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Abstract.  Structural, magnetic and transport propertieglaf; ,Sr12)1- (Gdy/2Bay2), CoOs

with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 were experimentally studied. The
system exhibits a rhombohedrally distorted perovskite structure fgr 0.6. A rhombohedral—-
orthorhombic structure transition is induced by the introduction af &Rk atx = 0.7, resulting

in a significant volume contraction of the unit cell. Due to the increased A-cation disorder, the
presence of Gg,Bay» suppresses the ferromagnetic order and enhances the resistivity of the
compounds, as demonstrated by the shift of the magnetic transition~286 to~160 K for

x from 0.0 to 0.8 and the occurrence of the semiconducting conduction for0.6. When the
content of Gd,2Bay > exceeds a critical value 60.7, charge ordering occurs and develops below

a critical temperature~375 K) essentially independent of doping level. It appears that the charge
ordering induces the volume contraction of the compounds.

1. Introduction

The half-doped AMn@-type manganese oxide undergoes a charge ordering (CO) transition, a
periodical arrangement of Mhand Mrf*, which significantly enhances resistivity and strongly
suppressed ferromagnetic (FM) order [1-3]. There is an interesting relation between the CO
behaviour and the,dandwidth controlled by the A- and B-ion size mismatch in the perovskites
[4,5]. According to their magnetic behaviours, four types of half-doped manganite can be
identified: (i) compounds with large tolerance factors=(d,—o /+/2dp—0) are ferromagnetic

(FM) below the Curie temperature [5], whedg—, anddz—o are the A—O and B—O bond
lengths, respectively. (ii) Compounds with a tolerance factor below certain values are A-type
antiferromagnetic (AFM). In this case, the double exchange (DE) [6] remains irthglane

while spins on neighbouring planes are antiparallel [7]; CO takes place on further weakening
of the DE mechanism, and the transition temperattlirg goes from belowl'y (iii) to above

Ty (iv) ast decreases [2, 8], wherBy is the critical temperature for the AFM transition.
Obviously, the CO occurs at suppressed FM DE interaction [9].

In general, CO is closely correlated with spin and orbital ordering, and its origin is still in
dispute. It is supposed that the long-range Coulomb interaction among conduction carriers is
responsible for this behaviour [11]. However, in this picture, the significant polaronic character
of the charge ordering manifested by the isotope effects [12] and the polaron ordering [13] in
this kind of material cannot be explained adequately.
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There is a suggestion that the cooperative Jahn—Teller (JT) deformation of thg MnO
octahedra associated with the orbital ordering is determinative to the occurrence of the CO
transition [14]. In the perovskite cobaltites, C¢z5,€?), Co''"* (:5,) and C4* (z3,) are non-

JT ions, which may influence the competition between the DE FM, the superexchange AFM
and the Coulomb interactions among Co ions and charge carriers. Furthermore, some people
believed that the DE is not the only mechanism for the FM ordering in this kind of material
[15]. With these in mind, behaviours in the cobaltites could be different from the manganites.

Recently, a CO transition of the tygé, > Ty was reported in the half-doped Co-
based perovskite GgBa;,Co0; [10]. The remarkably high transition temperature{5 K)
manifests the strong tendency of the system to the charge ordered state. It is well known that
Lay/»Sr,2CoGzis FM below the Curie temperature [4]. Itis aninteresting topic how the system
evolves from the latter to the former, and whether or not it experiences other intermediate states
as the manganites do.

2. Experiment

Polycrystalline sampleflLa;;>Sr/2)1—(Gdy/2Bay/2),Co0; (LSGB) withx = 0, 0.1, 0.2,
0.3,0.4,0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 were prepared by the conventional solid state reaction
method. The mixtures of L®3;, Gd,O3, SICG;, BaCQ and CgO3 powders (with purities
higher than 99.9%) of desired ratio were calcined at*@n air for 20 h. The products thus
obtained were ground, pelletized and sintered, in oxygen gas flow, at CX605 h followed

by an annealing at 100@ for 10 h, then furnace cooled to room temperature.

Room temperature powder x-ray diffraction was performed to examine the phase purity
and the crystal structure of the samples. Resistance was determined by the standard four-probe
technique in the temperature range from 40 to 420 K. Samples used for the measurements were
rectangular in shape and aboutBx 1 mm? in size. Amutual inductance bridge and a vibrating
sample magnetometer were used for the measurements of ac susceptibility and magnetization,
respectively.

3. Results

All the samples are of single phase as confirmed by powder x-ray diffraction (XRD). The
samplex = 0.0 exhibits a rhombohedrally distorted perovskite structure with the lattice
constants: = 5.419,cy = 13276 A. By incorporation of Gg,Bay, the lattice expands
linearly untilx = 0.7, at which a rhombohedral-orthorhombic structure transition, marked by
the dramatic contraction of the unit cell along the orthorhormlaixis, takes place. The volume
change of the unit cell due to the structure transition16%, Forx > 0.7, the linear increase

of a andb remains whereas diminishes progressively with, and, finally, forx = 1.0,

a = 5514,h = 5527 andc = 7.554 A. Fromx = 0.6 to 1.0, thec/./2a (or ¢y //6a) ratio
reduces from~ 1 to ~0.97. Lattice parameters for the two end membergd9r;,,Co0;

and Gd,»Ba;,,Co0; are in good agreement with those reported [16,17]. Figure 1 shows a
typical XRD pattern. The lattice parameters and cell volume as functions of doping level are
illustrated in the inset of figure 1. Selected structural parameters are listed in table 1.

Figure 2 presents the temperature dependence of susceptipiliof (SGB. A typical
cluster-glass behaviour is observed in L& ,Co0;. The sample is paramagnetic near room
temperature. The susceptibility increases steeply280 K, a sign of FM ordering, then, after
an asymmetric maximum, decreases gradually with decreasing temperature. The magnetic
transition temperature, defined as the minimumpfdr", shifts downwards progressively by
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Table 1. Selected structural parameterslody 2Sr1/2)0.1(Gdy/2Bay/2)0.9C00; determined by the
least-squares fitting of the x-ray diffraction profiles in the range @0 < 70°.

X oAy a(B) b A) c(A) v (A3/Co)

0.0 00022 5.419(2) 13.276(3) 56.269
0.1 0.0053 5.419(2) 13.324(3) 56.471
0.2 0.0085 5.446(2) 13.334(3) 57.801
0.4 00147 5.457(2) 13.360(3)  57.440
0.5 00177 5.454(2) 13.414(3)  57.640
0.6 0.0208 5.474(2) 13.420(3) 57.940

0.7 0.0239 5470(22) 5.477(2) 7.598(3) 57.908
0.8 0.0269 5488(2) 5502(2) 7.567(2) 57.119
0.9 00299 5502(2) 5519(2) 7.565(3) 57.426
1.0 0.0329 5514(2) b5.527(2) 7.554(3) 57.545
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Figure 1. Powder x-ray diffraction pattern fat.a1/2Sr1/2)0.1(Gd1/2Ba1/2)0.9C00s. Inset: lattice
constants as functions of doping level. Error bars are smaller than the symbol size. Solid lines are
guides for the eye.

the introduction of Gél,Bay», accompanying with a tendency to a reduced susceptibility and
a broadening transition. A magnetic anomaly emerges and develop&BatK forx > 0.7
(inset in figure 2), while the magnetic state inherited from £8r,,>,CoQO; disappears for

x =0.9and1.0.

Figure 3 shows the resistivity of LSGB as functions of temperature and doping level. A
metallic conduction is exhibited in LaSry,>,CoGs: the resistivity decreases smoothly with
decreasing temperature. The FM ordering promotes the conduction of the sample considerably
as indicated by the enhanced metallic slope below the Curie temperature. The presence of
Gdy/»Bay,, leads to an increased resistivity and the appearance of semiconductive behaviour
as observed in samples with< 0.6. A small kink at~375 K in thep-T curve is detected
for x = 0.7, and it develops into an ambiguous resistivity jump @pproaches 1.0.
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Figure 2. Temperature dependence of susceptibility(bfy/>Sr1/2)1-,(Gd1/2Bay/2)CoOz
measured at a frequency of 160.2 Hz and a field of 0.4 mT. Inset: details of the susceptibility
for samplesc = 0.7, 0.8 and 1.0. The doping level is labelled by the numbers near the curves.

4. Discussion

The idealized AMnQ@ perovskite withr = 1 exhibits cubic structure. Generally rhombohedral
and orthorhombic structures will be taken subsequentlydexreases. Expansion of the unit
cell with x is understandable taking into account the larger ionic size @f:8d;,, compared

to Lay»Sry» [18]. However, itis interesting that GaBa; »,CoO; with a larger tolerance factor
exhibits a lower symmetry according to the present investigations. An important difference
between La»Sr;,Co0; and Gd,Ba;/,C0oG; is the substantial A-ion disorder in the latter. A
simple calculation gives the variances of the A-cation radius distributibe; > x;r; — (r;‘;),

for both compounds: 0.0022 far= 0.0 and 00329 A for x = 1.0, wherer, is the average
A-site cation radius;; andx; are ionic radius and fractional occupancy of ibn respectively.
The A-ion disorder can enhance the Gofeformations due to the random displacements of
oxygen, inducing the rhombohedral—orthorhombic transition [19].

From figures 1 and 2, the structural discontinuity and the magnetic anomaly take place
at a similar doping levek = 0.7. These behaviours are clearly a consequence of the CO
according to the resistivity measurements. The CO could localize the conduction carriers,
leading to the discontinuous resistive slopes around the transition. Usually, the CO favours a
cooperative structure deformation, which shrinks the unit cell along the orthorherakis,
reducing the:/./2a ratio. lodometric titration shows similar ¢/Co content of 37+ 0.02
for all the samples. Therefore, this structure change cannot be a result of O deficiency. As a
matter of fact, these are typical structure characters of the CE-type AFM perovskites suggested
by Goodenough [20]. A similar rhombohedral-orthorhombic structure transition was also
observed in the half-doped manganese oxides except for a slightly smaller volume contraction
of ~0.1% upon the CO transition [8]. In the manganite, ¥Mis a strong JT ion, which can
distort the MnQ octahedra and trap thg electron at the MP site and thus weaken the
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Figure 3. Temperature dependence of resistivity(bhy/2Sr1/2)1- (Gdy/2Bay/2)Co0;. The

doping level is labelled by the numbers near the curves. The arrow marks the temperature for the
charge ordering transitiorT{,). Inset: details of the resistivity of the sample= 0.4. T, is the
temperature for the magnetic transition.

DE process. With the help of this effect, the Coulomb repulsion among conduction carriers
drives the system into the charge-ordered state. In contra$t, Cd’/* and C4" are non-JT
ions. The substantial A disorder distorts the Ga@tahedra, which may not be the JT-type
distortion, in Gd,,Bay,C00;. This may be the underlying mechanism driving the system
to the charge ordered state. It is obvious that the A-ion disorder suppresses strongly the DE
coupling between Cb and C4*, as demonstrated by a monotonic shift to lower temperatures
of the Curie temperature with, helping to localize the conduction carriers. The present
investigation suggests that the JT effects are not necessary for CO transition. The tolerance
factor of the compound increases slightly withwhich disfavours the CO state. However, its
effectis counteracted by that from the A disorder. Itis interesting to note that the CO sets in for
LSGB ato? = 0.0239 A, while for R,2Ba;,2Co0; (R = rare earth atom) an alternative series
shows the CO transition at® = 0.0236 A [17]. The disfavour of the CO to the FM order is
also shown by the rapid reduction of the magnetization after the CO transition (figure 4).

The abrupt structure change indicates clearly the CO onset. According to the structural,
magnetic and transport studies, CO appears for0.7 at temperatures essentially independent
of doping level. This is different from the observations ipMa;,,Co0; (R = rare earth
atoms), in which it is reported th&t,, shifts to lower temperatures with the size of R until
T., ~ 250 K for R= Nd [17].

For the half-doped manganese oxides, several intermediate states appear between the
charge disordered FM L@Sr,,MnO3 and the charge ordered AFM #4Ca;,,MnOs.
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Figure 4. Magnetization of(Lay/2Sri/2)1- (Gd1/2Bag2),CoOs as a function of doping level.
The arrow indicates the critical content of (zgBa; /> for charge ordering. The solid line is a guide
to the eye.

With decreasing the,doandwidth, the DE interaction among neighboukimdanes diminishes,
forming the A-type AFM state. CO emerges when the DE is further weakened. The critical
temperatureg,, goes from below to abovEy as the tolerance factor decreases. The tendency
to the CO state enhances at the expense of the DE mechanism.

The CO observed in GghBay»,Co0; satisfiesTy < T,,. We failed to reproduce the
intermediate states similar to those occurred in the manganites by simply enhancing the A-ion
disorder that controls the FM coupling between Coions. Instead, the system goes directly from
the FM to the charge ordered AFM state at a critical substitutios Q.7) of Gdy,Bay,» for
Lay»Sry . Fascinatingly, a weak FM—AFM transition emerges and develops abev®.7
(inset in figure 2). Further investigations are required to reveal its underlying physics.

5. Summary

In summary, the structural, magnetic and transport propertids@f,Sry/2)1—, (Gdy2Bay/2)

CoG; with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 were experimentally
studied. The system exhibits a rhombohedrally distorted perovskite structurefd.6. A
rhombohedral-orthorhombic structure transition is induced by the introduction,offzd,,

atx = 0.7, resulting in a significant volume contraction of the unit cell. The presence of
Gd,,2Bay» suppresses the ferromagnetic order and enhances the resistivity of the compounds,
as demonstrated by the shift of the magnetic transition fretB5 to~160 K for x from 0.0
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to 0.8 and the occurrence of the semiconducting conduction $010.6. When the content of
Gdy/»Bay,, exceeds a critical value0.7, charge ordering occurs and develops below a critical
temperature{375K) essentially independent of doping level. The increased A-cation disorder
due to the incorporation of GgBa;,» may be responsible for the observed behaviours. The
present investigation also suggests that the Jahn—Teller effects are not necessary for the charge
ordering transition.
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