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a b s t r a c t

Hydrothermal synthesis, characterization and magnetic properties of a series of ABO3-perovskites

LaFe1�xCrxO3 (0rxr1) are reported. The alkalinity in initial reaction mixtures plays a critical role in

controlling the designed stoichiometry of the final compositions. Their magnetic properties are strongly

dependent on the compositions and a maximum magnetic moment is found for the sample at x¼0.5.

Weak ferromagnetic interaction observed for the samples from x¼0 to 0.9 arises from the presence of

Fe–O–Fe antisymmetric exchange and Fe–O–Cr superexchange interaction. The weak ferromagnetism

as well as the linear variation of the lattice parameters implies the possible random distribution of Fe

and Cr ions in B sites of the perovskites. The evolution of magnetic ordering transition temperatures has

a close relationship with substituent ratios, for the competition of antiferromagnetism and

ferromagnetism. The saturated magnetic moment shows a great improvement compared with that

for the samples synthesized by solid state method.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Colossal magnetoresistance and multiferroic materials and their
applications to memory and sensing devices have promoted
enormous interests in finding new functional materials with a large
coupling between magnetism and electronic conductivity or
electrical polarization [1–3]. The design for the materials with a
large ferromagnetic ordering is still a challenge. Previous studies on
Cr-doped rear earth (Re) ferrites, ReFe1�xCrxO3 with ABO3-perovs-
kite structures have predicted their possible strong ferromagnetic
(FM) coupling [4,5]. According to the Kanamori–Goodenough (KG)
rule, Fe(d5)–O–Cr(d3) would show FM behavior through super-
exchange interaction when Fe and Cr were arranged orderly at B
sites [6,7]. Miura and Terakura [4] performed band-structure
calculations based on the generalized gradient approximation and
the local-density approximation plus U method, and confirmed the
ground state of ordered LaFe0.5Cr0.5O3 to be ferromagnetism.
However, no saturated magnetic moment was observed experimen-
tally, for Fe and Cr ions were randomly distributed at B sites in bulk
samples [8]. Mössbauer spectrum [9] was explored to investigate
the substitution of Cr for Fe in LaFeO3 and the magnetic properties
are closely related to the Cr doping level, and antiferromagnetic
(AFM) interaction is dominated. Similar effect was found in
ReFe1�xCrxO3 (Re¼Y or Nd) systems [10,11]. Suchomel et al. [12]
ll rights reserved.
prepared the room temperature multiferroic solid BiFe0.5Cr0.5O3 at
high pressure, but it is still AFM, even though FM and ferroelectric
Bi2NiMnO6 were synthesized by a similar process [13]. So far, FM
spin order was only found in LaCrO3–LaFeO3 superlattice, artificially
created by laser molecular beam epitaxy, where layered CrO and FeO
were stacked alternately along the [111] direction [14].

At present, studies on ReFe1�xCrxO3 system were focused mainly
on the theoretical calculation. Probably due to the limitation of the
prepared method, few experiments were performed to investigate the
dependence of magnetic properties on the compositions with various
Cr-doped levels. In this study, we employed mild hydrothermal
method to synthesize our samples at relatively low temperature. This
method allows one-pot liquid synthesis and doping, and products are
usually pure phases [15–17]. Our motivation is to prepare a whole
series of LaFe1�xCrxO3 (0rxr1) and check whether B-site ordering
compositions can be formed according to the liquid nucleation
mechanism of hydrothermal reactions, different from the diffusion
mechanism of solid state reactions. In addition, the precious control
of initial reaction conditions gave designed stoichiometric composi-
tions of solids, which is obviously important for the comparison
investigation of magnetic properties.
2. Experimental section

The hydrothermal synthesis of LaFe1�xCrxO3 was carried out in
18-mL Teflon-lined stainless steel autoclave with a filling capacity
of 80%. Solutions of 0.4 M La(NO3)3, 0.4 M CrCl3 and 0.4 M
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Fe(NO3)3 were prepared in advance before synthesis. In a typical
synthetic procedure of LaFe0.5Cr0.5O3, 1 g KOH were added to
2.5 mL CrCl3 and 2.5 mL Fe(NO3)3 to get a suspension. 5 mL
La(NO3)3 and 4 g KOH were then added in sequence on vigorous
stirring for 10 min to form a mixture. The mixture was transferred
into the autoclave and heated at 513 K for 5 days. The Dark red
powder product was filtered and washed with deionized water.
Similar procedures were applied to other compositions by
adjusting the initial Fe/Cr ratios and KOH contents according to
their initial reaction compositions. Product compositions were
determined by inductively coupled plasma spectroscopy (ICP) as
well as energy dispersive spectroscopy (EDS).

Powder X-ray diffraction (XRD) data were collected on a
Rigaku D/Max 2500 V/PC X-ray diffractometer with CuKa
radiation (l¼1.5418 Å) at 40 kV and 200 mA at room tempera-
ture. The step scanning in the angle range of 201r2yr801 and
increments of 0.021 were employed. Pawley refinement was
performed with Accelrys MS Modeling software. Scanning
electron microscope (SEM) images were taken with a JEOL JSM-
6700F microscope operating at 10 kV. Hysteresis, zero-field-
cooled (ZFC) and field-cooled (FC) magnetization measurements
were performed on a SQUID magnetometer.
Fig. 1. Pawley refinement of samples (a) x¼0.2, (b) x¼0.5 and (c) x¼0.8 from XRD

data. All peaks can be well indexed in orthorhombic Pnma. Observed (J),

calculated (line), and difference (bottom) profiles are shown. The Bragg reflection

positions are marked with vertical bars.
3. Results and discussion

All samples were characterized by room temperature powder XRD
and Pawley refinements were conducted. Fig. 1 shows XRD patterns
and Pawley refinements for selected samples of x¼0.2, 0.5, and 0.8
(other samples’ XRD patterns are given in Fig. S1). Compositional
analyses by ICP and EDS gave a formula of LaFe1�xCrxO3 (0rxr1).
(EDS results for x¼0.2, 0.4, 0.5, 0.6, and 0.8 samples are illustrated in
Fig. S2.) All XRD peaks could be indexed in orthorhombic system with
space group Pnma. The lattice parameters refined by the Pawley
method are listed in Table 1 and the variation of unit cell parameters
with Cr content (x) of LaFe1�xCrxO3 is shown in Fig. 2. As seen in
Table 1 and Fig. 2, the lattice parameters of LaFeO3 and LaCrO3 are
consistent with previously reported values [18,19]. The unit cell
parameters a, b, c and volume V gradually decrease with increasing Cr
content. Such a monotonous decrease is associated with the
incorporation of smaller Cr ion (0.615 Å) into the site of Fe ion
(0.645 Å) where Fe (III) is at high-spin state [11]. The facts of pure
phase and graduate lattice decrease imply the incorporation of Cr3+

ions into B sites of the perovskites.
KOH as a mineralizer plays an important role in forming the

perovskites and changing Fe/Cr ratios of products. The mineralizing
effect was also seen in the hydrothermal synthesis of other complex
transition metal oxides [20–22]. In this work, we particularly found
that the final compositions were strongly dependent on alkalinity in
initial reactant mixture. The product Fe/Cr ratio increases with the
initial reactant alkalinity. For example, in the synthesis of LaFe0.5-

Cr0.5O3 we may start with an expecting Fe/Cr¼0.5:0.5 and an
optimum alkalinity [KOH]¼9 M in the initial composition. When
[KOH] deviated from the optimum value appreciably, such as 10,
11.4, 12.8, 14.3 and 15.6 M, the final products are LaFe0.56Cr0.44O3,
LaFe0.60Cr0.40O3, LaFe0.80Cr0.20O3, LaFe0.95Cr0.05O3 and LaFeO3,
respectively. Similar effect was found in the synthesis of LaFe0.7-

Cr0.3O3. When we fixed the Fe/Cr¼0.7:0.3, the amounts of KOH of 3,
6 and 9 M corresponded to the final products of LaFe0.70Cr0.30O3,
LaFe0.75Cr0.25O3 and LaFe0.80Cr0.20O3, respectively. Our synthesis was
monitored by composition and XRD analysis. It seems that any ratio
product in the system LaFe1�xCrxO3 could be synthesized by
controlling the alkalinity, regardless of yield. The effect of alkalinity
can be explained by oxidation of Cr species in solution [19]. We
think the mechanism is complicated; it involves not only oxidation
but also condensation, which is more or less related to the
coordinate states of metal ions at a given alkalinity. However, the
present results indicated the possible precious control of a designed
composition by alkalinity.

Fig. 3 shows SEM images of LaFe1�xCrxO3. All the products are
cubic shaped powder crystals with sizes ranging from 1 to 13 mm
in accordance with those results for previously hydrothermally
synthesized LaCrO3 [19] and LaFeO3 [23].
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The temperature dependence of magnetization was measured at
0.1 T for LaFe1�xCrxO3. As shown in Fig. 4, the magnetization strongly
depended on the composition. The magnetic moment at 4 K increased
Table 1
The unit cell parameters of LaFe1�xCrxO3 (space group Pnma).

x a (Å) b (Å) c (Å) V (Å3) Rwp (%) Rp (%)

0 5.5566(3) 7.8555(5) 5.5653(4) 242.92 7.76 4.47

0.1 5.5557(1) 7.8541(1) 5.5638(1) 242.77 5.41 3.30

0.2 5.5514(1) 7.8482(1) 5.5577(2) 242.14 5.62 2.91

0.3 5.5413(1) 7.8383(2) 5.5563(4) 241.33 7.96 5.39

0.4 5.5351(2) 7.8315(3) 5.5462(4) 240.42 5.10 3.49

0.5 5.5287(2) 7.8175(3) 5.5373(2) 239.32 4.86 3.35

0.6 5.5190(0) 7.8110(1) 5.5363(0) 238.66 3.71 2.29

0.7 5.5130(1) 7.8017(1) 5.5341(1) 238.02 4.66 3.01

0.8 5.5036(0) 7.7914(1) 5.5333(0) 237.27 3.36 1.96

0.9 5.4987(1) 7.7869(1) 5.5291(1) 236.74 3.83 2.48

1.0 5.4870(1) 7.7742(1) 5.5248(1) 235.66 4.54 3.17

Fig. 2. The unit cell parameters a, b and volume V vs. x (Cr content) of LaFe1�xCrxO3.

Fig. 3. SEM images of LaFe1�xCrxO3: (a) x¼0; (b) x¼0.1; (c) x¼0.2; (d) x¼0.3;
from 0.057 emu/g for x¼0 up to the maximum value of 2.55 emu/g
for x¼0.5, and then decreased to the minimum value of 0.030 emu/g
for x¼1.0. The small peak at T�50 K may originate from little oxygen
leakage from the equipment [24], since they have almost the same
value of �0.002 emu/g above the curve. The hysteresis loops from the
isothermal magnetization curves at 4 K for x¼0–0.9 indicated the
presence of FM behavior, as shown in Fig. 5. However, none reached
the saturation up to 5 T, indicating a weak FM interaction, which
arises from the coexistence of the Fe–O–Cr FM superexchange
interaction and Fe–O–Fe or Cr–O–Cr AFM interaction.

The maximum magnetization (Mmax) (at T¼4 K and H¼5 T)
and remnant magnetization (Mr) from isothermal magnetization
curves showed the same tendency as magnetization versus
temperature, as shown in Fig. 6. Both of them increased first
and reached a maximum at x¼0.5 with Mmax¼5.73 emu/g and
Mr¼1.74 emu/g, and then decreased to almost zero at x¼1.0. This
symmetric trend was formed by the substitution of Cr ion for Fe
ion, which entered into the lattice of LaFeO3. LaFeO3 is AFM due to
Fe–O–Fe exchange interaction. Very weak ferromagnetism of
LaFeO3, as seen in hysteresis loop, ascribed from the spin canting
due to antisymmetric exchange [25]. As Cr ions are incorporated
into the B-site, three exchange interactions may be present due to
the random distribution of the B-site cations: Fe–O–Fe, Fe–O–Cr
and Cr–O–Cr. As we know that Fe–O–Fe and Cr–O–Cr are AFM
interaction, whereas Fe–O–Cr superexchange interaction shows
FM interaction, which will enhance the magnetization. With the
increase of Cr content, the proportion of Fe–O–Cr interaction
increased, leading to the formation of inhomogeneous
distribution of FM clusters in the lattice, and reached a
maximum at x¼0.5, as seen in Fig. 6. Further incorporation of
Cr may increase the proportion of Cr–O–Cr AFM interaction, and
thus the magnetization starts to decrease. Until down to LaCrO3,
only Cr–O–Cr AFM interaction exists.

This symmetric trend was quite different from a previous
report [9], where the samples were prepared by self-propagating
high-temperature method. For those samples the peaks of Mmax

and Mr were at x(Cr)¼0.25. In our work the peaks were at x¼0.5
and the magnitudes were much higher. Our result is consistent
with theoretical prediction that LaFe0.5Cr0.5O3 should show the
(e) x¼0.4; (f) x¼0.5; (g) x¼0.6; (h) x¼0.7; (i) x¼0.8; (j) x¼0.9; (k) x¼1.0.
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Fig. 4. Temperature dependence of magnetization (ZFC and FC) of LaFe1�xCrxO3 at 0.1 T: (a) x¼0; (b) x¼0.1; (c) x¼0.2; (d) x¼0.3; (e) x¼0.4; (f) x¼0.5; (g) x¼0.6;

(h) x¼0.7; (i) x¼0.8; (j) x¼0.9; (k) x¼1.0. The inset of (g)–(k) shows the derivation of – wT vs. T curves.
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most significant superexchange interaction of Fe–O–Cr, having
the largest magnetic moment. According to the KG rule [6,7] and
theoretical calculation by Miura and Terakura [4], combined Fe–
O–Cr linkages in LaFe0.5Cr0.5O3 would show FM behavior through
superexchange interaction when Fe and Cr ions were arranged
orderly in B sites. However, no saturated magnetic moment was
found at x¼0.5 in our work, due to the mixed distribution of
Fe–O–Fe, Fe–O–Cr and Cr–O–Cr exchange interactions. The lattice
parameters vary linearly as a function of Cr content, in accordance
with Vegard’s law, also indicating the possible random distribu-
tion of Fe and Cr in B sites as shown in Fig. 2. The saturated
magnetization (Ms) was extrapolated to be 0.21mB/f.u. for
LaFe0.5Cr0.5O3, as seen in the inset of Fig. 5(b). According to a
theoretical estimation, a total magnetization value of 4mB would be
expected, corresponding to high-spin states for both Fe and Cr and
an FM ordering of all spins [5]. Although our sample’s Ms is far from
the theoretical value, it is much larger than any previously reported
value [10–12]. Azad et al. [26] presented a saturated value of
0.04mB/f.u. for the sample prepared by solid state sintering method.
Our result revealed that an increased Fe–O–Cr FM ordering could
be created in the samples from hydrothermal systems.

The compositional dependence of magnetic transition tempera-
ture was observed for samples of x¼0.6–1.0, as shown in Fig. 7. For
the samples of 0rxr0.5, transition temperatures were beyond the
measurable range of SQUID, but the M–T curves in Fig. 4 indicated
that they also followed a falling trend. At x¼0, LaFeO3 showed a
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Fig. 5. Isothermal magnetization curves for LaFe1�xCrxO3 at 4 K: (a) even

compositions and (b) odd compositions. The inset of (b) shows the saturated

magnetic moment of LaFe0.5Cr0.5O3 per formula unit.

Fig. 6. The maximum magnetization (Mmax) (upper) and remnant magnetization

(Mr) (lower) as a function of x (Cr content). Both curves followed a similar

symmetric trend and reached a peak at x¼0.5, with Mmax¼5.73 emu/g and

Mr¼1.74 emu/g.

Fig. 7. The evolution of magnetic transition temperature with various Cr content.

For 0rxr0.5, the transition temperatures were beyond the allowed range of

SQUID.
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well-known AFM behavior with TN¼740 K [18]. The introduction of
Cr increased the probability of Fe–O–Cr superexchange interaction
and formation of FM clusters. The magnetic transition temperature
decreased due to the presence of Fe–O–Cr FM interaction, as
observed in LaMn0.85Cr0.15O3+d with various oxygen contents [27].
The magnetic ordering transition temperature shows a minimum
value at x¼0.9, where FM phase still presented in this region. Above
x¼0.9, the AFM transition temperature increased up to 256 K for
LaCrO3, due to the overwhelming AFM interaction of Cr–O–Cr. This
value is smaller than other literature values of �290 K for LaCrO3

prepared from the solid state method [18]. This is possibly
correlated with local structural change and oxygen-rich surface of
hydrothermal samples [28]. It is the characteristic of hydrothermal
reaction, e.g., producing expanded cell and more hydroxyl groups on
the surface of samples [19].
4. Conclusions

A whole series of compounds LaFe1�xCrxO3 (0rxr1) was
synthesized by mild hydrothermal method. Hydrothermal reac-
tion is suitable to form well-crystallized products and alkalinity of
initial reactant composition is a critical factor to control
preciously the Fe/Cr ratios of final products. The substitution of
Cr ions for Fe ions affects the relative proportion of Fe–O–Cr
ferromagnetic superexchange interaction, and thus results in a
symmetric change of magnetic measurement with maximum at
x¼0.5. The frustration of antiferromagnetism and ferromagnet-
ism leads to the decrease of magnetic ordering transition
temperature. Despite Fe3 + and Cr3 + ions being distributed
randomly in the B-site, an enhanced saturated magnetic moment
of 0.21mB/f.u. was obtained for the sample with x¼0.5. Our results
indicate that the hydrothermal synthetic approach can be applied
to prepare magnetic ordering materials.
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Appendix A. Supplementary Material

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.jssc.2010.04.041.
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