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We introduce the magnetotransport properties of Gd;—4SryCoO; (0 < x < 0.30) materials.
These compounds are semiconducting and show a magnetic transition at T, ~ 160 K
associated with the onset of magnetic order of cobalt ions within superparamagnetic clusters,
which have a freezing point Tg < T.. Very remarkably, the more resistive samples showed
rather large magnetoresistance at the lowest available temperature: MRpya(x = 0.10) ~
—16% at T = 4.2 K under Hnax = 40 kOe. We relate these results to the inhomogeneous
electronic structure of these cobaltates and to the presence of the paramagnetic Gd3*
sublattice, which at low temperatures influences the cobalt ions of the superparamagnetic
clusters, provoking an increase in the size of the hole-rich regions and in the hopping
probability of the charge carriers, and gives rise to the negative magnetoresistance observed.

Introduction

The interplay between magnetism and electrical
conductivity in perovskite-type oxides has been studied
in the last few decades! and with renewed interest since
the discovery of colossal magnetoresistance (CMR) in
doped manganese-based compounds.23

Among perovskites, cobaltates constitute an especially
interesting family of compounds and have been studied
since the 1950s, in particular the lanthanum mater-
ials.4~8

In this context, LaCoOs has been found to exhibit
remarkable transport and magnetic properties as a
result of thermally induced transitions from low-spin
(LS: t%e0) to higher-spin states of the trivalent cobalt
ions (intermediate spin IS: t%e!. high spin HS: t%?).59°
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Those early studies also showed that while LaCoO3;
shows high resistivity and antiferromagnetic exchange
interactions, the La;4SrkCoO3; materials evolve toward
a ferromagnetic metallic behavior when doped.° Since
then, the magnetic and electrical properties of the
La; xSr«CoO3 system have been repeatedly investigated,
revealing that the evolution takes place smoothly and
that a number of different magnetic and electrical
behaviors are present for different degrees of doping:
superparamagnetism, spin-glass/cluster-glass behaviors
and so forth, semiconducting/metallic behaviors, and
even metal—insulator transitions as a function of tem-
perature.®1! Those studies have also been extended to
the Ca- and Ba-doped materials La;—x\MxCoO3 (M = Ca,
Ba).12-14

Recently, large magnetoresistance has been observed
in the La;—«Sr«Co03 and La;—xBayCoO3 systems.13.15-17
In both of them the highest negative MR effects were
found in low-doped samples and at temperatures
where the compounds experience a spin-glass transi-
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tion: MRmax (M = Sr, x = 0.07) ~ —40% at T = 40 K
under Hmax = 60 kOe'” and MRpmax (M = Ba, x = 0.1) ~
—9% at T = 25 K under Hmax = 60 kOe.13

Other important cobalt perovskites are the rare-earth
Ln;—xM,Co0O3 systems (Ln3+ = Pr3*, Nd3*, Gd3*, etc.),
which also show complex electrical and magnetic
properties,1218-21 glthough they have been much less
investigated than the corresponding lanthanum com-
pounds. This is the case for the sparsely studied series
of gadolinium cobaltates which, in fact, are particularly
interesting: they contain the Gd3* ion, which has a high
magnetic moment with no L—S anisotropy (L =0, S =
7/2) (unlike La;—xMyCoOs, in which the La3" cation is
nonmagnetic (L = S = 0)), and the magnetism associ-
ated with this rare-earth ion could play a role in and
add new features to the magnetotransport properties
of these materials.

To explore these aspects, we have focused on the
Gd;—«SrCo03 system, finding among other interesting
features that the lower-doped samples show rather large
magnetoresistance at low temperature.

To our knowledge it is the first time such effects have
been described for Ln;—«SryCoO3 (Ln: rare earth, Ln =
La) materials.

Experimental Section

The Gd;—xSryCoO3; compounds (0 < x < 0.30) were prepared
by the “liquid-mix” method using Gd,O3, SrCO3, and Co(NO3),*
6H,0 as starting materials. The procedure was as follows:
Gd,03; was first converted into the corresponding nitrate by
dissolution in 30% HNOs. This product was then added toa 1
M citric acid aqueous solution, in which stoichiometric amounts
of SrCO3 and Co(NOs),*6H,0 were also dissolved. After dilut-
ing the so-obtained solution, we carefully added ethyleneglycol
in a proportion of 10% v/v.

The resulting solution was heated at 200 °C until we
obtained a brown resin, whose organic matter subsequently
decomposed at 400 °C.

The obtained ashes were given accumulative heating treat-
ments at 600, 700, and 800 °C followed by intermediate
grindings. The pelletized samples were finally annealed at
900—950 °C and cooled slowly to room temperature (at 0.7 °C/
min).

The samples were characterized by X-ray powder diffraction
with a Siemens D-5000 diffractometer and Cu Ko = 1.5418 A
radiation. The unit cell parameters were obtained by Rietveld
analysis of the XRD data. The morphology and size of the
particles were studied in a scanning electron microscope (SEM)
JEOL 6400, where their compositional homogeneity was also
studied by EDS analysis.

The thermal stability of the samples was checked by
differential thermal analysis (DTA) and thermogravimetric
analyses (TGA).

Magnetic properties were studied in a Quantum Design
MPMS SQUID magnetometer. Zero-field-cooled (ZFC) and
field-cooled (FC) magnetic susceptibility data were obtained
in a field of 1000 Oe in the temperature range 4.2 < T < 300
K. Hysteresis loops in ZFC conditions were obtained at 4.2 K
varying the field up to £50 kOe.

The four-probe electrical resistivity of pressed pellets was
measured as a function of temperature in the range 4 < T <
300 K in zero magnetic field (H = 0) and with a constant field
in the range 0 < H (kOe) < 50 using a homemade device. In
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Table 1. Orthorhombic Unit Cell Parameters and
Pseudocubic Lattice Constant of Gd;—xSrxCoO3

(0 < x = 0.30)
X Aorth borth Corth a'
0 5.223(5) 5.397(1) 7.451(4) 3.744(8)
0.1 5.250(1) 5.388(6) 7.470(6) 3.752(4)
0.2 5.268(1) 5.381(1) 7.487(5) 3.757(7)
0.3 5.295(1) 5.383(2) 7.504(7) 3.767(6)

this device the magnetoresistance of the samples was mea-
sured at a constant temperature between 0 and 50 kOe.

Seebeck coefficients of pressed pellets were measured in the
temperature interval 77 < T < 450 K with a homemade device
similar to the one described in ref 22.

Finally, aware of the controversy regarding the composi-
tional homogeneity of samples processed at relatively low
temperature and considering that magnetic measurements are
a powerful tool for revealing the presence of inhomogeneities
in samples of this type,?®?* we annealed a few of the samples
at higher temperature, 1000 °C (the as-obtained samples
melted at 1050 = T =< 1100 °C), and we compared their
magnetic behavior with that displayed by samples annealed
at lower temperature (900—950 °C).

Results

1. Sample Characterization. According to the
room-temperature X-ray diffraction results, the obtained
Gd;—xSrxCoO3 compounds (0 < x < 0.30) were all single-
phase materials and showed an O-type (a < (c/+/2) < b)
orthorhombic GdFeOs-like perovskite structure (=~+/2a.
x ~a/2a. x ~2a.) (a. = 3.8 A).

The lattice parameters changed with x (see Table 1),
but while a and c increased with doping, b decreased
slightly. Also included in Table 1 is the pseudocubic
lattice constant of these compounds &', which represents
the lattice parameter of a cubic unit cell containing one
ABO3 unit and can be defined as a' = (V/z)13 (where V
is the volume of the unit cell and z is the number of
ABO3 formulas per unit cell of the crystal). As can be
seen, &' increased continuously with doping. This means
that the incorporation of the larger Sr2* ion (XMrge2+ =
1.44 A)?5 in place of the considerably smaller Gd3* ion
(XM g+ = 1.36 A, Xllrgge+ = 1.22 A)25 predominated over
the fact that upon doping Co3* (Vrcee+ l.s. = 0.55 A,
Vireo3t h.s. = 0.61 A)?5 oxidized to the smaller Co** ions
(Mree#+ = 0.53 A),25 resulting in an increase in the unit
cell size.

On the other hand, the thermogravimetric results
show that although these samples lost some oxygen
when heated above ~923 K, they regained it when
slowly cooled in air.

As for the morphology and particle size of the obtained
Gd;—xSryCo0O3 materials, SEM micrographs show that
they consisted of homogeneous platelets 1—2 um long.

Finally, the results of EDS analysis showed the
compositional homogeneity of the samples.

2. Magnetic Properties. While GdCoO3; was para-
magnetic down to the lowest available temperature, the
doped compounds displayed a clearly different magnetic
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Figure 1. (a) ZFC and (b) FC molar magnetic susceptibility
of Gd;«xSrkCo03 (0 < x < 0.30) (H = 1000 Oe).

behavior that, according to our results, was independent
of the annealing temperature of the samples.

Figure 1 shows the temperature dependence of the
ZFC and FC molar magnetic susceptibility. As can be
seen in these curves, a marked increase in ymn occurred
below T; ~ 160 K, and the rise was more pronounced
in the more heavily doped samples. Nevertheless, T,
increases only slowly with x.

As the temperature decreased, a maximum appeared
in the ZFC ym(T) curves at Tg < T.. This Tg increased
with x from ~80 K in the sample with x = 0.10 to ~105
K in the x = 0.30 sample.

At even lower temperatures, below Ta < Tg, ¥m
increased again and very rapidly.

The M(H) curves at T = 5 K of these samples are
shown in Figure 2. As can be seen, the magnetization
of these samples did not saturate under the highest field
used. Also, the shape of these curves seems to reflect
the contribution both from a magnetically ordered
phase—that gives rise to a small hysteresis loop—and
from a paramagnetic species of high magnetic moment.

These results suggest the following interpretation:

T, signals the onset of magnetic order of cobalt ions
within superparamagnetic clusters, whose number and/
or size increases with the doping level. Meanwhile, the
local T. of such superparamagnetic clusters does not
change significantly with x, indicating that their nature
is very similar in all the samples, despite their different
nominal compositions, different Co3*/Co** ratios, and
so forth; a T. independent of x would have indicated
disproportionation into two phases.®
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Figure 2. ZFC magnetization versus applied field H of
Gd;—xSrxCo03 (0 < x = 0.30) measured at T = 4.2 K.
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Figure 3. Temperature dependence of the inverse of the
molar magnetic susceptibility of Gdo70Sro.30C00s3.

The freezing temperature, Tg, is the magnetic block-
ing temperature for such superparamagnetic clusters,
and its value increases with x, indicating the growth of
such clusters. Ta represents the temperature below
which the magnetic contribution from the paramagnetic
Gd3* ions, which have a high magnetic moment, be-
comes more important than the relatively small contri-
bution from the cobalt ions, giving rise to a sharp
increase in ym.

The M(H) curves measured at 5 (Figure 2) seem to
corroborate this picture. In this context, the small
hysteresis loop would reflect the blocking of the super-
paramagnetic clusters at low temperatures; meanwhile,
the magnetization data obtained with higher magnetic
fields would correspond to the contribution of the
paramagnetic Gd3* ions, as those results are very
similar to those diplayed by a pure Gd3* paramagnetic
system except that the magnetization observed here was
10—15% smaller, probably due to the influence of the
crystalline environment.

As for their behavior above T, (Figure 3), the ym(T)
data can be fitted to a Curie—Weiss law only in a very
narrow temperature interval, 225 < T < 300 K, as a
strong positive deviation from that linearity appears
below ~225 K. From the corresponding y~*(T) fitting,
we estimated the effective magnetic moment per cobalt
ion (ueri—co) from the total wesr (uert = «/%) after ap-
propriate subtraction of the Gd3*contribution (ues(Gd®*)
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Figure 4. Normalized electrical resistance R(T)/R(100 K)
versus temperature of Gd;—,SryCoO3 (0 <x =< 0.30) for 77 < T
< 330 K. Inset: Electrical resistivity data for the temperature
interval 4.2 < T < 100 K.

= 7.8 ug?%). The values we obtained range from 1.6 ug
(for x =0.1) to 1.3 ug (for x = 0.3). Taking into account
the expected effective magnetic moments for trivalent
and tetravalent cobalt ions in different spin states
(tett-so(Co(I)1s) = O us, tett-so(Co3")hs. = 4.91 us,
,uefffso(COU | I)i.s.) = 2.83 us, /,tefffso(CO(|V)|_5_) =1.73 us,
tefi-s0(C0*Mns. = 5.91 ug), our results indicate that in
these samples most of the cobalt ions were in the low-
spin configuration.

In any case, high-temperature susceptibility mea-
surements will be needed to obtain more accurate
magnetic moment values.

On the other hand, the Weiss constant 6, that was
practically zero in the undoped compound, increased to
small positive values with x (from +5 K for x = 0.10 to
+56 K for x = 0.30), in full agreement with the results
found by other authors.?

3. Transport Properties. The first general observa-
tion is that, for these doping levels, these samples were
semiconducting and their electrical resistivity p dimin-
ished as x increased (Figure 4).

These p(T) data can be fitted to In(1/p) O T4 in the
temperature range 77 < T < 307 K, but they clearly
deviate from it at lower temperatures.

As for their thermopower (Figure 5), at room temper-
ature and above, the a coefficient was positive and its
magnitude decreased as the degree of doping increased.
Also, very interestingly, in these samples a(T) decreased
with temperature and tended to zero at low tempera-
tures. This temperature dependence reflects a progres-
sive trapping out of charge carriers and/or diminution
in the number of sites over which they could move as
the temperature was lowered.2”

To study the influence of the magnetic field on the
electrical resistivity of these materials, we measured
p(T) under a field of 40 kOe. As can be seen in a typical
example in Figure 6, at low temperatures the magnetic

(26) Madhusudan, W. H.; Jagannathan, K.; Ganguly, P.; Rao, C.
N. R. J. Chem. Soc., Dalton Trans. 1980, 1397.
(27) Zhou, J.-S.; Goodenough, J. B. Phys. Rev. B 1995, 51, 3104.
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Figure 6. Temperature dependence of the electrical resistance

of Gdo.00Sr0.10C003 in the absence of a magnetic field and under
a magnetic field of 40 kOe (4.2 < T < 45 K).
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Figure 7. Field dependence of the electrical resistivity of
samples of Gd;—xSrkCo0O3 (0 < x < 0.30) measured at 4.2 K.

field reduced the samples’ resistivity, and the effect
became more pronounced as the temperature dimin-
ished. We therefore measured their magnetoresistance
at the lowest available temperature (4.2 K), finding that
the maximum value of MRmax [(0(0) — p(H))/p(0)] ~
—16% was achieved for x = 0.10 (Figure 7). Upon further
doping, the value of the negative MR decreased to MR
~ —8%, for x = 0.20, and MR =~ —2% for x = 0.30 (Figure
7).
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Discussion

The magnetic and transport properties of these
Sr-doped gadolinium cobaltates bear a strong parallel-
ism to those displayed by the La;—4SryCoO3 system,810
modulated by the presence of the rare earth Gd3*
instead of Las".

For that extensively studied La;—xSryCoO3 system, it
has recently been proposed® that, upon doping, this
material segregates into hole-rich, metallic ferromag-
netic regions and a hole-poor matrix similar to LaCoOs.
The cobalt ions of the ferromagnetic phase are in the
intermediate-spin configuration, and the cobalt ions of
the hole-poor matrix experience a thermally induced
transition from low to high spin.

According to that model,® corroborated in further
investigations,242829 for low Sr2*-doping, the hole-rich
regions are isolated from one another and show super-
paramagnetic behavior below a T, ~ 240 K, that changes
very little with x. Long-range magnetic order via
frustrated intercluster interactions occurs below a su-
perparamagnetic freezing temperature Tg that increases
with x. A magnetic percolation threshold is reached at
Xm, and for x,, < x < 0.50, the ferromagnetic hole-rich
regions couple ferromagnetically to give bulk ferro-
magnetism below T.. Metallic behavior is found for x.
> Xm, but the presence of the hole-poor matrix inter-
penetrating the metallic ferromagnetic regions persists
and gives rise to peculiar magnetic behavior.

In this context, and in view of the similarities found
between these two cobalt perovskite systems, we pro-
pose that the above model can also be extended to the
Gd;-xSr«Co0O3 materials (0 < x < 0.30).

Of course, to do so, one has to take into account that
the presence of Gd®* (instead of La®") will influence the
crystal structure, the spin state of the cobalt ions, and
the characteristics of the hole-poor and hole-rich regions
as well as the magnetic and electrical connection
between them.

In this context, the smaller size of the Gd3' ion
compared to the La3" ion?® forces the perovskite struc-
ture to distort more than in the case of the La; «SryCoO3
series, resulting in GdFeOs-type structures with Co—
O—Co bond angles smaller than 180°.1 This, in turn,
reduces the electronic transfer integral between Co sites
that controls hole conduction. It also makes the stabi-
lization of ferromagnetic interactions via double-ex-
change more difficult, resulting in lower T¢ (T¢(Gd1—xSrx-
Co03) ~ 150 K compared with T¢(La;-xSrkCoO3) ~ 250
K8).

On the other hand, at a given temperature, the
presence of Gd3" stabilizes lower spin states in the
cobalt ions than in the corresponding lanthanum com-
pounds. For example, in the undoped compounds, while
the cobalt ions in GdCoO3 are in a low-spin configura-
tion up to ~270 K, and a ratio of 30% Co3", s to 70%
Co(lll);s. is present for 270 < T <500 K,'® in LaCoOg, a
ratio of 50% Co%" . to 50% Co(lll), s, is already stabilized

(28) Caciuffo, R.; Rinaldi, D.; Barucca, G.; Mira, J.; Rivas, J.;
Sefaris-Rodriguez, M. A.; Radaelli, P. G.; Fiorani, D.; Goodenough, J.
B. Phys. Rev. B 1999, 59, 1068.

(29) Caciuffo, R.; Mira, J.; Rivas, J.; Sefiaris-Rodriguez, M. A,
Radaelli, P. G.; Casurgui, F.; Fiorani, D.; Goodenough, J. B. Europhys.
Lett. 1999, 45, 399.
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for 110 < T < 350 K, with a further evolution toward
higher spin configurations taking place from 350 K.°

In the case of the doped compounds (0 < x < 0.30),
the approximate ue-co that we estimate for the
Gd;—xSryCoO3; samples reveals that the majority of
cobalt ions from the matrix are in the low-spin config-
uration for 225 < T =< 300 K (i.e., on the order of 90—
95% of Co(lll), if the stable spin states are Co(lll);s.
and Co®ths at those temperatures), while a ratio of
almost 50% Co3™s to Co(lll),s. gets stabilized in the
La;—xSr«CoO3 compounds.®

Such differences in the spin state of the cobalt ions
arise from the fact that Gd®*, compared to La3",
competes more strongly with cobalt in covalent bonding
to the oxygen atoms because it has a higher acidity (i.e.
a higher charge/radius ratio).3® And as the Gd—O bonds
get stronger, the Co—O bands get narrower and the
a*(Co—0) levels become more stable,3° so the splitting
between tyq and e; becomes larger, resulting in lower
spin states in the cobalt ions, as found in the experi-
mental data.

The transition from low-spin to high-spin configura-
tions can be induced thermally (as will occur in the
matrix as a function of temperature), or it can be
provoked by polarization of the O-2po electrons toward
the Co(1V) and away from the neighboring Co%* ions (as
will occur within the clusters).

In any case, such transitions will be hindered more
than in the case of the La;—4SryCoO3 compounds.
Therefore, at a given temperature the spin state of the
cobalt ions in the matrix will be lower than that in the
corresponding lanthanum compounds and the stabiliza-
tion of high- or intermediate-spin states in the hole-rich
regions will occur to a lesser extend than in the
La;xSrkCoO3; compounds.

As a result, in the studied temperature range the
matrix will be mostly diamagnetic and insulating and
will act as a barrier to the magnetic and electrical
connection between the hole-rich regions. This, together
with the fact that within the clusters the hole conduc-
tion is worse and the ferromagnetic interactions weaker
than in the corresponding La;—xSrxCoO3; compounds, will
also explain why in these Gd samples the susceptibility
values are lower, why the resistivity values are higher,
and why the magnetic and electrical percolation is
reached at higher x.

On the other hand, and very interestingly, the Gd3*
ions have a high magnetic moment with no L—S
anisotropy (L = 0, S = 7/2), unlike La®", which has no
magnetic moment (L = S = 0). Therefore, the Gd3* ions
can be easily oriented with small magnetic fields. At
low temperature the magnetic contribution of this
almost paramagnetic Gd3* system is more important
than the tiny cobalt contribution, and the Gd3* sublat-
tice polarizes the cobalt magnetic clusters. In fact, we
propose that this effect is one of the causes of the
appearance of low-temperature MR: at low tempera-
tures the presence of the paramagnetic Gd3* sublattice
influences the cobalt ions of the superparamagnetic
clusters and provokes an increase in the size of the hole-
rich regions and in the hopping probability of the charge
carriers and thus gives rise to a reduction in sample

(30) Goodenough, J. B. Prog. Solid State Chem. 1971, 5, 145.
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resistivity. That reduction is more readily seen in the
more resistive samples, which are therefore the ones
that exhibit the highest MR values.

Consequently, while, in the low-doped lanthanum
compounds (La;—xSrkCoO3 and La; -xBaxCoO3), the high-
est MR is achieved around the blocking temperature
(T~ 40K and 25K, respectively), inthe Gd;—«SryCoOs
samples the highest MR is observed at the lowest
available temperature, 4.2 K.

Conclusions

We prepared Gd;—«SrkCo0O3; (0 < x < 0.30) as pure
samples by the liquid-mix method and studied their
magnetic and transport properties.

Interestingly enough, as x increased, the magnetic
susceptibility of these samples increased below a T, that
marked the onset of magnetic order of cobalt ions within
superparamagnetic clusters, which become blocked at
a freezing temperature, Tg. Below it, the paramagnetic
Gd3* sublattice had a more important role from the
magnetic point of view.

From the electrical point of view, these samples were
semiconducting and their resistivity decreased as x
increased. Also, as the temperature decreased, the
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charge carriers became trapped out and/or the number
of sites over which they could move diminished.

Very remarkably, the more resistive samples showed
large negative magnetoresistive effects at very low
temperatures: MRmax(X = 0.10) ~ —16% at T = 4.2 K
under Hmax = 40 kOe.

We relate these results to the inhomogeneous elec-
tronic structure of these cobaltates and to the presence
of the Gd3* ions, which, once their magnetic contribution
becomes important, polarize the cobalt ions of the
superparamagnetic clusters, provoking an increase in
the size of the hole-rich regions and in the hopping
probability of the charge carriers, and thus give rise to
the large negative magnetoresistivity observed.

More work is in progress to fully characterize these
samples and to delve deeper into the magnetic structure
of these interesting materials.
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