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A B S T R A C T

Ruddlesden-Popper (RP) La2−xSrxCoO4 (x=0.7, 0.9, 1.1, 1.3) were synthesized by a modified sol-gel route. The
synthesized samples were characterized by XRD, FE-SEM technique, iodometric titration, FT-FIR spectroscopy
and VSM analysis. The variation of Co-O bond length obtained from Rietveld refinements and the related peak
shifts in the FT-FIR spectra showed that Co3+ has both LS and IS spin states. It is found that the population of
Co3+ in the LS state decreases and IS state increases with increasing Sr concentration. Jahn-Teller effect was
identified in the FT-FIR absorption bands, corresponding to the vibration modes of Co bonds with the apical and
equatorial oxygen atoms. The ferromagnetic characteristic of La0.7Sr1.3CoO4, obtained by VSM, revealed the
increase of Co3+ IS population by Sr doping, in agreement with XRD and FT-FIR results. The shift and split of the
IR absorption bands with the change in the structural parameters are proposed to be an applicable tool to probe
the spin states and Jahn-Teller effect in La2−xSrxCoO4 compounds.

1. Introduction

Ruddlesden-Popper (RP) oxides with the general formula
An+1BnO3n+1 are interesting materials, due to their promising applica-
tions in superconductors, magnetoresistors, dielectric and piezoelectric
ceramics, catalysts for water splitting and regenerative fuel cells [1–7].

In Ln2−xAxTMO4 compounds (Ln: lanthanides, A: alkaline-earth
metal and TM: transition metal) by increasing the alkaline-earth con-
tent the charge neutrality is compensated by variation of TM oxidation
states [8]. In addition, the spin and oxidation states of TMs affect the
structural and transport properties of RP compounds [9–11]. In the
perovskites with cobalt atoms at B sites, there are three spin states for
Co3+ namely: the low spin (LS: t2g6 eg0), intermediate spin (IS: t52g eg1)
and high spin (HS: t42g eg2) state [12]. The transition between the spin
states depends on the crystal field splitting energy (Δcf ) and the intra-
atomic exchange energy (Jex) of t2g and eg levels (Hund’s coupling rule),
which results in the electron distribution between t2g and eg levels [13].
Several factors, such as doping electrons or holes, temperature and
external mechanical pressure can affect the correlation between Δcf and
Jex, resulting some phenomena such as Jahn-Teller distortion (JT) and

spin blockade [14–17]. The spin state transitions of Co3+ ions in
La2−xSrxCoO4 are still under investigation and there are different re-
ports on Co electronic state configurations. For example a theoretical
approach, based on the Hartree-Fock approximation, showed that Co3+

ions for x < 0.5 in La2−xSrxCoO4 are in the HS state, while in the
samples with 0.5≤ x < 1.1 mixed spin states of the HS-LS were ob-
served [18]. Chang et al. reported that Co3+ has shown to be in the LS
state with insulating behavior related to the spin blockade phenomenon
in La0.5Sr1.5CoO4 [19]. According to Moritomo et al. Co3+ in
La2−xSrxCoO4 exhibits a transition from HS to IS for x > 0.8 [20].
Tealdi et al. proposed that Co2+, Co3+ and Co4+ are in HS, LS and LS
states, respectively at room temperature [21].

Although, there are many reports on cobalt spin states in per-
ovskites, the appearance of the IS state in RP type of cobalt oxides is still
under debate and needs to be further studied. In this research,
La2−xSrxCoO4 (x=0.7, 0.9, 1.1, 1.3) single phase were successfully
synthesized by a modified sol-gel method and XRD, FT-IR and FE-SEM
techniques were performed. The observed magnetic hysteresis loops, by
vibrating sample magnetometer (VSM) analysis at room temperature,
supported our FT-IR and XRD results.
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2. Experimental procedures

2.1. Synthesis

La2−xSrxCoO4 (x=0.7, 0.9, 1.1, 1.3) were synthesized through a
modified sol-gel method. The starting materials were La(NO3)3·6H2O,
Sr(NO3)2, Co(NO3)2·6H2O and gelatin as the polymerization and sta-
bilization agent. The nitrates were added gradually into deionized
water, under stirring, at room temperature. Gelatin was dissolved se-
parately in deionized water and stirred for 30min at 60 °C. Then, the
ionic solution was added to the aqueous solution of gelatin and sub-
sequently kept at 80 °C-oil bath until a red color resin was obtained. The
resin (gel) was heated at 220 °C for 2 h and the resulting black powder
was then ground and calcined at 900 °C for 4 h.

2.2. Characterization methods

The structure of the calcined powders, with different Sr concentra-
tions, were analyzed by X-ray diffraction (GNR, Explorer, CuKα,
λ=1.5406Å). The structural data were refined by Rietveld method
with Full Prof (2.00) and the atomic model was built using the Vesta
software package [22]. The particle size and morphology of the pre-
pared samples were investigated using field emission scanning electron
microscopy (FE-SEM: TE-SCAN, MIRA3). Infrared transmittance spectra
were recorded at room temperature, by the standard Perkin-Elmer
Spectrum 400MIR/FIR spectrometer, in the region 200–700 cm−1. The
magnetic characterization of the prepared samples was performed,

through VSM measurements at room temperature.

3. Results and discussion

3.1. Structural analysis

Fig. 1(a) shows the X-ray diffraction patterns of the synthesized
La2−xSrxCoO4 (x= 0.7, 0.9, 1.1, 1.3) powders at room temperature.
These patterns indicate that the crystal structure of all samples is tet-
ragonal with the space group I4/mmm. Fig. 1(b) represents the K2NiF4-
type structure of La2−xSrxCoO4. As shown in this figure, there are two
types of oxygen atoms, O(4c) and O(4e) located in ab planes and c di-
rection, respectively. So, there are two types of Co-O bonds with dif-
ferent lengths: the axial Co-O(I) corresponding to equatorial bonds in
perovskite layers and the apical Co-O(II) bond along the c direction.
XRF measurements were used to obtain the weight percent and the
atomic weight percent of Sr content in La0.7Sr1.3CoO4 which are given
in Table1. The actual atomic weight is very close to the formula value.
The FE-SEM images of La2−xSrxCoO4 samples are given in Fig. 2. The
particle size distribution was obtained by counting 100 particles from
three different batches. The corresponding histograms in Fig. 2 show
that the average particle size value is almost the same in all samples and
below 100 nm. The unit cell parameters, the Co-O and (La/Sr)-O bond
lengths and (La/Sr)-O-Co angles, obtained from Rietveld refinements,
are presented in Table2. Substitution of Sr atoms at La sites affects the
unit cell parameters which results in the variation of Co-O and (La/Sr)-
O bond lengths and also the bond angles.

The cobalt valence values as a function of Sr concentration, de-
termined from iodometric titration are given in Table2. Our results
showed that the increase of Sr concentrations has led to the increase of
cobalt valence from 2.68 for Xsr= 0.7 to 3.21 for Xsr= 1.3. As can be
seen in Table 1, the lattice parameter a and the unit cell volume de-
crease with the increase of Co valance, while the c parameter first de-
creases for x < 1 and then increases for x > 1. Since the ionic radius
of Sr2+ (1.30 Å) is larger than that of La3+ (1.216 Å), increasing the
volume of the unit cell by doping Sr in La2−xSrxCoO4 is logically

Fig. 1. (a) XRD patterns of La2−xSrxCoO4 (x=0.7, 0.9, 1.1 and 1.3). The peaks are indexed for tetragonal I4/mmm space group and (b) the cation coordination of the
apical and equatorial oxygen atoms in RP structure (n=1).

Table 1
Sr content in La0.7Sr1.3CoO4 sample, obtained from XRF and calculated from
formula.

Element %Weight %Atomic (XRF) %Atomic (formula)

Sr 38.541 40.035 42
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expected. However, the decrease of the volume cell is not merely re-
lated to the ionic radii difference of La and Sr. In fact, substitution of La
by Sr causes the change of Co valence to higher values (Co2+ to Co3+

and Co3+ to Co4+), which results in the decrease of Co ionic radius that
seems to be more effective regarding the lattice constants variation,
compared to the ionic radius difference of La and Sr. Fig. 3 shows the
changes of Co-O(I) and Co-O(II) bond lengths, calculated by Rietveld
refinement versus the cobalt valency obtained from iodometric titra-
tion. As shown in this Fig., the Co-O(I) bond length decreases with the
increase of the Co valance, as a consequence of Co oxidation and spin

state variation. However, the Co-O(II) bond length in the sample with
XSr= 1.1 (Co valance=3.06) has increased, which can be related to JT
effect due to the increase of Co3+ IS population [21].

3.2. FT-FIR characterization

The characteristic of IR transmittance spectra of the calcined sam-
ples, in the range of 200–700 cm−1, are presented in Fig. 4. The wa-
venumbers related to the vibration modes of the IR bands are sum-
marized in Table 3. As shown in Fig. 4, by increasing Sr concentration
the IR spectra for XSr= 1.3 is more smooth in the wavenumber range of
250 cm−1≤ k≤ 350 cm−1 compared to the others, due to the
screening effect. For A2BO4 structures, there are seven infrared-active
modes (3A2u+ 4Eu) [23]. The Eu and A2u vibration modes are related
to the in-plane oxygen and the apical oxygen connected bonds, re-
spectively. The Eu vibration modes, in the ranges of
616 cm−1≤ k≤ 672 cm−1 and 397 cm−1≤ k≤ 421 cm−1, are at-
tributed to the stretching vibration and deformation modes of Co-O(I)
bonds, respectively. The vibration modes in the ranges of
460≤ k≤ 512 cm−1, 250≤ k≤ 400 cm−1 and 150≤ k≤ 250 cm−1

correspond to the (La/Sr)-O(II)-Co and (La/Sr)-O(II) stretching and the
lattice modes, respectively [23–25].

3.2.1. Co-O(I) vibration modes
As mentioned earlier, the spin states of Co2+ and Co4+ in

La2−xSrxCoO4 are believed to be HS and LS respectively at room tem-
perature [21]. In the FT-FIR spectrum of layered perovskite
La1.3Sr0.7CoO4 (Fig. 4), the absorption band of Co-O(I) stretching mode
at around 616 cm−1 is due to the hybridization of Co2+ (HS)-3d and
Co3+ (IS)-3d with O-2p. In addition, Co3+ (LS)-O which is more
covalent than both Co2+ (HS)-O and Co3+ (IS)-O [26] results in a vi-
bration mode at about 672 cm−1. By increasing the Sr content to 0.9,
the vibration mode at lower energies increases from 616 cm−1

(XSr= 0.7) to 634 cm−1 (XSr= 0.9). This can be attributed to the de-
crease of Co2+ HS state population and increasing the Co3+ IS state
which is more covalent than Co2+ HS. These variations of IR vibration
modes have been reported for Co3+ transitions between IS and LS in
cobalt-contained perovskites [27–29].

By increasing Sr content from 0.9 to 1.1 and 1.3, the wavenumber
decrease of Co-O(I) stretching vibration modes from 670 cm−1 to about
640 cm−1 occurs as a result of Co3+ IS state stabilization. In the sam-
ples with Xsr= 1.1 and 1.3, a shoulder around 630 cm−1 which is ob-
served in Fig. 4 is due to JT distortion originating from the presence of
both Co3+ IS and Co4+ LS. This shoulder is more pronounced in
La0.7Sr1.3CoO4, since Co3+ IS state is more stable comparing to Co3+

LS. The slight increase in the stretching energies of Co-O(I) in
La0.7Sr1.3CoO4, in comparison with La0.9Sr1.1CoO4, can be related to the
increase of Co4+ LS population [21]. Another absorption peak at
421 cm−1 and a shoulder at about 400 cm−1, observed in the FT-FIR
spectrum of La1.3Sr0.7CoO4 (Fig. 4), correspond to Co-O(I) deformation
mode. The presence of this shoulder is attributed to JT distortion of
Co2+ HS. The characteristic peak shift toward lower energies (from
421 cm−1 to 397 cm−1) with increasing Sr doping from 0.7 to 1.3 is
another evidence of the population decrease of Co3+ LS state and the
same time increase of IS state.

3.2.2. (La,Sr)-O(II)-Co vibration modes
The absorption band around 450–500 cm−1 (Fig. 4) is related to the

stretching-shrinking mode of (La,Sr)-O(II)-Co, involving the apical
oxygen bond. In the FT-FIR spectrum of La1.3Sr0.7CoO4 (Fig. 4), there is
an absorption peak at 486 cm−1 and a shoulder at about 510 cm−1

Fig. 2. (a) FE-SEM images, and (b) the particle size distribution histograms of
the synthesized La0.7Sr1.3CoO4.
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which confirm the JT distortion corresponded to Co2+ HS and Co3+ IS,
respectively. The considerable shift of the absorption peak from
486 cm−1 to about 512 cm−1, recorded for the sample with XSr= 0.9,
approves the substitution of Co2+ HS by Co3+ LS and IS [21]. However,
by increasing Sr content from XSr= 1.1 to 1.3 there is a remarkable
peak shift from 509 cm−1 to 468 cm−1 as well as the absorption band
peak splitting which suggest the weakening of Co-O(II) due to a JT
elongation of CoO6 octahedral. This IR splitting, related to the JT
elongation, is shown schematically in Fig. 3 [30,31].

3.2.3. (La, Sr)-O(II) vibration modes
Fig. 5 shows the trend of the absorption band positions corre-

sponding to (La/Sr)-O(II) (axial and apical) versus (La/Sr)-O(II) bond
lengths and (La/Sr)-O(II)(axial)-Co angles, obtained from Rietveld re-
finement. The change of (La/Sr)-O(II)(axial) bond lengths shows that
the stretching and deformation vibration energies increase with the
decrease of the bond lengths, Fig. 5(a). Although Co3+ spin state
transition was not observed in (La/Sr)-O(II)(axial), the trend of (La/Sr)-
O(II)(apical) in Fig. 5(b) indirectly confirms the stabilization of Co3+ LS

in La1.1Sr0.9CoO4 and Co3+ LS transition to IS in La0.9Sr1.1CoO4. Since
the Co-O(II)(apical)-La angle is 180°, the strong Co3+ LS-O(II) bond in
La1.1 Sr0.9CoO4, comparing to Co2+ HS-O(II) in La1.3Sr0.7CoO4, results
in higher stretching and deformation energies in (La/Sr)-O(II)apical,
despite the increase of the bond lengths. In fact, the change in (La/Sr)-O
(II)apical bond length is a clear evidence for Co3+ LS stabilization. By
increasing the Sr content from 0.9 to 1.1, the increase observed in the
vibration energies originates from the decrease of La/Sr-O(II) bond
length. As shown in Fig. 5(c), Co3+ LS stabilization causes a similar
trend in (La/Sr)-O(II)(axial)-Co angle. We propose that the (La/Sr)-O
(II)axial-Co angle can be another indicator for investigating the distor-
tion of the La environment and the octahedral distortion.

4. Magnetization measurement

The variation of the magnetization (M) versus applied magnetic
field (H) of La2−xSrxCoO4 samples, at room temperature, are given in
Fig. 6. The magnetic hysteresis loops show the weak ferromagnetic
behavior of the prepared samples. The magnetization loop is not satu-
rated up to a magnetic field of 1000Oe which is characteristic of the
antiferromagnetic ordering of the spins [32]. The existence of small
hysteresis in the M-H curves indicates that Co3+ are in both LS and IS
states. The increase of Co3+ IS state population, by doping Sr, results in
the appearance of ferromagnetic behavior in La0.7Sr1.3CoO4. This result
is due to the double exchange interaction between Co2+ HS-Co3+ IS
and Co3+ IS-Co4+ LS [33], supporting the stabilization of Co3+ IS for
Xsr= 1.3 deduced from XRD and FT-IR analyses.

5. Conclusion

La2−xSrxCoO4 (x=0.7, 0.9, 1.1, 1.3) were synthesized by a mod-
ified sol-gel method. The synthesized samples were characterized by
XRD spectroscopy, FE-SEM technique, iodometric titration, FT-FIR and
VSM analyses. The structural properties obtained from Rietveld re-
finements revealed that the bond length of Co-O(I) and Co-O(II) de-
creases with the increase of Co valance. This is due to the reduction of
the ionic radius of Co, as a result of the oxidation states increase and the
change in Co spin states. Furthermore, Co3+ is in both LS and IS spin
states in all samples. However, by increasing Sr dopant from XSr= 0.7
to 1.3 the population of Co3+ LS state decreased and Co3+ IS state
increased. FT-FIR spectra of the synthesized samples showed the

Fig. 3. Co-O(I) and Co-O(II) bond lengths obtained from Rietveld refinement
calculations vs. Co valence in La2−xSrxCoO4 (x= 0.7, 0.9, 1.1, 1.3) compounds.

Table 2
The unit cell parameters, atomic bond lengths and cation coordination from Rietveld refinements data and the obtained Co valence from iodometric titration of the
synthesized La2−xSrxCoO4 (x= 0.7, 0.9, 1.1, 1.3).

La1.3Sr0.7CoO4 La1.1Sr0.9CoO4 La0.9Sr1.1CoO4 La0.7Sr1.3CoO4

a(Å) 3.825 3.813 3.803 3.803
c(Å) 12.509 12.488 12.510 12.526
Volume (Å3) 183.065 181.563 180.997 181.210
Density (g/cm3) 6.619 6.486 6.318 6.123
Co-O(I) (Å) 1.912 1.906 1.901 1.9017
Co-O(II) (Å) 2.141 2.005 2.05 2.020
La/Sr-O(II) (axial) (Å) 2.734 2.712 2.707 2.702
La/Sr-O(II) (apical) (Å) 2.374 2.526 2.46 2.488
La/Sr-O(I) (Å) 2.585 2.562 2.578 2.587
La/Sr-O(II)-Co angle (degree) 81.560 83.790 83.4 84.38
(La/Sr)Z 0.360 0.362 0.360 0.359
(O(II))Z 0.171 0.160 0.164 0.161
Co valence (iodometric titration) 2.68 2.87 3.06 3.21

Wyckoff positions of tetragonal structure with the space group I4/mmm (No. 139): Co at 2a (0, 0, 0), O(I) at 4c (0, 0.5, 0), O(II) and La/Sr at 4e (0, 0, z).
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characteristic of the vibration modes, corresponding to Co-O(I), (La/
Sr)-O(II)-Co and La/Sr-O(II) bonds. The absorption bands, related to Co-
O(I) and Co-O(II) vibration modes, exhibited two significant phe-
nomena:(i) The increase of Co3+ IS state population resulted in the

Fig. 4. (a) FT-FIR spectra of La2−xSrxCoO4 (x= 0.7, 0.9, 1.1, 1.3) and (b) the
hypothetical transmittance spectrum corresponding to 3d-energy levels of Co3+

LS and splitting of the transmittance spectrum, related to 3d-energy levels of
Co3+ IS due to the Jahn-Teller elongation. The baselines are shown by dashed
lines.
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vibration modes shifts and (ii) Jahn-Teller effect deduced from splitting
of the bands. Also, the octahedral distortion was investigated using the
trends of the La/Sr-O(II) bond lengths and (La/Sr)-O(II)(axial)-Co an-
gles and the shifts observed in their corresponding IR absorption bands.
The existence of hysteresis in the magnetization curves of L2−xSrxCoO4

supported the presence of Co3+ in both LS and IS states, obtained by
XRD and FT-IR data analyses. The ferromagnetic behavior of
La0.7Sr1.3CoO4 indicated that Co3+ in IS state in this compound is more
stable than in the other prepared samples.
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