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Abstract. We have investigated the structure and magnetic properties of the perovskite oxides of the
formula La2Fe1–xMn2xCr1–xO6 (0 < x < 1⋅0). For 0 < x ≤ 0⋅5, the members adopt the orthorhombic (Pbnm)
structure, where the transition metal atoms are disordered at the 4b sites and the MO6 (M = Fe, Mn, Cr)
octahedra become increasingly distorted with increasing x. For 0⋅65 ≤ x < 1⋅0, the members adopt the
rhombohedral (R-3c) structure that is similar to LaMnO3+δ (δ ≥ 0⋅1) where the MO6 octahedra are undistorted. While the magnetic properties of the latter series are largely similar to the parent LaMnO3+δ
arising from the double-exchange (DE) between mixed valent MnIII/MnIV, the magnetic properties of the
orthorhombic members show a distinct (albeit weak) ferromagnetism (TC ~ 200 K) that seems to arise
from a MnIII-mediated superexchange (SE) between FeIII/CrIII in the disordered perovskite structure containing FeIII, MnIII and CrIII.
Keywords. La(Fe, Mn, Cr)O3; orthorhombic and rhombohedral perovskites; ferromagnetism; superexchange; double exchange.

1.

Introduction

indeed occurs according to G–K rule. Jahn–Teller
distorted high-spin MnIII (d4 : t2g3eg1) is known to
couple FeIII/CrIII ferro/ferrimagnetically in bulk
ceramic materials6–9 as well as in artificial superlattices.10 The prediction of G–K rule for SE interactions among CrIII, MnIII and FeIII in the perovskite
lattice (table 1) are consistent with the experimental
results. In addition, the possibility of double exchange (DE) has been invoked between MnIII and
CrIII in LaMn1–xCrxO3 and between MnIII and FeIII in
LaMn1–xFexO3 perovskites11,12 (although this has not
been supported for MnIII and CrIII by other investigations).8,13 Moreover, a disordered array of MnIII as in

Among the ferromagnetic perovskite oxides of current interest,1 La2NiMnO6 is an attractive material
that exhibits ferromagnetism near room temperature
(TC ~ 280 K).2 The magnetism of this oxide is regarded as a typical manifestation of the celebrated
Goodenough–Kanamori (G–K) rule,3 where the superexchange (SE) interaction between NiII(t2g6eg2)–
O–MnIV(t2g3eg0) in the ordered double perovskite
structure causes the ferromagnetism. Perovskite
La2FeCrO6 would provide another illustration of ferromagnetic coupling of spins through FeIII(t2g3eg2)–
O–CrIII(t2g3eg0) superexchange according to G–K
rule, but ceramic samples of this oxide display only
an antiferromagnetic behaviour attributed to a
disordered distribution of FeIII and CrIII in the
perovskite structure.4 However, Ueda et al5 have
achieved a ferromagnetic spin order (TC ~ 375 K) in
the superlattices consisting of alternate layers of
LaCrO3 and LaFeO3 along [111] direction, demonstrating that linear FeIII–O–CrIII SE interaction

Cr(III): d3
Mn(III): d4
Fe(III): d5

*For correspondence

a, b, c denote redundancies
*Based on the results from refs 3, 5, 6, 8, 9 and 10

Table 1. Superexchange interactions among Cr(III),
Mn(III) (hs), and Fe(III) (hs) in perovskite oxides*
Ion

Cr(III): d3

Mn(III): d4

AF
F/AFa
Fc

a
F/AF
F/AFb

Fe(III): d5
c
b
AF
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LaMn1–xGaxO3 and LaMn1–xScxO3 perovskites where
the orbital ordering of the parent LaMnO3 is disrupted, gives rise to long range ferromagnetic
order,14,15 indicating that isotropic MnIII–O–MnIII SE
interaction could be ferromagnetic.14
In view of the foregoing, we expected that a disordered array of CrIII, MnIII and FeIII in perovskite
lattice would give rise to a ferromagnetic order,
unlike the case of disordered FeIII and CrIII in
La2FeCrO6 perovskite. We explored the possibility
in the solid solution series, La2Fe1–xMn2xCr1–xO6,
where octahedral-site MnIII indeed mediates the SE
interaction between FeIII and CrIII, resulting in a net
ferromagnetism with TC up to 200 K. The results of
this investigation are presented in this paper.
2.

Experimental

Formation of perovskite oxides for the compositions
La2Fe1–xMn2xCr1–xO6 for x = 0⋅00, 0⋅10, 0⋅33, 0⋅50,
0⋅65, 0⋅75 and 0⋅90 was explored by reacting
stoichiometric mixtures of the starting materials
[high purity Cr2O3, MC2O4⋅2H2O (M = Fe, Mn) and
La2O3 (pre-dried at 900°C)] at elevated temperatures
(900–1150°C) in air for varying duration. Single
phase products were obtained by the reaction at
1150°C with repeated grinding and heating for 2–3
days.
The products were examined by powder X-ray
diffraction (XRD) employing a Philips X’Pert Diffractometer (Ni filtered Cu Kα radiation). Lattice
parameters were obtained by least-squares refinement of powder XRD data by means of the program
PROSZKI16 and XRD patterns were simulated by
the program POWDERCELL.17 Oxygen stoichiometry of selected samples was determined by thermogravimetry (TG) under hydrogen reduction (1H2 :
3Ar gas mixture, 40 ml/min) on a Cahn TG-131 system, at a heating rate of 3°C/min.
For structure refinement, XRD data were collected on the Philips X’Pert Diffractometer (Cu Kα
radiation) in the 2θ range of 3–100° with a step size
of 0⋅02° and a step time of 9s. Rietveld refinement
of powder XRD data was carried out by means of
program GSAS.18 The patterns were refined for the
lattice parameters, scale factor, background (shifted
Chebyshev background function), pseudo-Voigt profile function (U, V, W and X), atomic coordinates
and isothermal temperature factors (Uiso).
DC magnetic susceptibility measurements were
performed in the temperature range of 300–15 K

employing a Lewis coil force magnetometer (George
Associates, model 2000). High field (5 kOe) magnetic measurements were done under FC condition
while the low field (100 Oe) magnetic measurements were done under both FC and ZFC conditions. Room temperature electrical resistivities of
the sintered pellets were measured by a two-probe
method.
3.
3.1

Results and discussion
Structural characterization

Polycrystalline samples of La2Fe1–xMn2xCr1–xO6 for
various values of x (0 < x ≤ 0⋅9), prepared by the
conventional ceramic route in air showed formation
of single-phase perovskite oxides, as revealed by
powder XRD patterns (figure 1 and table 2). Rietveld refinement of powder XRD data showed that
the phases adopt orthorhombic (Pbnm) perovskite
structure for 0 ≤ x ≤ 0⋅5. We show the refinement

Figure 1. Powder XRD patterns of La2Fe1–xMn2xCr1–x
O6, (a) x = 0⋅1, (b) x = 0⋅33, (c) x = 0⋅5, (d) x = 0⋅75 and
(e) x = 0⋅9.
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Table 2. Structural characterization of La2Fe1–xMn2xCr1–xO6 perovskite oxides.

Nominal composition

x

La2Fe0⋅9Mn0⋅2Cr0⋅9O6

0⋅1

La2Fe0⋅66Mn0⋅66Cr0⋅66O6
La2Fe0⋅5Mn1⋅0Cr0⋅5O6#

0⋅33

0⋅5

Lattice
parameters (Å)
a, b, c

c/a

Bond
lengths (Å)
Fe/Mn/Cr–O

Distortion
parameter
(Δ)†

BVS
Fe/Mn/Cr

1⋅994(4) × 2
1⋅992(2) × 2
1⋅975(4) × 2

0⋅018

3⋅110

1⋅991(2) × 2
1⋅988(4) × 2
1⋅963(4) × 2

0⋅040

3⋅202

0⋅039

3⋅290

5⋅5202(5)
5⋅5402(6)
7⋅8177(2)

1⋅416

5⋅5050(1)
5⋅5368(1)
7⋅7972(2)

1⋅416

5⋅4932(2)
5⋅5258(2)
7⋅850(4)

1⋅429
O

1⋅987(1) × 2
1⋅976(2) × 2
1⋅957(3) × 2

O

O

La2Fe0⋅25Mn1⋅5Cr0⋅25O6#

0⋅75

a = 5⋅5278(6)
c = 13⋅3432(1)

R-3c

1⋅967(2) × 6

0

3⋅390

La2Fe0⋅1Mn1⋅8Cr0⋅1O6#

0⋅9

a = 5⋅5255(4)
c = 13⋅3359(4)

R-3c

1⋅966(1) × 6

0

3⋅410

LaMnO3⋅15*

1⋅0

a = 5⋅4759(1)
c = 13⋅222(1)

R-3c

1⋅948(1) × 6

0

3⋅612

LaMnO3*

1⋅0

5⋅5367(1)
5⋅7473(1)
7⋅6929(2)

1⋅389

2⋅178(1) × 2
1⋅968(3) × 2
1⋅907(1) × 2

3⋅310

3⋅130

5⋅5314(5)
5⋅5556(7)
7⋅831(1)

1⋅415

1⋅9937(1) × 2
1⋅9934(3) × 2
1⋅9890(3) × 2

0⋅001

3⋅052

La2FeCrO6*

0

O′

O

*Data taken from refs 4, 19 and 21
2

1 6 ⎡ di − 〈d 〉 ⎤
× 103 , where di is individual bond length and 〈d〉 is the average bond length
∑
6 i =1 ⎢⎣ 〈d 〉 ⎥⎦
#
The apparent oxygen excess parameter (δ) in La2(FeMnCr)2O6+δ determined from TG studies are ~0⋅10, ~0⋅20 and
~0⋅20 respectively for the x = 0⋅50, 0⋅75 and 0⋅90 samples
†

Δ=

Figure 2. Rietveld refinement of the structure of
La2Fe0⋅9Mn0⋅2Cr0⋅9O6 (Pbnm) from powder XRD data.
Observed (○), calculated (–) and difference profiles (bottom) are shown. The vertical bars indicate positions of
the Bragg reflections.

results for x = 0⋅1, 0⋅33 and 0⋅5 in figures 2–4 and
tables 3–5. The refinement revealed a rhombohedral
(R-3c) structure for x ≥ 0⋅75 members. The refinement results are shown in figures 5 and 6 and tables
6 and 7 for x = 0⋅75 and 0⋅9, respectively. Also the
refinement revealed a disordered distribution of
iron, manganese and chromium at the octahedral
sites in both the structures (4b for Pbnm and 6b for
R-3c). We do see several weak reflections (prominent in figure 4) which are not accountable in the
refinement, indicating the presence of minor impurity phase (also perovskite-like).
The orthorhombic structure of the La2Fe1–xMn2x
Cr1–xO6 samples for x ≤ 0⋅5 is similar to the parent
La2FeCrO6, having c/a > √2; a < b (O-orthorhombic
structure). We do however find that with increasing
x (Mn content), the MO6 (M = Fe, Mn, Cr) octahedral distortion parameter (Δ) increases, consistent
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Table 3. Atomic positions, occupancy and isotropic temperature factors for La2Fe0⋅9Mn0⋅2Cr0⋅9O6.
Atom

Site

x

y

z

Uiso

Occupancy

La
Fe/Mn/Cr
O1
O2

4c
4b
4c
8d

–0⋅0030(7)
0⋅5
0⋅0689(2)
0⋅7278(3)

0⋅0228(1)
0
0⋅4894(2)
0⋅2748(3)

0⋅25
0
0⋅25
0⋅0368(1)

0⋅0184(3)
0⋅0148(6)
0⋅025(4)
0⋅0224(2)

1
0⋅45/0⋅10/0⋅45
1
1

Space group Pbnm: a = 5⋅5202(5) Å, b = 5⋅5402(6) Å, c = 7⋅8177(2) Å, V = 239⋅092(2) Å3
Reliability factors (%): Rp = 10⋅55, Rwp = 14⋅95, RF2 = 6⋅06, χ 2 = 4⋅337
Bond lengths (Å):
La–O(1) = 2⋅971(1), La–O(1) = 2⋅606(4), La–O(1) = 2⋅411(2), La–O(1) = 3⋅140(2)
La–O(2) = 2⋅634(2) × 2, La–O(2) = 2⋅490(3) × 2, La–O(2) = 3⋅170(2) × 2, La–O(2) = 2⋅812(3) × 2
Fe/Mn/Cr–O(1) = 1⋅992(2) × 2, Fe/Mn/Cr–O(2) = 1⋅975(4) × 2, Fe/Mn/Cr–O(2) = 1⋅994(4) × 2
Bond angles (°):
Fe/Mn/Cr–O(1)−Fe/Mn/Cr = 157⋅645(1), Fe/Mn/Cr–O(2)−Fe/Mn/Cr = 160⋅185(6)
Bond valence sums:
La = 2⋅929, Fe/Mn/Cr = 3⋅110

Figure 3. Rietveld refinement of the structure of
La2Fe0⋅66Mn0⋅66Cr0⋅66O6 (Pbnm) from powder XRD data.
Observed (○), calculated (–) and difference profiles (bottom) are shown. The vertical bars indicate positions of
the Bragg reflections.

Figure 4. Rietveld refinement of the structure of
La2Fe0.5Mn1.0Cr0.5O6 (Pbnm) from powder XRD data.
Observed (○), calculated (–) and difference profiles (bottom) are shown. The vertical bars indicate positions of
the Bragg reflections.

with the expected Jahn–Teller distortion of MnIIIO6
octahedron. Accordingly, we find that the bond
lengths progressively become unequal with increasing Mn content, giving rise to three sets of (M–O) ×
2 bonds, somewhat similar to the stoichiometric
LaMnO3 (table 2).19 However, the distortion
in La2Fe1–xMn2xCr1–xO6 is much smaller than
in LaMnO3. The distortion of MnO6 octahedra in
stoichiometric LaMnO3 is much higher (distortion
parameter Δ = 3⋅31) because the MnIIIO6 octahedra
are strongly disorted due to the Jahn–Teller effect
and the structure orbitally ordered. The rhombohedral structure of La2Fe1–xMn2xCr1–xO6 members for
x ≥ 0⋅75 is similar to the oxidized/nonstoichiometric

LaMnO3+δ, having six equal octahedral M–O bonds
(Δ = 0). The formation of rhombohedral structure
for Mn-rich members of La2Fe1–xMn2xCr1–xO6 suggests that Mn is partially oxidized to MnIV and is
consistent with a larger BVS (bond valence sum) for
MO6 octahedra of these members (table 2). The
larger BVS is a clear indication of an apparent oxygen excess non-stoichiometry of these samples similar to LaMnO3+δ. Indeed our TG studies in hydrogen
show an apparent oxygen excess of δ ≈ 0⋅20 in
x = 0⋅90 and 0⋅75 samples and δ ≈ 0⋅10 in x = 0⋅50
sample, while a sample of nominal LaMnO3
prepared under similar conditions showed δ ≈ 0⋅125
in our TG experiments.
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Table 4. Atomic positions, occupancy and isotropic temperature factors for La2Fe0⋅66Mn0⋅66Cr0⋅66O6.
Atom

Site

x

y

z

Uiso

Occupancy

La
Fe/Mn/Cr
O1
O2

4c
4b
4c
8d

–0⋅0060(2)
0⋅5
0⋅0739(2)
0⋅7320(2)

0⋅0203(1)
0
0⋅4839(2)
0⋅2714(2)

0⋅25
0
0⋅25
0⋅0349(1)

0⋅0256(3)
0⋅0212(4)
0⋅055(5)
0⋅0190(1)

1
0⋅33/0⋅33/0⋅33
1
1

Space group Pbnm: a = 5⋅5050(1) Å, b = 5⋅5368(1) Å, c = 7⋅7972(2) Å, V = 237⋅666(13) Å3
Reliability factors (%): Rp = 6⋅81, Rwp = 9⋅30, RF2 = 6⋅91, χ 2 = 3⋅409.
Bond lengths (Å):
La–O(1) = 2⋅985(2), La–O(1) = 2⋅590(4), La–O(1) = 3⋅150(3), La–O(1) = 2⋅401(1)
La–O(2) = 2⋅613(4) × 2, La–O(2) = 2⋅501(3) × 2, La–O(2) = 2⋅825(2) × 2, La–O(2) = 3⋅132(2) × 2
Fe/Mn/Cr–O(1) = 1⋅991(2) × 2, Fe/Mn/Cr–O(2) = 1⋅988(4) × 2, Fe/Mn/Cr–O(2) = 1⋅963(4) × 2
Bond angles (°):
Fe/Mn/Cr–O(1)–Fe/Mn/Cr = 155⋅76(3), Fe/Mn/Cr–O(2)–Fe/Mn/Cr = 161⋅81(2)
Bond valence sums:
La = 2⋅966, Fe/Mn/Cr = 3⋅202

Figure 5. Rietveld refinement of the structure of
La2Fe0⋅25Mn1⋅5Cr0⋅25O6 (R-3c) from powder XRD data.
Observed (○), calculated (–) and difference profiles (bottom) are shown. The vertical bars indicate positions of
the Bragg reflections.

Figure 6. Rietveld refinement of the structure of
La2Fe0⋅1Mn1⋅8Cr0⋅1O6 (R-3c) from powder XRD data. Observed (○), calculated (–) and difference profiles (bottom)
are shown. The vertical bars indicate positions of the
Bragg reflections.

3.2

from the high temperature linear region is 6⋅41 μB,
while the calculated μeff for a non-interacting array
of Fe3+ and Cr3+ is 7⋅06 μB. The slightly smaller μeff
and the large negative Weiss constant are a clear indication of an overall antiferromagnetic correlation
in the solid. The magnetic ordering temperature (TN)
estimated from the FC and ZFC data at 100 Oe is
~200 K. The results are largely in agreement with
the earlier report on this oxide.4 Interestingly, there
is a positive deviation of the susceptibility/
magnetization from the Curie–Weiss behaviour at
T < 200 K. The susceptibility enhancement corresponds to a small μB ~ 0⋅027 per formula unit which
likely indicates a weak short range ferromagnetic

Magnetic properties

We have investigated the magnetic properties of
La2Fe1–xMn2xCr1–xO6 members in the temperature
range 300–15 K. Measurements have been carried
out at 100 Oe (ZFC and FC) and 5 kOe (FC). The
Curie–Weiss plots for orthorhombic La2Fe1–xMn2x
Cr1–xO6 (x = 0, 0⋅1, 0⋅33 and 0⋅5) samples are given
in figures 7–10.
The magnetic property of parent La2FeCrO6 is
consistent with the disordered distribution of Fe and
Cr atoms at the octahedral sites, showing a large
negative Weiss constant (θ = –490 K) in the Curie–
Weiss plot (figure 7). The experimental μeff obtained
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Table 5. Atomic positions, occupancy and isotropic temperature factors for La2Fe0⋅5Mn1⋅0Cr0⋅5O6.
Atom

Site

x

y

z

Uiso

Occupancy

La
Fe/Mn/Cr
O1
O2

4c
4b
4c
8d

–0⋅0012(1)
0⋅5
0⋅062(5)
0⋅734(5)

0⋅0171(4)
0
0⋅493(4)
0⋅270(5)

0⋅25
0
0⋅25
0⋅0353(2)

0⋅0075(5)
0⋅0033(2)
0⋅011(7)
0⋅019(4)

1
0⋅25/0⋅50/0⋅25
1
1

Space group Pbnm: a = 5⋅4932(2) Å, b = 5⋅5258(2) Å, c = 7⋅850(4) Å, V = 236⋅308(2) Å3
Reliability factors (%): Rp = 9⋅29, Rwp = 13⋅97, RF2 = 6⋅78, χ 2 = 2⋅961
Bond lengths (Å):
La–O(1) = 2⋅901(2), La–O(1) = 2⋅636(2), La–O(1) = 3⋅103(1), La–O(1) = 2⋅429(1)
La–O(2) = 2⋅652(2) × 2, La–O(2) = 2⋅507(1) × 2, La–O(2) = 2⋅825(1) × 2, La–O(2) = 3⋅099(1) × 2
Fe/Mn/Cr–O(1) = 1⋅976(2) × 2, Fe/Mn/Cr–O(2) = 1⋅987(1) × 2, Fe/Mn/Cr–O(2) = 1⋅957(3) × 2
Bond angles (°):
Fe/Mn/Cr–O(1)−Fe/Mn/Cr = 159⋅83(2), Fe/Mn/Cr–O(2)−Fe/Mn/Cr = 161⋅95(1)
Bond valence sums:
La = 2⋅864, Fe/Mn/Cr = 3⋅290

Figure 7. Inverse molar magnetic susceptibility (1/χm)
versus temperature (T) plot for La2FeCrO6 measured at
5 kOe. Inset shows the experimental and theoretical
molar magnetic susceptibility (χm) versus temperature (T)
plot for La2FeCrO6 at 5 kOe.

Figure 8. Inverse molar magnetic susceptibility (1/χm)
versus temperature (T) plot for La2Fe0⋅9Mn0⋅2Cr0⋅9O6
measured at 5 kOe. Inset shows the temperature dependence of magnetization at 5 kOe.

correlation due to a finite fraction of FeIII–O–CrIII
interaction in the disordered structure. It is known
that artificially engineered superlattices of
La2FeCrO6 gives rise to a ferromagnetic ordering
(TC = 375 K) attributed to FeIII(t2g3eg2)–O–CrIII
(t2g3eg0) SE interaction according to the G–K rule.5
Manganese-substituted La2Fe1–xMn2xCr1–xO6 oxides
with the orthorhombic structure show a clear
enhancement of the magnetization below 200 K. The
magnetic moment per formula unit increases with

increasing Mn-content (table 8) reaching a maximum of 1⋅5 μB for the x = 0⋅5 sample. We also see
that the Weiss constant becomes positive (θ ~
120 K). These changes signal a ferromagnetic ordering with TC ~ 200 K, most likely arising from
Mn(III)-mediated SE interaction in La2Fe1–xMn2x
Cr1–xO6 oxides. While in the parent La2FeCrO6, the
disorder precludes a long range ferromagnetic ordering due to FeIII–O–CrIII SE, introduction of MnIII in
the lattice would provide new ferromagnetic SE
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Table 6. Atomic positions, occupancy and isotropic temperature factors for La2Fe0⋅25Mn1⋅5Cr0⋅25O6.
Atom

Site

x

y

z

Uiso

Occupancy

La
Fe/Mn/Cr
O

6a
6b
18e

0
0
0⋅4464(8)

0
0
0

0⋅25
0
0⋅25

0⋅0264(7)
0⋅0182(5)
0⋅0228(3)

1⋅0
0⋅125/0⋅75/0⋅125
1⋅0

Space group: R-3c; a = 5⋅5278(6), c = 13⋅3432(1) Å, V = 353⋅188(8) Å3
Reliability factors (%): RF2 = 4⋅62, Rp = 7⋅53, Rwp = 10⋅79, χ 2 = 5⋅13
Bond lengths (Å):
La–O = 3⋅060(3) × 3, La–O = 2⋅467(2) × 3, La–O = 2⋅753(2) × 6
Fe/Mn/Cr–O = 1⋅967(2) × 6
Bond angles (°):
Fe/Mn/Cr–O−Fe/Mn/Cr = 162⋅667(1)
Bond valence sums:
La = 2⋅874, Fe/Mn/Cr = 3⋅390
Table 7. Atomic positions, occupancy and isotropic temperature factors for La2Fe0⋅1Mn1⋅8Cr0⋅1O6.
Atom

Site

x

y

z

Uiso

Occupancy

La
Fe/Mn/Cr
O

6a
6b
18e

0
0
0⋅4461(6)

0
0
0

0⋅25
0
0⋅25

0⋅0285(2)
0⋅0211(3)
0⋅0260(1)

1⋅0
0⋅05/0⋅9/0⋅05
1⋅0

Space group: R-3c; a = 5⋅5255(4), c = 13⋅3359(4) Å, V = 352⋅622(6) Å3
Reliability factors (%): RF2 = 4⋅35, Rp = 6⋅29, Rwp = 9⋅00, χ 2 = 5⋅734
Bond lengths (Å):
La–O = 3⋅060(2) × 3, La–O = 2⋅465(2) × 3, La–O = 2⋅752(2) × 6
Fe/Mn/Cr–O = 1⋅966(1) × 6
Bond angles (°):
Fe/Mn/Cr–O−Fe/Mn/Cr = 162⋅584(1)
Bond valence sums:
La = 2⋅79, Fe/Mn/Cr = 3⋅410

Figure 9. Inverse molar magnetic susceptibility (1/χm)
versus temperature (T) plot for La2Fe0⋅66Mn0⋅66Cr0⋅66O6
measured at 5 kOe. Inset shows the temperature dependence of magnetization at 5 kOe.

pathways between FeIII/MnIII and CrIII/MnIII even in
the disordered perovskite lattice according to the G–
K rule: thus FeIII(t2g3eg2)–O–MnIII(t2g3eg1) SE would
be ferromagnetic for a Jahn–Teller distorted octahedral MnIII site, for the interaction between half-filled
FeIII(eg2) and empty MnIII([dx2–y2]0). Similarly, the
CrIII(t2g3eg0)–O–MnIII(t2g3eg1) SE would also be ferromagnetic for the interaction between empty CrIII(eg0)
and half-filled MnIII([dz2]1). Moreover, it is known
that the MnIII–O–MnIII SE interaction for orbitally
disordered perovskites such as LaMn1–xScxO3 and
LaMn1–xGaxO3 is ferromagnetic due to fluctuating
eg electrons.14 A similar situation would arise in
La2Fe1–xMn2xCr1–xO6 perovskites providing an additional ferromagnetic MnIII–O–MnIII pathway.
Accordingly, Mn(III) substitution provides several
ferromagnetic pathways for the SE interaction
between FeIII/MnIII, MnIII/CrIII and MnIII/MnIII in the
disordered perovskites containing all the three ions.
The Mn(III)-mediated ferromagnetism at the orthorhombic La2Fe1–xMn2xCr1–xO6 oxides showing a
maximum magnetic moment of 1⋅5 μB/f.u. for the
x = 0⋅5 sample is however much smaller than the
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Table 8. Magnetic properties of La2Fe1–xMn2xCr1–xO6 perovskite oxides.

Composition
La2FeCrO6
La2Fe0⋅9Mn0⋅2Cr0⋅9O6
La2Fe0⋅66Mn0⋅66Cr0⋅66O6
La2Fe0⋅5Mn1⋅0Cr0⋅5O6
La2Fe0⋅35Mn1⋅3Cr0⋅35O6
La2Fe0⋅25Mn1⋅5Cr0⋅25O6
La2Fe0⋅1Mn1⋅8Cr0⋅1O6
[LaMnO3⋅10]2*

Structure

μeff (μB)
(Experimental)
from C-W plot

μeff (μB)
(spin-only)
(Calculated)

Pbnm
Pbnm
Pbnm
Pbnm
R-3c
R-3c
R-3c
R-3c

6⋅41
5⋅54
5⋅02
5⋅75
6⋅39
6⋅72
7⋅53
6⋅00

7⋅06
7⋅05
6⋅98
6⋅99
6⋅97
6⋅96
6⋅94
6⋅93

Saturation
magnetization (M)
at 5 kOe, 20 K
θ (K)
(emu/mol)
–490
–295
45
120
140
145
180
170

155
275
1860
8350
20050
41650
35570
34092

Saturation
magnetic moment/
f.u. at 5 kOe,
20 K (μB/f.u.)
0⋅027
0⋅049
0⋅333
1⋅495
3⋅591
7⋅459
6⋅371
6⋅100

*Data taken from ref. 21

Figure 10. (a) Inverse molar magnetic susceptibility (1/χm) versus temperature (T) plot for La2Fe0⋅5Mn1⋅0Cr0⋅5O6
measured at 5 kOe. Inset shows the temperature dependence of magnetization at 5 kOe. (b) The temperature dependence of FC and ZFC magnetizations for La2Fe0⋅5Mn1⋅0Cr0⋅5O6 at 100 Oe. Inset shows M–H hysteresis loop for
La2Fe0⋅5Mn1⋅0Cr0⋅5O6 at 10 K.

expected magnetic moment of 4⋅0 μB/f.u; the smaller
magnitude of the magnetic moment is clearly attributable to the disordered distribution of FeIII/MnIII/
CrIII ions in the lattice. Given that BVS sums indicate an increasing MnIV content with x (table 2),
presence of a ferromagnetic component arising from
MnIII–O–MnIV DE interaction cannot be neglected in
the orthorhombic oxides.
La2Fe1–xMn2xCr1–xO6 oxides with the rhombohedral structure (x ≥ 0⋅65) show a different magnetic
behaviour as compared to the orthorhombic mem-

bers (0 < x ≤ 0⋅5). All the rhombohedral members
show a strong ferromagnetism (TC ~ 150–200 K)
with a large magnetization that progressively increases with increasing Mn content reaching a maximum
of 7⋅5 μB/f.u. for the x = 0⋅75 sample (figures 11–13;
table 8). The corresponding Curie–Weiss plots for
the high temperature magnetic susceptibility data
show a positive θ = 140–180 K that appears to increase with increasing x. Also, the paramagnetic
moment (μeff) obtained from the Curie–Weiss plots
are 6⋅39, 6⋅72 and 7⋅53 μB for the x = 0⋅65, 0⋅75 and

Manganese-mediated ferromagnetism in La2Fe1–xMn2xCr1–xO6 perovskite oxides

0⋅90 samples, respectively. Magnetization versus
temperature plots at 100 Oe for all the rhombohedral
oxides (figure 14) show a clear divergence between
the ZFC and FC data. The magnetic properties of the
rhombohedral oxides of the La2Fe1–xMn2xCr1–xO6
are by and large similar to those of LaMnO3+δ
(δ ≥ 0⋅1).20–22 The latter series of oxides showing
apparent oxygen excess non-stoichiometry are
indeed formulated as La1–yMn1–yO3 (y = δ/3 + δ),
where manganese exists in the mixed-valent
(MnIII/MnIV) state.20–22 It is the latter that actually
causes the ferromagnetic properties of LaMnO3+δ
(δ > 0⋅1) through the DE between MnIII(t2g3eg1)–O–
MnIV(t2g3eg0). For the Mn-rich rhombohedral oxides
of the La2Fe1–xMn2xCr1–xO6 members, it is likely that
both the DE between MnIII/MnIV and the SE between
FeIII/MnIV, CrIII/MnIII and MnIII/MnIII contribute to
the observed magnetic behaviour. Although it is difficult to disentangle the different contributions to the
magnetism from the limited data presented here, we
surmise that the DE is likely to be a major contributor to the magnetism of the rhombohedral oxides.
This conclusion is reinforced by the observation that
the rhombohedral oxides show a much lower
resistivity (ρ ~ 102 ohm cm) than the orthorhombic
members of the La2Fe1–xMn2xCr1–xO6 series (ρ ~
104–105 ohm cm) at room temperature.

Figure 11. Inverse molar magnetic susceptibility (1/χm)
versus temperature (T) plot for La2Fe0⋅35Mn1⋅3Cr0⋅35O6
measured at 5 kOe. Inset shows the temperature dependence of magnetization at 5 kOe.

4.
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Conclusions

La2Fe1–xMn2xCr1–xO6 perovskite oxides crystallize in
the orthorhombic (Pbnm) structure for 0 < x ≤ 0⋅5
and rhombohedral (R-3c) structure for 0⋅65 ≤ x <
1⋅0. Unlike the parent La2FrCrO6, the oxygenstoichiometric orthorhombic oxides exhibit a distinct ferromagnetism (TC ~ 200 K) that appears to

Figure 12. (a) Inverse molar magnetic susceptibility
(1/χm) versus temperature (T) plot for La2Fe0⋅25Mn1⋅5
Cr0⋅25O6 measured at 5 kOe. Inset shows the temperature
dependence of magnetization at 5 kOe. (b) M–H hysteresis loop for La2Fe0⋅25Mn1⋅5Cr0⋅25O6 at 10 K.
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