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Neutron powder diffraction studies of crystal and magnetic structures, magnetization and
magnetotransport measurements have been performed for Lags PryBagsCoO; s (x <0.375,
0 < 0.25) cobaltites. It has been found that the compositions (0 < x < 0.35) are cubic (Pm3m)
whereas x = 0.375 one is tetragonal (P4/mmm) due to an ordering of rare-earth and barium ions,
while the oxygen vacancies are disordered. The oxygen content decrease leads to transformation of
the magnetic structure from ferromagnetic to the G-type antiferromagnetic one through the mixed
two-phase magnetic state. The compositions with antiferromagnetic component show structural
phase separation, strong increase of the unit cell volume upon cooling, and anomalous magnetization
behavior. It is suggested that these phenomena are associated with stabilization of Co’" ions in
high/low spin state at low temperature. The high/low spin state corresponds antiferromagnetic phase,
whereas in the ferromagnetic one, the Co’" and Co*" ions adopt intermediate spin state. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4733953]

. INTRODUCTION

Rare earth cobaltites Ln;_,A,CoO; (Ln=lanthanide,
A =alkaline earth metal: Ca, Sr, or Ba) with perovskite
structure attract much interest as they exhibit a variety of un-
usual magnetic and transport properties.' The Co ions in
octahedral symmetry may have either high, intermediate, or
low-spin state as the energies of the crystal-field splitting of
both the Co 3d states and the Hund’s rule exchange energy
are comparable. In the ground state at low temperature,
LaCoO; contains Co>" ions with the low-spin electronic
configuration tggeg.k3 Upon heating, the spin state of Co
ions thermally activates to the intermediate state (IS, rgge;,
§ = 1) or high-spin state (HS, 3,¢;, S = 2).173

In the hole-doped cobaltites, La; xA,CoOj3, the addi-
tional Co*" ion increases the complexity of the system as it
can also be in the different spin states. Among doped cobal-
tites, the system La;_,Sr,CoO; is the most extensively
investigated. A spin glass behavior was reported for 0.01 < x
< 0.18 as well as a ferromagnetic long-range ordering that
apparently coincides with concentration insulator-to-metal
transition for x ~ 0.18.° Similar metallic ferromagnetic state
was observed in barium-doped cobaltites with barium
content x > 0.2.77° However, concentrational diamagnetic—
ferromagnetic  transition occurs through intermediate
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insulating antiferromagnetic state.” Moreover, lightly doped
ferromagnetic state (0.18 < x < 0.22) seems to be insulat-
ing.” The structural studies performed on the cubic oxygen-
stoichiometric perovskite LagsBaysCoO; have revealed an
onset of a long-range tetragonal phase accompanying a para-
ferromagnetic transition at T¢ ~ 180 K.'®'! The tetragonal
distortion has been discussed in terms of cooperative static
Jahn-Teller distortions of the CoOg octahedra. It was assumed
that the Jahn-Teller effect is favored by the intermediate spin-
state configuration of the Co*"(d®) and Co*"(d®) ions
derived from the measured ferromagnetic moment —1.9
per cobalt ion. However, the Sr-doped ferromagnetic cobal-
tites have approximately the same magnetic moment value
and do not exhibit any structural transition at the Curie
point.'*'* Moreover, the extended x-ray absorption fine
structure (EXAFS) and neutron diffraction studies do not
reveal any appreciable local Jahn-Teller distortion in
La],XSrXCoO}14 The nature of the ferromagnetic state in
cobaltites was a subject of debates for a long time.'>~"” Three
main mechanisms explaining magnetic properties of mixed-
valence cobaltites were suggested: the superexchange model
based on the localized electron interaction via oxygen ion,
the Zener double exchange via charge transfer, and the itiner-
ant electron ferromagnetism.'>”

Beside the alkaline earth doping, there is another way to
manipulate the physical properties of the rare-earth cobal-
tites. In accordance with Refs. 18 and 19, the oxygen defi-
ciency in LaysA(0s5C0o0;_s (A=Sr, Ba) perovskites is

© 2012 American Institute of Physics
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accompanied by a strong decrease of magnetization and
phase separation phenomenon. It was shown that the oxygen
content in the Ln and Ba ordered perovskite systems LnBa-
Co,0y can be varied in a wide range fromy =4.5t0y =6
what leads to a change in the average oxidation state of the
cobalt ions from 2+ to 3.5+.2°"*? The intermediate composi-
tion LnBaCo%*Os,s with ordered oxygen vacancies shows
very interesting properties, such as metal-insulator transition,
antiferromagnetic-ferromagnetic transition, and the giant
magnetoresistance effect.”>>> The Curie point of LaBa-
Co0,05 5 is the largest and reaches 326 K.? Several studies of
the magnetic structure of LnBaCo,0s5 s layered perovskites
have been performed with diverging results.**=' According
to Refs. 27 and 31, the magnetic structure is non-collinear in
both antiferromagnetic and ferromagnetic phases. The Co” "
ions in octahedra adopt the low-spin state, whereas in pyra-
mids, they are in the high-spin state.>’=" In the works,?*% it
was suggested that the magnetic structure can be described
by collinear ferromagnetic model. The symmetry analysis
was used to support the collinear model of the magnetic
structure.***> However, the giant anisotropic magnetoresist-
ance effect associated with antiferromagnetic—ferromagnetic
transition and magnetic structure evolution in Fe-doped lay-
ered cobaltites seems to be better explained by non-collinear
magnetic structure model.* It worth to be noting that the
antiferromagnet—ferromagnet transitions have been revealed
in Sr3YCo040¢ 5 layered perovskites also.>?

Considering these reports, we have decided to investigate
the effect of oxygen deficiency on structural and magnetic
properties of Lag s PryBagsCoO;_s cobaltites with ordinary
or layered perovskite structure where oxygen vacancies are
disordered. In the present work, it is shown that oxygen defi-
ciency in these cobaltites leads to a concentrational transition
from ferromagnetic to pure antiferromagnetic phase through
mixed state. It is remarkable that the phase separation is
accompanied with strong increase of the unit cell volume and
anomalous temperature dependence of magnetization.

Il. EXPERIMENTAL

Ceramic samples of Lags_PryBagsCoOs;_s composi-
tions were prepared by a solid-state phase reaction method
using high-purity Lay03, PrsO;;, BaCOs3, and CoO taken in
stoichiometric ratio and thoroughly mixed in a planetary ball
mill (RETSCH PM-100). The synthesis was performed at
1200 °C for 10h in air, followed by cooling at different con-
stant rate (varied from 50 °C/h to 300 °C/h) down to 300 °C.
Some samples were annealed during 48 h at 650—-800 °C and
quenched. The phase purity was checked using a diffractom-
eter DRON-3M. Synchrotron powder diffraction (SPD)
experiments were carried out at the swiss light source syn-
chrotron of the Paul Scherrer Institute using MS beamline
(wavelength 0.49 A) The neutron powder diffraction (NPD)
experiments were performed using a high-resolution diffrac-
tometer E9 at the Berlin Neutron Scattering Center (BENSC)
of Helmholtz-Zentrum Berlin (HZB) and high intensity dif-
fractometer DMC at the Laboratory for Neutron Scattering
of Paul Scherrer Institut (PSI, Villigen). The neutron and
x-ray powder diffraction data were analyzed by Rietveld
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method using FULLPROF software package.** Magnetic and
magnetotransport properties up to 14T were studied with a
physical properties measurement system (Cryogenic Ltd.).

lll. RESULTS AND DISCUSSION
A. Crystal and magnetic structure

The crystal structure of the Lag s Pr,Bag 5CoO5_ solid
solutions has been analyzed using x-ray, neutron, and syn-
chrotron diffraction techniques. It has been found that the
structure of the Lags_,Pr,BaygsCoO;_s solid solutions
changes essentially with an increase of Pr ions content. The
XRD data obtained at room temperature verify the cubic
structure of the Lag 5_,Pr,Bay sCoO5_; solid solutions up to
concentration x = 0.35; further increase of praseodymium
concentration promotes stabilization of the tetragonal distor-
tion of the compounds.

The neutron diffraction data for the LagsBagsCoO5_g
sample cooled at a rate of 300 °C/h from 1200 °C have been
recorded at temperatures of 300K, 150K, 80K, and 2K.
Rietveld refinement performed for the 300 K NPD pattern
assumes cubic symmetry of the compound (Pm3m space
group). The structural analysis performed by using the tet-
ragonal space group (P4/mmm), thombohedral (R3c), and
orthorhombic one (Pnma) did not result in any essential
improvement of the reliability factors and cubic structure has
been assumed as a more feasible one. The value of the oxy-
gen occupation refined from the NPD data at 300K is about
2.88, the cubic symmetry supposes a random distribution of
the oxygen vacancies as well as of La and Ba ions. The crys-
tal structure has been additionally studied by synchrotron
powder diffraction. In order to estimate the structural param-
eters in detail, the SPD patterns were recorded in the range
from 5K up to 300K at the 5K step. The refinement of the
SPD pattern recorded at 300K has confirmed the macro-
scopic cubic symmetry (Pm3m) of the LagsBagsC0O5gs.
However, close inspection of the SPD patterns has revealed
a very small asymmetric broadening of the diffraction peaks
with temperature decreasing. Similar behavior of the NPD
and SPD diffraction peaks excludes possible instrumental
faults and/or texturing effects that could lead to an asymme-
try of the peaks. Analysis of the NPD and SPD patterns
recorded at temperatures below 150K clarifies a cause of the
phase instability. The most probable reason for the peak
asymmetry is a gradual appearance of a new phase with
structural parameters close to those for the parent phase. The
diffraction patterns recorded at low temperatures have
uniquely confirmed the phase separation scenario (Fig. 1).
The structure refinement using two-phase model with cubic
unit cells for the diffraction patterns obtained for T < 150 K
strongly improves the reliability factors. The refined struc-
tural data have confirmed gradual extension of the new cubic
phase with temperature decrease. The phase separation pro-
cess is reversible and well reproduced under heating/cooling.
A relatively small difference in the unit cell parameters for
the both the cubic phases hampers a precise estimation of the
structural phase ratio. The content of the phase with the
smaller lattice parameter calculated from the refinement of
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FIG. 1. The synchrotron diffraction spectra for the Lag sBagsCoO3_5 com-
pound at 4 K. The observed and calculated profiles are noted by points and
the line respectively, the bottom line represents their difference. The data
are refined in Pm3m space group for the both structural phases. The inset
shows the magnified parts of the patterns at selected temperatures.

the NPD pattern recorded at 2K is about 70% (the major
phase). The structural data are given in Table I.

The rough estimation of the oxygen content performed
for the NPD data taken at 2K assumes the oxygen content
for the phase with the larger lattice parameter to be smaller
as compared with the major structural phase. However, the
overlapping of the diffraction peaks hampers an accurate
determination of the oxygen content for the both structural
phases. One can suggest that in the minor phase, the cobalt
ions have the oxidation state close to 3+ and are located in
the oxygen pyramids and octahedra, whereas in the major
phase, the cobalt ions are placed predominantly in the oxy-
gen octahedra and have a mixed 34-/4+ oxidation state. It
should be noted that stoichiometric Lag sBay sCoO; is a sin-
gle phase down to the liquid helium temperature.'®!" So, the
oxygen deficit is the important factor in the phase separation.
It is worth emphasizing that phase segregation into electron-
rich (ferromagnetic) and electron-poor (antiferromagnetic)
phases was earlier claimed for layered cobaltites
LnBaCo0,04_s (Ln—Ilanthanide).*
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The NPD data permit to clarify the magnetic structure of
the Lay sBag sCo0O, gg. Taking into account the SPD data for
Lag sBag sCo0, gg, the additional peaks occurring only on
NPD patterns below 150K can be referred to magnetic neu-
tron scattering (Fig. 2). The NPD patterns were well fitted
assuming the coexistence of ferromagnetic and G-type anti-
ferromagnetic structures. An additional contribution to the
intensities of the diffraction peaks (100), (110), (210) testi-
fies long-range ferromagnetic order within the compound,
whereas the new magnetic peaks indexed as (111), (113),
(313) in 2a, x 2a, X 2a, cubic metric assume antiferromag-
netic ordering. Based on the structural data, the ferromag-
netic contribution is attributed to the major structural phase,
whereas G-type antiferromagnetic one is associated with the
minor oxygen-poor phase with larger unit cell. The estimated
magnetic moments are approximately ~1.6 up for F-type
phase and ~2 pj for G-type antiferromagnetic phase. The
calculated moment for the ferromagnetic phase correlates
with the published data for the stoichiometric La and Ba cat-
ion ordered LaBaCo,Oq (1.5 pup) and cation disordered
LaysBag sCo0O3 (1.9 pp) ferromagnetic phases.'!!

The NPD data obtained for the Lay 5_,Pr,BagsCoOs_s
compounds are in accordance with those received from
x-ray study at room temperature and clarify crystal struc-
ture evolution with temperature change. The NPD patterns
for the x = 0.25 and 0.375 samples cooled at a rate of
300°C/h from 1200°C were recorded in the temperature
range from T = 2 K up to 300 K. Using the diffraction data,
one can suggest that the crystal structure of the compound
x = 0.25 is cubic in the whole measured temperature range.
The phase separation phenomenon has not been observed.
The crystal lattice symmetry of the x = 0.375 compound
belongs to a tetragonal system. The NPD patterns of the
Lag 125Prg375sBag sCo0O3_5 composition in the temperature
range 2K-300K were well fitted using P4/mmm space
group with a, x a, x 2a, metric (Fig. 2). The doubling of
the unit cell parameter along c-axis is a result of the order-
ing of the rare-earth and barium ions.

The Pr-doped solid solutions reveal exceptional behavior
of the unit cell parameter with temperature change. For the

TABLE 1. Structural parameters for the Lag >5Prg»5Bag sC00, 79, Lag 125P1 375Bag sC00, 76, and Lag sBag sC00, gg samples obtained by Rietveld refinement

of the NPD patterns recorded at 2K, 150K, and 300 K.

Lag »5Prg.25Bag.5C00; 79 Lay,125Pro.375B29.5C00,.76 Lag 5Bag sC00, g5

T=2K T=150K T=300K T=2K T=150K T=300K T =2 K (2 phase) T=150K T=300K
a (A) 3.8872(8) 3.8824(4) 3.8874(5) 3.9114(5) 3.9064(8) 3.9132(3) 3.8789(4)  3.8944(5) 3.8835(3) 3.8900(6)
c (;\) 7.6386(8) 7.6223(7) 7.6487(5)
Vol (norm.) (A3) 58.71 58.51 58.75 58.43 58.16 58.56 58.36 59.07 58.57 58.86
Co-0O(1) (A) 1.9436(6) 1.9412(5) 1.9437(5) 1.9675(5) 1.9652(5) 1.9674(4) 1.9395(4) 1.9473(3) 1.9418(5) 1.9450(4)
Co-0(2) (A) 1.9093(5) 1.9118(7) 1.9042(3)
Co-0(3) (A) 1.9099(7) 1.8992(5) 1.9201(4)
Phase ratio 70% 30%
Magnetic
moment (1) +1.5 +0.6 +1.6 +0.6 1L6F +2.1 AF®
7 2.63 2.79 2.27 2.97 2.83 2.64 1.74 4.31 4.63

“F, ferromagnetic.
AF, antiferromagnetic.



013916-4 Troyanchuk et al.

|
FEE T MHHMH L Ay T AT AR AN

1()-_ Pm3m

~ O ®
LI B B

[\S]
—

* * *

,@;K’\A ﬂt

Intensity (arb. units)

-

2k e
1 " 1 " 1 " 1 " 1 " 1 " 1

(=}
R

10 + P4/mmm

-2 1 ' " 1 MI’L. vv‘-u 1 " I‘" " T " 1 " 1
20 40 60 80 100 120 140
26 (degree)

FIG. 2. The neutron powder diffraction patterns recorded at 2K for Lag sBag s
CoO, 55 (top panel), Lags5Pro25BagsC00, 79 (middle panel), Lag 125Pro37s-
Bay 5C00, 76 (bottom panel) cooled at a rate of 300°C/h. The line and points
refer to calculated and observed profiles, the bottom line represents their differ-
ence. For the Lag sBag sCo0O3_s compound, two upper rows of the ticks ascribe
structural phases, two bottom ones denote ferromagnetic and antiferromagnetic
reflections corresponding to major and minor structural phases, respectively.
For the Pr-doped compounds, the bottom ticks denote G-type antiferromag-
netic structure, and antiferromagnetic reflections are marked by asterisks.

both x = 0.25 and 0.375 compounds, the unit cell parameter
decreases with temperature reduction from room temperature
down to 170K where magnetic order develops. Whereas near
the temperature of magnetic ordering, an unexpected increase
of the lattice parameters is observed. The unit cell parameters
estimated for the Lags_ PryBagsCoO3;_; compounds at 2K
are close to those observed at room temperature (Table I).

The occupation of the oxygen sites calculated from the
NPD refinement for the x = 0.25, 0.375 compounds assumes
the oxygen deficit of 7% (0 = 0.21) and 8% (0 = 0.24),
respectively. The estimated value of the oxygen deficit for
x = 0.375 supposes approximately equal amounts of the
oxygen octahedra and pyramids as well as 34+ dominant
oxidation state of the Co ions. Using the NPD data for
Lag 125Prg375Bag sCo0O3_s, one can suppose the oxygen defi-
cit to be mainly caused by vacancies in the O(2) oxygen
sites. As oxygen vacancies are distributed randomly within
the structure, the superexchange magnetic interactions are
strongly frustrated. The low temperature neutron diffraction
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FIG. 3. Temperature dependencies of magnetization for LajsBagsCoO3_s
samples prepared under different thermal treatments. The arrows indicate
direction of the temperature changing.

data assume dominant antiferromagnetic interactions within
the both compounds. The NPD patterns below 170K were
well fitted assuming G-type antiferromagnetic structure of
the compounds x = 0.25, 0.375. The magnetic moments per
cobalt ion for the compounds estimated from NPD study (see
Table I) are much lower than those expected for high or even
intermediate spin states. So, we can suppose different spin
states for cobalt ions in the octahedra and the pyramids. In
accordance with®*! the cobalt ions in octahedra adopt a low
spin state whereas in pyramids the high-spin state is
expected. Alternatively, one can assume the presence of the
spin-glass fraction which does not contribute to coherent
neutron scattering. On the basis of intensities of the magnetic
peaks the preferred orientation of the magnetic moment
along z-axis of the lattice was estimated for the compound
x = 0.375 (see Table I).

In a more detailed consideration of the structural pa-
rameters for the Lag 1,5Prg375BagsCo0O;_5, one can expect
that the change of the unit cell volume is mainly caused by
variation in c-parameter of the lattice. The increase of the c-
parameter below the magnetic transition temperature is a
result of shortening of the Co—O(2) bond length and elonga-
tion of Co—O(3) length, where O(3) and O(2) are apical oxy-
gen ions. We suggest the most probable reason of the
unusual expansion of the unit cell in the antiferromagnetic
state to be stabilization of the Co”" ions in the high-spin
state (pyramids) and low-spin state (octahedra). Within fer-
romagnetic phase, both Co*" (tgge:,) and Co*" (t‘z‘gei,) adopt
intermediate spin state.'® Alternatively, one can assume that
there is a cooperative orbital ordering in the antiferromag-
netically ordered phase as it was claimed for stoichiometric
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ferromagnetic Lag sBag sC005.'%!" However, an orbital
ordering in ferromagnetic LagsBagsCoO5 does not lead to
anomalous thermal expansion.'®!'! It is worth stressing that
layered perovskites LnBaCo,Os s do not exhibit unusual
thermal expansion associated with magnetic ordering.>> So,
one can conclude that oxygen vacancies disorder as well as
large unit cell volume of La;_,Pr,BaysCoO;_s solid solu-
tions are important factors apparently responsible for anom-
alous thermal behavior. Based on the structural data of the
(La,Pr)-based cobaltites, we suggest the structural phase
separation and abnormal thermal expansion of the unit cell
volume peculiar for the antiferromagnetic minor phase of
the Lag sBag sCo0O3;_s sample, to be associated with stabili-
zation of the Co>" ions in the high/low-spin state also. One
can assume that at high temperature, the intermediate spin
state is more stable.

B. Magnetic properties

The temperature dependencies of the magnetization
M(T) of two representative samples of LagsBagsCoOs_s
with different oxygen content (oxygen content decreases
with increase of cooling rate) are shown in Fig. 3. The zero
field cooling (ZFC) and field cooling (FC) magnetizations for
the compound with larger oxygen content (cooling at 100 °C/
h) are similar to those for stoichiometric LagysBagsCoOs;
however, the Curie point for stoichiometric compound is
slightly higher.'>!" Decrease of the oxygen content (cooling
300°C/h) leads to a slight lowering of the Curie point and
anomalous FC magnetization behavior. The onset of mag-
netic ordering starts at 170K and shifts to a higher tempera-
ture as magnetic field increases. The magnetic moments
estimated from M(H) curves (Fig. 4) are close to 1.75 ug/Co
and 1 pg/Co for the samples cooled at a rate of 100 °C/h and
300°C/h, respectively. The sample quenched from 700°C
did not show any remanent magnetization.

The slowly cooled Pr-doped samples exhibit
ferromagnetic-like behavior with Curie points close to 170 K.
However, the sample Lag »5Prg25Bag sCoOs_s fast cooled at a
rate of 300 °C/h exhibit anomalous increase in magnetization
with temperature increasing (Fig. 5). The magnetization starts

1.80 T T T T T
cooled 100°C/h T=5K
135+ i
A
. 0.90 cooled 300°C/h T=5K i
=3
=
0.45 i
0.00 L 1 1 | L
0 1 2 3 4 5
H(T)

FIG. 4. Field dependencies of magnetization for Lay sBagsCoO3_s samples
prepared under different thermal treatments.
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FIG. 5. Temperature dependencies of  magnetizations for
Lag»5Pro»5Bag sCo0;_s samples prepared under different conditions.

to develop below 150K in a field of 0.1 T. The external mag-
netic field modifies the temperature dependence of the mag-
netization. The maximum of the magnetization in the field of
0.1 T was observed at 120K, whereas the field of 5T shifts
the maximum up to 150K. The ZFC and FC magnetizations
dependencies measured in a large field of 5 T, do not coincide
below 70K, thus, indicating a huge magnetic anisotropy at
low temperature. There is no appreciable temperature hystere-
sis between results of magnetization measurements carried out
on warming and on cooling. The isothermal M(H) dependen-
cies of magnetization for this sample are shown in Fig. 6. The
spontaneous magnetization at 5K is very small (about
0.5 emu/g). The magnetic hysteresis practically disappears as
temperature rises up to 70K, where anomalous enhancement
of the magnetization starts to develop. The absent of the rema-
nent magnetization indicates superparamagnetic state. The
maximum of the magnetization derived from the M(H)
dependencies was observed at 150K similar to M(T) data. At
200K, the sample is in a paramagnetic state, however, the
magnetization is much larger than that at 5K in the field of
14T. So, we can conclude that at high temperature, the ferro-
magnetic interactions are dominant, whereas at low tempera-
ture, the antiferromagnetic interactions are prevailing. This
behavior of the magnetization resembles M(T) dependence

16

12
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FIG. 6. Field dependencies of magnetization for Lag,sPrg,sBagsCoO3_s
sample quenched from 650 °C.
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for LnBaCo,05 5 oxygen ordered layered perovskites. These
compounds exhibit antiferromagnet—"‘ferromagnet” transition
as temperature rises.’>>> However for LnBaC0,0Os5 com-
pounds, increasing of an external magnetic field shifts
antiferromagnet—ferromagnet transition to low temperature.

Similar maximum of the magnetization was observed in
Lag 125Prg375Bag sCo0, 76 (taking into account the effect of
ordering of the rare-earth and the barium ions, the chemical
formula can be written as Lag,s5Pry75BaCo,0s55,) around
T = 130 K (Fig. 7). However, the magnitude of the magnet-
ization is much lower than that for Lag»sPrg»>sBag sC005; 79
with an ordinary perovskite structure. ZFC and FC magnet-
izations measured in the field of 0.01 T exhibit anomalous
behavior near 50K (Fig. 7, the upper panel), thus indicating
another transition in the magnetically ordered phase. Most
probably this transition is associated with a strong blocking
of the superparamagnetic clusters due to interactions with
antiferromagnetic phase. It worth emphasizing that similar
anomalous magnetization behavior was observed for the
sample x = 0.35 with ordinary perovskite structure.

The oxygen content estimated from the NPD data for
the Lag,sPrg,sBagsCo0,79 is close to that for double-
layered perovskite LaBaCo,055.2® In the latter compound,
La and Ba ions are ordered forming alternative layers with
only one type of ions, and the oxygen vacancies are ordered
as well. In accordance with the NPD study,*® the magnetic

0.05

0.04

0 50 100 150 200 250 300

T (K)

FIG. 7. Temperature dependencies of magnetization for Lag,sPrg;sBa-
C0,0s5 5, cooled at a rate of 300 °C/h.
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structure is antiferromagnetic of G-type similar to that of dis-
ordered Lag »5Prg»5Bag sCo0O3_5. However, the Neel point of
the ordered phase is twice larger than that for the disordered
phase. The higher Neel point of the ordered phase is associ-
ated with optimal geometry of negative and positive
magnetic interactions. Both Lag,s5Prg,s5BagsCo0O,79 and
LaBaCo,0s 5 contain approximately one half of Co ions in
CoOs5 pyramids and other in CoOg octahedra. The electronic
configuration of Co ions located in the pyramids agrees with
the high-spin state, whereas for Co ions in the octahedral sur-
roundings, the low-spin state seems to be dominant.>'? The
calculated magnetic moment from NPD for the antiferro-
magnetic Lag,sPrg25BagsCo0, 79 phase is in agreement
with this assumption. An expected magnetic moment value
of the Co>" (HS) ion is close to 3 up (Refs. 30 and 31),
whereas the observed moment is 1.5 pug, thus suggesting
much smaller magnetic moment in the octahedra. In the lay-
ered perovskites every Co>" ion in the high-spin state inter-
acts antiferromagnetically with three Co®" (HS) ions and
ferromagnetically with one Co>" (HS) ion in the absence of
a common oxygen bridge.*® There are only two Co’" (LS)
nearest neighbors. Another situation is realized in the disor-
dered Lag »5Pro 25Bag sC005 79, where Co®™ (HS) ions inter-
act only with three Co’*t (HS) ions on the average, and the
positive and negative interactions are equally probable. In
this case, there are three Co>*" (LS) nearest neighbors on the
average. A random distribution and larger concentration of
the Co®" nearest neighbors in the low spin state favor the
much lower Neel point in comparison with the layered cobal-
tites with ordered oxygen vacancies.

Let us consider a possible origin of the anomalous mag-
netization behavior observed in Lag »5Prg25Bag sCo0O, 79 and
Lag 125Prg375Bag sCo0, 76 compounds with the dominant
antiferromagnetic structure. The small ferromagnetic compo-
nent may be a result of the ferrimagnetic or non-collinear
ferromagnetic structure similar to that suggested for double-
layered pe:rovskite:s.24’31’32 However in Lag,sPrg,sBags.
Co0, 79, the oxygen vacancies as well as rare-earth and bar-
ium ions are disordered and there is only one structural site
for cobalt ions, whereas four different structural sites are
necessary for realization of the ferrimagnetic structure.*
The stabilization of the non-collinear magnetic structure
does not satisfy the symmetry criteria. So one can suggest
that ferromagnetic component has similar nature for all anion
deficient compounds and corresponds to the dominant ferro-
magnetic interactions in some parts of the samples. Appa-
rently at low temperature, the magnetic moments of the
clusters are blocked due to interactions with dominant anti-
ferromagnetic phase. The huge magnetic anisotropy develop-
ing in Lag,5Prp,sBagsCo0;_;s at low temperature may be a
result of the magnetic frustrations at the boundary between
the pure antiferromagnetic phase and ferromagnetic clusters
which coexist at low temperatures.

C. Magnetotransport properties

A relatively large negative magnetoresistance is observed
in Lag sBag sCo03_s cooled at a rate of 100 °C/h. Fig. 8 shows
the temperature variations of electrical resistivity measured at
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FIG. 8. The resistivity of ferromagnetic Lag5SrgsCoO3_s (top panel) and
Lag 5Bag sCo0;_s (bottom panel) cooled at a rate of 100 °C/h versus temper-
ature. The inset shows the resistivity behavior near the Curie point.

different external magnetic fields for Lay sSrgsCoO3_s (upper
panel) and LagsBagsCoOs_s (lower panel). Both the samples
are ferromagnets and were cooled at a rate of 100 °C/h. The re-
sistivity of Lag sS1)sCoO3;_;5 exhibits the metallic behavior
within the whole measured temperature range from 5 to 300 K.
The non-pronounced anomaly in the p(T) dependence was
observed near the Curie point at the absence of the external
magnetic field. The magnetoresistance is not revealed at low
temperatures but slightly appeared around T, as shown in Fig.
8. The temperature variation of resistivity for Lag sBag sCoOs_s
is dramatically different. The metallic behavior of the resistivity
has been observed only in the narrow temperature range near
the Curie point T¢ ~ 170 K, and it gradually changes to a
semiconductive one below 150K. An external magnetic field
strongly extends the metallic like temperature range above
the Curie point; however, at low temperatures, the semiconduc-
tive behavior does not essentially change. Fig. 9 shows
Ap/py = [p(H) — p(H =0)]/p(H =0) as a function of a
field at various temperatures for LagsBagsCoOs3_s cooled at
100°C/h. The magnetoresistance exhibits a local maximum
near the T and increases gradually with further cooling. At
5K, we obtained the magnetoresistance (MR) value of about
20% in the field of 14 T. The MR varies gradually with the field
and does not show any tendency to saturation with the tempera-
ture decrease.

J. Appl. Phys. 112, 013916 (2012)

H(T)

FIG. 9. Field dependencies of the magnetoresistance ratio MR = [p(H)
—p(H = 0)]/p(H = 0) - 100% for the ferromagnetic Lag sBagsCoOs_;.

There are three different types of the large magnetore-
sistance ratio observed in the cobaltites. The large magneto-
resistance was observed in the insulating spin glass phase of
the lightly-doped La;_,Sr,CoO; cobaltites.*®*” It is sug-
gested that the intergranular effects associated with different
magnetic and conductive states of ferromagnetic clusters and
paramagnetic matrix are responsible for non-saturated mag-
netoresistance observed in the large magnetic field.*® This
type of magnetoresistance is the most pronounced at low
temperature. The second type of large magnetoresistance
was observed at the low temperature in the insulating hom-
ogeneous ferromagnet Lag sBag sC005.'%!! This type of
magnetoresistance has similar temperature and field depend-
encies with magnetotransport parameters of the lightly
doped cobaltites. The magnetoresistance is not saturated in
the large magnetic field and strongly increases while temp-
erature decreases. The third type of magnetoresistance
was observed in LnBaCo,0s 5 layered cobaltites and associ-
ated with the field-induced antiferromagnet—"ferromagnet”
transition.”*?! The magnetoresistance is saturated since
antiferromagnet—"ferromagnet” transition is completed. All
the three types of the magnetoresistance effects were
observed only in the insulating phase of the cobaltites and
had comparable magnitudes. In contrast to manganites, there
is no large magnetotransport anomaly in the vicinity of the
Curie point despite a different character of conductivity
(conductive or insulating). The observation of the homoge-
neous ferromagnetism in insulating LaysBagsCoO5 in our
opinion confirms the hypothesis that ferromagnetic proper-
ties of the hole-doped cobaltites with the perovskite structure
are governed by the superexchange interactions similar to
those in oxides of the non-mixed valence type of magneto-
active ions (e.g., ferrites with Fe*™ ions). The small magne-
totransport and conductivity anomalies near the Curie point
of the both insulating and conductive cobaltites apparently
do not support the dominant role of the “double exchange”
in defining of the ferromagnetic ordering as it was suggested
in a number of works.>'®"" The insulating character of
the LagsBagsCoO; ferromagnetic phase cannot be under-
stood by means of the “itinerant magnetism” model. Appa-
rently large magnetoresistance observed in homogeneous
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LagsBagsCoO5; at low temperature is associated with
decreasing of the insulating gap between e, and collective t,,
state upon external magnetic field.

IV. CONCLUSIONS

We have presented a detailed set of structural, magnetiza-
tion, and magnetotransport measurements on polycrystalline
Lags_xPriBapsCoOs;_s samples in the composition range
(0 <x<0.375; 6 < 0.25). The increase of the Pr content
leads to a transition from the cubic (Pm3m) to tetragonal (P4/
mmm) structure due to ordering of the rare-earth and barium
ions. In the both cubic and tetragonal phases, the oxygen
vacancies are distributed randomly over the lattice. The
decrease of the oxygen content leads to a transformation of
the ferromagnetic structure into the G-type antiferromagnetic
one via the intermediate region of the compositions demon-
strating a macroscopic phase separation into different mag-
netic phases. The lowering temperature leads to unusual
expansion of the lattice apparently associated with stabiliza-
tion of the Co”" ions in the high/low-spin state. The composi-
tions with dominant G-type antiferromagnetic component
show maximum of the magnetization. It is assumed that the
maximum of the magnetization can be a result of the interac-
tion between ferromagnetic clusters and antiferromagnetic
phase as well as spin state transition. The ferromagnetic phase
in the magnetically ordered state exhibits semiconductor-like
behavior of the resistivity and a relatively large magnetoresist-
ance at low temperature. The nonmetallic character of the fer-
romagnetic phase as well as weakness of magnetotransport
anomalies near the Curie point probably indicate the impor-
tant role of superexchange interactions via the intermediate
oxygen ion in a stabilization of the ferromagnetic phase in the
cobaltites with perovskite structure.
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