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Yo0.6Sro4Mn4_,Co,03 (0 < y <0.4) perovskite oxides were prepared by the coprecipitation
method. The effect of Co substitution for Mn on the crystal structure, electrical conductivity
and thermal expansion properties were investigated. By X-ray powder diffraction, the
crystal structure was found to change from hexagonal symmetry of Yq5Srg2,MnO3 to
orthorhombic of Y(6Srg4Mn;_,Co,03. The differences in the structure of the unsubstituted
Y1_xSryMnO3 (0.2 < x < 0.4) are attributed to the average ionic radii of the cations and the
amounts of Mn** present. The results of electrical conductivity analysis can be described
by the small polaron hopping conductivity model. With Co substitution, the activation
energy increases, possibly due to an increase of Jahn-Teller distortion, at an extent higher
than the increase of the concentration of charge carriers; thus, the electrical conductivity
decreases. In addition, the relative densities of the materials reached ~94% with sintering
at 1350°C for 12 h and had higher concentration of the available lattice sites, thus showing
higher conductivity, than that with sintering at 1300°C for 6 h, which achieved ~70%
relative density. It is also found that the thermal expansion coefficient (TEC) increases as
the Sr and Co content of Y;_,Sr,Mn;_,Co, O3 increases and those with Co content of y=0.2
exhibit TEC compatibility with YSZ. © 2002 Kluwer Academic Publishers

Nomenclature

a Lattice spacing
A Pre-exponential factor
C Fraction of available lattice sites

occupied by charge carriers
d Sintered density (g/cm?)
din Theoretical XRD density (g/cm?)
Relative density (%)
e unit charge (1.6 x 10~
E, Hopping activation energy (eV)
E, Energy gap (eV)
k Boltzmann constant (8.63 x 107> eV/k)
n Concentration of charge carriers (1/cm?)
N Concentration per formula unit
of lattice sites (site/cm?)
Absolute temperature (k)
Thermal expansion coefficient (1/°C)
Electrical conductivity (S/cm)
Mobility of charge carriers (cm?/V - sec)
Vibrational frequency (1/sec)
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1. Introduction

The ideal cathode material of a solid oxide fuel cell
(SOFC) should have high values of both electrical and
oxygen-ion conductivities, high catalytic activity for
oxygen molecule reduction, chemical stability with
regard to yttria-stabilized zirconia (YSZ) electrolyte
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and interconnection material, and well-matched ther-
mal expansion coefficient (TEC) with other cell compo-
nents [1]. Currently, an Sr-doped LaMnO3 perovskite
oxide is used as the cathode material for SOFC be-
cause of its high electrical conductivity. However, its
oxygen-ion conductivity is low [2], its thermal expan-
sion coefficient is higher than that of YSZ, and it forms
phases of La;Zr;0O; and Sr,ZrOy4, with low conduc-
tivities, at the interface with YSZ [3, 4]. A logical
approach to this problem would be to simply replace
La’t in LaggSrgoMnO; (LSM) with Y37, e.g., the
Y.8S1rp2MnOs3 system. But, the latter has lower con-
ductivity than that of LSM and lower thermal expansion
coefficient than that of YSZ [5, 6].

The electrical conductivity of cobaltite perovskite
oxide is known to be much higher than that of
La;_,Sr,MnOj3 [7] and its polarization losses should be
low due also to high oxygen-ion conductivity. The high
values of both electrical and oxygen-ion conductivities
for cathode materials lead to a substantial improvement
in their electrochemical properties. Unfortunately, this
is usually accompanied by a large increase in the ther-
mal expansion coefficient. Thus, partial substitution of
Co for Mn in Y;_,Sr,MnOj3 brings about not only an
increase in electrical conductivity but also good ionic
conductivity. Besides, it will cause only a slight in-
crease in thermal expansion coefficient. Nevertheless,
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in the case of substitutionally mixed systems, the elec-
trical conductivity may be influenced by the interaction
between the two transition metals, and the occurrence
of trapping of charge carriers has been reported [8]. Ac-
cordingly, studies of electrical conductivities and crys-
tal structures of various compositions in this system
should be performed. In addition, it is important to un-
derstand the mechanism of electrical conductivity of
the electrode materials.

The aims of the present investigation are to study the
effect of Co substitution for Mn on the crystal structure,
the electrical conductivity, and the thermal character-
ization of Y ¢Sro4Mn;_,Co,03 (0 <y <0.4) and to
compare its properties with those of Y gSrg,MnOs.

2. Experiment details

Y1—xSr,Mn;_,Co,03 powders were prepared by
the coprecipitation method. Starting materials of
Y (CH3COO)3, Sr(CH3COO),, Mn(CH3COO), - 4H,0
and Co(CH3COOQ); - 4H,O were dissolved in distilled
water, in correct molar proportions. The precipitate/gel
was formed when the acetate solution was dropped into
the excessive NH4OH solution, then the precipitate/gel
solution was mixed with excess 1-octanol. The final so-
lution was evaporated on a hot plate until the powder
was obtained. After the organic compounds were burnt
out at 600°C for 2 h, the powders were calcined in air
at 1100°C for 5 h.

The crystal structure and lattice parameters of the
synthesized powders were determined at room temper-
ature by X-ray powder diffraction (XRD). The mea-
surements were performed in the range of 20° to 80°
26 at a scan rate of 4° 260/min with Cu K, radiation.

The powders were compacted in the shape of disc
(approximately 15 mm diameter by 1.6 mm thick) and
then sintered in air at 1300°C for 6 h and at 1350°C
for 12 h, respectively. The microstructure was ana-
lyzed with Scanning Electron Microscopy (SEM, JEOL
JSM-5600) and the bulk density of the sintered sam-

ple was determined by the Archimedes method using
distilled water.

The electrical conductivity was measured as a func-
tion of temperature on the sintered disc specimens by
the four-probe method on direct current. Platinum wires
(0.3 mm thick) were used as current and potential leads
and the measurements were carried out in the tempera-
ture range of 500-950°C in increments of 50°C. Mea-
surement of the thermal expansion coefficient was per-
formed in air at a cooling rate of 5°C/min from 900°C
to room temperature.

3. Results and discussion

3.1. Crystal structure

X-ray powder diffraction (XRD) was performed on the
synthesized powders to determine the phases. Fig. 1
shows the XRD patterns of Y{_,SryMn;_,Co,O3 ma-
terials with sintering at 1300°C for 6 h. As seen in
Fig. 1, Y{_,Sr;Mn;_,Co,0O;3 appears to exist in both
hexagonal non-perovskite and orthorhombic perovskite
phases. For Sr content (x) = 0.2 to 0.4, there is a change
in the structure and symmetry of the Y _, Sr, MnO3 ma-
terials from non-perovskite hexagonal P63 cm to per-
ovskite orthorhombic Pbnm.

The lack of stability of the perovskite form of
Y.8S192MnO3 can be attributed to that the average
ionic radii of the Y3* and Sr** cations (Table I) are too
small to act as the A site cations, such as for YMnOs3,

TABLE 1 Ionic radii of several cations in Y;_,Sr;Mn;_,Co,03
perovskite lattices [12]

Cation Tonic radius (A)
Y3+ 1.18

Sr2t 1.44

Mn3t 0.645

Mn**+ 0.530

Co’t 0.545

Cott 0.530

Figure 1 XRD patterns of Y|_,SryMn;_,Co,03 materials. a: x =0.2, y=0.0; b: x =0.4, y=0.0; c: x =04, y=0.2;d: x =04, y=0.4.
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TABLE II Phase symmetry, lattice parameters, and unit cell volume of Y;_,Sr,Mn;_,Co, 03 perovskite system at room temperature

Composition Phase symmetry a (A) b (A) c (/0\) Volume (A3) c/ V2 (;\) a,b,c/ /2 relation
x=0.2,y=0.0 Hexagonal 6.076 11.44 422.34

x=04,y=0.0 Orthorhombic 5.4735 5.6676 7.3221 227.12 5.1775 c/v2<a<b
x=04,y=0.2 Orthorhombic 5.4630 5.6460 7.3194 225.76 5.1756 c/N2<a<b
x=04,y=04 Orthorhombic 5.4604 5.6359 7.3162 225.15 5.1733 c/V2<a<b

TABLE III Measured sintered densities at two different sintering conditions (d; and d»), theoretical XRD density (dy,), and relative density (d /di)

of Y0A6SI‘0.4MD1,YC0)- 03

Sintered
density at 1350°C

Sintered
density at 1300°C

Relative
density at 1350°C

Relative

XRD density density at 1300°C

Composition for 6 hd; (g/cm3) for 12 hd, (g/cm3) din (g/cm3) for 6 hd;/dm (%) for 12 h da/dwn (%)
y=0 4.354 5.346 5.5930 78 96
y=0.2 4.059 5.289 5.6503 72 94
y=04 4.33 5.334 5.6892 76 94

which has two polymorphs [9]. Under high pressure or
high temperature condition, YMnO3 is an orthorhom-
bic perovskite, but generally it crystallizes to a hexag-
onal non-perovskite structure [9—11]. The mechanism
of structure transition with Sr substitution for Y in yt-
trium manganite is due chiefly to the steric effect, i.e.,
the change in the average ionic radius and the decrease
in the lattice distortion. In fact, the presence of Mn**
favors the stabilization of the perovskite phase and de-
creases the degree of MnOyg octahedra distortion [10];
phase transformation occurs with varying Mn** content
in yttrium manganites, e.g., when substituting divalent
ions in yttrium site. Thus, as has been indicated above,
Y_,S1,MnOj shows a change of crystalline structure
when the Sr content increases.

For Yg.¢Sr9.4Mn;_,Co,03 (0<y=<0.4), the pat-
terns have been indexed as orthorhombic structure [10].
The calculated lattice parameters are shown in Table II.
Each unit cell consists of four ABO3 units, and the
parameters are related to ag as a = V2ay, b=+2ay,
¢ =2agp, where ap =4 A for ideal cubic perovskite. On
substitution of Mn by Co, the structure does not undergo
any change but there is a systematic decrease in the lat-
tice parameter as the Co content increases. The decrease
in the lattice constant can be related to smaller ionic ra-
dius of the Co ion. For a fixed composition at the A-site
of Y¢.6Sr9.4Mn;_,Co,03, inspection of the transition
metal ionic radii (Table I)) reveals that, while the tetrava-
lent Co and Mn ions have equal sizes, the Co>* cation
is smaller than the M3 cation. Therefore, the unit cell
volume also decreases with increasing Co content.

The relation among the lattice parameters, a, b and
¢/~/2, can provide a measure of the distortion of the unit
cell. This relation is also shown in Table II. It is seen
that ¢/+/2 <a <b in all cases. This is characteristic
of the O’-type orthorhombic and is originated by the
strong cooperative Jahn—Teller effect, which induces an
orbital ordering and distorts the BOg octahedra. This
is in contrast with the usual situation in perovskites
where the primary distortion effect is steric and ¢/+/2
lies between a and b.

3.2. Sintering and microstructure
In Table III, the measured sintered density (d),
the theoretical XRD density (dy), and the relative

density (d/dy) are given. The sintered density of
Y0.6510.4Mn;_,Co, 03 after sintering at 1300°C for 6 h
was about 70% of the theoretical density. Since several
of the bulk properties are related to the sintered density
and the microstructure of the materials [13], dense sam-
ple must be obtained in order to measure the thermal
expansion coefficient and the electrical conductivity of
the ceramic materials. An acceptable relative density of
the ceramic sample for measuring the mechanical prop-
erties is >90%. In general, the sintered density of the
ceramics depends on the sintering temperature as well
as the holding time; thus, relative densities greater than
94% were attained after sintering at 1350°C for 12 h.

The microstructures developed by the sintered bodies
at two different sintering conditions are shown in Figs 2
and 3, respectively. The grain shape is irregular and the
size distribution is heterogeneous. Inter-granular voids
can be seen. Compared the SEM images of Figs 2 and 3,
it is seen that the material with lower density has larger
voids than that of higher density. This result is expected
to occur due to grain growth and secondary crystalliza-
tion [14]. When grain growth occurs, many voids be-
come isolated from grain boundaries. In the presence
of voids, the boundaries are able to move and the grains
with highly curved boundaries are able to grow. With
increasing sintering temperature and time, the process
of secondary crystallization may occur when a fraction
of the grains grow to a larger size. For these reasons,
grain growth appears perfectly straight on the bound-
aries and some larger grains can be achieved after sin-
tering at 1350°C for 12 h. Thus, material with higher
sintered density has larger grains.

It is also worthy to note that the materials of
Yo0.8S192MnOj3 (i.e., x =0.2 and y =0.0) sintered at
both sintering conditions show microcracks. The mi-
crocracking seems to be caused by a high-temperature
phase transition between hexagonal and orthorhombic
of Yo_gSI'().zMIlO3 [5]

3.3. Electrical conductivity

Electrical conductivities of Y;_,Sr,Mn;_,Co,Oj after
sintering at the above-mentioned two conditions (i.e.,
1300°C for 6 h and 1350°C for 12 h) are shown in Figs 4
and 5, respectively. The conductivity increases with
increasing sintering temperature but decreases as the
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Figure 2 SEM micrographs of Y;_,Sr,Mn;_,Co,03 samples: (a) x =0.2, y=0.0; (b) x =0.4, y=0.0; (c) x =04, y=0.2; (d) x =04, y=0.4.
These samples were sintered at 1300°C for 6 h.
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Figure 3 SEM micrographs of Y;_,SryMn;_,CoyO3 samples: (a) x =0.2, y=0.0; (b) x =0.4, y=0.0; (c) x =04, y=0.2; (d) x =04, y=0.4.
These samples were sintered at 1350°C for 12 h.
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Figure 4 log (o) vs. 1/T for Yi_,Sr,Mn;_,Co,0j sintered at 1300°C
for6h. ®: x=0.2, y=0.0; B: x=04, y=0.0; A: x=04, y=0.2;
¢ x=04,y=04.
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Figure 5 log (o) vs. 1/T for Y{_,Sr;Mn;_,Co,Oj3 sintered at 1350°C
for 12h. ®:x=0.2,y=0.0; : x=04, y=0.0; A: x=04, y=0.2;
¢ x=04,y=04.

Co content (i.e., the y value) increases for orthorhom-
bic Y 6Sro4Mn;_,Co,05; (0 <y <0.4). The temper-
ature dependence of the electrical conductivity of the
oxides of this study indicates a semi-conducting be-
havior, which can be described by the small polaron
hopping conductivity model. Generally, the electrical
conductivity, o, is expressed as

o =neu (1)

where e is the unit charge and 7 is the concentration of
charge carriers. n is given as

n = N exp(—Eg/2kT) = NC 2)

where E, is the energy required to create cations of
different charges by separating an excited electron from
the hole it leaves behind [15], N is the concentration

per formula unit of lattice sites which are available to
the charge carriers, and C is a fraction of the available
lattice sites occupied by the charge carriers.

The mobility of charge carriers, 1, is given as

w=1[(1 - Cleav/kTexp(—E/KT)  (3)

where a and v are the lattice spacing and vibrational
frequency, respectively. & is the Boltzmann constant, T
is absolute temperature, and E, is a hopping activation
energy [16].

The temperature dependence of conductivity is de-
scribed in the expressions of n and u. For oxide
semiconductors, n and p usually increase with tem-
perature. Hence, conductivity increases with tempera-
ture. Nevertheless, at equilibrium condition and in air,
the concentration of electron holes (charge carriers) is
maintained to be constant. Therefore, Equation 2 can
be rewritten as

n = NC = constant

and thus the temperature dependence of conductivity is
described only by , as in Equation 3. With Equation 3
being substituted in Equation 1, the expression for the
temperature-dependent electrical conductivity of the
small polaron material becomes

o = (A/T)exp(—E./kT) “4)
where A is the pre-exponential factor, defined as
A =NC( - C)*a’v/k (5)

With Equation 4, the plots of log (¢ T) vs. 1/T for
Y _»SreMn;_,Co,03 with the two sintering condi-
tions are illustrated in Figs 6 and 7, respectively. It can
be seen that these plots are straight lines for all com-
positions. According to these results, it may be stated
that the conductivity mechanism is by thermally ac-
tivated hopping of small polarons between localized
states corresponding to Mn and Co sites of different
valence value. The slopes of these straight lines were
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Figure 6 log (o T)vs.1/T forY;_,SryMn;_,Co, O3 sintered at 1300°C
for6h. ®: x=0.2, y=0.0; B: x=0.4, y=0.0; A: x=04, y=0.2;
¢ x=04,y=04.
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TABLE IV Pre-exponential factor (A), hopping activation energy (E,), and electrical conductivity (') of Y;_Sr,Mn;_,Co,03

Sintered at 1300°C for 6 h

Sintered at 1350°C for 12 h

Composition Ay (10%) Ea (eV) 800°C,1 As (10%) Ex (eV) 0800°C,2
x=02,y=00 1.83 0.194 20.76 3.44 0.218 30.02
x=04,y=0.0 5.07 0.138 105.72 7.32 0.137 153.62
x=04,y=02 8.37 0.193 96.91 9.67 0.188 119.53
x=04,y=04 9.74 0.250 60.81 13.45 0.244 89.81
55 lattice—electron interaction originating from the Jahn—
5.4 1 Teller distortion [18]. It is well known that the substitu-
53 - tion of divalent ions for La in LaMnO3, and hence the
5.2 1 formation of tetravalent Mn ions, removes the lattice
5.1 distortion; since the Y system is expected to show sim-
50 - ilar behavior with the La system, it is assumed in this
? 49 | work that YMnO3 would show similar behavior with
E 454 LaMnOs; in this aspect. Thus, when Co is substituted
2 . for the Mn ions, the amount of Mn** in the system
© 461 decreases, according to the reaction of
o
:j | Co** 4+ Mn*t = Co*t 4+ Mn** 6)
43 .. . . .
s | and it is likely that a certain amount of lattice distor-
arl tion arises again. Since the amount of Mn** decreases
4'0 - o with increasing Co substitution, the strong carrier lo-

:
80 85 9.0 95 100 105 110 115 120 125 130
UT (10* K™Yy

Figure 7 log (o T)vs. UT for Y;_,SryMn;_,Co,Oj sintered at 1350°C
for 12h. @:x=0.2,y=0.0; M: x =04, y=0.0; A: x =04, y=0.2;
¢ x=04,y=04.

applied to obtain the activation energy, E,, and to eval-
uate the pre-exponential factor, A. The electrical con-
ductivity, activation energy and pre-exponential factor
for Yi_,Sr,Mn;_,Co,03 are summarized in Table IV.

For the unsubstituted Y;_,Sr,MnO3 (0.2 <x <0.4)
with the same sintering condition, the material of
x =0.4 with perovskite structure has higher conduc-
tivity but lower activation energy for conductivity than
that of x =0.2. It has been reported that the substi-
tution of trivalent lanthanide ions by divalent alkaline
earth ions leads to the simultaneous occurrence of Mn3*+
and Mn** ions in the B-position of the crystal lattice,
and this significantly modifies the structure and elec-
trical properties [17]. The conductivity dependence of
Y 1_Sr,MnQOj; on the strontium ion content is well cor-
related with the dependence of the Mn** ion concen-
tration on the content of the doping additive. Further,
the structure is orthorhombic for high Sr>* content of
Y.6519.4MnOs3 and the charge carriers are transported
by the Mn*+*-O-Mn** network. The above-mentioned
microcracking in Y gSroo,MnOj; is also expected to
preclude the transfer of charge carriers. It is thus rea-
sonable to expect that the hopping activation energy
(E,) of orthorhombic Y ¢Srg 4MnQOj3 is lower than that
of hexagonal Y gSrgp,MnOj3, and the former material
shows a higher conductivity.

For Co-substituted Y ¢Srg4MnO3; with orthorhom-
bic structure, the activation energy increases with in-
creasing Co content. This can be described by the con-
cept of small polarons, which can arise from the strong
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calization in the mixed system most likely has its origin
in the lattices distortion and the resulting polaron for-
mation. A distortion of B—O—B bond narrows energy
band width and thus reduces the charge carrier transfer
between two metal sites. Consequently, lattice distor-
tion increases the activation energy for charge carrier
hopping [19].

Theoretically, the conductivity of Y;_,Sr,Mn;_,
Co,03 in air is related to both the mobility and the
concentration of charge carriers (electron holes). In ad-
dition, the transfer rate (mobility) of charge carriers can
be determined by the hopping activation energy due to
the Jahn—Teller distortion. And, the concentration of
charge carriers can be related to the pre-exponential
factor, A, which has been related to the concentration
of the available lattice sites (V) and fraction of avail-
able sites occupied (C), as shown in Equation 5. Also
noted that C is related to the energy gap (E,), as seen
in Equation 2. Therefore, given localized d electrons,
an increase in the Co-ion population leads to a de-
crease in Eg; this means that the onset and increase
of short-range order should be accompanied by an
abruptincrease in the slope of electrical conductivity vs.
temperature [20].

The concentration of the available lattice sites can be
expected to depend on the grains formed in response to
the sintering condition. The SEM and d/dy, results of
Y0.6510.4Mn;_,Co, 03 with fixed sintering temperature
and holding time show that the sizes and quantities of
the grains are similar. It is suggested that the concentra-
tion of the available lattice sites is the same for all three
compositions of y. Hence, the increase in the concen-
tration of charge carriers is attributed to the decrease of
energy gap (E,) due to Co substitution. However, the
effect of the increase of Jahn—Teller distortion is larger
than that of the decrease of energy gap. This means
that the transfer rate of charge carriers decreases with



TABLE V Thermal expansion coefficient of Y;_,Sr,Mn;_,Co,03

Composition a(1079/°C) Reference
x=0.2,y=0.0 6.78 This work
x=04,y=0.0 8.28 This work
x=04,y=02 9.86 This work
x=04,y=04 12.2 This work
YSZ 10.3 [3]

increasing Co substitution. Therefore, the conductivity
of Y¢,6Srg.4Mn;_,Co, O3 decreases with increasing Co
content, as shown in Table IV.

On the other hand, for the same composition, the
conductivity of the material sintered at 1350°C for 12 h
is higher than that sintered at 1300°C for 6 h. Based
on the results of Table IV, the measured hopping ac-
tivation energies at different sintering conditions are
similar for same Co content in Y ¢Srg 4Mn;_,Co, 03,
which has same energy gap. Since the electrical con-
ductivity is known to depend on the microstructure and
density [13], the increase in conductivity may be due
to the increase of sintered density. In other words, the
size of the grains and the concentration of the available
lattice sites increase with increasing sintering temper-
ature and time for sintered bodies. The better contacts
between the grains and the interconnected voids in the
sintered bodies with higher sintering temperature and
longer time (Fig. 3) may also be responsible for the
higher conductivity observed.

3.4. Thermal expansion

Table V shows the thermal expansion coefficient (TEC)
of Y;_,Sr,Mn;_,Co,0s3 in air. It is seen that TEC in-
creases with increasing Sr and Co content. This may be
explained with electron hopping.

At a higher temperature, the electrical conductivity
becomes higher, as observed above; thus, with a larger
concentration of Co, the mobile electrons may be easier
to hop from Co?* to Mn** according to the reaction of
Equation 6 and thus the B-site ions, i.e., the Mn ions, are
easier to be reduced from higher to lower valence state
(Mn** — Mn**). Considering the larger size of Mn>*+
cation with respect to Mn**, as shown in Table I, it is
apparent that the unit cell volume increases. Therefore,
the extent of thermal expansion increases.

In addition, it is seen that the Y;_,Sr,Mn;_,Co,0;
material with x =0.4 and y =0.2 exhibits TEC com-
patibility with YSZ and thus would best suit application
with the YSZ electrolyte.

4. Conclusion

It was confirmed that the unsubstituted Y;_,Sr,MnO3
(0.2 <x <0.4) has a structure transition from hexag-
onal (x =0.2) to O’-orthorhombic phase (x =0.4). In-
creasing sintering temperature and holding time con-
duce to grain growth and secondary crystallization,
so that the relative density of Y ¢Srg4Mn;_,Co,03
reached 94% after sintering at 1350°C for 12 h and the
electrical conductivity for the material with a fixed Co
content increases.

The structure of Y gSrg»MnQOs is a hexagonal phase
and the microcracking may exist and be obstacle in
the charge carrier transfer, thereby decreasing the elec-
trical conductivity. The B-site substitutionally-mixed
systems are not expected to enhance the electrical con-
ductivities of Y¢ ¢Srg4Mn;_,Co,05.

The substitution of Co for Mn in Y Srg4MnO;3
leads to the increase of both the Jahn-Teller distor-
tion and the concentration of charge carriers. The in-
crease of the Jahn—Teller distortion increases the hop-
ping activation energy (E,); this decreases the electrical
conductivity. In addition, the effect of Co substitution
on the increase of the activation energy is higher than
that on the increase of the concentration of charge car-
riers. Thus, the electrical conductivity decreases with
increasing Co content in Y Sro4Mn;_,Co,03 with
orthorhombic structure.

In addition, it was observed that the thermal expan-
sion coefficient of the material increases with increas-
ing Sr and Co content. This may be explained with
electron hopping.
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