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The crystal structure and electrical conductivity of the perovskite oxide system
Gdq_SryMnO3.; (x=0-0.5) were investigated. The effect of the level of Sr-doping on
these properties was examined. An orthorhombic GdFeOs-type structure (space group
Pbnm) was found for all oxides. The room temperature lattice parameters were determined
from the XRD data. A large distortion of the unit cell was observed in the case of the
undoped compound. The distortion was gradually reduced with increasing Sr content. The
unit cell volume decreased on Sr-doping. The electrical conductivity of the oxides was
measured from room temperature up to 800 °C. The small polaron hopping conductivity
model can adequately describe the electrical conductivity behavior. The activation energy
decreases as x increases. © 1999 Kluwer Academic Publishers

1. Introduction intherange 1 26 < 80inincrements of 0.026. The
Rare earth manganite perovskite oxides have attractddttice parameters were determined using aleast squares
much attention in recent years due to their incorporaunit cell refinement computer program (LSUCR). The
tion as cathodes in Solid Oxide Fuel Cells (SOFCs)electrical conductivity was measured on the sintered
[1]. The compositions with La at the A-site have beenrods in air by the standard four-point DC method, upon
extensively investigated [2, 3], while less attention hasheating in the temperature range 100-80@&t a heat-
been given to other rare earth manganites. The purposeg rate of 5C/min. At each temperature at which mea-
of the present investigation was to study the crystalsurement was taken the sample remained for 20 min, so
lographic and electrical conductivity properties of thethat equilibrium was established.

oxides in the system Gd xSKMnO3z.s (x =0-0.5).

The effect of the level of Sr-doping on these properties

was examined.
3. Results and discussion

3.1. Crystal structure
The X-ray powder diffraction patterns of the oxides in

2. Experimental procedure the system Gd_4S,MnOs. 5 (x=0-0.5) are shown
Ceramic powders of the composition G4Sre  in Fig. 1. In the case of the Sr-free compound the peak
MnOs. s (x =0-0.5) were prepared by the citrate syn-splitting is large, indicating a severe distortion from
thesis and pyrolysis method [4]. The powder was calthe ideal cubic perovskite structure. As the Sr con-
cinedinairat 1200C for 15 h, and then wet milled with  tent increases, the peak splitting is gradually reduced,
acetone in a satellite-type milling apparatus using zircoand it is not visible forx > 0.4. In all cases, the pat-
nia balls. After drying, the powders were compacted byterns were indexed in the orthorhombic Pbnm space
cold isostatic pressing (250 MPa) in the shape of cylin-group (GdFe@-type structure [5]). Each unit cell con-
drical rods of approximate dimensions 50 mm lengthsists of four units, and has the approximate dimensions
and 6 mm diameter. The compacts were then sintere(R)*/2 a, x (2)/? a, x 2a,, whereay, is the lattice pa-
in air at 1400C for 15 h, with a heating and cooling rameter of the ideal cubic unit cell. The determined
rate of 1°C/min. The bulk densities of the sintered sam-lattice parameters of the orthorhombic cell are shown
ples were measured by the Archimedes’ method. In alin Table I, and also drawn in Fig. 2 as a function of
cases densities above 92% of the theoretical values we&r content. As can be seen, there is a large deviation
obtained. among the parametess b andc/(2)%? of the Sr-free

The structural study was performed on the calcineccompound, while ax increases, the deviation is re-
oxide powders, at room temperature, by X-ray powdeiduced, and fok = 0.5 the values of the parameters are
diffraction (XRD). A SIEMENS D5000 diffractome- almost equal. The relation among the lattice parame-
ter (CWK,, radiation) was used, operated at 40kV andters,a, b andc/(2)~?, can provide a measure of the
30 mA. The XRD data were collected by step scanninglistortion of the unit cell. This relation is included in
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TABLE | Phase symmetry, lattice parameters, unit cell volume, orthorhombic defornia{ieh), and type of orthorhombic structure

of the system Gg_ xSixMnOszy 5

Orthorhombic Type of
. . . Volume c{(Z)l/2 a, b, c/(2)1/2 deformation orthorhombic
x(mol) Phase symmetry a(A) b(A) c(A) (A%) (A) relation D (%) structure
0 Orthorhombic 53942 56716  7.4283 2273 5.2526 c¢/v/2<a<b  2.83 O-type
0.15 Orthorhombic 5.3517 5.5884 7.5222 225.0 5.3190 ¢/v2<a<b 2.07 O-type
0.3 Orthorhombic 53913 54730  7.5906  224.0 53674 c/v/2<a<b  0.77 O-type
0.4 Orthorhombic 5.3998 5.4315 7.6314 223.8 5.3962 c/v2~a<b 0.28 O-type
0.5 Orthorhombic 5.4041 54132  7.6482 2237 5.4081 a<c/v/2<b  0.06 O-type
Table I. Generally, two types of orthorhombic struc- 5.7 T
tures are distinguished. The O-type structure, which is
characterized by the relationshaps< ¢/(2)/2 < b, ex- se ~.‘?_v
ists when the lattice deformation is relatively small, a
while the O-type structure, witit/(2)V2<a<b, ex- = __|
ists in the case of enhanced lattice deformation. The@’ ST o,
structure of Gg_xSKMnO3..5 is O-type for x=0, < _ e
0.15 and 0.3, and O-type for= 0.4 and 0.5. T4 a e Lt
In order to quantitatively express the macroscopic \\?—::’, -«
distortion relative to the ideal perovskite structure, the 53 N =
quantity D (% orthorhombic deformation) is defined -
as [6]: 524 : t f i
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Figure 2 Room temperature lattice parameters of; GESKMnO3 s

where a; =a, ap=b, az=c/(2)"?, and « = (abc/
(2)Y?)1/3, The values oD, calculated from Equation 1,

as a function of Sr contenk(mol).

are illustrated in Fig. 3D is large in the case of the mjismatch in an AB@perovskite, and it is given by the
undoped compound, and it decreases as Sr doping ifip|lowing equation:

creases. For=0.5, D is almost zero. In Fig. 3, the val-
ues of the Goldschmidt [7] tolerance factgrare also
shown. The tolerance factor expresses the bond-length
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Figure 1 X-ray powder diffraction patterns of Gd xSrxMnOgzy 5.
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TABLE Il lonic radii of several ions, and their coordination number

(CN) in the perovskite lattice [8]

Cation lonic radius/i\)
G (CN=12) 1.21

SRt (CN=12) 1.44

Mn3t (CN=6) 0.645

Mn*t (CN=6) 0.530

0% (CN=6) 1.40

0 0.1 0.2 0.3 0.4 0.5

Sr content (x, mol)

Figure 3 Orthorhombic deformationl, %) and tolerance factot)(of
Gdi - xSikMnOgz 4 5 as a function of Sr contenk{ mol).
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Figure 4 Pseudo-cubic lattice constaiat of Gd; — xSKMnO3+ ;s as a
function ofx.

defined as the cube root of the unit cell volume per
ABOg3 unit:

a = (V/2)" (@)
wherez =4 for the oxides of this study. The values of
a’ are drawn in Fig. 4, as a function of Sr content. As
can be seerg’ decreases as increases. Considering
the radii of the ions involved (Table Il), it can be seen

that the relative decrease afdue to Mn oxidation is
greater than its relative increase due té*Ssubstitu-

The values ot were calculated using Shannon’s [8] tion. Therefore, a net decrease in the size'akesults
ionic radii (Table Il). For the Sr-doped manganites, whenx increases in Gd xSMnOgz. 5. In addition,

where both G& and S#t cations occupy the A-site,

according to Pauling’s second rule, concerning bond

the tolerance factors were calculated from the weightegtrength [10], the formation of the tetravalent Mn ions

average radii of these cationstA: 1 is obtained in all

is expected to strengthen the Mn-O bonds in Mi©-

cases. The tolerance factor comes closer to unity akhedra. As a result, the size of Mp@©ctahedra and

Sr content increases. If cationsAand B+ could be

found such that = 1, the ideal cubic perovskite struc-

the volume of the perovskite unit cell decrease.

ture would be formed. In the case of the gadolinium

manganite oxide, howevert a 1 is accommodated by 3.2. Electrical conductivity

a cooperative rotation of the Mr@ctahedra aboutthe The logarithm of electrical conductivity (lag) of
(110) axis to give the orthorhombic Pbnm structure.Gdi - xSKMnOs. 5 (x =0-0.5) is shown in Fig. 5 as a

This is caused by the small size of the %Gctation,
which is located at the center of the unit cell. AZ'Sr

function of reciprocal temperature (100D). The con-
ductivity increases with temperature for all composi-

is substituted for G, a net increase of the size of the tions (semiconducting electrical behavior). In Fig. 6 it

A-site cation occurs, due to the largefScation com-

pared to G&t (Table 11). Moreover, the incorporation

of the lower valence St cations in Gd" lattice posi-
tions results in the oxidation of M cations to MA*
for charge compensation reasons:

SrMnQ;m SllGd + MnMn —+ 300 (3)

where Kiger-Vink notation [9] is used. The smaller
size of Mrf+ cation compared to Mtt, causes the net

decrease of the B-site cation. The increasg @nd de-

can be seen that there is a linear relationship between
logeT and ¥/ T, indicating that the conduction may
be explained by the small polaron hopping mechanism.
The Mrf+ cations can be considered as p-type small po-
larons (holes). In the undoped compound ¥oations
exist at pQ@=0.21, due to the appearance of oxygen
excess and cation vacancies [11-13], according to the
defect reaction:

3
6Mny, + EOz < VEg+ Vi + 6Mny,, + 305 (5)

crease of g, owing to the increase of Sr content, resultIn the Sr-doped compounds, Ktnhcations are formed
in the increase of the tolerance factor (Equation 2). Ady Equation 3. The small polaron is formed by the dif-
t comes closer to unity) decreases, and the deviation ference in ionic radii between Mh and Mr?+ cations,

among the lattice parameters also decreases.

which produces a local distortion that can trap the

To illustrate the effect of Sr doping on the size of charge at Mf" lattice positions. Provided that suffi-

the unit cell, the pseudo-cubic lattice consteat) {s

cientenergy is acquired, the polaron can hop among Mn
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Figure 5 Logarithm of electrical conductivity (log) versus reciprocal temperature (1909 for Gd; — xSikMnOs4 5 in air.
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Figure 6 Logo T vs. 1000'T plots for Gd — xSkMnO3 1 5 in air.

sites. Thus, when the temperature is raised, the mobilityion 3. A higher concentration of charge carriers results

of small polarons is increased, resulting in the observedb higher conductivity values.

conductivity increase. The temperature dependence of electrical conduc-
The dependence of electrical conductivity on Sr con+ivity through the small polaron hopping mechanism is

tent (x) is clarified in Fig. 7. The conductivity increases express by:

constantly withx for all examined temperatures. The A

reason for this behavior is the concurrentincrease of the

charge carriers (M), produced according to Equa- =T exp(- Ea/KT) ©
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Figure 7 Logo vs. Sr contentx, mol) for Gd; — xSikMnOs 4 5.
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Figure 8 Activation energy E,) for small polaron hopping conduction
in the system Gg_ ,SiMnO3 1 5 as a function of Sr contenk(mol).

in which Ej is the activation energy for hopping,is
the Boltzmann constant, is the absolute temperature
andAis the pre-exponential factor. The led vs. 1/ T
plot should give a straight line, from the slope of which,
the activation energy can be calculated. Hgvalues

width of the Mn-O bands [17]. The increase of the band-
width results in the observed decrease of the activation
energy.

4. Conclusions

The oxides in the system GdxSrMnOsz.s (X=
0-0.5) were found to have an orthorhombic GdgeO
type perovskite structure (space group Pbnm). The Sr-
free compound is severely distorted, but this distortion
is gradually reduced, as the level of Sr-doping is in-
creased. The pseudo-cubic lattice constant decreases
with increasing Sr content, due to the oxidation of
the Mr*+ cations to the smaller Mrf cations. The
electrical conductivity behavior of the oxides is tem-
perature activated (semiconducting-type), and can be
described by the small polaron hopping conductivity
model. Higher conductivities are achieved by compo-
sitions with higher level of Sr content as a result of the
increase in the concentration of charge carriershin
Low values of activation energy were calculated, in
agreement with the small polaron hopping conductivity
model. The activation energy decreases with increasing
Sr content.
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