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Abstract. NdFeO3 single crystals have been grown by optical floating-zone technique using Nd2O3 and Fe2O3 as the
source by solid-state reaction method. The crystalline structure of NdFeO3 belongs to orthorhombic symmetry and the
presence of a distorted perovskite structure was confirmed by powder X-ray diffraction (XRD) analysis. From the XRD
results, it is visualized that the lattice expansion has been observed in the unit cell parameters which may appear due to
interstitial defects in the NdFeO3 matrix. The deficiency of oxygen atoms and the presence of excess Fe ions in NdFeO3
have been confirmed with EDX spectra. The spin-reorientation region (T = 120 K) exhibits lower coercive field and the
hysteresis loops depict enhanced magnetization (Ms and Mr) values of NdFeO3 single crystal. Presence of compensation
temperature point at Tcomp = 7.5 K denotes the anti-parallel alignment of rare-earth ions with Fe magnetic moments. At
high temperatures, Fe3? magnetic moments show strong antiferromagnetic interactions ensuing in Neel temperature (TN)
at 690 K.
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Introduction

The rare earth orthoferrites (RFeO3) of perovskite structure
have attracted much attention owing to its wide applications
in solid-oxide fuel cells, magneto-optical materials, catalysts and gas sensors [1–4]. They exhibit long range multiferroic property at room temperature due to the super
exchange interactions between Fe3? and R3? magnetic
sublattices, leading to potential applications in actuation,
memory and sensing portfolios [5]. Also, these magnetic
interactions give rise to properties, such as high domain
wall velocity, weak ferromagnetism and spin re-orientation
phenomena (SR) for magnetic field sensors, magneto-optical data storage applications, etc. [6]. NdFeO3, a distorted
perovskite-structured RFeO3 compound, crystallizes
orthorhombically with the space group Pbnm. It has Nd3?
ions at the centre surrounded by FeO6 octahedral arrangement as depicted by using the tilting Glazer system a?a-a[7–9]. The magnetic symmetry as per Bertaut notation has
been denoted as GxAyFz, where Nd magnetic moments
follow C-type antiferromagnetic ordering with Gx configuration at TN = 1.5 K [9,10]. The magnetic ordering of Fe3?
ions exhibit G-type canted antiferromagnetism below the
Neel temperature (TN) at about 690 K. In addition, the
magnetic moments of Fe3? ions lead to the combined Gx
and Gz type of magnetic ordering at low temperatures.

Owing to this, a relatively high spin re-orientation temperature occurs in NdFeO3 at 100 and 200 K, respectively.
Over the past decade, optical floating zone is the most
effective method for the growth of high quality oxide
single crystals. It provides advantages of being non-polluting, grain boundary free, large size crystals having
higher growth rate. Most of the single crystals for device
applications can be extensively prepared using float zone
furnaces depending on its growth parameters, stability of
the molten zone, quality of the polycrystalline rods,
chemical composition, etc. [11]. Several routes have been
used to prepare polycrystalline NdFeO3 ceramics and
nanoparticles [12–15]. However, there are very few reports
on the single crystal growth of NdFeO3 focussing on its
compositional, structural and magnetic properties. Bartolome et al [16] reported on the single crystal growth of
NdFeO3 by flux method and studied the magnetic symmetry of Nd ions at low temperature. By employing
hydrothermal route, NdFeO3 single crystals were prepared
and studied under high pressures at about 65 GPa for its
structural and optical absorption [17]. Further, Yuan et al
[18] had investigated on the spin-reorientation region in
NdFeO3 single crystal grown by optical floating-zone
technique. Similarly, NdFeO3 single crystals prepared at
different growth rates by using float zone technique was
also investigated [7].
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In the present work, we have made attempts to grow
NdFeO3 single crystals by optical floating-zone technique.
The melt instability leads to overflow of melt and poor
quality single crystals were grown using stoichiometric
ratio of Nd2O3 and Fe2O3. This instability might be due to
the presence of iron deficiency. To overcome this problem,
excess Fe has been added to the stoichiometric composition
of NdFeO3. Effect of excess iron does not show much
influence on the structure, but greatly influences on magnetic properties of NdFeO3 single crystal to use it for
multiferroic applications.

2.

Experimental

Solid-state reaction method was employed for the
preparation of a polycrystalline homogeneous mixture
required for the crystal growth of NdFeO3 single crystals.
The high purity Nd2O3 (99.999%) and Fe2O3 (99.999%)
were mixed in stoichiometric ratio and excess Fe was
added to it. The materials were pre-heated at 1073 K for
4 h. The pre-heated mixture was further sintered at 1273
K for 12 h, followed by grinding and re-heating at 1073
K for 10 h. The grinding and sintering processes were
carried out several times to obtain single phase NdFeO3.
The synthesized polycrystalline materials were investigated using powder X-ray diffraction (XRD) and it confirmed the formation of orthorhombic phase. The feed
and seed rods were prepared in a cold-isostatic pressing
machine at a pressure of about 70 MPa for 20 min.
Further, these rods were sintered at 1473 K for 24 h in air
atmosphere.
Crystal growth experiments on NdFe1?xO3 (x = 0 and
0.03 mol%) were carried out using an optical floating-zone
instrument (FZ-4000-H-HR-I-VPO-PC, Crystal Systems
Corporation, Japan) equipped with four ellipsoidal mirrors
and halogen lamps (1000 W). During the crystal growth
process, halogen lamps at the focal point of the mirror
furnace create high temperature molten region. The temperature of this hot zone can be controlled by adjusting the
power of the halogen lamps [6]. The upper and lower shafts
of the instrument were counter rotated at 30 rpm under air
flow of 5 l min-1. The optimal growth rates of as-grown
crystals were 6 mm h-1. The 0.03 mol% of excess Fe gave
good quality single crystals, whereas in pure NdFeO3 melt
instability resulted in melt overflow. The NdFe1.03O3 single
crystal of about 8 mm in diameter and 40 mm in length
were obtained. The structural analysis on the single crystal
samples were carried out using (PANalytical X’Pert) powder X-ray diffraction system using CuKa radiation with a
scan speed of 1.2° min-1. The elemental composition and
the deficiency of oxygen atoms have been confirmed by
using INCA Energy 250 Microanalysis System (EDAX).
The temperature-dependent magnetization measurements
(20–300 K) under zero-field cooled–field cooled (ZFC–FC)
modes and at high temperatures (300–900 K) were carried
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out using vibrating sample magnetometer (LAKESHORE
VSM 7410).

3.
3.1

Results and discussion
XRD analysis

Figure 1a shows the photograph of as-grown NdFeO3
crystal with excess Fe. The clear reflection of Laue spots
(figure 1b) confirmed the good quality of NdFe1.03O3 single
crystal. The XRD and Rietveld refinement patterns of single
crystalline NdFeO3 and NdFe1.03O3 samples were depicted
in figure 1c. The obtained XRD data confirms the singlephase growth of NdFeO3 with no evidence of secondary
phases. It belongs to the orthorhombic perovskite structure
and the diffraction peaks were indexed using the ICSD
pattern no. 98-007-8587. The Rietveld refinement was
carried out using FULLPROF program. The XRD pattern
was fitted using pseudo-voigt and 6-coefficients polynomial
functions [5].
On comparing the literatures [5,9], it has been observed
that there is a small increment in the lattice parameters and
unit cell volume of excess Fe-contained NdFeO3 single
crystals (table 1). It might be due to the incorporation of
Fe3? ions in to the interstitial site of NdFeO3 lattice,
resulting in the expansion of unit cell. This can also be
attributed to the increase in the lattice spacing or the presence of residual strain due to the addition of excess Fe3?
ions. There is no large variation observed.

3.2

Composition analysis

The composition of NdFeO3 single crystals were obtained
by energy dispersive X-ray spectrum (EDX). Figure 2a and
b shows the EDX spectra of pure and excess Fe-added
NdFeO3 samples. The elemental composition of NdFeO3
samples obtained from EDX spectrum is shown in table 2.
The spectra of pure sample (figure 2a) revealed the
presence of Nd, Fe and O close to the stoichiometric
composition, whereas the spectra of excess Fe-added sample shows less at% of oxygen than the starting composition
(as listed in table 2). This indicates the presence of oxygen
vacancies in the excess Fe-added NdFeO3 single crystals, in
agreement with the refined XRD results of the sample.

3.3

Magnetic measurements

3.3a Temperature-dependent magnetic measurements at
ZFC–FCC mode: Figure 3a and b shows the M–T measurements of excess Fe-added and pure NdFeO3 single
crystals under zero-field cooled (ZFC) and field-cooled cool
(FCC) protocols. These measurements were performed in
the temperature range of 5–360 K at an applied magnetic
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Figure 1. (a) As-grown NdFe1.03O3 (111) orientation single crystal. (b) Laue back reflection diffraction pattern of
the grown crystal and simulated pattern. (c) Rietveld refinement pattern of NdFeO3 and NdFe1.03O3 single crystals.

Table 1.

Calculated structural parameters of NdFe1?xO3 single crystals.
Lattice parameters

Sample
NdFe1?xO3
x=0
x = 0.03

a

b

c

Volume (Å)3

Microstrain (e)

5.590 ± 0.026
5.561 ± 0.002

7.761 ± 0.066
7.784 ± 0.005

5.454 ± 0.017
5.500 ± 0.004

236.82
238.18

0.0019
0.0049
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Figure 2. EDX spectra of NdFe1?xO3 single crystals: (a) x = 0
and (b) x = 0.03.
Table 2. Elemental composition of NdFeO3 single crystals using
EDX spectra.
Nd

Fe

O

Element

At%

Wt%

At%

Wt%

At%

Wt%

x=0
x = 0.03

18.39
20.40

57.12
40.19

16.27
25.19

19.56
32.70

65.07
54.41

22.41
27.11

field of 100 Oe. From the M–T data (figure 3a) of excess Feadded sample, the spin re-orientation transition (DT = TSR2
– TSR1) was observed in a broader temperature range of
about 40–170 K (as pointed by the dotted lines). We note
that the TSR point shows a wider transition range with
excess Fe in the composition. This transition range is larger
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than the reported value of NdFeO3, which exists in the
temperature range of 100–170 K [5,8,19]. Reason for the
wider TSR might be due to the domination of Fe3?–Fe3?
interaction over the Nd3?–Fe3? interactions at low temperatures. It can also be ascribed to complex exchange
interactions between Nd3?–Fe3? and Fe3?–Fe3? interactions. Since excess Fe was added to the stoichiometric
composition, the observed magnetic behaviour shows spin
re-orientation transition (TSR) at low temperatures with
dominant Fe3?–Fe3? interactions [19,20]. In FCC mode of
excess Fe-added NdFeO3, the magnetization reaches a
maximum value at 40 K and continues to remain constant
till 18 K. Since, the FCC magnetization curve increases at
low temperature, it indicates the presence of antiferromagnetic ordering [5]. In ZFC mode (figure 3a), the magnetization curve experiences a sudden variation from negative
to positive value at 40.9 K. As reported for rare-earth-based
orthoferrites, the occurrence of sign reversal of magnetization is a clear demonstration that the magnetic ground
state must be unstable and it is capable of small distortions
due to the strong competitions between 3d and 4f electrons
of the two sublattices [8]. It can also be attributed to the
antiparallel alignment of Nd spin moments with net Fe
magnetic moments [19,20,21]. Further, this observed sudden increase in the magnetization can also be ascribed to the
ordering of paramagnetic Nd3? ions at low temperatures.
This magnetization reversal takes place at a particular
temperature called compensation temperature (Tcomp) where
the net magnetic moment of Fe and R sublattices have equal
magnitude, but reversed orientation [19,21,22]. Then, the
magnetization under FCC mode is found to cross the ZFC
magnetization at 7.5 K, corresponding to the compensation
temperature point (Tcomp) of NdFeO3 [19]. Above the
compensation temperature at 7.5 and \40.9 K, a negative
magnetization was observed. It can be due to the smaller
magnetic moments of rare-earth sublattices than that of Fesublattices [5,19,20,23]. The negative value of magnetization indicates that its direction is opposite to that of the

Figure 3. Temperature-dependent magnetization measurements
(b) NdFeO3 single crystals in ZFC–FCC conditions at 100 Oe.

of

(a)

NdFe1.03O3

and
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Figure 4. M vs. H measurements of (a) NdFe1?xO3 (x = 0.03) and (b) pure NdFeO3 at H =
100 Oe. Inset: magnified M vs. H measurement at 100 K.

Table 3.

Magnetization values with respect to composition and temperature.

Temperature
(K)
50
100
300

Fe content
(x) NdFe1?xO3
x
x
x
x
x
x

=
=
=
=
=
=

0.03
0
0.03
0
0.03
0

Saturation magnetization (Ms)
(emu g-1)

Remanent magnetization (Mr)
(emu g-1)

Coercivity (Hc)
(Oe)

10.002
2.168
6.709
2.565
2.237
0.521

0.343
0.205
0.657
0.415
0.494
0.0984

311.2
295.7
276.1
234.4
1905.1
787.2

applied magnetic field. Similar magnetic behaviour has
been observed with various rare-earth orthochromites
[23–25].
In case of pure NdFeO3 sample (figure 3b), the TSR exists
between 120 and 150 K, consistent with earlier reports
[5,7,9,18]. The bifurcation of ZFC–FCC curves increases
and the samples exhibit magnetic irreversibility [150 K.
Further, the field-cooling measurements (FC) show
increased magnetization at low temperature, indicating the
presence of antiferromagnetic ordering. However, the
results show identical curves above 150 K, which is the
onset of paramagnetic ordering. In perovskite oxides, these
magnetic ordering occurs due to the interactions between
Fe–O–Fe and Nd–O–Fe ions at low temperatures.
3.3b M–H measurements: M–H measurements of
NdFe1.03O3 and NdFeO3 single crystals at low temperature
were shown in figure 4. In accordance with the transition
points in ZFC–FC curves, M–H hysteresis loops were
recorded at 50, 100 and 300 K under an applied magnetic
field of 16 kOe. For NdFe1.03O3 (figure 4a), non-saturating
rectangular hysteresis loops were obtained at 50, 100 and
300 K. This signifies the presence of canted antiferromagnetic nature (weak ferromagnetism) of NdFe1.03O3 below
Neel temperature. In comparison with pure NdFeO3 sample

(figure 4b), NdFe1.03O3 single crystal shows enhanced saturation magnetization (Ms), remanant magnetization (Mr)
and coercivity (Hc). These magnetization values (table 3)
with excess Fe concentration was found to be higher than
the previously reported works on NdFeO3 single crystal and
polycrystalline samples [8,15].

Figure 5. High temperature dependence of magnetization measurements at an applied magnetic field of 500 Oe.
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As reported by Yuan et al [18], the coercivity
decreases in the re-orientation region at 100 K and the
loops appear broader with large coercivity below and
above TSR region. At room temperature, both the samples
exhibit a drastic increase in the coercive field. The reason
for this enhanced magnetic property in NdFe1.03O3 single
crystal can be due to the structural distortions caused by
slightly canted magnetic ordering of excess Fe3? spins,
which gives rise to weak ferromagnetic behaviour at low
temperature.
3.3c High temperature magnetization measurements:
Figure 5 shows the high temperature magnetization measurements (300–1000 K) of pure and NdFe1.03O3 single
crystals. It was observed that the Neel temperature (TN)
increases to 690 K, in comparison with the as-synthesized
NdFeO3 which shows a magnetic transition temperature of
657 K. Earlier reports demonstrate that one of the possibility which leads to the decrease in TN would be due to the
random incorporation of Nd and Fe ions at the cationic site
at high temperature [26]. In case of rare-earth orthoferrites,
the relation between structural distortions and superexchange interactions of R3? and Fe3? magnetic sublattices,
influences TN to a larger extent [5,22,23]. It was also proposed that there might be a deficiency in oxygen atoms [21]
in the lattice which pose as favourable sites for incorporation of excess Fe3? ions resulting in an expansion of lattice
and structural distortion of the system. Hence, it can be
concluded that there might be an incorporation of Fe3? ions
in the vacant sites exhibiting strong ferromagnetic (Fe–O–
Fe) interactions over the weak AFM interactions at higher
temperature.

4.

Conclusions

NdFeO3 single crystals were successfully grown using
optical floating-zone technique. Powder XRD analysis
confirmed that there is no remarkable variation in the pure
and excess NdFeO3 materials, but excess Fe influences the
magnetic properties of NdFeO3. It is also evident from M–T
curves that the structural distortions caused by Fe3? spins,
shows the magnetic transitions (antiferromagnetic ordering)
at low temperatures with increased magnetization. The
appearance of Tcomp manifests that the net moment of rareearth ions are anti-parallel to that of Fe3? moment in
NdFeO3. High temperature M–T measurement for NdFeO3
single crystals with excess Fe concentration confirms the
antiferromagnetic to paramagnetic transition at 690 K.
However, Neel temperature reduces to 657 K for stoichiometric NdFeO3 samples. This reduction in TN might be due
to the oxygen deficiency and superexchange interactions
between R3? and Fe3? ions. In addition, M–H measurements exhibited narrow hysteresis loops in the spin-reorientation region (100 K). The samples also show reduced
coercive field below TSR region and drastic increment in the
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coercivity at room temperature. This property in NdFeO3
can be used in recording media and magnetic data storage
applications.
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