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Abstract

We report a structural transition from the orthorhombic to the rhombohedral phase upon size
reduction in nanocrystalline LaMnO3+δ (δ ≈ 0.03) as revealed through neutron diffraction
studies. The transition occurs when the average particle (crystallite) size is taken below
∼50 nm without change of δ, which is fixed at around 0.03 as measured by a number of
characterization tools. The change in the crystallographic structure is accompanied by a
change in the magnetic order, where the canted antiferromagnetic order with moments in the
basal (ab) plane for the bulk changes to collinear ferromagnetic order with spins along the
c-axis for the nanocrystals. The spontaneous ferromagnetic moment ∼3 µB and the transition
temperature of 260 K in LaMnO3+δ nanocrystals are similar to those found in
La0.67 Ca0.33 MnO3 which has a much higher Mn4+ content. The likely origin is traced to
change in magnetic exchange interactions due to change in Mn–O bond lengths which become
almost identical in the MnO6 octahedron in the rhombohedral structure in the absence of
Jahn–Teller distortion. The study provides an example of structural and magnetic phase
transition driven purely by size reduction and with no change in the chemical constituents.
Keywords: manganites, neutron diffraction, size reduction, nanoparticle, crystallographic
structure and magnetic structure, condensed matter nano scale material

1. Introduction

One of the most interesting questions in nanomaterials that
has been investigated in recent years is the stability of
crystallographic phases and resulting physical properties upon
reducing the size of nanoparticles/crystallites (referred to as
size reduction hereafter) [1, 2]. It has been observed in some
oxide materials that size reduction can lead to crystallographic
phases of higher symmetry (like a cubic phase), and a ground
state property (such as ferroelectricity) that is intimately
linked to the crystal symmetry will get modified upon size
reduction [1, 3, 4]. In general, we may expect that if size

reduction destabilizes a structure that is related to the growth
of an ordered phase, it will also arrest the development of
the ordered phase. In certain cases, the phase transition may
be arrested below a critical size because the surface energy
overwhelms the bulk energy. Control of nanostructures by size
reduction is thus an attractive proposition in nanocrystals of
complex correlated oxides like manganites. Oxides such as
rare-earth manganites are interesting systems for investigating
the physics of size reduction because these rare-earth
manganites exhibit different ordered states with comparable
energies. Reducing the size of the nanoparticle can tilt the

balance in favor of one of the ordered states, thereby bringing
about a qualitative change in the ground state.
In the hole-doped rare-earth manganite La1−x Cax MnO3
(x = 0.3), it has been shown that the development of the
ferromagnetic phase is strongly related to the structure.
In addition, it has also been shown that reducing the
nanoparticle size down to 40–50 nm can actually strengthen
the ferromagnetic phase by bandwidth-related effects [5].
On further size reduction, finite-size scaling effects start
to dominate, as happens in a conventional ferromagnet,
and Tc is reduced [5]. In the context of half-doped
manganites (such as La1−x Cax MnO3 and Pr1−x Cax MnO3 ,
x = 0.5) that show charge- and orbital-ordered (COO) states
below a certain temperature, it has been shown that size
reduction can modify the orthorhombic distortion, leading
to destabilization of the COO state [2, 6, 7]. In this paper
we investigate whether the cooperative Jahn–Teller distortion
(JTD)-stabilized orthorhombic structure, which is seen in
the parent compound LaMnO3 , can be destabilized by
size reduction. The parent compound LaMnO3 has certain
unique traits. It has long-range orbital and spin order
(antiferromagnetic) but no charge order. It has a large JTD
resulting in an orthorhombic structure and localized electrons.
The presence of orbital order as well as on-site Coulomb
repulsion makes LaMnO3 an insulator. Below a transition
temperature, LaMnO3 develops a type-A antiferromagnetic
(AFM) order, where ferromagnetically ordered a–c planes are
stacked antiferromagnetically along the b axis [8, 9].
The ground state of LaMnO3 is sensitive to JTD,
making the magnetic exchange anisotropic. The structural
change arising from size reduction can modify the degree of
JTD, thereby changing the anisotropic exchange interactions
and the resulting magnetic order and other parameters.
The Jahn–Teller-distorted orthorhombic structure in LaMnO3
can be destabilized by hole doping, either by substituting
trivalent rare-earth sites with divalent cations or by creating
deficiencies in metal sites. However, the orthorhombic
polaronic insulating state can also be destabilized with
retention of the pristine LaMnO3 chemistry by hydrostatic
pressure [10–12] or by application of a magnetic field [13] or
electric field [14, 15], although the physics of destabilization
may be different in the different cases. In this paper, we
investigate whether the AFM orbitally ordered ground state of
LaMnO3 can be destabilized by size reduction alone without
altering its chemistry.
The investigation was carried out on LaMnO3 nanocrystals (average diameter ≈40 nm) with well-defined stoichiometry using neutron diffraction (ND) as a probe of
structure as well as magnetic order. This was supported by
magnetic measurements. We find that size reduction can
lead to a structural transition from the orthorhombic to the
rhombohedral phase accompanied by a change in spin order,
where the long-range AFM order gives way to a long-range
ferromagnetic (FM) order with collinear spins.
The stoichiometry of nominally pure LaMnO3 is
important. Deficiency in metal sites (La and Mn) can result
in self-doping, leading to the creation of Mn4+ (holes). It
has been shown that similar vacancies occur in the metal

sites for La1−t Mn1−t O3 , where t is the fraction of metal ion
vacancies [16]. Such a self-doped La1−t Mn1−t O3 system is
equivalent to LaMnO3+δ where δ = 3t/(1 − t) is known as
oxygen excess. It has been established by ND studies that,
in general, the pure AFM order of LaMnO3 gives way to
spin canting [9, 17] for small values of δ. The evolution of
structure and magnetism as δ changes in LaMnO3+δ has been
investigated extensively by ND studies, which established
that δ ≥ 0.1 leads to collapse of the JTD orthorhombic
structure, onset of the rhombohedral structure, and appearance
of FM order [9, 18]. These examples show that in studies
linked to destabilization of the orthorhombic structure on size
reduction, it is of prime importance that the samples have
well defined δ as well as reasonable homogeneity, so that the
effects of size reduction are not masked by the change of
δ, which may produce similar effects. In past investigations
of LaMnO3+δ nanoparticles, the value of δ was often
more than 0.12 or was not determined [19]. In the present
investigation special efforts have been made to retain the
stoichiometry on size reduction. Different probes, including
electron microscope based probes, have been used to ascertain
its homogeneity as well as the oxygen stoichiometry.
2. Experimental details
2.1. Sample synthesis

Nanocrystalline samples with an average size of about 40 nm
were synthesized using chemical solution deposition (CSD),
which is a modified polymeric precursor synthesis route the
details of which are given elsewhere [20, 21]. We use a
solution of high-purity La-acetate and Mn-acetate (Sigma
Aldrich) dissolved in 1:1 stoichiometric proportion of acetic
acid and water. Appropriate amounts of ethylene glycol
(molecular weight = 62.07 g mol−1 ) were added to this
solution and heated until a gel was formed. The final desired
chemical phase was formed from the dried gel by pyrolysis
(350 and 450 ◦ C), followed by calcination in air at 650 ◦ C,
followed by quenching in liquid N2 . The liquid-nitrogen
quenching step is necessary to keep the value of δ well
below 0.04. This much lower than the critical range of δ ≈
0.1, so that effects of self-doping will not lead to formation
of a ferromagnetic phase. The particle size of the final
product can be controlled by subsequent annealing under an
inert atmosphere. The sample was annealed in a reducing
atmosphere of argon at 750 ◦ C for 5 h to ensure that we
obtained the proper value of δ. We choose to work with
nanocrystals with an average size of about 40 nm, because
for nanocrystals of a smaller size the surface disorder effects
become important and the long-range magnetic order is
curtailed by finite-size effects [5].
Bulk LaMnO3+δ (size ∼ 1 µm) was prepared by using
a conventional solid-state synthesis method. High-purity
(Sigma Aldrich) La2 O3 and MnCO3 were used as precursor
materials for LaMnO3 . Both the precursors were preheated
before mixing to remove adsorbed moisture. Stoichiometric
amounts of the precursors were mixed and ground for 5 h to
get a homogeneous mixture. The mixture was calcined in air
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Figure 1. (a) TEM and (b) HRTEM images of LaMnO3+δ nanocrystals. The inset shows the HRTEM image of the bulk sample.

at 1200 ◦ C for 12 h; followed by heat treatment at 1300 ◦ C for
12 h, followed by quenching in liquid N2 . The liquid-nitrogen
quenching step leads to control of δ ≈ 0.04 and retention
of the orthorhombic phase. Finally, the sample was annealed
under an argon atmosphere. The intermediate crushing and
heating steps are essential to ensure homogeneity in the final
compound.

of 1.87 Å and in the temperature range 25–500 K. Samples
were tightly packed in 5-mm-diameter vanadium containers
and exposed to the neutron beam. Data were analyzed
using the Rietveld refinement program FullProf [26]. As an
independent check on the magnetic order of the nanocrystals,
magnetic measurements were made.
3. Results

2.2. Sample characterization

The TEM and high-resolution TEM (HRTEM) images of the
nanocrystals are shown in figure 1. The crystallites were found
to retain good crystallinity, which was similar to that of the
bulk sample (see inset in figure 1(b)).

Phase formation and purity of the samples were confirmed
using x-ray diffraction (XRD). High-temperature XRD
measurements between 300 and 800 K were undertaken to
verify the high temperature-induced structural transition in
the bulk sample and the absence of a similar transition in the
nanocrystals. Particle size was estimated from XRD data and
transmission electron microscopy (TEM) measurements.
The control and accurate measurement of δ is important
for reaching a clear conclusion in this investigation. We
estimated δ from iodometric titration, from ND data using
metal site occupancy as a parameter in Rietveld refinement
and also from electron energy loss spectroscopy (EELS),
which allows us to measure the effective valence of Mn. The
spatially resolved EELS spectra were used to characterize the
effective homogeneity of the samples.
EELS was carried out using a 200 kV Tecnai G2-TF-20
transmission electron microscope (TEM) with a Gatan
parallel detection EELS spectrometer. EELS was carried out
in energy filtered transmission electron microscopy (EFTEM)
mode to image the distribution of the constituent elements
within the nanocrystals [22, 23]. EELS was carried out in the
scanning transmission electron microscopy (STEM) mode to
estimate the Mn valence using the intensity ratios (L3 /L2 )
of the white lines [24, 25], where L2 and L3 are ionization
edges of Mn. To quantitatively estimate the Mn valence, we
calibrated the L3 /L2 intensity ratio of Mn in the EELS spectra
using several Mn compounds of known valence.

3.1. Analysis of stoichiometry

The EELS spectra of nano LaMnO3+δ samples plotted in the
energy range 500–1000 eV show the K lines of O, the L
lines of Mn and the M lines of La (figure 2(a)). The EFTEM
maps of the nanocrystal (average size 40 nm) using different
energy loss lines are shown in the inset of figure 2(a). The
red, green and blue colors correspond to oxygen, manganese
and lanthanum, respectively. Although we show only the data
for the nanocrystals in this paper, the data for crystallites of
the bulk sample are similar. A comparison of the EFTEM
elemental maps of crystallites from the bulk as well as that
of a nanocrystallite shows similar levels of homogeneity of
the relevant elements in both. This characterization shows that
the nanocrystals do not have any extra clustering effects of
elements that may affect the results.
For the nano and bulk LaMnO3+δ samples used, the
effective valence was determined from the L3 /L2 intensity
ratio obtained from the EELS spectra of the respective
element. The Mn L3 and L2 lines of the nanocrystal can be
seen in figure 2(a). The intensity ratios of the L3 /L2 lines
measured with standard Mn compounds of known valency
(that form the calibration curve) are shown in figure 2(b).
From this calibration curve and using the measured intensity
ratios for the bulk and nanocrystals, we obtain δ ≈ 0.04 for the
bulk sample and δ ≈ 0.03 for the nanocrystals corresponding
to an effective Mn valence of 3.08 and 3.06, respectively.
Thus, the values of δ for both the samples are well below 0.05.

2.3. Neutron diffraction measurements

ND measurements were performed on the D20 diffractometer
at the Institut Laue-Langevin, Grenoble, at a wavelength
3

Table 1. Oxygen stoichiometry of the samples obtained from EELS and iodometric titration and ND refinement data.

LaMnO3+δ

Structure at room
temperature

Mn valency (from EELS)

δ from titration

δ from ND data

Bulk, average particle size ≥µm
Nanocrystals, average particle size ∼40 nm

Orthorhombic
Rhombohedral

3.08 (effective δ ≈ 0.04)
3.06 (effective δ ≈ 0.03)

0.04 ± 0.004
0.03 ± 0.003

0.043 ± 0.001
0.032 ± 0.002

Figure 2. (a) The EELS spectra of nanocrystals of LaMnO3+δ in

the energy range 500–1000 eV showing the K lines of O, the L lines
of Mn and the M lines of La. The insets show the energy filtered
transmission electron microscope (EFTEM) elemental maps. The
red, green and blue colors represent the distribution of elements O,
Mn and La, respectively within the nanocrystal. (b) Intensity ratio of
L3 and L2 lines of different Mn oxide compounds as a function of
their known valence. The effective valences of the nano and bulk
samples used were determined from the L3 /L2 intensity ratio
obtained from the EELS spectra of the respective elements.

Figure 3. (a) X-ray diffraction data for the nanocrystal (∼40 nm)

sample show rhombohedral structure in the temperature range
measured (300–800 K). (b) X-ray diffraction data for bulk in the
temperature range 300–800 K. The peak for the orthorhombic
structure is marked by an arrow. It disappears above 750 K.

equivalent δ), determined from the ND data by profile fitting,
acts as an independent check for the value of δ.

All the results for the parameter δ, as measured by
different techniques, are shown in table 1. As can be seen,
δ lies in the range 0.03–0.04 for all the samples studied,
indicating the internal consistency in the values of δ measured
by different methods. Titration, a chemical method, provides
a good average value of δ, EELS, an electronic spectroscopic
technique, at the level of a single nanocrystallite gives the Mn
valance (and hence δ). The metal deficiency t, (which gives the

3.2. Crystal structure at high temperature

(300 K < T < 800 K)

High-temperature XRD measurements for both the samples
were carried out using a CuKα source in the temperature
range 300–800 K. The high-temperature XRD data were
recorded to ascertain the presence (or absence) of the
4

reduction of the LaMnO3+δ crystals (retaining δ unchanged
at ≈0.03) to a few tens of nanometers leads to the suppression
of the cooperative Jahn–Teller transition that ushers in the
all-important JTD orthorhombic phase in bulk crystals of
LaMnO3+δ .
3.3. Crystal structure refinement of neutron diffraction data

(25 K < T < 450 K)

ND experiments were carried out to check for the structure
down to the lowest temperature and to corroborate it with
the structural data obtained from XRD in the overlapping
temperature range.
ND data for the nanocrystallites are shown in figure 4(a)
at different temperatures. As the crystal size is reduced to an
average size of 40 nm, we observed that the characteristic
orthorhombic Bragg peaks (201) and (102), seen in the bulk
sample, have disappeared.
The profile can be refined in the rhombohedral structure
with the R3̄C space group in the temperature range 25 to
475 K. This is unlike the bulk and pristine LaMnO3 data,
where the structure is generally refined using the Pnma or
Pbnm space group [9, 17]. ND data of the nanocrystal with
a typical profile fit at 25 K are shown in figure 4(b).
The temperature variation of the unit cell parameters,
obtained from the refinement of the ND data, are shown
in the inset of figure 4(b). In this case, all the lattice
parameters showed normal thermal expansion, unlike those
of the orthorhombic structure, where some lattice constants
showed negative expansion [9, 17]. Taking into consideration
the XRD data that were obtained at 800 K, we find that the
rhombohedral structure is stable in the nanocrystal over a
wide temperature range from 25 to 800 K. Depending on
the size and δ of the nanocrystal, it is possible to gradually
lower the Jahn–Teller temperature so that higher temperature
phase, which has the rhombohedral structure, gives way to
the orthorhombic structure [19]. This, however, is not what
happens in our case.
For reference, we show the ND data for the bulk sample,
which can be indexed in the orthorhombic space group
Pnma, in figure 5(a). The structure was maintained up to
the highest temperature measured (490 K), in conformity
with the high-temperature XRD data shown in the previous
section. The data obtained by us are similar to previously
published data [9, 17] and are not shown to avoid duplication.
Structural data obtained from both the diffraction techniques
are in agreement with the data for the bulk sample obtained
previously by several groups; in particular, with the data
from [9], where they used a sample with δ ≈ 0.025 (for both of
our samples, δ ≈ 0.03–0.04). The oxygen occupation factors
were allowed to vary in the final refinements for both the bulk
and nanocrystals. It was observed that there is excess oxygen
content that gives higher values of δ, which compares well
with the values obtained from iodometric titration and EELS
(see table 1).
The cell parameters obtained from refinement of the ND
pattern at 25 K are given in table 2. In table 3, we compare
the data for the nanocrystal with those for the bulk crystal and
mention some critical structural parameters for LaMnO3 .

Figure 4. (a) The neutron diffraction data for LaMnO3+δ

nanocrystal in the range 25–475 K. The onset of ferromagnetic
(FM) order is seen, the FM peak is indicated by an arrow. (b) The
typical profile fit with residual at 25 K. The arrow indicates the
positions of characteristic orthorhombic Bragg peaks (201) and
(102) seen in the bulk sample which are not present in the
nanocrystal. The inset shows the temperature dependence of lattice
constants obtained from the Rietveld refinement using R3̄C space
group. The error bars are smaller than the symbol.

signature of cooperative JTD, which is a hallmark of bulk
LaMnO3 . The data for the nanocrystals and bulk samples are
shown in figures 3(a) and (b), respectively. The peaks specific
to the orthorhombic structure are marked in figure 3(b).
This correlates well with data from previous studies on bulk
crystalline LaMnO3 [9, 17]. When the crystallite size is
reduced to 40 nm, the orthorhombic structure is completely
suppressed, and the sample retains the rhombohedral structure
over the complete temperature range from 300 to 800 K. This
can be seen in figure 3(a). It was further confirmed (discussed
below) by ND measurements that the rhombohedral
structure for the nanocrystals is preserved until the
lowest temperature.
The above high-temperature XRD data unambiguously
establish one of the main results of this study, that size
5

Table 2. Structural parameters after the Rietveld refinement of ND

patterns of bulk and nano (40 nm) samples at 25 K. Bulk (Pnma):
La and O1, 4c (x, 1/4, z); Mn, 4b (0, 0, 1/2); O2, 8d (x, y, z);
Nanosample (R3̄C): La, 6a (0, 0, 1/4); Mn, 6b (0, 0, 0); O, 18e
(x, 0, 1/4).
Sample name
Space group

Bulk
Pnma

Nano
R3̄C

5.5952
7.7489
5.5473
241.0
60.25
0.0318
−0.0078
0.572
0.864
0.4945
0.0627
1.771
0.2915
0.0358
0.7307
2.205
3.020
120

5.5069

Parameters
a (Å)
b (Å)
c (Å)
3
V (Å )
3
V (Å )/formula unit
La
Mn
Ol
O2

Magnetic moment
Tc

x
z
Biso
Biso
x
z
Biso
x
y
z
Biso
µB /Mn
K

13.37
351.2
58.53
1.613
0.255
0.4556
1.549

3.048
260

Discrepancy factors
x2
Rp (%)
Rwp (%)
Rexp (%)

2.88
6.47
8.43
4.97

1.26
7.55
9.31
8.28

Table 3. Selected inter-atomic distances (Å) and bond angles (deg)

of bulk and nano samples.
Bulk (∼1 µm)
Figure 5. (a) Neutron diffraction data for a bulk LaMnO3+δ crystal

Nano (∼40 nm)

Symmetry

in the range 25–120 K. The onset of antiferromagnetic (AFM) order
below 120 K is seen, the AFM peak (010) is indicated by an arrow.
(b) The typical profile fit with residual at 25 K obtained from the
Rietveld refinement using Pnma space group.

The following comparisons can be noted from table 3.
The volume per formula unit reduces by about 3% upon
size reduction. In addition, there is shortening of the
Mn–O bond length and linearization of the Mn–O–Mn
bond angle (159.6◦ in bulk → 164.8◦ in the nanocrystal).
It has been shown before [27] that there are certain
structural ‘benchmarks’ that appear when the cooperative JTD
orthorhombic structure in LaMnO3 is destabilized. These are
the Mn–O bond length as well as the Mn–O–Mn bond angle.
The onset of the rhombohedral structure (by substitutional
hole doping or self-doping) occurs when the average bond
length falls below 1.96 Å and the Mn–O–Mn bond angle is
greater than 165◦ [27]. We find that the structural transition
driven by size reduction occurs when these parameters are
reached. This is noteworthy because there is no change in hole
concentration during the process of size reduction.

Sample

Pnma

R3̄C

Mn–OI
Mn–OII
hMn–Oi
Mn–OI–Mn
Mn–OII–Mn

1.968 Å
2.109 Å
1.991 Å
159.62◦
159.14◦

1.958 Å
164.83◦

3.4. Magnetic structure refinement of the neutron scattering
data

The peaks relevant to the magnetic structure of the
nanocrystals and bulk crystal are marked in figures 4(a)
and 5(a), respectively. The intensity of the (101) and (111)
nuclear peaks in the nanocrystal changes significantly with
temperature around 260 K due to the onset of ferromagnetic
order, which can be seen in figure 6(a). Figure 6(a) shows
the variation of the spontaneous magnetic moment at the
Mn site with temperature, as obtained from the Rietveld
refinement of the ND patterns. The spin arrangement after
size reduction shows a collinear ferromagnetic alignment of
spins along the c-axis (inset, figure 6(a)). This is qualitatively
different from those obtained in the bulk crystals, where the
6

Table 4. Magnetic data obtained from vibrating sample

magnetometer measurements.
Sample

Ms (H = 0.5 T,
T = 80 K)

µeff
(µB )

Tc (K)

θ (K)

Bulk
Nanocrystal

No saturation
∼3 µB

5.86
5.32

120
264

130
263

because the ferromagnetic state in the nanocrystals, brought
about by size reduction, occurs with approximately 6% Mn4+
which is much less than 33% Mn4+ in optimally doped
manganites.
Analysis of the magnetic scattering data presented below
gives rise to the second important observation of this paper
that there is a collinear ferromagnetic phase in the nanocrystal
qualitatively different from the canted antiferromagnetic
phase (CAF) in bulk crystals that have the same value of δ.
3.5. Magnetization measurements

Magnetization measurements for both the bulk and nanocrystals were carried out to support the ND data. Magnetization
data for the nanocrystal as a function of temperature are shown
in figure 6(b). The data show the onset of ferromagnetic order
at TC = 260 K, consistent with the ND data. The data show a
well-defined hysteresis loop with low coercive field of HC ∼
0.010 T, shown in the inset of figure 6(b). This well-defined
hysteresis loop is characteristic of long-range ferromagnetic
order in these materials. The complete magnetic data for the
bulk sample (similar to one used here) were given in an earlier
publication [28].
A plot of inverse susceptibility (1/χ ) versus temperature
is shown in the inset of figure 6(b), and the data are
fitted to the Curie–Weiss law in the paramagnetic region.
From the Curie–Weiss plot, we find the effective moment
(µeff ) to be 5.32 µB and the Curie temperature (θ ) to be
263 K for the nanocrystal. For the bulk sample, µeff was
determined to be 5.86 µB , somewhat higher but similar. The
Curie temperature for the bulk sample is ferromagnetic as
expected for an A-type AFM order, although much lower
(θ ∼ 130 K). Both the µeff values are larger than the spin-only
values and can be interpreted as arising from the buildup of
short-range ferromagnetic correlation in these systems above
the magnetic ordering temperature. Magnetic data for the bulk
and nanocrystal, obtained from magnetic measurements, are
shown in table 4.

Figure 6. (a) The spontaneous magnetic moment for the

nanocrystal obtained from the neutron diffraction data. Tc is
observed at 260 K. The low-temperature limiting spontaneous
moment shows a value of ∼3.04 µB . The inset shows the collinear
spin order along the c-axis. (b) The magnetic moment obtained from
magnetization measurement as a function of temperature. The insets
show the Curie–Weiss plot (1/χ versus T) and the M–H curve.

spin structure is ferromagnetically ordered basal ac planes
coupled antiferromagnetically along the b-axis. We find that
the extra peak at (010) is absent in the nanocrystal. There is
complete suppression of the AFM order upon size reduction.
For the bulk crystal, the (010) peak that arises below 120 K
is due to the antiferromagnetic order. There is coexistence of
ferromagnetic order with AFM order in the bulk crystal due
to the formation of a canted phase, which shows up as an
enhancement in the intensity of the (101) and (111) peaks.
Spin canting for finite values of δ leads to canting of spins
in the ac plane. The magnetic neutron data observed by us
in the bulk crystal sample are similar to those obtained by
others [9] and are not shown. From figure 6(a), it may be noted
that the collinear spin arrangement, spontaneous magnetic
moment at T = 25 K (3.048 µB ) and TC (≈260 K) are rather
similar to those observed in optimally doped ferromagnet-like
La−0.67 Ca0.33 MnO3 nanocrystals [5]. This is noteworthy

3.6. Summary of experimental results:

The experimental results show that upon reduction of
the crystallite size below 50 nm (keeping δ unchanged),
LaMnO3+δ undergoes a structural transition, whereby the
cooperative JTD-stabilized orthorhombic structure gives way
to a rhombohedral structure. Thus size reduction to or
below 50 nm destabilizes the JTD. The transition from
the orthorhombic to the rhombohedral structure leads to a
compaction of the Mn–O bond length and an increase in the
Mn–O–Mn bond angle, making it more linear. To ensure that
7

this change is caused only by size reduction, experiments were
carried out using samples whose δ value was well within 0.05.
The transition to the orthorhombic structure is accompanied
by a transition of the type-A AFM order in the bulk to a
collinear ferromagnetic spin order in the nanocrystal. The
ferromagnetic moment (∼3.05 µB ), ferromagnetic transition
temperature (TC ≈ 260 K) and collinear spin structure are
very similar (almost identical) to that seen in optimally
hole-doped La−0.67 Ca0.33 MnO3 nanocrystals [5]. It is truly
amazing that for samples with δ ≈ 0.03 (Mn4+ ≈ 6%), just
a mere reduction in particle size alone to below 50 nm leads
to a ferromagnetic order that is comparable to that seen with
a Mn4+ concentration of nearly 30% or more. It appears
that a high Mn4+ concentration may be sufficient but not
necessary to usher in a ferromagnetic order in nanocrystals
of LaMnO3+δ .

the cooperative JTD in LaMnO3 . However, local disorder as
well as the surface pressure can act in tandem to destabilize
the cooperative JTD, leading to collapse of the orthorhombic
structure in nanoparticles. Size reduction of the crystallite to
the nanoregime can facilitate this process.
A possible explanation for the onset of the ferromagnetic
order in the nanocrystals may be linked to the magnetic
exchange (super-exchange) and its possible dependence
on the orientation of the singly occupied eg orbitals in
LaMnO3 [32–34]. It also depends on the strength of the
hopping integral between the t2g orbitals. It has been
established through electronic structure calculation as well
as Hamiltonian models [32, 33] that the A-type AFM
order in pure LaMnO3 is stabilized by the JTD of the
MnO6 octahedra, where a (Mn–O)long /(Mn–O)short ratio of
more than 1.12 makes the total exchange interaction along
the c-axis antiferromagnetic. In bulk LaMnO3 , the value
of the (Mn–O)long /(Mn–O)short ratio has a value close to
∼1.1, and thus the A-type AFM order (ferromagnetically
ordered a–c planes coupled antiferromagnetically along the
b-axis) sets in. In the rhombohedral structure, which is
created by destabilizing the JTD, all the bond lengths
are identical, i.e. (Mn–O)long /(Mn–O)short ≈ 1. Under this
condition, the total exchange along the c-axis is strongly
ferromagnetic. The electronic structure calculation gives a
magnitude ≈40 meV for the exchange [32, 33]. This is similar
to the strength of the ferromagnetic exchange (≈30 meV)
observed in optimally doped La0.67 Ca0.33 MnO3 . Thus, the
ferromagnetism in nanocrystals of LaMnO3 originates from
the dependence of exchange interactions on the distortion of
the MnO6 octahedra, which in the absence of JTD becomes
more regular with equal Mn–O bond lengths.

4. Discussion

Our results show that size reduction leads to two effects,
which are likely to be linked: first, destabilization of the
orbitally ordered orthorhombic structure that arises from
cooperative JTD; and second, destabilization of A-type AFM
order and formation of a long-range ordered FM state with
collinear spin structure. The onset of FM order occurs even
with a small concentration of Mn4+ ions for samples with
δ ≈ 0.03.
The observed destabilization is not due to chemical
inhomogeneity or clustering. This can be ruled out by the
EELS elemental maps, which show chemical homogeneity of
the nanocrystal samples. Size reduction can promote disorder.
In the context of half-doped manganite nanocrystals [29, 30],
it has been suggested that surface disorder can destabilize the
AFM order leading to a FM shell with an AFM core. For such
nanocrystals, one will observe exchange bias effects in a M–H
curve. However, such effects are not observed.
The destabilization of cooperative JTD in nanocrystals
can arise from local structural disorder, which involves an
increase in octahedral orientational disorder. This has recently
been observed in half-doped nanocrystals using local probes
such as EXAF. It is thus likely that the destabilization can be
facilitated by such local orientational disorder [31].
Hydrostatic pressure is known as an enabling perturbation that can also destabilize the orthorhombic structure in
LaMnO3 . On application of hydrostatic pressure, LaMnO3
makes a transition to a rhombohedral structure for pressures
(P) above 12 GPa [10–12], with lattice parameters a ≈
5.48 Å and c ≈ 13.15 Å. These compare very well with
those obtained by us in the nanocrystals (see table 2). With
further increase in hydrostatic pressure, cooperative orbital
ordering vanishes at 18 GPa [11]; this also leads to an
insulator–metal transition. One way to link size reduction to
hydrostatic pressure will be through surface pressure. If we
have spherical nanoparticles of diameter d and surface energy
S, the surface pressure will be given by P ≈ 2S/d. For oxides
like manganites, the surface energy S ≈ 50–100 N m−1 [2].
For nanoparticles with diameter ≈40 nm, P ≈ 1.25–2 GPa.
This is less than the hydrostatic pressure needed to destabilize

5. Conclusions

To conclude, we find that in nanocrystalline LaMnO3+δ ,
synthesized using a chemical route and where the oxygen
stoichiometry is controlled (δ ≈ 0.03), the orthorhombic
structure seen in the Jahn–Teller-distorted bulk crystal is
destabilized, and one obtains a rhombohedral crystal structure
(R3̄C). The antiferromagnetic spin order seen in the bulk
crystal also changes to a collinear ferromagnetic order even
with a low Mn4+ concentration (6%). The ferromagnetic
state shows a full moment (determined from the spontaneous
magnetization) and has TC ∼ 260 K.
The above results show that the orthorhombic to
rhombohedral transformation in parent LaMnO3 , which
generally occurs when the Mn4+ concentration (achieved by
self-doping or chemical substitution) reaches beyond 20%,
could be driven by particle size reduction alone while keeping
the Mn4+ concentration fixed in the range of 6%. We explain
the data based on the change in the exchange interaction
(super-exchange) that occurs due to modification of the MnO6
octahedra in the absence of Jahn–Teller distortion.
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