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Nd-ordering-driven Mn spin reorientation and magnetization reversal
in the magnetostructurally coupled compound NdMnO3
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A detailed neutron diffraction study on NdMnO3 infers that the low temperature transition at 15 K is due to
the ordering of Nd sublattice moment with a (0,−Fy, 0) type spin arrangement. Interestingly, the ordering of the
Nd sublattice drives a reorientation (by 180◦) of the net ferromagnetic moment of the Mn sublattice along the b

axis. Such a Mn spin reorientation from (Ax, Fy, 0) (with an antiferromagnetic ordering temperature of 73 K)
to (Ax,−Fy, 0) at 15 K, explains the magnetization reversal phenomenon present in this perovskite compound
at 15 K. Moreover at 15 K, significant crystallographic structural distortions in terms of temperature variations
of lattice parameters and bond angles are found. A sign change in the temperature variation of magnetic entropy
is also found at 15 K. The present study signifies the role of rare-earth (Nd) moment ordering in tuning various
physical properties, such as magnetocaloric and magnetoelastic of the larger size (>0.912 Å) R ion based RMnO3

compounds.
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I. INTRODUCTION

The perovskites ABO3 are an important class of com-
pounds that show a multitude of physical properties, such
as superconductivity [1], colossal magnetoresistance (CMR)
[2], ionic conductivity [3], photovoltaics [4], ferroelectricity
[5], piezoelectricity [6], and novel magnetism involving spin,
orbital, and charge ordering [7]. Such properties are of great
importance in fundamental science and practical applications.
Particularly, in rare-earth (R) manganites, RMnO3, the transi-
tion metal ions (Mn, Fe, etc.) and their oxidation states play
crucial roles in controlling their various magnetic and electric
properties, viz. spin dependent transport [8], multiferroic be-
havior [9], half-metallic ferromagnetism [10], and charge and
orbital ordering [11]. The R ions of different sizes, on the other
hand, help to access different regimes of structural modulations
[12] in RMnO3 compounds; which in turn dictate many
physical phenomena, such as magnetoelectric effect, spin re-
orientation, and magnetoelastic effect. Apart from controlling
the structural modulations, low temperature magnetic ordering
of rare-earth ions in RMnO3 (R = Yb, Ho, Er, Eu, Dy, Gd, Tb,
Sm) compounds [9,13–18] introduces finite and anisotropic
f-d exchange interactions that affect the delicate balance of
charge, orbital, and spin ordering in RMnO3 compounds. Such
f -d exchange interactions can also affect the magnetoelectric
coupling found in many multiferroic RMnO3 compounds
[19]. For example, neutron diffraction study in orthorhombic
DyMnO3 multiferroic compound infers that Dy moment
ordering plays an active role in controlling its ferroelectric
polarization [20]. Besides, strong f -d (between paramagnetic
rare-earth and magnetically ordered 3d transition metal ions)
exchange interactions in several hexagonal RMnO3 (R = Ho,
Yb, and Er) manganites lead to Mn spin reorientation transition
below the ordering temperature (TN ) of Mn moments [9]. In a
similar manner, R moment ordering also is expected to cause
(further) reorientation of Mn spins in RMnO3 compounds.
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However, such a spin reorientation, due to ordering of R

moments, has been reported only for the hexagonal RMnO3

compounds with smaller size R ions (R: Ho, Er, and Yb) [9,21].
In the present work, we have observed a clear evidence of Mn
spin reorientation transition at Nd moment ordering (15 K) in
an orthorhombic NdMnO3 compound. Our study also provides
a microscopic understanding of the observed magnetization re-
versal phenomenon (in a field-cooled dc magnetization study)
at the Nd moment ordering in NdMnO3 compound. Such
compounds showing the magnetization reversal phenomenon
have technological potential for device applications, such as
thermally assisted magnetic random access memories, bipolar
magnetocaloric, and spin resolving devices [22–31]. In the
present study we bring out the role of Nd moment ordering
in explaining technologically important spin reorientation and
magnetization reversal phenomena in NdMnO3.

NdMnO3 shows a variety of interesting physical and
chemical properties, such as phase segregation and nonideal
oxygen stoichiometry [32–40], positive and negative exchange
bias [41], negative magnetization involving magnetization
reversal [33–37,41], and magnetoelastic effect [42]. This
manganite compound also exhibits a sizable magnetocaloric
effect [43] with magnetic entropy change (−�Sm) reaching a
maximum of ∼4 J/kg K (under 50 kOe magnetic field) at low
temperatures. The magnetocaloric effect is more pronounced
in nanoparticles of NdMnO3 [43].

NdMnO3 possesses an orthorhombic (space group: Pnma or
equivalent space group Pbnm) crystal structure [38,42,44–49]
at room temperature, and undergoes a first order Jahn-Teller
(JT) phase transition from an orbitally ordered phase to
an orbitally disordered phase with increasing temperature
(TJT) around 600 − 800 ◦C [50]. Moreover, the compound
is reported [45,51] to show a sharp drop of the electrical
resistivity and thermoelectric power above the TJT. This drop is
associated with the transition from the cooperative JT ordered
phase (below TJT) to a disordered phase with fluctuating JT
distortions where phonon assisted conductivity enhancement
is reported [51]. Though the compound shows a variety of
such interesting physical properties, it does not show any
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ferroelectric order (in contrast to other RMnO3 perovskites
[52], R: Tb, Dy, Eu).

The reported dc magnetization [33–36,41,47,53], ac sus-
ceptibility [45,46,48,53], and specific heat data [48,54] indi-
cate that a magnetic phase transition occurs around 75 K (TC)
in NdMnO3. Neutron diffraction experiments [35,38,42,47]
reveal that this transition corresponds to the ordering of
the Mn sublattice with (Ax, Fy, 0; Pnma setting) type spin
arrangement. The Mn moments are antiparallel in two adjacent
ac planes, and a net ferromagnetic (FM) moment appears along
the b axis. Another peak in the ac susceptibility [45,46,48,53]
as well as in the heat capacity data [48,54] is reported at a
lower temperature around 15 K indicating a second magnetic
transition in NdMnO3. However, there are conflicting reports
about this low temperature magnetic transition. Even strikingly
dissimilar results are reported in different zero-field (ZF)
neutron diffraction studies. For example, Wu et al. [46,55] have
concluded that the low temperature transition corresponds to
the reorientation of the Mn spins, and no evidence of the Nd
ordering is seen down to 1.8 K. On the other hand, Muñoz
et al. [47] and Mihalik et al. [38] have reported an ordering
of the Nd sublattice around 15 K with a FM arrangement of
the Nd and Mn moments. Chatterji et al. [42] have inferred an
A-type antiferromagnetic (AFM) order of Mn moments around
80 K, whereas a FM component in Mn moments develops only
when the Nd moment orders around 15 K. On the other hand,
the x-ray magnetic circular dichroism (XMCD) measurements
[37] (under 1 and 50 kOe fields) infer a FM coupling between
the Mn and Nd moments in the entire temperature range
below the TC (∼75 K) of this compound. Here we stress
upon the fact that the reported low temperature transition
does not depend on the sample preparation conditions as the
contradicting reported results on “NdMnO3” are independent
of the sample stoichiometry. In fact, both magnetic transitions
are reported in the stoichiometric [41–43,46–48,55] as well as
in the off-stoichiometric compounds, viz. NdMnO3+δ [38,53],
Nd0.93MnO2.96 [34,35], Nd0.9MnOy (2.85 � y � 2.93) [33],
and NdMnO3.11 [36,37].

Most interestingly, the low temperature magnetic transition
around 15 K coincides with the appearance of a magnetization
reversal [22] in field-cooled dc magnetization studies where the
temperature dependent magnetization changes its sign at the
magnetic compensation temperature (TComp) of ∼15 K. Such a
magnetization reversal has been reported in off-stoichiometric
Nd0.9MnO3−δ [33,40], Nd0.93MnO2.96 [34,35], NdMnO3.11

[36,37] as well as stoichiometric NdMnO3 [41] compounds.
However, an explanation of the negative magnetization has
been elusive so far. For example, Ihzaz et al. [34,35], on the
basis of ZF neutron diffraction study, have concluded that a
rearrangement of the Mn sublattice moments of the two phases
(viz. NdMnO3 and Nd0.9MnO3) of Nd0.93MnO2.96 compound
around the Nd sublattice ordering temperature results in a
negative magnetization. On the other hand, Bartolomé et al.
[36,37], using ZF neutron diffraction and field-dependent
XMCD studies, have interpreted the magnetization reversal
in phase segregated NdMnO3.11 as a consequence of slow dy-
namics of FM (oxygen-rich) clusters, which are antiferromag-
netically coupled with the (oxygen-poor) canted-AFM matrix
at low temperatures. Field-cooled dc magnetization study by
Hong et al. [41] have shown the presence of the magnetization

reversal as well as of an exchange-bias reversal in the stoi-
chiometric NdMnO3 compound. The authors have conjectured
that the AFM coupling between the Nd moments and the FM
Mn moments causes a negative magnetization in the NdMnO3

compound. A detailed investigation of the magnetization rever-
sal phenomenon in the NdMnO3 system is, therefore, required.

We have, therefore, employed ZF neutron diffraction along
with field-cooled (10 Oe) neutron depolarization [56,57] to
gain a microscopic as well as mesoscopic understanding of
the low temperature magnetic ordering and its relation to
the magnetization reversal phenomenon in NdMnO3. In our
present study on the stoichiometric NdMnO3 compound, we
will show that the Mn sublattice orders with a (Ax, Fy, 0) or
equivalent (Ax, −Fy, 0) spin arrangement at 73 K, whereas
the Nd sublattice ordering at 15 K with a (0, −Fy, 0) spin
arrangement is accompanied by the reorientation of the Mn
spins from (Ax, Fy, 0) to (Ax, −Fy, 0). The magnetic order-
ing of the Nd moments, coupled with the Mn spin reorientation,
induces the magnetization reversal in NdMnO3. Additionally,
consequences of the Nd ordering on the magnetocaloric effect
and on the structural distortions are revealed. The observed
magnetostructural effects, produced by spin-lattice coupling,
bear importance for the explanation of the multifunctional
properties of perovskites. In particular, the present study
reveals the importance of the unique observation of the
rare-earth moment ordering and its consequence on the Mn
spin reorientation with regard to all other RMnO3 compounds
with ionic size of R ions larger than 0.912 Å.

II. EXPERIMENT

The polycrystalline NdMnO3 compound was prepared by
solid state reaction method. A stoichiometric mixture of Nd2O3

and MnO2 was heated initially at 1000 ◦C for 12 h, and then
allowed to cool down to room temperature. Following this,
the sample was ground, palletized and then heated at 1300 ◦C
for 60 h in a carbolite furnace. The single phase crystalline
nature of the compound was confirmed by x-ray diffraction
(not shown). In order to study the crystal structure of the
compound, room temperature neutron-diffraction data were
recorded using the high-resolution powder diffractometer,
D2B (λ = 1.594 Å) at the Institut Laue Langevin (ILL),
Grenoble, France, whereas the evolution of the magnetic
ordering was studied by recording high intensity thermal
diffractograms using the high flux neutron diffractometer,
D1B (λ = 2.52 Å) as well at ILL. Neutron depolarization
experiments were carried out using the polarized neutron
spectrometer at Dhruva reactor, Trombay, Mumbai, India.
For diffraction measurements, a liquid helium cryostat was
used, whereas a closed cycle helium refrigerator (CCR) was
used for depolarization measurements. For depolarization
measurements, the sample was cooled down to 5 K in a
10 Oe field applied in the direction of incident neutron beam
polarization. The transmitted neutron beam polarization was
measured in the warming cycle by keeping the 10 Oe field
“ON.” dc magnetization of the compound was measured
in both the zero field-cooled (ZFC) and field-cooled (FC)
conditions as a function of temperature down to 5 K and
magnetic field up to 50 kOe using a commercial vibrating
sample magnetometer. The ac susceptibility measurements
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FIG. 1. Rietveld refined neutron diffraction pattern (at 300 K,
λ = 1.594 Å) of NdMnO3. The observed and fitted patterns are shown
by open circle (o) and solid line, respectively, and their difference is
plotted at the bottom. The short vertical lines represent the positions
of nuclear Bragg peaks under the Pnma (No. 62) space group. Here
Q {= (4π sin θ )/λ; θ = Bragg angle} is the magnitude of the scat-
tering vector.

were carried out as a function of temperature down to 5 K
using a commercial ac-susceptibility probe.

III. RESULTS AND DISCUSSION

A. Crystal structure

Figure 1 shows the Rietveld [58] refined room temperature
neutron diffraction pattern, recorded using the high resolution
diffractometer D2B. The crystal structure is indexed to an
orthorhombic phase (space group: Pnma) with lattice constants
a = 5.6967(2) Å, b = 7.5873(1) Å, and c = 5.4097(1) Å; as
reported in previous studies [34,38,44,46,47]. The Nd and Mn
cations occupy the 4c (x, 1/4, z) and 4b (0, 0, 1/2) crystal-
lographic positions, respectively, whereas the oxygen anions
occupy the 4c (x, 1/4, z) and 8d (x, y, z) crystallographic
positions. The Rietveld analysis infers the stoichiometric
(3.00 ± 0.01) value of oxygen content. The thermogravimetric
analysis (not shown) over a temperature range of 50 − 1200 ◦C
on the present sample infers that the maximum variation
of oxygen content (δ) is ±0.03. The structural refinement
has been carried out by considering the strain model No.
3 in the Rietveld refinement method [58]. The strain is
found to be maximum for the (400) Bragg plane. We can
exclude, for our sample, the two phase scenario as reported
by Ihzaz et al. [34,35], as a structural refinement assuming
the two phases, viz. NdMnO3 and Nd0.9MnO3, resulted in a
poorer fit of the diffraction data. Moreover, a fitting of the
neutron diffraction data in a structure with lower symmetry
(monoclinic, space groups: P 21/c and P 21/m) [53,59] did not
result in any improvement in the goodness of fit (χ2). Hence,
the orthorhombic structure (space group: Pnma) is used for all
the subsequent neutron diffraction data analysis.

B. Magnetic ordering

1. dc magnetization and ac susceptibility

The FC dc magnetization curves, under different cooling
magnetic-fields (H ), are depicted in Fig. 2(a). The large growth

FIG. 2. (a) Field-cooled dc magnetization curves at various
cooling fields showing negative magnetization below ∼15 K for
H � 1 kOe. (b) Real part of ac susceptibility (χac) curve at 97 Hz,
showing two magnetic transitions at 73 and 15 K, respectively.

of magnetization below ∼ 75 K (under low applied field) indi-
cates the onset of magnetic ordering [36,41,47]. Interestingly,
the temperature dependent magnetization for H � 1 kOe starts
decreasing below 20 K, and becomes negative (opposite to
the measurement field) below the compensation temperature
(TComp) of ∼ 15 K. For H > 1 kOe, the magnetization remains
positive throughout the measured temperature range, however,
a down turn is observed around the TComp until H > 10 kOe.
Both magnetic transitions also have their signatures in the ac
susceptibility (χac) curve, depicted in Fig. 2(b). The presence
of a huge peak in the real part of χac around 73 K indicates the
development of bulk magnetic ordering in NdMnO3 [46]. At
a lower temperature of around 15 K, a small peak is seen, and
it has been interpreted in the literature either as a signature of
a Mn spin reorientation [46,55] or of the Nd sublattice [36,47]
ordering. The coincidence of this low temperature magnetic
transition with the occurrence of the magnetization reversal
[Fig. 2(a)] can be clearly seen. In order to resolve the nature
of low temperature magnetic transition, experimental tools,
such as neutron diffraction and neutron depolarization are very
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FIG. 3. Transmitted neutron beam polarization curve for
NdMnO3 compound.

much essential, and have, therefore, been employed by us to
get a clear understanding of magnetic ordering at the atomic
as well as at the domain level.

2. Neutron depolarization

Neutron depolarization measurements (Fig. 3) have been
carried out in the temperature range of 3–140 K. In a
neutron depolarization experiment [56,57,60], a polarized
neutron beam is made to pass through a sample, and the
transmitted neutron beam polarization is recorded as a function
of temperature. During the passage, the magnetic moments of
the polarized neutrons precess around the local magnetic field
of randomly oriented magnetic domains resulting in a loss
of neutron beam polarization. Such a neutron depolarization
experiment gives a fairly good estimate of the temperature
evolution of magnetization as well as of the size of magnetic
domains/clusters [13,61–66]. The observed decrease in the
neutron beam polarization below 73 K infers a magnetic order-
ing in NdMnO3 with nonzero domain magnetization. Below
20 K, the neutron beam polarization shows an incomplete
recovery in the form of a peak with a maximum around 15 K
which coincides with the low temperature peak in the χac curve
[Fig. 2(b)] as well as with the TComp in the dc magnetization
curves [Fig. 2(a)] for H � 1 kOe. Below 15 K, the neutron
beam gets further depolarized with lowering of temperature.
The recovery of the neutron beam polarization around 15 K
indicates a net decrease in the magnetic field integral (product
of domain magnetization and domain size) of the individual
magnetic domains [57]. As our neutron diffraction results
(presented later) do not show any evidence of a decrease of
the magnetic correlation length over this temperature range,
only a net decrease in the individual domain magnetization
can explain the decrease of the magnetic field integral at
T = TComp. A full recovery of the neutron beam polarization
at TComp cannot be observed due the temperature variation
of the sample over the area (30 mm × 15 mm) exposed to
the neutron beam. Temperature dependent neutron diffraction
experiments, described below, have been carried out to shed
light on the microscopic nature of the sublattice magnetic

ordering inside domains, and consequently on the magnetic
ordering at 15 K.

3. Magnetic neutron diffraction

High intensity neutron diffraction patterns [Fig 4(a)] have
been recorded down to 1.5 K. The measured diffraction
patterns [Fig 4(b)] have been analyzed by employing the
Rietveld refinement using the Fullprof program [67]. The
results of the Rietveld analysis infer that Mn moment orders
at 73 K [Fig. 4(c)] as found in earlier studies [35,38,42,47]. A
further change of the diffraction pattern is visible below 15 K
where extra intensity can be found on the (200) and {(121) and
(002)} Bragg reflections, while the (101) reflection decreases
[Fig. 4(c)]. These changes could be related to a change of the
magnetic order on the Mn sublattice or indicate the onset of the
ordering of the Nd sublattice [47]. The magnetic models (as
per the Bertaut [67] method) compatible with the Pnma crystal
symmetry have been tested in order to determine the magnetic
structure both below and above 15 K. A very good fit of the data
is possible in the temperature range TN > T > 15 K using the
(Ax, Fy, 0) or equivalent (Ax, −Fy, 0) model with only the
Mn sublattice being magnetically ordered while the Nd sub-
lattice stays paramagnetic. This model corresponds to a canted
AFM type ordering of the Mn sublattice, where the compo-
nents of the Mn moments in a-c planes are coupled ferromag-
netically, and the adjacent a-c planes are antiferromagnetically
coupled along b axis. A net FM component of Mn moments
appears along b axis due to canting. The ordered components of
the moments at 20 K of the Mn sublattice are ma = 2.36(2) μB,
mb = 1.2(1) μB, and mc = 0 μB. Let us point us out here
that it is not possible to discriminate between a (Ax, Fy, 0)
and a (Ax, −Fy, 0) configuration. For the neutron diffraction
patterns at 1.5 K, the analysis has been carried out assuming
the following spin configurations for Mn and Nd, respectively,
(i) (Ax, −Fy, 0) and (0, −Fy, 0), (ii) (Ax, −Fy, 0) and no or-
dering, (iii) (Ax, −Fy, 0) and (0, Fy, 0), and (iv) (Ax, Fy, 0)
and (0, Fy, 0), and the Rietveld fitted patterns are shown in
Fig. 4(b) for model (i), and Fig. 5(a) for models (ii), (iii), and
(iv). The magnetic model (i) results in the lowest value of mag-
netic R factor (= 8.6) in the Rietveld refinement [bottom panel
of Fig. 4(b)]. It is quite evident from Fig. 5(a) that the magnetic
model (ii) is not able to account for the intensities of the (101)
and [(121)(002)] magnetic Bragg reflections properly (mag-
netic R factor = 10.3). The magnetic models (iii) and (iv) are
also not able to account for the intensities of the [(121)(002)]
and (210) magnetic Bragg reflections properly (magnetic R

factor = 9.6 for both models). The accepted model (i) reveals
that the ordering of the Nd sublattice with a (0, −Fy, 0)
type spin arrangement is imperatively accompanied by a
(Ax, −Fy, 0) type spin arrangement of the Mn moments. Due
to the interaction of the two magnetic sublattices and the fact
that the Nd site is noncentrosymmetric, it is now possible to dis-
criminate this (Ax, −Fy, 0) configuration from a (Ax, Fy, 0)
configuration. This result opens up the possibility to suggest
that the direction of the net FM moment of the Mn and Nd sub-
lattices below 15 K might be opposite [Figs. 5(b)–5(d)] to the
net FM moment of the Mn sublattice above 15 K. The ordered
moments at 1.5 K are ma = 2.44(1) μB, mb = −1.66(6) μB,
and mc = 0 μB for the Mn sublattice; and ma = 0 μB,
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FIG. 4. (a) Neutron diffraction patterns (λ = 2.52 Å) of NdMnO3 compound in the temperature range of 100–1.5 K in which patterns are
shifted in the y axis for clarity. (b) Rietveld refined neutron diffraction patterns at 100, 20, and 1.5 K, depicting different magnetic ordering
regimes in NdMnO3 compound. The second vertical bars in the middle and bottom panels indicate the positions of magnetic Bragg reflections.
(c) Thermal evolution of the main magnetic reflections in 100–1.5 K range.

mb = −1.06(6) μB, and mc = 0 μB for the Nd sublattice. We
propose therefore that the low temperature (15 K) magnetic
transition in NdMnO3 compound is characterized by a FM
ordering of Nd moments along with a reorientation (by 180◦)
of the net FM moment (due to both Mn and Nd) along the
b axis. The temperature dependence of the derived magnetic
moments is depicted in Fig. 5(b), and the derived magnetic
structures above and below the Nd ordering temperature (20
and 1.5 K, respectively) are shown in Figs. 5(c) and 5(d).

C. Magnetization reversal

Now we explain the microscopic origin of the magneti-
zation reversal as observed in the temperature dependent dc

magnetization study across 15 K in Fig. 2(a). The neutron
diffraction results infer an ordering of the Mn moments below
73 K with a net FM moment along b axis. The net FM moment
aligns itself along the applied field direction, and a positive
magnetization results down to 15 K in the dc magnetization
measurement [Fig. 2(a)]. Our neutron diffraction data analysis
clearly infers that the coupling between the Fy components
of the two magnetic sublattices is ferromagnetic and that
it can be determined to be in a definite direction (namely
−Fy) relative to the Ax component of the Mn sublattice.
The negative magnetization seen in the dc magnetization data
below 15 K should be related to a net FM moment below
15 K (due to both Mn and Nd ions) being antiparallel to
the net FM moment of Mn ions above 15 K. The driving
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FIG. 5. (a) Rietveld refined neutron diffraction patterns at 1.5 K, with possible magnetic models as described in text. (b) Plot of the derived
sublattice and net magnetic moments. (c) and (d) Magnetic structures at 20 and 1.5 K, respectively.

force for the magnetic ordering of the Nd moments to
adopt the (0, −Fy, 0) arrangement should be found in the
magnetocrystalline anisotropy with a simultaneous change of
the net FM moment of NdMnO3 from a positive value (above
15 K) to a negative value (below 15 K). We stress upon the
fact that though there are a large number of reports on the
magnetization reversal in NdMnO3 [33–37,41], an explanation
of the origin of the phenomenon is still lacking as briefed in
the Introduction. In the present work, based on the combined
results of dc magnetization, neutron depolarization (both under
finite magnetic field), and ZF neutron diffraction studies, we
have observed a Mn spin reorientation transition at 15 K,
driven by rare-earth (Nd) moment ordering, which provides

a microscopic understanding of the observed magnetization
reversal in the NdMnO3 compound. It may be recalled here that
Néel [68,69] in his seminal work on spinel ferrites predicted
magnetization reversal in ferrimagnets under some special
situations. Following this, the existence of such magnetization
reversal has been reported experimentally in a variety of other
magnetic compounds [22,24,70–73].

D. Spin reorientation

Now we discuss in more detail the origin and nature
of the spin reorientation transition in NdMnO3. A prereq-
uisite for spin rotation is the presence of anisotropy. Spin
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reorientation transitions have been studied extensively in
perovskites [26,28,74–76]. Spin reorientation transitions are
generally observed as a function of temperature below TC .
However, external stimuli, such as magnetic field [29] and
laser [30] could also induce spin reorientation transition.
The simultaneous spin ordering of the Nd sublattice and the
postulated spin reorientation of the Mn sublattice in NdMnO3

indicate that the spin reorientation could be induced by the
onset of local magnetic exchange (f -d) interactions between
Nd3+ and Mn3+ moments. It may also be noted that the
Nd3+ ions at the 4c (x, 1/4, z) site occupy less symmetric
position compared to the 4b (0, 0, 1/2) position occupied
by Mn3+ ions. Because of the symmetry of 4b (0, 0, 1/2)
site, the magnetic ordering of Mn3+ ions with (Ax, Fy, 0)
or (Ax, −Fy, 0) type spin arrangements is equivalent as
already mentioned above. However, for Nd3+ ions at the
4c (x, 1/4, z) site, the (0, −Fy, 0) type spin arrangement is
preferred against the (0, Fy, 0) type spin arrangement due
to symmetry considerations of the 4c site. Moreover, Nd3+-
O-Mn3+ exchange interactions are dominantly ferromagnetic
as inferred from the analysis of the low temperature neutron
diffraction data. The magnetic ordering of the Nd sublattice at
∼15 K, thus, drives the spin reorientation transition. Similar
spin reorientation transitions (involving Fe3+ ions), observed
in CaNdFeO4 and SrNdFeO4 compounds [27,31], have been
explained on the basis of the onset of the Nd sublattice
magnetic ordering.

E. Magnetostructural coupling

The spin reorientation transition is correlated with marked
structural distortions in NdMnO3. Figures 6(a) and 6(b) depict
the temperature variation of the lattice constants and Mn-O-Mn
bond angles, respectively. The b and c lattice parameters as
well as the Mn-O1-Mn and Mn-O2-Mn bond angles (mainly
responsible for magnetic exchange interaction paths) show
clear changes around 15 K. The Jahn-Teller distortion (�JT) is
defined as

�JT = [1/6]
6∑

n=1

[{dn − 〈d〉}/〈d〉]2, (1)

where dn(〈d〉) is the individual (average) Mn-O bond length.
The variation of �JT as a function of temperature [inset of
Fig. 6(b)] shows a large jump at ∼15 K, indicating a large mag-
netostructural coupling. Earlier studies on NdMnO3 (Chatterji
et al. [42]) have mainly brought out a magnetostructural
coupling at Mn ordering temperature (73 K), whereas our study
has brought out the presence of an additional significant mag-
netostructural coupling at the Nd ordering temperature (15 K).
The structural distortion is, essentially, the consequence of the
spontaneous exchange striction associated with the magnetic
ordering of the Nd sublattice at 15 K, and gives a microscopic
understanding of the observed magnetization reversal in the
temperature dependent dc magnetization data.

F. Magnetocaloric effect

Now we discuss the effect of magnetic ordering of Nd
ions on the magnetocaloric properties of NdMnO3 compound.
The magnetocaloric effect (MCE) is the measure of the
magnetic entropy change (−�Sm) (Fig. 7), derived from the

FIG. 6. Variation of (a) lattice parameters and (b) bond angles
with temperature for NdMnO3 compound. The inset in (b) depict
the variation of the Jahn-Teller distortion (�JT) as a function of
temperature.

first derivative of magnetization with respect to temperature
(∂M/∂T ) upon application of magnetic field for a field change
from Hi to Hf by using the following equation:

�SM (T )�H =
∫ Hf

Hi

(
∂M

∂T

)
H

dH. (2)

A steep increase of the absolute value of [−�SM (T )] is
found around the Nd sublattice ordering temperature, and it

FIG. 7. Variation of magnetic entropy change (−�Sm) for
NdMnO3 compound.
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can be attributed to the rapid change in the magnetization of
NdMnO3 due to the Nd sublattice ordering. A small maximum
of (−�Sm) is also found around the ordering of the Mn
sublattice at T = 73 K. We have shown the consequence of
the magnetization reversal phenomenon on the magnetocaloric
properties of NdMnO3 compound. We report a sign reversal of
(−�Sm) around 15 K for the NdMnO3 compound (Fig. 7), and
it has implications in practical applications of magnetization
reversal in the area of magnetic cooling [22].

We discuss now the importance of the present observations.
The RMnO3 compounds have been investigated extensively in
the past and results can be found in the literature [9,16,17,77–
79]. It was found that for the smaller size R ions (R: Ho,
Er, and Yb), a Mn spin reorientation occurs at the magnetic
ordering of the R ions. Namely, spin reorientation transitions
at 4, 2.5, and 3.5 K have been observed with the ordering of the
Ho, Er, and Yb ions, respectively, in the RMnO3 compounds
[9]. On the other hand, no such spin reorientations (of Mn)
have been reported at the magnetic ordering of the R ions in
RMnO3 compounds with larger size (ionic radius >0.912 Å)
R ions (R: Dy, Tb, Gd, Eu, and Sm) [16,18,80]. This could be
explained by the structural and magnetic details varying with
the size of the R ions. It is found that while the average Mn-O
bond distances do not change significantly with the ionic size
of R, the Mn-O-Mn bond angles (mainly responsible for the
magnetic ordering of the Mn ions) as well as the octahedral
distortions increase significantly with varying R ionic size
[81]. It is therefore evident that the magnetostructural coupling
is stronger at the rare-earth ordering in RMnO3 compounds
with smaller R ions. The present study represents a unique
example where a spin reorientation could be established even
with a larger R (=Nd; ionic radius 1.165 Å). This new
finding is significant considering the fact that the RMnO3

compounds with smaller R ions show a stronger coupling

of the magnetoelectric, magnetoelastic, and thermoelectric
properties at the rare-earth ordering [17,77,79,82], and it leads
to the believe that a reinvestigation of the RMnO3 compounds
with larger R ions is needed. The present study should
encourage us to investigate the role of rare-earth ordering
and spin reorientations of transition metal ionic moments
on magnetocaloric, thermoelectric, dielectric, ferroelectric
properties of the RMnO3 compounds.

IV. CONCLUSIONS

NdMnO3 manganite has been investigated by neutron
diffraction, neutron depolarization, dc magnetization, and ac
susceptibility techniques. A canted AFM type ordering among
Mn moments sets in below 73 K. Ordering of Nd moments
below 15 K induces a reorientation (by 180◦) of net FM
moment of Mn ions along b axis. This reorientation causes the
reversal of the net magnetic moment opposite to the applied
magnetic field below 15 K. The Nd sublattice ordering, below
15 K, has remarkable effects on magnetostructural coupling
and magnetocaloric effect. The present investigation of the
magnetic properties on single phase stoichiometric NdMnO3

compound gives an atomic level understanding of the low
temperature magnetic ordering as well as of the magnetization
reversal phenomenon in this interesting perovskite compound.
The observed magnetostructural coupling, at the Nd magnetic
sublattice ordering, is interesting from the point of view of the
practical applications of such perovskites in magnetostrictive
transducers. The present finding is significant as it would gen-
erate new interest in RMnO3 compounds to investigate the role
of rare-earth (of larger size) magnetic ordering and the coupled
structural distortions on their various physical properties, such
as magnetocaloric effect, thermoelectric effect, dielectrics, and
ferroelectricity.
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