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Synthesis of Sr1++2xLa1-2xFe1-xNbxO4 (x=0, 0.1, 0.3, and 0.5)
by Sol-gel Method: Structural, Magnetic, and Dielectric
Properties
Arif Kurnia,[a] Emriadi,[a] Nandang Mufti,[b] and Zulhadjri*[a]

One – layered Ruddlesden-Popper phase Sr1+2xLa1-2xFe1-xNbxO4

doped with niobium was synthesized using a sol-gel method
for various Nb concentrations (x=0, 0.1, 0.3, and 0.5). Single-
phase samples could be observed with x=0 and 0.1, while x=

0.3 and 0.5 contain additional phases. Microstructure results
showed that the increase of niobium content corresponded to
a decrease in the grain size of the samples. The magnetic

measurements indicated that antiferromagnetic interactions of
doped samples had decreased. The dielectric constant of the
samples decreased as x increased due to the increase in
conductivity. The origin of conduction in the samples might be
caused by hopping conduction due to the mixed oxidation
states of iron with charge +3 and +4.

Introduction

Ruddlesden-Popper (RP) phase materials are interesting as they
can be used as superconductor, magnetoresistance, ferro-
electric and dielectric materials.[1,2] They have the general
formula An+1BnO3n+1 where A is an alkaline, alkaline earth, or
rare-earth cation and B is a transition element cation. Generally,
this phase is constructed from ABO3-perovskite blocks of
corner-sharing BO6 octahedra, these blocks being infinite in-
plane xy and having n layers in direction z. A certain number of
blocks are separated by AO-rock salt slabs so that the unit
formula also can be represented with AO(ABO3)n.

[3] It is well
known that the properties of the RP phase depend on the
nature and composition of cations at the A- and B-site.[4–7] As
reported in [6], antiferromagnetic interactions in SrLaMnO4

gradually decrease when strontium is partially substituted by
barium. Sr2TiO4, which has been found to have no absorption
in the visible light spectrum can intensely absorb in the 400–
600 nm range after doping with Fe3+ and La3+.[7]

SrLaFeO4 is a RP phase material with a K2NiF4-type structure
and which has been found to be tetragonal I4/mmm with the
lattice parameters of a � 3.87 Å and c � 12.7 Å.[8] This
compound exhibits high ion-electron conductivity, significant
oxygen diffusion, thermo-mechanical stability, and can be used
in solid oxide fuel cells and as a catalyst.[8–10] SrLaFeO4 is
semiconducting at room temperature and antiferromagnetic
with TN=380 K.[11]

Many studies have been done on the structure and
magnetic properties of SrLaFeO4 and its doping members.[9–12]

Most of them focus on doping at A-site and have mostly
substituted the La3+ cation with Ca2+, Sr2+, Ba2+, Nd3+, Gd3+, or
Dy3+. On the other hand, doping at B-site in SrLaFeO4 has not
received as much attention. Theoretically, cation disorder could
occur due to the difference in ionic radii and valences in B-site
perovskite which would affect the properties.[13–15] In some
cases, ferromagnetic interactions increase with substitution of a
magnetic cation in a perovskite block by high valence
cation.[16–20] For instance, Chai et al.[19] and Hideki Taguchi[20]

have reported that Ca4Mn3O10 and CaMnO3 that are Nb-doped
at B-site have increased Weiss constant with increased doping,
indicating an increase in ferromagnetic interactions as the
presence of mixed-valence in the magnetic cation is increased.
Those results suggest that the doping effect induced by
niobium could enhance the magnetic properties of antiferro-
magnetic SrLaFeO4. However, as yet, there appears to be no
published study about the effect of niobium doping at this site
on SrLaFeO4. In general, the presence of different valency ions
in B-site has been found to lead to the formation of other
phases.[21] The solid-state method has been used in doping RP
containing Fe3+ cations with other cations but has resulted in
impurities.[21–23] Furthermore, controlling the homogeneity of
the reactants is difficult when conventional solid-state methods
are used. However, an alternative method, sol-gel, has recently
been reported to result in successful synthesis of an RP phase
containing different cations at B-site.[7] The sol-gel method
results in high homogeneity in the mixture of the precursors
since they are mixed at the atomic level.[24] It, therefore, seemed
reasonable to attempt to synthesize a perovskite block
containing both Fe3+ and Nb5+ cations in the RP phase by this
method.

We performed the substitution of niobium in SrLaFeO4

according to the formula Sr1+2xLa1-2xFe1-xNbxO4 (x=0, 0.1, 0.3,
and 0.5) using sol-gel method. We investigated the structure,
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microstructure, and optical and magnetic properties of the
products. In recent years, semiconducting materials based on
the RP phase have been developed as giant dielectric
materials.[25] Since there is no information about the dielectric
properties for this compound, this will provide useful data. We
also investigated ac conductivity to provide information related
to the phenomenon of surface conduction and its response to
temperature and frequency.

Results and Discussion

The X-ray diffraction (XRD) patterns of Sr1+2xLa1-2xFe1-xNbxO4 (x=

0, 0.1, 0.3 and 0.5) at room temperature are shown in Figure 1.

In general, all samples show similar diffraction patterns that
can be indexed as a tetragonal I4/mmm space group. No trace
of impurity was found at x=0 and 0.1, while a low-intensity
peak of perovskite LaFeO3 can be observed at x=0.3. On the
other hand, the existence of other phases such as SrNb8O14,
Sr2Fe2O5, and Sr4Fe6O13 was detected at x=0.5. The XRD data
indicated that up to 30% molar ratio iron could be substituted
partially by niobium in SrLaFeO4. Additionally, strontium
content increased proportionally to cover the difference in
charge between Fe3+ and Nb5+ with the substitution at B-site.
In inset Figure 1, the two main peaks around 31° shifted toward
lower 2θ as x increased, corresponding to an increase of unit
cell volume according to Vegard’s law. The identification of
lattice parameters used the structural parameters of SrLaFeO4

as the starting model.[9]

The lattice parameters and cell volume of samples are given
in Figure 2. The cell volume increases monotonously with x.
These results are consistent with the shift in XRD results. As
expected, the cell volume increases as the proportion of
niobium increased since the ionic radius of Sr2+ (1.31 Å) is
larger than La3+ (1.216 Å) for 9-fold coordination, while the
ionic radius of Fe3+ (0.645 Å) is nearly the same as Nb5+

(0.640 Å) for 6-fold coordination.
The scanning electron microscopy (SEM) images of the

sample after sintering are presented in Figure 3. The sintered
samples with x=0 are plate-like in shape, and at x=0.1 and 0.3
are shaped irregularly. The grain size of samples with x=0, 0.1,
and 0.3 are 1–4 μm, 0.3 – 1.5 μm, and 100–700 nm, respectively
with grain size decreasing for higher x. This difference indicates
that the introduction of niobium restricts grain growth in the
samples.[26,27]

To investigate the electronic structure of Sr1+2xLa1-2xFe1-
xNbxO4 (x=0, 0.1, and 0.3) we used the optical absorption
spectroscopy. This method has been widely used to study
transition metal complexes, including the d5 system.[28,29] The
Fourier transform of diffuse reflectance spectra of undoped and
doped SrLaFeO4 are shown in Figure S1. A peak for all samples
around 1.5 eV attributed to metal d-d transitions is visible.
However, according to the dipole selection rule (~1= �1) and
the spin selection rule (~S=0), for the case of Fe3+ ions in FeO6

octahedrons, d-d transitions should be forbidden. The intensity
of the spin forbidden d-d transitions is supposed to be
weak.[28,29] Nevertheless, the d-d transitions observed for this
case are obvious and higher than expected. The reason for the
phenomenon might be related to the presence of iron ions
with charges of +2, +3, and +4. Tanabe – Sugano (TS)
diagrams have been used to predict spin-allowed crystal field
of transition peaks for high spin Fe2+ and Fe4+, while high spin
Fe3+ was predicted to have zero spin-allowed transitions.[28,29]

The spin-allowed d-d transitions for Fe2+ (t42 ge
2
g-t

4
2 ge

2
g) and Fe4+

(t32 ge
1
g-t

2
2 ge

2
g) were found at the 10Dq values 1.277 eV and

1.723 eV, respectively. Warshi et al. have studied the mixed
state of Fe from YFeO3 using XANES and absorption
spectroscopy.[29] However, they could only confirm d-d tran-
sition for the samples with mixed-valence Fe2+/3+ using XANES,
while the peak around 1.277 was not observed in the
absorption spectra. On the other hand, the samples containing

Figure 1. X-ray Diffraction patterns of Sr1+2xLa1-2xFe1-xNbxO4. Inset: magnifica-
tion of the main peak upon variation of x.

Figure 2. Lattice constants and volume of the unit cell of Sr1+2xLa1-2xFe1-
xNbxO4.
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iron with charge +3 and +4 could be observed using both
instruments. Those results imply that the absorption spectra
from our samples could indicate the presence of Fe3+ /4+, which
is in agreement with other reports.[30,31]

As the mixed state of iron is +3 and +4 in SrLaFeO4, the
presence of excess oxygen formation is suggested despite no
clear evidence to support it.[31,32] Unlike in perovskite
compounds,[33,34] Omata et al. proposed the possibility of the
incorporation of excess oxygen atoms into the crystalline lattice
of SrLaFeO4 at the interstitial site between adjacent (Sr,La)-O
planes which generates positive holes.[32] However, positive
holes were not detected by Mossbauer’s experiment due to
two factors. First, a positive hole is stabilized by the excess
negative charge from filled O2p bands in oxygen. Another
factor is the concentration of the positive holes is less than the
limit detection of the instrument. Therefore, further study is still
needed in this case to investigate that phenomenon.

Figure 4 shows magnetic measurement results of Sr1+2xLa1-
2xFe1-xNbxO4 ceramics. The plots of the temperature depend-
ence of 1/χ (inverse of magnetic susceptibility) at x=0 and 0.3
yield the negative Weiss constants (θ) of @300 and @82 K,
respectively as shown in Figure 4a. The result indicates that
both samples are antiferromagnetic.[35] However, the value of θ
increases for the doped sample, implying that the antiferro-
magnetic interaction decreases.[19] The effective magnetic mo-
ment (μeff) at x=0 and 0.3 calculated from Currie-Weiss law are
found to have the values 5.2 μB and 4.6 μB, respectively. The
decrease in the value of μeff due to doping might be related to
the change in the ratio of the iron charge. The μeff of the
sample with x=0 is close to the theoretical spin-only moment
of Fe3+ (5.92 μB) indicating the domination of super-exchange
antiferromagnetic interactions (Fe3+–O2@–Fe3+).[23,36] The lower
value of μeff at x=0.3 could imply the presence of Fe4+ or Fe2+

increase as both cations have a smaller magnetic moment (4.9
μB). In this work, an increase of Fe4+ is more reasonable as it is
confirmed by absorption spectroscopy measurements. The
change of θ and μeff value with niobium doping may be
attributed to the enhancement of double exchange interac-
tions (Fe3+–O2@–Fe4+).[19] Figure 4b displays the magnetic field

dependence of magnetization for samples with x=0, 0.1, and
0.3 at T=50 K. Magnetization does not saturate up to the
available field (5T) with no loop opening, indicating a typical
antiferromagnetic interaction. The magnetization increases

Figure 3. SEM images of Sr1+2xLa1-2xFe1-xNbxO4. (a) x=0, (b) x=0.1, (c) x=0.3.

Figure 4. Magnetic measurement results of Sr1+2xLa1-2xFe1-xNbxO4 ceramics. (a)
Temperature dependence of 1/χ. (b) Magnetic field dependence of magnet-
ization at 50 K.
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noticeably as x increases, which is related to the increase of
double exchange interaction in the sample.[37]

Figure 5 shows the frequency dependence of the dielectric
constant (ε’) for samples with x=0, 0.1, and 0.3 which were
measured at the selected temperature in the frequency range
of 1 kHz to 300 kHz. All samples at selected temperatures
exhibit high dielectric constants at low frequency. For example,
at 1 kHz and room temperature, the values of dielectric
constant for the samples with x=0, 0.1, and 0.3 are 1.80×104,
1.58×104, and 1.52×104, respectively. However, at a higher
frequency (100 kHz) these values decrease to 1.16×104, 9.91×

103, and 5.29×103. This behavior has been observed in many
compounds and has been explained by dipole relaxation in
which the dipole is able to follow the low frequencies but
unable to follow at higher frequencies.[25,38–40] Moreover, pores,
voids, interstitial and vacancy defects, dislocations, grain
boundaries, and dipoles also contribute to dielectric properties
in our samples. It can be seen that the value of the dielectric
constant decreases as x increases. This may be related to the
grain size of samples since larger grains give higher dielectric
constants.[41] The values of the dielectric constant at 1 kHz of
this sample are higher than that of La2-xCaxNiO4+δ (x=0, 0.1,
0.2, 0.3) that have been measured in previous studies.[25]

The value of ac conductivity (σac=ωεε’’, where ω=2πf is
angular frequency, ε is permittivity of free space, and ε’’ is the
imaginary part of the dielectric constant) as a function of
frequency for samples with x=0, 0.1, and 0.3 reflects similar
behavior to the dielectric constant values, as can been seen
from Figure 6. Conductivity clearly decreases with decreasing
frequency and then becomes nearly constant at a certain
frequency. Thus, ac conductivity can be divided into two
regions. In the first region, the dc plateau region, conductivity
appears to be frequency-independent. The value of conductiv-
ity in this region increases as temperature increases, indicating
that the conduction process is thermally activated. In the
second region, the frequency-dependent region, conductivity
increases dramatically with frequency.[42] For example, at 10 kHz
and room temperature, the values of conductivity for the
samples with x=0, 0.1 and 0.3 are 1.42×10@3, 2.37×10@3, and
3.14×10@3 Ω@1m@1, respectively which increase to 3.18×10@2,
3.3×10@2, and 2.04×10@2 Ω@1m@1 at 100 kHz. There is also an
increase in conductivity when x is increased. This increase in
conductivity causes a decrease in the dielectric constant of the
samples.

To obtain further information regarding the conduction
process, Jonscher’s power law, the “universal dielectric re-
sponse” (UDR), was utilized:

sac ¼ sdcþ Bwn

where σdc is conductivity at dc plateau region, B is the
temperature and material-dependent pre-exponential factor,
and n is frequency exponent. The plot at curvature σac vs.
frequency gives the exponent n. The fitted value of n for all
samples was found to be between 0.5 and 1. A value of 0 � n
� 1 indicates hopping conduction.[43,44] To differentiate
between electrons or polarons as the origin of hopping
conduction the activation energy of samples with x=0, 0.1,
and 0.3 was determined using the Arrhenius equation:

s ¼ soexpðEa=KB:TÞ

where σo is the pre-exponential term and Ea is the activation
energy. The Ea value is extracted from the linear plot of log σdc
vs. temperature (Figure 7). The experimental value of activation
energy was found to be 0.092, 0.089, and 0.097 eV for samples
with x=0, 0.1, and 0.3, respectively. These values suggest that
the hopping conduction is caused by the mixed-valence state

Figure 5. Frequency dependence of dielectric constant of Sr1+2xLa1-2xFe1-
xNbxO4. (a) x=0, (b) x=0.1, (c) x=0.3.

Figure 6. Frequency dependence of ac conductivity of Sr1+2xLa1-2xFe1-xNbxO4.
(a) x=0, (b) x=0.1, (c) x=0.3.
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of magnetic cations.[20,44] In this case, hopping conduction is
due to the presence of mixed-valence iron.

Conclusions

A one-layered RP compound SrLaFeO4 has been synthesized by
the sol-gel method, with Fe3+ partially substituted by Nb5+.
Pure RP compounds were found for the samples with x=0 and
0.1, while a small peak of impurity was observed at x=0.3. The
samples have tetragonal I4/mmm space group symmetry and
the cell volume increases as x increases. The grain size of the
sample reduces as niobium doping increases. The dielectric
constant value of the sample decreases as x increases and is
related to the increased conductivity. The conduction process
in samples is hopping conduction resulting from the contribu-
tion of Fe3+ /4+.

Supporting Information Summary

Experimental section and additional data are provided in the
Supporting Information.
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