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Abstract

Oxygen deficient perovskite cobaltites Sr_,Ln,CoO3_s (x = 0.10, 0.20) were
studied, varying the nature of Ln from La to Ho. In these materials, whose
oxygen deficiency and consequently cobalt valence, V(,, vary continuously
with the size of Ln®*, it is shown that V¢, plays a primordial role in the
magnetotransport properties. There indeed exists a crossover around V¢, =
+3.43, below which the oxides are weakly ferromagnetic and semiconductors
at low temperature, with a large magnitude of the negative magnetoresistance,
up to —60% at 4.2 K, whereas above this valence the oxides are metallic
ferromagnets. Moreover, the magnetoresistance increases importantly as V¢,
decreases in the first region, whereas 7¢ increases with V¢, in the second one.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Soon after the discovery of colossal magnetoresistance in manganites [1, 2], cobaltites with a
similar formulation, Sr,Ln;_,CoOj3_s, were found to exhibit large negative magnetoresistance
forlow values, i.e.x < 0.30[3,4]. In contrast, the Sr-rich side, x = 1, SrCoQ3, obtained under
high oxygen pressure of more than 150 MPa [5, 6], was shown to be a ferromagnetic metal [7]
without any significant magnetoresistance. Besides these stoichiometric cobaltites, oxygen
deficient perovskites were synthesized, such as the brownmillerite-type phase SrCoO; 5 [8, 9]
obtained at normal oxygen pressure and the cobaltite StCoO, 75 [10] obtained by annealing the
latter under an oxygen pressure of 15 MPa. On regarding their magnetic properties these two
oxygen deficient perovskites were not found to be very attractive since the first one was found
to be a paramagnetic semiconductor [7], whereas the second one was also shown to be weakly
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magnetic and semiconducting with a very small positive magnetoresistance of only 0.5% in
7 T at 10 K [10]. The study of the chemically oxidized perovskite Sri_,La,CoO3_s on the
Sr-rich side, i.e. for x ranging from 0.10 to 0.50 [11], also showed the existence of large oxygen
deficiency for the Sr-rich compositions (x = 0.1, 0.2), whereas beyond x = 0.2 the oxygen
stoichiometry was found to be close to ‘O3’. The large increase of the magnetic susceptibility
observed by these authors after chemical oxidation of the Sr-rich phases, x ~ 0.1-0.2, suggests
that it should also be possible to induce transition from semiconducting antiferromagnet to
metallic ferromagnet by tuning the oxygen deficiency in these oxides and thus to enhance the
magnetoresistance properties. We have thus revisited the Sr;_,L.n,CoO3_; system for x < 0.2
and we have extended our investigations to the other lanthanides. In the present study of the
oxygen deficient perovskites, Srg 9Lng ; CoOs_s and Sty gLng,CoO3_s, we show that the cobalt
valence V(, plays a primordial role in the magnetotransport properties of the latter, dividing the
phase diagram into two regions corresponding to a metallic ferromagnet and a magnetoresistive
semiconductor above and below a cobalt valence of 3.43 respectively. We also show that for
the metallic ferromagnet (V¢, > 3.43) the Curie temperature increases with the cobalt valence
from 140 to 229 K, at 4 K and in 7 T, whereas in the semiconductive weakly ferromagnetic
region (V¢, < 3.43), the magnetoresistance effect increases as the cobalt valence decreases,
from about —6% to about —60% at the same temperature.

2. Experimental section

2.1. Synthesis

All the samples of the Srg9Lng;CoO3_s and SrpgLng,CoOs_; series with Ln = La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy were prepared in the same experimental conditions. The stoichiometric
mixtures of Ln, O3 or PrgO;;, StCO3 and Co304 were first finely ground in an agate mortar
and calcined at 800 °C in an oxygen flow in order to decompose the carbonate and favour the
cobalt oxidation. The powders were then ground again, pressed in the form of parallepipedal
bars 2 x 2 x 10 mm?® under 10* kg cm~2 and sintered at 1200 °C in an oxygen flow for 12 h.

Several of the above samples were annealed for 12 h either under an oxygen pressure of
100 bars at 400 °C, or in a nitrogen flow, or in an argon—hydrogen flow (H,/5%) in order to
test the effect of the oxygen stoichiometry upon the properties.

2.2. Chemical and physical characterization

X-ray diffraction (XRD) patterns were collected using a Philips diffractometer PW1710/1729
with Cu Ko (A = 0.15406 nm) between 10° and 130° (26) with a step of 0.02° at
room temperature. Rietveld refinement using FullProf [12] was performed on the pristine
and oxidized phases. The electron diffraction study was carried out with a JEOL 200cx
microscope, working at 200 k'V. The cationic composition was determined by energy dispersive
spectroscopy (EDS), using a Kevex analyser mounted on an HRTEM electron microscope.
Iodometric and complexometric titrations were performed to determine the cobalt oxidation
state in the prepared phases. For iodometric titration, the end-point was electrochemically
determined by following the potential of the solution with platinum electrodes versus ECS
electrode, while the current was held at zero. The sample (about 50 mg) was dissolved in a
molar acetic buffer solution (about 50 ml) containing an excess of KI (about 1 g). Co** and
Co* species were reduced to Co”* together with formation of iodine species in stoichiometric
amount. Iodine was therefore titrated with 0.1 N Na,S,03 solution using thiodene (starch)
as colorimetric indicator in addition to the potential evolution. In order to have access to the
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Table 1.  Chemical and physical characterizations for the as-prepared Srgg9Lng ;CoO3_s and
Srp.gLng2Co03_s. (Note: It., metallic; FM, ferromagnetic; SC, semiconductor; W, weak.)

Cobalt Cell
oxidation ~ Oxygen Mag. & M (1.45T)sk MRat p (2 cm) parameter
state content cond. Tc (K)  (up/Co) 5K(%) at5K a(A)

Srg.9Lng.1CoO3_

La  3.53 2.81 It. FM 188.3 1.6 — 4% 1073 3.842
Pr 3.56 2.83 It. FM 181 1.44 1 7% 1073 3.836
Nd 3.53 2.82 It. FM 172.7 1.20 0.9 8.5x 1073 3.837
Sm  3.49 2.79 It. FM 167.1 0.95 1.5 2x 1072 3.839
Eu 343 2.77 SCFM 153.7 0.88 6 3x 1072 3.836
Gd 336 2.73 SCFM 146.5 0.78 11 5% 1072 3.837
Tb  3.34 2.72 SC FM 140 0.72 11 3x 1072 3.840

Srg.8Lng2Co03_s

La  3.56 2.88 It. FM 228.6 2.08 0 1x1073 3.836
Pr 3.55 2.87 It. FM 203 1.64 1 25x1073  3.830
Nd 348 2.84 It. FM 200 1.53 0.9 3% 1073 3.828
Sm  3.29 2.75 SCWEFM 164 0.40 7.5 4x 1072 3.830
Gd 3.16 2.68 SCWFM — 0.23 35 40 3.837
Tb  3.15 2.67 SCWFM — 0.19 60 4% 103 3.834

global amount of cobalt species in the sample, a complexometric titration was performed;
50 ml of H,O and 7 ml NH3; 28% were added and titrated with EDTA 0.1 N using murexide
as colorimetric indicator. Reproducibility for § in parallel experiments is estimated to be 0.02.
The oxygen content of some samples was also determined by thermogravimetric reduction
in a dry 10% H,/Ar mixture at 800 °C. The oxygen content, determined by TGA analysis,
corresponds to the iodometric titration.

The magnetization data were collected in 1.45 T by means of a vibrating sample
magnetometer after a zero-field cooling process. Resistivity values were obtained by using
the four-probe technique on bars of typical dimensions 2 mm x 2 mm x 10 mm. Four indium
contacts were ultrasonically deposited on the bars. Measurements of the resistance were made
with a physical property measurement system (PPMS) from 5 to 400 K with magnetic field
valuesupto 7 T.

3. Results and discussion

The x-ray powder patterns of these different samples were indexed in a cubic perovskite
cell (table 1). Note therefore a very weak change in the cell parameter due to the opposite
contribution of both earth rare element radius and oxygen content. The EDS analyses carried
out on several tens of crystallites of the Sry gLag ,CoO, gg sample confirm the actual cation ratio,
‘SrpgLag,Co’, and the homogeneity of the sample Lag+0.03Sr0.3+0.03Co (calculated for one
Co per formula unit). The reconstruction of the reciprocal space shows that two-thirds of the
crystallites exhibit a simple perovskite cell (cubic or pseudo-cubic). This is shown by the [100],
and [11 1], in figures 1(a) and (b). The electron diffraction patterns of the other crystallites are
characterized by the appearance of more or less intense extra reflections. A doubling of the
¢ parameter, i.e. 2ap, is systematically observed in these complex supercells, often associated
with diffuse streaks along c*, generated by short range ordering (SRO) phenomena. The ED



7374 B Raveau et al

Figure 1. Sr gLag>Co0, gg room temperature ED patterns along (a) [100],, (b) [1 Tl]p, and (c¢) ED
pattern showing characteristic extra reflections of superstructure along ¢, where a;, x 2aj, (see large

arrows), SRO and 2ap«/§ X ZaPﬁ (see small arrows) systems are superimposed.

investigation shows that the superstructures are stabilized in the form of small or tiny twinning
domains in the cubic matrix, leading to complex ED patterns, as illustrated in figure 1(c),
where a, x 2ap (see large arrows in figure 1(c)), SRO and 2ap«/§ X 2ap«/§ (see small arrows
in figure 1(c)) systems are superimposed.

The iodometric titration shows that all these as-prepared perovskites are oxygen deficient.
In each series, ‘SrgoLng;’ and ‘Sroglng>’, the oxygen content and consequently the cobalt
valency is closely related to the size of the lanthanide (table 1, figure 2). For the larger
cations—La**, Pr’* and Nd**—the cobalt valence does not vary a lot, ranging from +3.56 to
3.48, whereas beyond Nd3+, i.e. from Sm>* to Tb3+, the cobalt valence decreases significantly
with the size of the lanthanide, from +3.49 to 3.34 in the Sry9Lng; series and from +3.29 to
3.15 in the ‘SrggLng,’ series. The smaller valence of the second series compared to the first
one confirms the size effect of the A-site cation upon the cobalt valence. Thus, the ability
of oxygen to enter the perovskite lattice decreases with the average size of the A-site cation.
For r ranging from 1.032 to 0.923 A, this effect is more pronounced for the smaller cations
(ra < 0.96 A).

The magnetization curves M (T) registered under 1.45 T (figure 3) show that all the
samples exhibit a ferromagnetic component. In both series, the magnetic moment at 5 K, Ms g,
as well as the Curie temperature T¢, decrease as the size of the lanthanide cation decreases.
Nevertheless, the ‘Srp9lng;’ and ‘Srgglng,’ series behave differently: in the first one, Ms x
and Tc decrease fairly continuously from La** to Tb>*, whereas in the second one there is a gap
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Figure 2. Evolution of the oxygen content (right y axis) or cobalt oxidation state (left y axis)
versus ionic radius for (a) Srg.gLng2CoO3_; and (b) Srp.9Lng ;CoO5_g.

between the oxides ‘La, Pr, Nd” which are more ferromagnetic and the oxides ‘Sm, Tb, Gd’
which are labelled as weak ferromagnets. The enlargement of the M (T') curves for Gd and Tb
(inset figure 3(a)) reveals a small bump between 250 and 300 K. This could be related to the
presence of antiferromagnetism as in Srz/3Y1/3C00, ;4 with Ty = 320 K [13]. Moreover, it is
remarkable that the ‘Srgglng,’ series exhibits higher T¢ and M5 k than the ‘Srgg9Lng;’ series
(table 1).

The study of the resistivity versus temperature demonstrates two different kinds of
behaviour. The first one deals with the oxides Srg9L.ng ;CoO5_s with Ln = La, Pr, Nd, Sm and
SrogLng»,Co0O5_s with Ln = La, Pr, Nd which exhibit a metal-like behaviour (dp/dT > 0)
as shown for instance for Prg ;Srg9Co0O, g3 (figure 4(a)) characterized by a metal to metal
transition, whose transition temperature 7Ty;—y coincides with 7¢. Thus, all these perovskites



7376 B Raveau et al

2.2 e e
20 ;‘I_a‘ ............. R . S\a) Sr, Ln CoO, 3
.3 .., U 1T ;
P 2l T ]
= 50 100 150 200 250 JUE
“\E T (K) 3
=)
=
= 1.0
08F
0.6F gpm
0.4E- e
ETb
0.2 e S
OOEGd | | _
0 50 100
E e T
Lo,
tPr T . . ]
LA —_— “*-_‘-\ 1.45T ]
2 10f
) F
= r
E . ot
0.0:....I....I....I....I.... PR —
0 50 100 150 200 250 300

T (K)

Figure 3. Magnetization curves M (T) registered within 1.45 T for (a) SrpgLng2CoO5_s Inset:
enlargement curve for Ln = Gd, Tb and (b) Srp.9Lng 1CoO5_s.

can be described as metallic ferromagnets below 7¢ and metallic paramagnets above T¢. This
transition is similar to that previously observed in SrCoOs; [7] and StRuO; [14] and is usually
explained by a reduction of the spin scattering as the ferromagnetic state appears. Note also that
in each series, ‘Srg9Lng;’ and ‘Srpglng,’, the resistivity increases as the size of the lanthanide
decreases (table 1), e.g. from ~4 x 107> Q cm for Ln = La at 5 K to ~2 x 1072  cm for
Ln = Smin the first series and from 1 x 1073 Q cm forLn = Lato3 x 1073 Q cm forLn = Nd
in the second series. The second type of behaviour is observed for smaller lanthanides, i.e. for
Ln = Eu, Gd, Tb in the ‘Srp9Lng;’ series and for Ln = Sm, Eu, Gd, Tb in the ‘SryglLng,’
series. All these perovskites exhibit a negative dp/dT coefficient as shown for example by
Srp§Tby2C00, 67 (figure 4(b)). These two series differ by the order of magnitude of the
resistivity: in the ‘Srgg9Lng |’ series, the resistivity values are rather low, ranging from 1072 to
5 x 1072 © cm, whereas in the ‘SrogLng .’ series, much higher resistivity values are observed,
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Figure 4. Thermal dependence of the resistivity p(7) and inset, isothermal magnetic
field (H) dependence p(H), of the normalized resistivity for (a) Prg Srp9C00, g3, and
(b) Tbg.2Sr0.8C00; ¢7. 0 and 7 T refer to the external applied magnetic field values.

which increase dramatically from Sm to Tb (e.g. at 5 K from 4 x 1072 Q cm for Sm to
4 % 10° © cm for Tb).

The investigation of the magnetotransport properties of these cobaltites also allows
two different kinds of behaviour to be distinguished. For the metallic ferromagnets one
systematically observes that a very small negative magnetoresistance defined as [%2MR| =
100 x % occurs in the vicinity of 7¢ but it remains low in absolute value, i.e. smaller
than 5% in 7 T. This is illustrated by the p(7T') and p(H) curves of the oxide Sty 9Prg ;C00O> g3
(inset figure 4(a)) for which the |%MR| value at 5 K in 7 T is smaller than 1%, reaching a
maximum of 4.5% at Tc = 180 K. In contrast, for the sample characterized by dp/dT < 0
coefficients, high |%MR| values can be reached (table 1) and the latter are maximum at 5 K,
decreasing progressively as the temperature increases. This is illustrated by the p(7") and
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Figure 5. Curie temperature 7¢ evolution versus the cobalt valence for (a) Srg9Lng CoO;_g and
(b) Srg.gLng2Co03_s.

p(H) curves of the oxide SrygTby,C00, 67 (inset figure 4(b)) for which the |%MR| value at
5 K reaches 60%, but decreases rapidly as T increases, being already negligible at 100 K.
These two sorts of behaviour, observed for the magnetic and transport properties of these
Sr-rich cobaltites and especially for their magnetoresistance properties, show a great similarity
with those previously observed in the stoichiometric system Sr;_,La,CoO3; by Wu et al [15]
and by Senaris-Rodriguez et al [16] for much larger x values (x > 0.40). The first series
of cobaltites indeed exhibit a metallic behaviour, similar to that observed by the previous
authors [15, 16] for Srg 45Lag 55Co0O3, and importantly their MR reaches a maximum near 7¢
as for this oxide. Thus, it can be assumed, as proposed by the authors, that these metallic
ferromagnets exhibit, like manganites, a true double-exchange effect. The second series of
cobaltites, which are semiconducting weak ferromagnets, is comparable to La-rich cobaltites
Sri_,La,CoO3 (x > 0.75), leading for the p(7") curve of Srg9Euj;Co0O, 77 to a re-entrant
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Figure 6. Thermal dependence of the resistivity p(7") for Eug ; Srg9CoO5_s as prepared (a) and
after Po, = 100 bars annealing (inset: corresponding M (T') curves) (b).

transition similar to that obtained by Senaris-Rodriguez ef al [16] for Lag gSrg,CoO5. This
upturn of the resistance at low temperature was also observed by Wu et al [15] for a similar
lanthanum composition. This effect can be interpreted, in agreement with these authors, either
as a re-entrant insulator to metal transition or as a weak localization. The extremely high value
of the MR in these weak ferromagnets, which reaches a maximum at 4.2 K, is also similar to
that previously observed for Lag gSrp,CoQO5. It may be due, as proposed by Wu et al [15],
to spin-dependent effects, which originate from the alignment of the spins in a high magnetic
field.

Thus, the above comparisons show that oxides with almost ‘symmetric’ cationic
compositions can exhibit rather close magneto-transport properties. This suggests that the
oxygen stoichiometry of these perovskites plays a major role in their properties. The behaviour
of these two series of cobaltites can indeed be understood by considering the evolution of
their properties versus the cobalt valence (figure 5). The phase diagram obtained for the
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PH_PH=0 yersus the cobalt
PH=0

SrpoLng 1Co0O5_; series (figure 5(a)) clearly shows that there exist two different regions,
depending on the cobalt valence: for Vi, > +3.43 the cobaltites exhibit a metal-like behaviour
whatever the temperature, whereas for V¢, < +3.43 they exhibit a semiconducting behaviour.
The oxide Srg9Eug 0,77, located at the limit (Voo = +3.43), although it exhibits a low
resistivity (p ~ 2 x 1072 Q cm), is semiconductor-like but shows a re-entrant transition
between two different conducting states (figure 6(a)). Remarkably, its annealing under an
oxygen pressure of 100 bars leads to a metallic behaviour (figure 6(b)) and to a significant
increase of ferromagnetism (inset figure 6(b)). The chemical titration does not detect any
variation of the oxygen content, suggesting that a very tiny increase of the cobalt valence
is sufficient to switch the behaviour of this oxide. In the complete ‘Srg9Lng;’ series, the
Curie temperature increases smoothly as the cobalt valency increases from about 150 to
175 K, and the magnetic moment measured at 4.2 K increases continuously as the cobalt
valency increases, except for the lanthanum cobaltite, which exhibits a slightly higher moment
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than the neodymium and praseodymium phases in spite of its smaller or nearly equal cobalt
valence. Thus, below T¢ the cobaltites with Vi, < 3.43 are semiconductor-like and weakly
ferromagnetic, whereas those with Vo, > +3.43 are metallic ferromagnets and exhibit a
metal-metal transition leading to metallic paramagnets above Tc. These results show that
the cobalt valence plays a prominent role in the magnetic and transport properties of these
cobaltites. Nevertheless, the size of lanthanide cation may also have a minor influence on
their properties, explaining that lanthanum, due to its larger size, may compensate the effects
of lower valence of cobalt, by favouring the overlapping of the orbitals along the Co—O-
Co bonds. The evolution of the magnetoresistance at 5 K in this series is also of great
interest. One indeed observes that for Vo, > +3.43, in the ferromagnetic metallic state,
the magnetoresistance at 5 K is very small (smaller than 2%) and does not vary with the
cobalt valence, as expected for a bad metal, whereas, in contrast, a small jump of the MR
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to 6% is observed just at the boundary between the two regions, i.e. at Vo, = +3.43. Then
the magnetoresistance |[%MR | increases significantly as V-, decreases, and correlatively the
resistivity increases (figure 7(a)). A rather similar behaviouris observed for the Srg gL.ng ,Cos_;
series (figure 7(b)), except that in the latter case the cobalt valence decreases more rapidly
with the ionic radius of Ln®*, so that it is difficult to establish an accurate phase diagram.
Nevertheless, it clearly appears that all the compositions with V¢, > +3.43 (La, Pr, Nd) are
metallic ferromagnets /metallic paramagnets, characterized by a metal to metal transition at
Tc, whereas for V¢, < +3.43 (Sm, Gd, Tb, Dy, Ho) the compounds exhibit a low magnetic
moment at 5 K compared to the first ones and are semiconducting-like, so that they can be
described as weak ferromagnetic semiconductors, or canted antiferromagnets. Remarkably, the
evolution of the magnetoresistance in the ‘St glng,’ series is very similar to that observed for
the ‘Srpolng;” series: the metallic ferromagnets (V¢, > +3.43) are weakly magnetoresistive
(]J%MR| < 1% at 5 K), whereas the weak ferromagnets (Vc, < +3.43) exhibit a rapid increase
of their magnetoresistance from 7.5% to 70% at 5 K as the cobalt valence decreases from 3.29
(Sm) to 3.1 (Ho). The annealing of the metallic ferromagnet Srg gsLag,Co00O, gg under Ar/H,,
which leads to a drastic decrease of the oxygen content of this phase to SrggLag,Co0O, g5
(Veo = 43.17) confirms the important role of cobalt valence. The latter oxide becomes a
semiconductor (figure 8) and exhibits a spectacular decrease of its ferromagnetic moment
from 2.1 to 0.6 up (inset figure 8). Finally, it is quite remarkable that the La-rich oxides
Srp.4s5LagssCo0O5 and Lag gSrg,CoO;5 previously studied [15, 16], which seem to exhibit an
‘O3’ stoichiometry, are metallic and semiconductive, respectively, in perfect agreement with
the expected valence of cobalt in these oxides, +3.45 and +3.2, confirming the primordial role
of cobalt valence in the magnetotransport properties of these cobaltites.

In conclusion, this study of the oxygen deficient perovskite cobaltites Sr;_,Ln,CoO;_s
shows that the oxygen deficiency, and consequently the cobalt valence, primarily governed
by the size of the A site cations, plays a prominent role in the magnetotransport properties of
these materials. It demonstrates that a crossover between the ferromagnetic metallic state and
the weak ferromagnetic semiconducting state appears for a particular valence of cobalt around
Vo &~ 3.43. Remarkably, for each domain, the magnetotransport properties are very sensitive
to the cobalt valence: 7¢ indeed increases significantly with Vi, in the ferromagnetic metallic
region, whereas the magnetoresistance at 5 K shows a large increase as V(, decreases in the
weak ferromagnetic semiconducting region. Clearly, the detailed study of the physics of these
cobaltites will require a very accurate knowledge and control of their oxygen stoichiometry.
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