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Abstract
The local structure of the 2.5% 57Fe-doped La0.9MnOx (x = 2.89, 2.92 and
2.93) manganites has been investigated by means of Mössbauer spectroscopy.
In the paramagnetic phase, the Mössbauer spectra of all three samples
consist of two quadrupole doublets which suggest two different iron positions
distinguished by their local environment. It has been assumed that in the
position with a large quadrupole splitting, QS1, the Fe3+ is surrounded by six
Jahn–Teller Mn3+ ions. The second iron position with the smaller quadrupole
splitting, QS2, corresponds to the manganese environment in which at least one
manganese ion is in the Mn4+ state. In the magnetically ordered phase, these
positions become indistinguishable. We conclude that even in the absence
of Mn4+ ions the introduction of the non-Jahn–Teller Fe3+ ion in the Mn3+

environment leads to the local removal of static ordering of the Mn3+ d3z2−r2

orbitals that result in the ferromagnetic ordering of the Mn spins. The result
indicates a key role of the dynamic orbital correlations in the formation of the
ferromagnetic ordering in manganites.

1. Introduction

Hole-doped lanthanum manganites with a perovskite structure have attracted great attention
due to the close relationship between their structural, magnetic and transport properties. The
parent compound La3+Mn3+O2−

3 is an A-type antiferromagnetic insulator with TN = 140 K [1].
A heterovalent cation substitution or creation of cation vacancies gives rise to the appearance
of Mn4+ ions. As a result, at a certain doping range (about 10% of Mn4+ ions) the ground
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state of the manganites becomes an insulating ferromagnet (FMI). With further increase of
the hole concentration (about 17–20% of Mn4+), the transition to the ferromagnetic metallic
state (FMM) is observed [2, 3]. Initially, the existence of the ferromagnetic metallic phase
in manganites was attributed to the double exchange interaction [4]. In the double exchange
model, strong Hund’s rule coupling enhances the hopping of eg electrons in the successive Mn3+

and Mn4+ ions by establishing ferromagnetic spin ordering. More recently, theoretical [5, 6]
and experimental [7–9] investigations have shown that double exchange is inadequate for the
explanation of the complex magnetic phase diagram of manganites and that the Jahn–Teller
(JT) effect plays an essential role.

Recent research on La-deficient colossal magnetoresistive La0.88MnOx (2.82 � x � 2.96)
manganites, performed with x-ray, neutron diffraction, Young’s modulus, magnetization and
resistivity measurements, has revealed a strong correlation between the magnetic and orbital
states of the samples under study [10]. The compounds with a strong antiferromagnetic
component have been found to exhibit a cooperative orbital ordering, while ferromagnetic
samples are orbitally disordered. Immediate information about a coupling of spin with orbital
and lattice degrees of freedom may be obtained with Mössbauer spectroscopy. A few per
cent of 57Fe substitution for Mn in manganites is sufficient as a micro-probe detecting the
local structure and magnetic state of the Fe environment in Mössbauer experiments because
quadrupole splitting is very sensitive to the distribution of the electrons which surround
the resonant nuclei, and magnetic hyperfine splitting depends on the magnetic ordering of
the surrounding ions. In this paper we present the results of the Mössbauer measurements
performed for samples of the La0.9MnOx manganites doped with 2.5% of 57Fe. We confirm
that magnetic properties of the manganites are determined by the type of their orbital state and
that the ferromagnetic ordering arises from dynamic correlations of the d3z2−r2 orbitals of the
Mn3+ ions.

2. Experiment

The polycrystalline sample La0.9Mn0.975Fe0.025Ox was prepared by a solid-state reaction
method using high-purity La2O3, MnO2 and Fe2O3 reagents. To remove absorbed water,
a prefiring of La2O3 (1000 ◦C, 2 h) was carried out. After that, the compacted mixture of
reagents taken in stoichiometric cation ratio was annealed at 1350, 1150 and 1050 ◦C in air for
24 h and then slowly cooled at a rate of 30 ◦C h−1. The oxygen content of the resulting material
was determined using thermogravimetric analysis (TGA) by decomposition of the sample into
La2O3, MnO and Fe in a reducing H2/N2 flow. The estimation of the oxygen content led to the
nominal chemical formula La0.9Mn0.975Fe0.025O2.93 with an error of ±0.01 oxygen per formula.
Reduction of the samples was carried out in evacuated quartz ampoules at T = 1050 ◦C for
24 h. Metallic tantalum was used as reducing agent. According to the TGA data, the oxygen
indexes in the reduced compounds were x = 2.92 ± 0.01 and 2.89 ± 0.01.

The unit cell parameters as well as the phase purity of the samples were checked by x-ray
diffraction analysis using a DRON-3M diffractometer with Cu Kα radiation. The data were
analysed with the FULLPROF program [11]. The magnetization measurements were made
with a commercial vibrating sample magnetometer OI-3001. The Mössbauer measurements
were performed using a conventional constant acceleration spectrometer with a 57Co-in-Rh
source. The spectra were recorded in transmission geometry at temperatures ranging from 80
to 300 K. A continuous flow Oxford Instruments CF-100 cryostat was used. The Mössbauer
spectra were fitted using the NORMOS program [12], assuming the superposition of the
hyperfine field distribution P(H ) component and two discreet quadrupole splitting ones.
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Table 1. Unit cell parameters of the La0.9Mn0.975Fe0.025Ox manganites at room temperature.

Sample Space group a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) V (Å3)

x = 2.89 Pnma 5.5874 7.7311 5.5232 90 90 90 238.58
x = 2.92 Pnma 5.5213 7.7801 5.5271 90 90 90 237.42
x = 2.93 I2/a 7.7804 5.5327 5.4721 90 90.66 90 235.54

3. Results

The x-ray diffraction analysis showed that all the synthesized samples were single phase. The
x = 2.89 and 2.92 samples present a Pnma orthorhombic space group (table 1). The former
is characterized by O′-orthorhombic type unit cell distortion (b/

√
2 < c < a), the latter

exhibits O-orthorhombic symmetry (b/
√

2 ≈ c ≈ a). The unit cell of the most oxidized
La0.9Mn0.975Fe0.025O2.93 compound has monoclinic distortions (space group I2/a). The unit
cell volume of the samples gradually decreases as the oxygen concentration increases. Such
a decrease is consistent with the expectation from the difference in ionic radii of Mn3+ and
Mn4+ ions [13].

The temperature dependences of magnetization for samples of La0.9Mn0.975Fe0.025Ox , with
x = 2.89, 2.92 and 2.93 are shown in figure 1. The magnetic ordering temperatures, defined as
the inflection points of the M versus T curves, are 117, 170 and 179 K, respectively. For all the
samples, ZFC magnetization shows a maximum at 110 K. In the case of the x = 2.92 and 2.93
samples, this maximum is accompanied by a break in the FC curve. Significant thermomagnetic
irreversibility indicating the large magnetic anisotropy of the samples [14] begins to develop
below this temperature. The value of magnetization estimated for the x = 2.89 compound in
a field of 15 kOe suggests the presence of a significant ferromagnetic contribution (figure 2).
The increase of magnetization and decrease of coercive field are observed with increasing
oxygen content (figure 2).

Mössbauer spectra obtained for these samples at different temperatures are shown in
figures 3–5. The hyperfine parameters resulting from the fitting are summarized in table 2. As
suggested from the fitting, the room temperature Mössbauer spectra of the samples consist
of two well defined quadrupole doublets that signify two different iron positions in the
La0.9Mn0.975Fe0.025Ox lattice. Some Fe ions are located at low symmetry lattice positions,
as evidenced by the large value of quadrupole splitting QS1, whereas for other Fe ions the
local symmetry is higher (QS2 < QS1). Both QS1 and QS2 quadrupole splittings decrease
with increasing oxygen content and increase with decreasing temperature. Both doublets
have similar room temperature isomer shift values that are typical of high-spin Fe3+ in
octahedral coordination [15]. The relative spectral area of the quadrupole doublets allows
the determination of the relative fractions of Fe ions in the corresponding lattice positions.
In the case of the x = 2.89 sample, about 45% of Fe ions are located at the site with large
quadrupole splitting QS1 ≈ 0.69 mm s−1. About 55% of Fe ions occupy positions with
smaller QS2 ≈ 0.38 mm s−1 (figure 6(a)). An increase of the relative fraction of Fe ions at
the high symmetry lattice position, with quadrupole splitting QS2, is observed for x = 2.92
and 2.93 compounds (figures 6(b), (c)). For all samples, the relative spectral areas of the
quadrupole doublets in the paramagnetic phase are temperature independent within statistical
error (figure 6).

The Mössbauer spectrum obtained for the sample with x = 2.89 at 120 K indicates the
appearance of magnetic ordering (figure 3(d)). The relative spectral area of the magnetic
component increases strongly with decreasing temperature at the expense of the paramagnetic
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Figure 1. Temperature dependences of the magnetization of the La0.9Mn0.975Fe0.025Ox samples,
measured in a field of 100 Oe. Open and closed symbols correspond to data obtained in zero-field-
cooled (ZFC) and field-cooled (FC) modes, respectively.

fraction (figure 6(a)). At the temperature of 110 K, the spectral contribution from the
quadrupole doublets disappears, and the spectrum is fitted with one Zeeman component
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Figure 2. Field dependences of the magnetization for the La0.9Mn0.975Fe0.025Ox compounds at a
temperature of 4.2 K.

resulting from the distribution of hyperfine field P(H ) (figure 3(e)). Thus, two different
Fe positions observed for the paramagnetic state become indistinguishable in the magnetic
phase. The shape of the Mössbauer spectra obtained below 110 K suggests a wide distribution
of hyperfine fields. The hyperfine field H corresponding to the main peak in the relevant
hyperfine field distribution P(H ) reaches the value of 40.5 T at 80 K, confirming that iron is
in the Fe3+ high-spin state (S = 5/2).

For the x = 2.92 sample, the transition from the paramagnetic to the magnetically ordered
state occurs in the broader temperature range (figure 6(b)). The magnetic ordering already
appears at 160 K (figure 4(c)). The quadrupole QS1 and QS2 components coexist with
the magnetically ordered phase down to about 110 K (figure 4(f)). As in the case of the
La0.9Mn0.975Fe0.025O2.98 solid solution, the magnetic phase is fitted with the hyperfine field
distribution P(H ). The hyperfine field value, corresponding to the main peak in the P(H )

distribution, is 46.5 T at 80 K (table 2). The similar temperature evolution of the Mössbauer
spectra is observed for the x = 2.93 sample (figures 5 and 6). The magnetic ordering
temperatures defined with the Mössbauer experiments (figure 6) are in a good agreement
with those obtained from the magnetization measurements (figure 1).

The main results are summarized as follows.

(i) Iron in the La0.9Mn0.975Fe0.025Ox lattice is in the Fe3+ state with a high spin electronic
configuration t3

2ge2
g.

(ii) At higher temperatures (in the paramagnetic phase) the Mössbauer spectra of all three
samples are fitted with two quadrupole doublets which may suggest two different iron
positions distinguished by their local environment.

(iii) At lower temperatures (in the magnetically ordered phase) these positions become
indistinguishable.

(iv) The quadrupole splittings QS1 and QS2 decrease with increasing oxygen content and
increase with decreasing temperature.
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Figure 3. Mössbauer spectra for the x = 2.89 sample at different temperatures.

(v) The formation of magnetic ordering does not cause the simultaneous disappearance of the
paramagnetic phase, which coexists with the magnetic state in a fairly wide temperature
range. This temperature range increases with increasing Mn4+ concentration. The
disappearance of the paramagnetic phase is accompanied by a cusp on the ZFC curve.

4. Discussion

Let us recall that Mn3+ 3d states in LaMnO3 are split by the cubic crystal field to the threefold
degenerate t2g and twofold degenerate eg levels. The former lies lower than the latter; therefore
four d electrons of the Mn3+ ion occupy the t2g level completely and the eg level only partly.
This is the reason for the cooperative Jahn–Teller effect: it reduces the energy of such a
degenerate system by lowering its symmetry which lifts the degeneracy of the eg levels so
that the electron can occupy the lowest of them. Analysis of the Mn–O bond lengths within
the tetragonally distorted MnO6 octahedron in LaMnO3 indicates that the lower of the two eg

levels is the d3z2−r2 (z axis is local) sublevel [16]. The cooperative antiferrodistortive ordering
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Figure 4. Mössbauer spectra for the x = 2.92 sample at different temperatures.

of the d3z2−r2 orbitals manifests itself in the O′-orthorhombic symmetry of the crystal. The
A-type antiferromagnetic structure peculiar to LaMnO3 is explained as arising from this orbital
ordering [17].

Neutron diffraction studies have shown that LaMnO3 undergoes a structural transition
from O′-orthorhombic to O-orthorhombic phase at TJT = 750 K [18]. The MnO6 octahedron
in the O-orthorhombic phase becomes nearly regular, i.e. the orbital ordering disappears [18].
However, x-ray absorption near the edge structure and the extended x-ray absorption fine
structure at the Mn K-edge measurements have revealed that the MnO6 octahedrons in LaMnO3

remain tetragonally distorted at T > TJT [19]. The empty Mn3+ electronic d states were shown
to be unaltered through the Jahn–Teller transition. The lowest energy for the eg electron
corresponds to the three possible distortions giving rise to three degenerate vibronic states,
dx2−r2 , dy2−r2 and dz2−r2 being the electronic orbitals of the vibronic state. The thermally
excited electron jumps between these states above TJT and is localized in an ordered state
below TJT. The orbital ordering proposed for LaMnO3 arises then from the ordering of the
local Jahn–Teller distortions. The high temperature (O-orthorhombic) phase can be described
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Figure 5. Mössbauer spectra for the x = 2.93 sample at different temperatures.

as a dynamical locally distorted phase with the strong antiferrodistortive first neighbour
coupling [19].

The similar situation seems to be observed for Mn4+-doped manganites. The atomic pair-
density function of La1−x Srx MnO3 manganites (0 � x � 0.4), obtained by pulsed neutron
diffraction, indicates the existence of tetragonally distorted MnO6 octahedrons even in the
rhombohedralmetallic phase, when the crystallographic structure shows no JT distortions [20].
This is possible only in the case of the dynamic orbital correlations described above. One can
assume that when one puts non-Jahn–Teller Mn4+ ions in the background of the Mn3+ ions,
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Table 2. Experimental values of the isomer shift δ relative to the α-Fe standard, the quadrupole
splitting QS, and the hyperfine magnetic field H for x = 2.89, 2.92 and 2.93 samples at different
temperatures.

Sample T (K) δ1 (mm s−1) δ2 (mm s−1) QS1 (mm s−1) QS2 (mm s−1) H (T)

x = 2.89

300 0.39 0.38 0.69 0.38 0
160 0.46 0.46 0.81 0.45 0
140 0.48 0.48 0.88 0.48 0
120 0.48 0.49 0.99 0.63 16
110 — — — — 16
100 — — — — 27
90 — — — — 37.5
80 — — — — 40.5

x = 2.92

300 0.39 0.38 0.60 0.26 0
190 0.45 0.45 0.67 0.32 0
175 0.46 0.45 0.69 0.33 0
160 0.46 0.46 0.73 0.45 24
140 0.48 0.47 0.78 0.52 35
120 0.49 0.48 0.84 0.43 41.5
110 0.49 0.45 0.88 0.49 43
100 — — — — 44.5
80 — — — — 46.5

x = 2.93

300 0.38 0.37 0.55 0.25 0
200 0.44 0.44 0.66 0.29 0
180 0.44 0.44 0.66 0.29 16
170 0.46 0.46 0.72 0.43 25
160 0.47 0.45 0.78 0.47 30
140 0.49 0.45 0.74 0.50 37
120 0.49 0.44 0.79 0.43 42
110 0.50 0.45 0.74 0.44 43.4
100 — — — — 44.8
80 — — — — 47.0

the eg orbitals of all the Mn3+ ions surrounding the localized hole (Mn4+) tend to be directed
towards it, forming an orbital polaron [21]. Due to the strong antiferrodistortive Mn3+ first
neighbour coupling [19], dynamic correlations of the d3z2−r2 orbitals should arise.

According to the rules for 180◦ superexchange the dynamic orbital correlations lead
to ferromagnetic interaction between the Mn3+ ions [22]. Hence, one can expect that
ferromagnetism in manganites can arise even in the absence of Mn4+ ions, if only the JT
effect is dynamic. Indeed, Mn substitution with non-Jahn–Teller diamagnetic Nb5+, Al3+,
Sc3+, etc, ions results in the appearance of ferromagnetic order [23, 24]. It is worth noting
that the possibility of the existence of ferromagnetic ordering in the manganites, despite the
absence of Mn4+ ions, rejects the double exchange concept. High-spin Fe3+ is a non-Jahn–
Teller ion, therefore one can expect the appearance of the dynamic orbital correlations in the
Mn3+ environment, which should lead to ferromagnetic ordering.

Owing to the lifetime of the exited nuclear state, the 57Fe nucleus is sensitive to a fluctuating
environment that fluctuates on a timescale longer than 10−11 s [25]. The faster the environment
fluctuations, the smaller the quadrupole splitting. Taking into account that both QS1 and
QS2 quadrupole splittings decrease with increasing Mn4+ ion concentration and increase with
decreasing temperature we suggest that two Fe positions in the La0.9Mn0.975Fe0.025Ox lattice
differ in the orbital dynamics of their manganese environment. We assume that the quadrupole
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Figure 6. Relative fractions of the quadrupole doublets and Zeeman sextet as a function of
temperature for x = 2.89, 2.92 and 2.93 compounds.

doublet with the large quadrupole splitting QS1 corresponds to the Fe position, in which
the non-Jahn–Teller Fe3+ ions are surrounded by six Mn3+ ions. At the high symmetry iron
position with the smaller quadrupole splitting QS2, at least one of manganese ions surrounding
the Fe position is in the Mn4+ state. Due to the unequal amount of non-Jahn–Teller ions in
the Fe3+ + 6Mn3+ and Fe3+ + nMn4+ + (6 − n)Mn3+ configurations, the orbital dynamics in
these clusters have to be different. However, as a result of the 3D dynamic orbital correlations
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described above, ferromagnetic ordering between the Mn ions is established in both these
cases. The orbital dynamics becomes slower as the temperature decreases (table 2). It
can be the driving force of the FMM to FMI phase transition observed for La1−x AxMnO3

(A = Ca, Sr; x ∼ 0.15) manganites with decreasing temperature [26], and the appearance
of localized Mn3+,4+ states in metallic manganites at low temperatures, as evidenced by
nuclear magnetic resonance measurements [8, 27]. The fact that the paramagnetic phase
coexists with the magnetically ordered state in a wide temperature range, which increases with
increasing Mn4+ content, suggests a non-statistical distribution of the Mn4+ and Fe3+ ions. The
existence of consistent deviation from a random cation distribution in the solid solutions of
La1−x SrxMnO3 manganites is confirmed by x-ray absorption fine structure measurements [28].
The Mn4+-rich clusters (which are probably located close to A-site vacancies due to the
electroneutrality condition) with the faster orbital dynamics should have the higher temperature
of the ferromagnetic ordering.

The studied La0.9Mn0.975Fe0.025Ox samples are not purely ferromagnetic. The large
difference between ZFC and FC curves observed for these samples below 110 K indicates the
presence of an anisotropic magnetic coupling which differs from the isotropic ferromagnetic
one [10]. The Fe3+- and Mn4+-free clusters seem to exhibit the static antiferrodistortive ordering
of the d3z2−r2 orbitals which results in the antiferromagnetic order of the Mn3+ spins.

5. Conclusions

Mössbauer measurements of the La0.9Mn0.975Fe0.025Ox (x = 2.89, 2.92 and 2.93) samples
were performed to reveal the coupling of magnetic properties of the manganites with the type
of their orbital state. Iron in the La0.9Mn0.975Fe0.025Ox lattice was found to be in the Fe3+ state
with a high spin electronic configuration. At higher temperatures the Mössbauer spectra of
all three samples are fitted with two quadrupole doublets which indicate two different iron
positions. Some of the Fe ions occupy the low symmetry lattice position, as evidenced by the
large value of quadrupole splitting QS1; the others are located in the more symmetric lattice
position with the smaller quadrupole splitting QS2. Both QS1 and QS2 quadrupole splittings
decrease with increasing Mn4+ ions concentration and increase with decreasing temperature.
A slight increase of the relative fraction of Fe ions at the high symmetry lattice position
with QS2 is observed with increasing Mn4+ content. In the magnetically ordered phase, the
Mössbauer spectra are fitted with the hyperfine field distribution P(H ) that consists of one
dominating peak, suggesting one prevailing Fe site in the lattice, i.e. two high-temperature
Fe positions become indistinguishable. It has been suggested that the two Fe positions in the
La0.9Mn0.975Fe0.025Ox lattice differ in the orbital dynamics of their manganese environment.
In the position with the characteristic QS1 value, the Fe3+ is surrounded by six Mn3+ ions.
The second iron position corresponds to the manganese environment in which at least one
manganese ion is in the Mn4+ state. Due to removal of the static Jahn-Teller distortions,
induced by the presence of non-Jahn–Teller Fe3+ and Mn4+ ions, the ferromagnetic ordering
arises in the Mn environment of both Fe positions.
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