lower for the more oxygenated sample
but is higher in the insulating phase in all the temperature
range explored.

All the other samples in the 0<5<0.5 oxygen content
range do not display any DSC peak in the T interval explored
and, in addition, have an activated transport regime as a
function of temperature (not shown). This is an interesting
result since it shows that the possibility of an electronic de-
localization occurs only at §=0.50, where all the Co ions are
in the +3 valence state and the oxygen vacancies are well
ordered.

The other sample showing peaks in the DSC curve is the
one at 6=0 (Fig. 11, panel B). In this case there is a first peak
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FIG. 11. (Color online) Panel A: the black line represents the
DSC curves for HoBaCo,0s5 59 quenched in liquid nitrogen, the red
(dashed) line is for HoBaCo,055; slowly cooled down to room
temperature in pure oxygen from 700 °C, and the blue (dash-dot)
line is for HoBaCo,05 55. In the inset: logarithm of electrical resis-
tivity vs T for HoBaCo,05 s and HoBaCo0,0s 55 (same lines as DSC
curves). Panel B: DSC curve for HoBaCo,0Os.

at about 345 K and a second one at about 219 K. These two
DSC peaks correspond to the onset of the charge ordering
(CO) of Co?* and Co’* ions and to the Néel temperature (7))
of the antiferromagnetic (AFM) transition.'®!” Let us note
also in this case that even a very small deviation of the oxy-
gen content from 0 leads to the suppression of both transi-
tions. A sample with 6=0.01, which we have studied in this
work, does not display any peak in the DSC curve. Again,
this technique is a valuable tool to put in evidence transitions
in the layered cobaltites and also a useful guide to probe the
quality of the samples investigated.

D. Magnetic properties

Figures 12(a) and 12(b) report the magnetic susceptibility
(Xmop) and the inverse magnetic susceptibility (1/xme) for
the samples investigated in the present work. For the samples
with o greater than ~0.4 a clear ferromagnetic behavior is
present followed by its disappearance, which is particularly
sudden for the 6=0.50 sample. For samples with § lower
than ~0.4 an overall paramagnetic behavior is observed.

The low-T magnetic structure of the HoBaCo,05 5 sample
is quite complicated and carefully investigated only
recently.’* From this work it has been observed an antiferro-
magnetic structure with a 2a, X 2a,, X 4a, magnetic unit cell
containing four crystallographically independent Co ions,
two octahedrally coordinated and two pyramidally coordi-
nated. Of the two Co ions in the octahedra, one has been
found to be in the HS state while the other in a mixed IS and
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FIG. 12. (Color online) Molar susceptibility (panel A: shifted
for visualization purposes) and inverse molar susceptibility (panel
B) of the HoBaCo,0s, 5 samples investigated.

LS state. The pyramidally coordinate Co** ions were found
to be in the intermediate spin state.>* It was also observed
that the complex magnetic structure of HoBaCo,0Os s con-
tains both positive and negative exchange interactions be-
tween nearest neighbors. The region of the paramagnetic-to-
ferromagnetic (P-FM) transition that can be noticed for &
=0.50 in Fig. 12 most probably corresponds to the evolution
of the magnetic order of the Co ions with a prevalence of the
FM component due to the canting of the AFM ordering. The
narrow range of this transition (from 286 to 274 K) perfectly
matches the sudden rise of the electrical conductivity of the
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sample. This can be understood by coupling the structural
information and the electrical and magnetic measurements.
At the temperature where the Co ions start to order magneti-
cally and orbitally, there is an abrupt change in the lattice
parameters of the orthorhombic unit cell and in particular a
strong contraction of the interoctahedra Co-O-Co bond angle
from about 176° to about 168°. It is clear that this change has
a dramatic influence on the electron transfer integral leading
to charge localization. Further cooling from 274 to 258 K
leads to the evolution of the AFM structure with a magnetic
moment nearly equal to zero, thus suggesting an effective
long-range AFM order involving the whole structure and the
absence of disorder in the oxygen network.

The sample with 6=0.45 is constituted by a minor ortho-
rhombic phase (ca. 10%) and a major tetragonal phase, as
explained in detail in Sec. III B. It is interesting to note that,
starting from high temperature, the first magnetic transition
(P-FM-AFM) nicely overlaps with the one observed for &
=0.50 and has to be connected to the orthorhombic phase of
the sample which most probably has an oxygen content
slightly higher than 5.45. The second transition, related to the
majority tetragonal phase, has, overall, the same features of
the high-T transition with a first quite narrow rise of the
magnetization, followed by an AFM transition. The most no-
table difference is the 7" extension of the FM phase, which is
from about 220 to 180 K. After the completion of the AFM
ordering the net magnetization increases with respect to
the 6=0.50 sample (~0.11 emu/mol for &=0.50 and
~0.25 emu/mol for §=0.45). The further reduction in the
oxygen content to 5.39 leads to a broadening of the P-FM-
AFM transition with wider intervals for the setup of the FM
and AFM states. Comparing the three samples it is clear that
the o reduction leads to a lowering of the net magnetic mo-
ment at the maximum of the P-FM transitions, to a broaden-
ing of the existence 7 range of the FM component, and to an
increase in the magnetic moment after the completion of the
AFM transition.

The first relevant change between the three samples low-
ering ¢ is the progressive reduction in the Co ions with the
formation of Co®* species. These ions are believed to be in
the HS state. For the Co** ions we have estimated the spin
state from the susceptibility and M vs H curves at different
temperatures (not shown). At §=0.50 the effective paramag-
netic moment (above the IM transition) is around 8.8, which
suggests the presence of almost all of the Co** ions in the IS
state. This agrees well with a dependence of the Co®* spin
state with the RE size: a recent report from Frontera et al.?
has shown that for the YBaCo,05 5 sample (the Y and Ho ion
sizes are 1.040 and 1.041 A, respectively), the Co’* is in the
IS spin state while by increasing the RE ion size part of the
Co** ions are in HS state. The IM transition observed at &
=0.5 is accompanied also by a spin-state transition of a frac-
tion of Co®* IS to LS, which has been found to be present in
the AFM phase.?* This spin configuration, the presence of all
Co** ions, and the oxygen ordering assure a very effective
and sudden setup of the AFM state, as witnessed by the sharp
FM-AFM transition.

For the samples with 6=0.45 and 0.395 we have again
determined that most of the Co** ions are in the IS state.
However, at these oxygen content values Co** ions in the HS
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state are also present. According to the GK rules, it is pre-
dicted that a weak ferromagnetic coupling between these two
ions occurs.!” This couples well with the observation that the
FM component seems to extend its 7 range of existence
along with the increase in HS Co** from 6=0.50 to 0.395.
However, besides this interaction other competing ones are
the strong AF coupling between HS Co?* ions and the evo-
lution, by lowering the temperature, of the AFM coupling
between HS Co** and IS Co’*. Most probably, these interac-
tions (particularly the first one) become dominant below &
=0.395 (i.e., by increasing the Co?* amount above 10%) thus
leading to disappearance of any P-FM transition in the sus-
ceptibility curves (as a matter of fact a very broad bump
above the paramagnetic curve of the Ho** ion is still visible
for the 5§=0.31 sample).

At 6=0.223 and 0.008 the susceptibility curves do not
reveal the presence of any relevant transition and they are
representative of the main magnetic contribution coming
from the paramagnetic Ho>* ions. A closer look to the 1/,
curves shows very small deviations from linearity in the
range ~280-260 K. Since we have determined for both
samples an IS for the Co** ions these features may be due to
a partial spin transition to a LS state. However, up to now,
there is no information about the magnetic structure of inter-
mediate 6 compositions for the HoBaCo,0s5, s compound.
With regard to this aspect low-temperature neutron diffrac-
tion measurements on the whole & range are already planned.

Finally, the 6=0 sample reveals the presence of the two
already reported magnetic transitions, as observed by DSC
measurements (see previously in the text). From the linear
part of the x,o vs T curve we determined that all the Co**
ions are now in the HS state, in agreement with previous
reports.!” However, let us note from the 1/ x,,; curve of this
sample a clear transition from 288 to 264 K, which closely
resembles the P-FM-AFM transitions observed for higher &
values. This feature does not fall in the range of the AFM
ordering observed from DSC data (at about 340 K) nor in the
region of the T¢q (ca. 210 K). The T range of this transition
very nicely matches the T interval of the I-M transition of the
0=0.50 sample where also a partial IS-LS transition occurs.
The most probable explanation of this peculiarity for the &
=0 sample is a HS-IS transition of all or a fraction of the
Co** ions. Magnetic studies on the HoBaCo,0s sample
could not discriminate between the two probable models in-
volving Co** ions either in HS or in IS state. The observed
G-type AFM structure does not provide additional informa-
tion since both models may be qualitatively explained by the
GK rules for superexchange. We believe that our experimen-
tal results strongly support a HS-IS transition due also to the
development of a weak FM for a small temperature interval
as a consequence of the coupling along the b direction of the
orthorhombic unit cell. As a further proof let us remember
that all of the possible magnetic interactions along the three
crystallographic directions between HS Co** and HS Co?*
are strongly AFM.?®?” However, the ferromagnetic
IS-Co**-HS-Co?* coupling is relatively weak and strongly
dependent upon the Co-O-Co bond angle, and its existence is
only possible in a narrow range where the structural condi-
tions are favorable.

By further increasing the oxygen content above 6=0.50
(i.e., in the mixed Co**/Co* state) the HoBaCo,Os ss
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sample has a magnetic transition which closely resembles the
one found at 6=0.50 which, however, is shifted toward lower
T values and appears to be broader with respect to that
sample, in perfect agreement with the results found for the
HoBaCo,0s, 5 system.?? In this case the Co** ions are in the
LS state while the estimation of the spin state for the Co®*
ions suggests that the ions are preferentially in the IS state. It
is clear that the presence of a small amount of Co*" ions
strongly influences the magnetic coupling of the Co* ions
by slightly shifting the P-FM transition to lower temperature
and extending the existence 7 interval of the FM state. Also
in this case it can be expected that the FM phase results from
a canted AFM structure, which then evolves to a “normal”
AF structure at lower temperature. From these results it
seems that the Co*" ions have the influence to weaken the
background AFM transition of the Co®* ions, but at the con-
centration present in the 6=0.55 sample the effect is not
detrimental for the setup of the AFM state observed also in
the HoBaCo,05 5 composition.

Finally, it can be observed that the 0, value extracted
from the slope of the ¥~ curve at high temperature progres-
sively evolves from a high negative value at =0 (ca. —100)
to a positive value at 6=0.55, thus indicating the progressive
strengthening of ferromagnetic interactions by increasing the
oxygen content.

IV. CONCLUSION

In this work we have carried out a systematic investiga-
tion of the role of oxygen-content variation on the
HoBaCo,0s, s layered cobaltite. Up to now, the only avail-
able experimental information on this composition was re-
lated to the 6=0 and 0.5 samples. The main conclusions of
this work can be summarized in the following:

(1) We have determined the dependence with T and p(O,)
of the oxygen content for the HoBaCo,0s, 5 layered cobal-
tite; experimental data have shown that under ambient pres-
sure the maximum oxygen content achievable is 5.5, while
for cobaltites containing larger rare earths (RE) it is possible
to have, at the same T and p(O,) values, higher oxygen
contents;’

(2) At room temperature the HoBaCo,Os, 5 crystal struc-
ture is orthorhombic (Pmmm) for =0 with a doubling of the
ideal perovskite unit cell along the ¢ direction and a very
small orthorhombic distortion; in the range 0<<5<<0.50 the
unit cell is tetragonal (P4/mmm) with the doubling along the
¢ direction; and finally for 0.50= 6=0.55 the crystal struc-
ture is orthorhombic (Pmmm) with a doubling of the ideal
perovskite unit cell along the b and ¢ directions due to the
oxygen vacancy ordering;

(3) The HoBaCo,0s, s layered cobaltite shows a very
strong and subtle dependence of its properties as a function
of the oxygen content; in other members of the
REBaCo,0s, s family, for example, I-M and magnetic tran-
sitions are observed in a wider range around the 6=0.50
value. For instance, when RE=Pr, the I-M transition is found
up to 6=0.40 while in the present case monophasic and oxy-
gen homogeneous samples displaying a I-M transition are
found only for 6=0.50;
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(4) The strong AFM interactions present at =0 progres-
sively weaken by increasing the oxygen content, allowing
also the set up of a FM order as a consequence of Co oxida-
tion and the change in the spin state from HS Co®* at 6=0 to
IS for 6>0.

(5) The mixed valence Co**/Co*" enhances the ferromag-
netic interactions, as indicated by a positive 6, value; the I-M
and P-FM transitions shift at lower temperature passing from
0=0.50 to 0.55 as a consequence of the hole doping; how-
ever at 6=0.55 the charge carriers are less delocalized in the
metal-like phase as shown by a conductivity one order of
magnitude lower with respect to 6=0.50, most probably as a
consequence of a smaller interpolyhedra bond angle.

This work has shown, together with previous works on
other REBaCo,0s, 5 systems, that the properties of layered
cobaltites are influenced by a fine interplay between two ma-
jor interconnected degrees of freedom, which are dominated
by the oxygen-content variation: the Co oxidation state and

PHYSICAL REVIEW B 78, 144405 (2008)

Co’* spin state. This in turn influences the structural proper-
ties of the system, the nature and strength of the magnetic
coupling, and the charge carrier nature and localization. As a
matter of fact, it looks that a full comprehension of the lay-
ered cobaltites properties requires a thorough experimental
multitechnique approach, which should in any case start with
the exact knowledge of the oxygen content as a function of
temperature, oxygen partial pressure, and thermal treatments.
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