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a b s t r a c t

The perovskite-type oxides La0.5Sr0.5Mn1−xFexO3 (x = 0.2–0.5) were synthesized under mild hydrothermal
conditions. Crystal growths of the samples were sensitive to the Mn-containing precursor, alkalinity and
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the reaction temperature. All the compounds corresponded to orthorhombic structure of space group
Pnma. The curves M vs. T for the compositions with x = 0.2, 0.3 and 0.4 indicated the coexistence of ferro-
and anti-ferromagnetic contribution. The temperature dependence �(T) is semiconducting for all the
compounds and explained well by the variable range hopping rather than the adiabatic small polaron
hopping.
erovskite-type oxides
emiconducting

. Introduction

The colossal magnetoresistance (CMR) manganites
a1−xAxMnO3 (A2+ = Ca2+, Sr2+, Ba2+, Pb2+) have attracted world-
ide attention because of their extraordinary electrical and
agnetic properties and their future potential in technological

pplications [1,2]. The substitution of the Mn ions by other transi-
ion metal ion, such as Cr, Fe, Co and Ni, can give rise to important

odifications in the magnetic and transport properties [3–8].
mong others, Fe is particularly interesting, because it does not
ause considerable lattice distortion [9] due to close ionic radii of
e3+ and Mn3+ [10], which is a special model to study the unique
roperties of manganites. As the Mn atoms are substituted by Fe
he magnetic structure dramatically changes: the charge order
CO) phenomenon is disrupted for low Fe concentration and the
arger the Fe content, the lower the Curie temperature and the

agnetic moment per Mn/Fe atom, because the ferromagnetic
ouble-exchange chain is broken [11–13].

The conventional syntheses for the Fe-doped manganites are
hrough high-temperature solid-state reactions between oxides,
itrates and/or carbonate precursors [9–14]. But it needs much
igher temperature, and the inhomogeneous chemical components

nd the multiphase of the sample usually cannot be avoided. How-
ver, for the advantages of the lower reaction temperature and
imple apparatus, hydrothermal process has been employed to
ynthesize the oxide powders of high purity, narrow particle-size
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distribution, high phase homogeneity, controlled particle morphol-
ogy and a high degree of crystallinity. The partial substitution
in A-site of perovskite manganates has been achieved under
hydrothermal conditions [15]. To the best of our knowledge, there
are no reports on the hydrothermal synthesis of the manganites
with other transition metal elements doping on Mn site. More-
over, although there are already some reports on the Fe-doped
La1−xSrxMnO3 systems by solid-state reactions [7,16], the effect of
Fe doping on the La0.5Sr0.5MnO3 has not been reported on a system-
atic study. Therefore we explored the applicability of hydrothermal
synthesis of the partial substitution in B-site of La0.5Sr0.5MnO3
by Fe. In this paper, we reported a series of the perovskite-type
oxides of the formula La0.5Sr0.5Mn1−xFexO3 (x = 0.2–0.5) synthe-
sized under mild hydrothermal conditions. We also investigated
the effect of Fe substitution on magnetic and electrical properties.

2. Experimental section

In a typical synthesis procedure for La0.5Sr0.5Mn0.5Fe0.5O3, 5.75 ml KMnO4

(0.1 M) and 10 g KOH were mixed by stirring to form a solution. To this solution,
we added 9.63 ml MnCl2 (0.2 M) dropwise on stirring and cooled in an ice bath
to form k-birnessite gel precursor. This was followed by an addition of 12.5 ml
Sr(NO3)3 (0.2 M), 12.5 ml La(NO3)3 (0.2 M), 12.5 ml Fe(NO3)3 (0.2 M) and 60 g KOH.
The reaction mixture was then transferred into an 80-ml Teflon-lined stainless

steel autoclave with a filling capacity of 80%. The crystallization was carried out
under autogenous pressure at 260 ◦C for 3 days. After the autoclave was cooled
and depressurized, the products were washed with distilled water and sonicated
by a direct immersion of a titanium horn (Vibracell, 20 kHz, 200 W/cm2). And then,
single-phase La0.5Sr0.5Mn0.5Fe0.5O3 was obtained as a fine dark crystalline powder
at the bottom of the beaker. The reaction conditions employed for the synthesis of
other compositions are listed in Table 1. The reaction equation for the synthesis of
La0.5Sr0.5Mn0.5Fe0.5O3 can be proposed as below:

dx.doi.org/10.1016/j.jallcom.2010.07.162
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. The experimental, calculated and difference X-ray diffraction profiles for La0.5Sr0.5Mn1−xFexO3 (x = 0.2, 0.3, 0.4 and 0.5).

Table 1
The optimal synthetic conditions for preparing La0.5Sr0.5Mn1−xFexO3 (x = 0.2, 0.3, 0.4 and 0.5).

x Molar ratio of
initial reagents
n(La3+):n(Sr2+):n(M)a:n(Fe3+)

Calculated value
from ICP
(nLa:nSr:nMn:nFe)

Alkalinity (M) Reaction
temperature (◦C)

0.5 0.50:0.50:0.50:0.50 0.52:0.48:0.51:0.49 19 260
0.38
0.28
0.19

X

T
U
d

0.4 0.50:0.50:0.60:0.40 0.51:0.49:0.62:
0.3 0.50:0.50:0.70:0.30 0.50:0.50:0.72:
0.2 0.50:0.50:0.80:0.20 0.51:0.49:0.81:

a n(M) = n(MnO4
−) + n(Mn2+); n(MnO4

−)/n(Mn2+) = 0.3.

3+ 2+ 3+ −
0.5La + 0.5Sr + 0.5Fe + 0.5KxMnO2 + 0.125xO2 + (4 − 0.5x)OH

→ La0.5Sr0.5Mn0.5Fe0.5O3 + 0.5xK+ + (2 − 0.25x)H2O

Powder X-ray diffraction (XRD) data were collected by a Rigaku D/Max 2500V/PC
-ray diffractometer using CuK� radiation (� = 1.5418 Å) at 50 kV and 250 mA.

able 2
nit cell, positional and reliability factors for the Rietveld refinements of La0.5Sr0.5Mn1−
ata.

x 0.5

a (Å) 5.478 (8)
b (Å) 7.762 (2)
c (Å) 5.479 (7)
v (Å3) 232.9 (7)
R/Sr 4c (x, y, 1/4) x 0.00049 (7)

y −0.00064 (1)
Mn/Fe 4b (0, 0, 1/2)

O1 4c (x, y, 1/4) x 0.5191 (3)
y −0.0022 (6)

O2 8d (x, y, z) x 0.2191 (2)
y 0.0177 (5)
z 0.7785 (5)

Rwp (%) 10.45
Rp (%) 6.44
�2 1.57
18 260
15 260
15 260

Scanning electron microscopy (SEM) was performed on a Rigaku JSM-6700F micro-

scope operating at 10 kV. Inductively couple plasma (ICP) analysis was carried out
on a Perkin-Elmer Optima 3300DV ICP instrument. The average B-site oxidation
state of the powders was determined by iodometric titrations. The 57Fe Mössbauer
spectra were recorded by a constant acceleration Mössbauer spectrometer with a
57Co(Pd) source at room temperatures.

xFexO3 (x = 0.2, 0.3, 0.4 and 0.5), in the orthorhombic Pnma space group from XRD

0.4 0.3 0.2

5.482 (1) 5.441 (1) 5.428 (1)
7.717 (1) 7.692 (1) 7.672 (1)
5.461 (1) 5.479 (1) 5.465 (1)

231.0 (3) 229.3 (1) 227.5 (8)
−0.00005 (2) 0.00127 (3) −0.00088 (6)
−0.00241 (7) 0.00131 (5) −0.00420 (5)

0.5013 (1) 0.5426 (8) 0.5505 (4)
−0.0055 (6) 0.0317 (1) 0.0097 (1)

0.2593 (6) 0.2331 (7) 0.2359 (3)
0.0006 (8) 0.0004 (2) 0.0059 (5)
0.7608 (8) 0.7649 (9) 0.7610 (8)
8.80 11.94 11.59
4.58 6.73 6.56
1.15 1.17 1.14
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La0.5Sr0.5Mn1−xFexO3 (x = 0.2, 0.3, 0.4 and 0.5) are shown in Fig. 1.
The XRD data could be indexed on the basis of known per-
ovskite GdFeO3 crystal structure [23] and refined by the Rietveld
method. The products crystallize in the orthorhombic system
Fig. 2. SEM images of crystalline samples. (

The magnetic properties of the La0.5Sr0.5Mn1−xFexO3 were studied using a
uperconducting quantum interference device magnetometer (Quantum Design,
PMS). The DC susceptibility measurements, both under zero-field-cooling

ZFC) and field-cooling (FC) conditions, were performed in a 100 Oe magnetic
eld for temperatures ranging from 4 to 300 K. The temperature variation
f the resistivity, �(T), was measured using the standard four-probe tech-
ique collected on a quantum design physical properties measurement system
PPMS).

. Results and discussion

In the hydrothermal process, there are many influencing fac-
ors for the crystal growth of our samples. Among these, the

n-containing precursor (k-birnessite), alkalinity and the reac-
ion temperature are critical factors. For the strong activity in
ydrothermal condition, the birnessites has been reported as a
ood synthetic precursor to porous manganese oxide octahedral
olecular sieve (OMS), which has interesting structural, catalytic,

lectrical and adsorptive properties [17,18]. In this work, the k-
irnessite prepared by the already reported method [19], acted
s a synthetic precursor to the target products. The optimal ratio
ange of MnO4

−/Mn2+ to form the k-birnessite is 0.25–0.4 [20]. Here
e chose the ratio of 0.3 to obtain the k-birnessite. Interestingly,
e can adjust the doping level (x) in La0.5Sr0.5Mn1−xFexO3 only by

hanging the appropriate ratio of Mn/Fe. This is unlike reported in
-site substitution that the adjustment of the MnO4

−/Mn2+ ratio is
equired to obtain different compositions [15]. Besides the precur-
or, it has been found that the compound cannot be obtained when
he reaction temperature is lower than 260 ◦C due to the formation
f La(OH)3 and Fe(OH)3. KOH not only maintains the alkalinity but
lso acts as mineralizing agent. The high alkalinity of the reaction

ystem is necessary, because it considerably influences the crystal-
ization of La0.5Sr0.5Mn1−xFexO3. If the alkalinity is less than 10 M, a
owder mixture of La(OH)3, KxMnO2·0.5–0.7H2O and Fe(OH)3 was
abricated and the crystallization degree is not very good. But we
annot obtain the composition with the x value higher than 0.5.
0.5; (B): x = 0.4; (C): x = 0.3; and (D): x = 0.2.

This is maybe due to the reason of the special synthesis method for
higher valence of Fe. If x > 0.5, the oxidation state of Fe should be
higher than +3. Usually the perovskite-type oxides with higher Fe
valence can be obtained by solid-state reactions [21,22]. EDX anal-
ysis of selected regions for the sample showed the presence of all
four metals in area analyzed with a constant ratio. The ICP analy-
sis revealed a nominal ratio of La, Sr, Mn, Fe shown in Table 1. The
oxygen contents in our samples obtained from iodometric titration
approached to 3.

The room-temperature powder X-ray diffraction patterns for
Fig. 3. Mössbauer spectra of La0.5Sr0.5Mn1−xFexO3 at room temperature (x = 0.5
and 0.2).
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observed in samples with all doping level (0.2 ≤ x ≤ 0.5). It is
also clear that the highest magnetic field of 5 T (the highest in
our SQUID magnetometer) is too low to saturate the magneti-
zation. A small hysteresis is observed in all of title compounds
ig. 4. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves of La0.5Sr
= 0.5; (B): x = 0.4; (C): x = 0.3; and (D): x = 0.2.

ith space group Pnma. The crystallographic parameters for
a0.5Sr0.5Mn1−xFexO3 are listed in the Table 2. As shown in Table 2,
he unit cell volume slightly decreases as the iron content decrease,
hich is consistent with the size differences between the Mn3+ and

e3+ ions. In fact, the ionic size of Fe3+ is 0.645 Å whereas that of
n3+ is 0.64 Å; hence the substitution of Fe3+ should not introduce

oticeable lattice distortion. Similar findings have been observed
y other researchers also [8,24]. The twinned crystallization of
he products obtained by hydrothermal synthesis was observed by
EM image shown in Fig. 2. SEM photographs of the samples show
learly the materials to be made up from unique star-like small
rystallites, around 10 �m in a narrow particle-size distribution.

In order to detect the valence states of manganese and iron, we
easured their average valences by iodometry. The experimen-

al average valence state of B-site is +3.47 to +3.49, very close to
he theoretical value of 3.5 calculated from the neutrality for the
itle compounds. The oxidation state of Fe in the different sam-
les was identified by Mössbauer spectra. Fig. 3 shows the 57Fe
össbauer spectrum at room temperature for two representative

ompositions with x = 0.5 and 0.2. In all cases, the spectrum exhibits
doublet pattern indicating the paramagnetic state of the samples
t room temperature. The isomer shifts for x = 0.5 and 0.2 are found
o be 0.36 mm/s. These values are typical of Fe3+ ions in octahe-
ral coordination, being in accordance with previous works [25,26].
herefore, the oxidation state of Fe in our samples is +3 whereas
n is a mixed valence of Mn3+/Mn4+.
In Fig. 4 we show the temperature dependence of the zero-field-

ooled (ZFC) and field-cooled (FC) magnetization at a magnetic
eld of 100 Oe for the series La0.5Sr0.5Mn1−xFexO3 compounds. ZFC
urves (x = 0.2, 0.3, 0.4 and 0.5) show that the M value initially

ncreases gradually with the decrease of temperature, and then
rops remarkably at Tf ∼ 170, 165, 150 and 50 K, respectively. (Tf is
efined as spin frozen temperature.) All the ZFC curves do not coin-
ide with FC curves just below Tf. The zero-field-cooling (ZFC)–field
ooling (FC) curves indicate a large inhomogeneity of the magnetic
1−xFexO3 obtained by hydrothermal synthesis with the applied field of 100 Oe. (A):

distribution for all the compounds. For all the samples, ZFC mag-
netization exhibited negative polarity. This can be understood in
terms of random orientation of magnetic domains after zero-field-
cooling.

The curves M vs. T for the compositions with x = 0.2, 0.3 and
0.4 indicated the existence of ferro- and anti-ferromagnetic con-
tribution at lower temperature. And this is consistent with the
previously reported in the La–Sr–Mn–Fe–O systems [7,16]. Fig. 5
shows the isothermal magnetization curves of all the compounds
studied here. From the plots it is clear that the FM phase was
Fig. 5. Isothermal magnetization curves of La0.5Sr0.5Mn1−xFexO3 (x = 0.5, 0.4, 0.3 and
0.2) at 4 K.
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t low temperatures. For x = 0.5, the weak ferromagnetic prop-
rty can reasonably be explained in terms of slight canted spin
rrangement. With decreasing of x, the amount of Mn3+ ions simul-
aneously increased for the valence balance. As a result, a typical
ouble-exchange interaction occurs due to the existence of mixed
alence Mn3+/Mn4+ in this system, which induces the appearance
f FM phase in AFM background. Therefore, the coexistence of
he FM and AFM interactions was observed in the present sys-
em. As previously reported, the introduction of Fe in the samples
auses an important decrease in the temperature of ferromag-
etic ordering [27,28], following the same behavior observed for
he insulator–metal transition [29]. And it can be also observed
n our system that the presence of Fe favors a negative contribu-
ion to the double-exchange mechanism. With the decreasing of
he Fe content, the maximum in the ZFC magnetizations curve dis-
layed an obviously increasing. Same orderliness also can be found

n Fig. 5.
Fig. 6 displays the temperature-dependent resistivity of the

our compounds measured from 5 to 300 K without applying mag-
etic field. With decreasing x, the absolute value decreases nearly
xponentially as seen in the ln� (200 K) vs. T plot in the inset of
ig. 6 (also Fig. 7). This is because of the enhanced Mn3+–O–Mn4+

ouble-exchange interaction due to the increasing content of Mn3+

ons. Obviously, the double-exchange interaction is in favor of
lectronic transport. For all the samples, the temperature depen-
ence of resistivity exhibits a semiconducting behavior. Generally,
wo models have been employed to describe the semiconduct-
ng transport. One is small polaron hopping (SPH) model: �(T) is
xpressed as �(T)/T∝ exp(EP/kBT)); Ep being the activation energy
30]. The other one is variable range hopping (VRH) model: �(T) is
xpressed as �(T) ∝ exp(T0/T)1/4; T0 being the characteristic tem-
erature [31]. Here, �(T) was analyzed using both VRH and SPH
odels, which are shown in Fig. 7. The comparison of these

wo fitting results exhibits that the VRH model shows better
or x ≤ 0.4 samples whereas �(T) follows the SPH model only in
igh-temperature regions. For x = 0.5 the temperature range of the
easurement is not sufficient to compare the data with the mod-

ls. In the present system, Fe3+ ion acted as an impurity which
nduces the formation of a random magnetic phase and weak-
ns the double-exchange interaction. The eg electron has to hop
etween the clusters or domains resulting in a semiconducting

ehavior. Therefore, the transport properties of our samples can be
epicted better by the VRH model. Moreover, the VRH conduction
echanism has also been observed in other Fe-doped manganites

32,33].

ig. 6. Temperature variation of the resistivity for La0.5Sr0.5Mn1−xFexO3 with x = 0.5,
.4, 0.3 and 0.2. The inset shows the semi-logarithmic plot of � at 200 K against x.
Fig. 7. The plot of (A) ln(�/T) vs. 1/T and (B) ln� vs. T−1/4 for La0.5Sr0.5Mn1−xFexO3

with x = 0.5, 0.4, 0.3 and 0.2. The straight lines indicate the fitting to the SPH and
VRH models.

4. Conclusion

In the present studies, a series of the perovskite-type oxides
La0.5Sr0.5Mn1−xFexO3 (x = 0.2, 0.3, 0.4 and 0.5) have been synthe-
sized by hydrothermal reaction technique and the crystal has
a uniform size about 10 �m. The Mn-containing precursor (k-
birnessite), alkalinity and the reaction temperature are found to
be critical factors that influence the crystallization of the sam-
ples. The curves M vs. T for the compositions with x = 0.2, 0.3 and
0.4 present the coexistence of ferro- and anti-ferromagnetic. The
resistivity shows semiconducting features for all the compounds.
The electronic transport of our samples prefers to realize by the
VRH manner rather than the SPH one. Our study indicated that the
hydrothermal method is another route to the synthesis for more
complicated perovskite-type oxides.
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