
1. Introduction

Perovskite manganites with general formula RxA1−xMnO3 
(where R and A are rare earth and bivalent atoms, respectively) 
have been a topical area of research because of the fact that 
they show a wide range of physical properties with a corre-
lation of electronic, structural and magnetic properties tuned 
by various parameters [1–15]. The ground state can be tuned 
by factors such as size reduction, carrier density, magn etic 

field, pressure and biaxial strain. Modification in many phys-
ical properties, as well as magnetic properties, is a widely 
reported phenomenon in nanostructured materials. In complex 
perovskite oxide one dimensional (1D) nanostructures, studies 
highlighting structure–magnetic property correlation are not 
very common. We pursue here crystal and magnetic struc-
ture study of half doped manganite nanowires (NWs). Recent 
reports reveal that the properties of manganites are strik-
ingly altered by nanostructuring [16–19]—particularly at half 
doping in nanocrystals (La0.5Ca0.5MnO3), where size induced 
destabilization of charge and magnetic ordering was found [4, 
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20], and were further established by recent theoretical calcul-
ations [21, 22]. So far, very few reports on size-dependent 
exchange bias effect and glassy behaviour in magnetic phases 
of nanostructures are available [9, 11–13]. The magnetic and 
structural properties of nano-sized materials are significantly 
changed by their dimensionality [23, 24]. When the size of the 
parent compound of perovskite manganite LaMnO3 is reduced 
to around the 50 nm regime, it reveals a drastic change in crys-
tallographic symmetry and magnetic ordering [25]. Control of 
structural and magnetic phases by size reduction is, therefore, 
an interesting proposition in nanocrystals of complex corre-
lated oxides like manganites. In the past, immense importance 
has been given to the understanding of the physical properties 
of nanoparticles (0D), and thin films (2D); however, the 1D 
counterpart of such materials, i.e. nanotubes and NWs, have 
been less thoroughly investigated [24]. Other than the nano-
crystals, manganites, even in 1D NW form, show many novel 
physical properties, both in ensemble and single NW level due 
to large surface-to-volume ratios, and thus are very promising 
candidates for realizing nanoscale devices [26, 27].

Phase coexistence with different structural, electrical, and 
magnetic properties is one of the most interesting phenomena 
observed in perovskite manganites [28]. The phase separation 
state changes with temperature, magnetic field and particle 
size. The phase coexistence has been studied by different tech-
niques such as magnetization [29], electron spin resonance 
(ESR) [30], nuclear magnetic resonance (NMR) [31, 32], neu-
tron powder diffraction [33], electron diffraction-dark-field 
imaging [34, 35], and Raman scattering [36]. Exchange bias 
effect has also been observed in single phase perovskite man-
ganites and cobaltites with intrinsic phase separation [37–40]. 
In recent years, the phase coexistence state of manganites has 
been investigated by magneto-caloric studies, i.e. using the 
magnetic entropy change (ΔSM) [17, 26, 41–43].

The main motivation of the present work is to obtain an 
extensive understanding of modification of structural and 
magnetic phases in half doped manganite, La0.5Sr0.5MnO3 
(LSMO-0.5) NWs on size reduction. So far, previous studies 
explored the crystal and magnetic structural aspects in bulk 
and nanocrystals of half doped manganite systems [5–6, 19, 
44, 45]. To the best of our knowledge, no report exists on the 
crystal structure aspect and its correlation with the magnetic 
phases of half doped manganite NWs, except for a few reports 
on the growth [46, 47]. There are some reports on magnetic 
measurements and noise spectroscopy study [26, 27], where 
presence of phase coexistence in magnetic phases has been 
confirmed both in ensemble of NWs and on a single strand 
of NW of half doped manganite system. To understand the 
temperature and magnetic-field dependent magnetization 
dynamics in NWs, we have carried out studies of ac and dc 
magnetization, magnetocaloric response, and transverse sus-
ceptibility. Our study has pointed out the coexistence of double 
exchange (DE) and super exchange (SE) interactions arising 
from the AFM (antiferromagnetic) and FM (ferromagn etic) 
domains [26]. Another recent report supported the existence 
of phase coexistence in the same composition via noise spectr-
oscopy study on a single NW, where it was pointed out that 
identification of magnetic phases is possible from the time 

series of resistance fluctuation measurements [27]. Though 
the presence of phase coexistence was confirmed in the half 
doped manganite NWs both in ensemble and at the single NW 
level, the reason for this phase separation, its possible origin 
and whether there is any correlation with crystal and magnetic 
structures are some of the fundamental issues in complex per-
ovskite systems. Thus, it is necessary to understand the magn-
etic and electronic properties in 1D NW systems from the 
crystallographic structural perspective, where atomic bonds, 
magnetic spins, etc, play a vital role. In this context, our study 
will provide in-depth understanding of the underlying physics 
and basic mechanism of phase separation in these NWs, and 
the role of crystal structure in stabilizing a specific ground 
state of the NWs. This knowledge base will be provided by 
extensive crystallographic and magnetic structural study using 
synchrotron and neutron powder diffraction experiments on 
NWs of strontium doped lanthanum manganite systems in the 
half doped regime.

2. Experimental section

High quality single-crystalline LSMO-0.5 NWs of average 
diameter (d) in the range d ~ 20–50 nm and length ~1–10 
µm were synthesized using hydrothermal methodology, as 
shown in figure 1(a). The details of the synthesis procedure 
and structural characterization have been described else-
where [46, 47]. The LSMO-0.5 bulk sample was synthesized 
by the sol–gel based polymeric precursor route. In a typical 
synthesis process, high-purity lanthanum acetate hydrate 
[La(CH3CO2)3·xH2O], strontium acetate [Sr(CH3CO2)2] and 
manganese acetate tetra hydrate [Mn(CH3CO2)2·4H2O] were 
dissolved in the desired stoichiometric proportions in 1:1 
volume ratio of acetic acid and deionised water. An appro-
priate amount of ethylene glycol (1.5 in volume ratio) was 
added to this solution and heated until a gel was formed. The 
ethylene glycol polymer was used to form a closed network 
of cations from the precursor solution, and to assist the reac-
tion for formation of phase. Pyrolysis was done at around 
300–400 °C to remove organic precursor materials followed 
by sintering at ~650 °C to obtain the desired chemical phase 
of LSMO-0.5 nanoparticles. LSMO-0.5 nanoparticles were 
taken in the required quantity, and pellets were made at high 
pressure (around 100 MPa). The pellets were heated at 1200 
°C for 10 h and 1600 °C for 12 h which yielded LSMO-0.5 
bulk crystallites of size 20–30 µm (figure 1(b)).

For crystallographic structural investigation, synchro-
tron x-ray powder diffraction (XRD) facility at Indian 
beam line BL-18B, Photon Factory, KEK, Japan was 
employed. Synchrotron XRD measurements was performed 
on the LSMO-0.5 nanowires with x-ray beam of energy 
E  =  15.65 keV and wavelength λ  =  0.7934 Å. All the XRD 
measurements were performed in the temperature range of 
14–300 K. The data for powder diffraction experiments were 
collected during heating cycle. Rietveld method was used to 
refine the structural parameters [48, 49].

Temperature dependent (3–300 K) neutron diffraction 
(ND) experiments were carried out on LSMO-0.5 NWs (in 
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powder form) using the multi-position-sensitive detector-
based focusing crystal diffractometer set up by UGC-DAE 
Consortium for Scientific Research Mumbai Centre at the 
National Facility for Neutron Beam Research (NFNBR), 
Dhruva reactor, Mumbai, India, at a wavelength of 1.48 Å [50]. 
Temperature variation of neutron powder diffraction measure-
ment from 3 K to 300 K was done in a Cryogenics cryogen-
free magnet system, by loading the samples in a vanadium can 
of height 35 mm and diameter 6 mm. ND measurements on 
LSMO-0.5 bulk sample were performed at the PD-2 diffrac-
tometer, Dhruva reactor, Mumbai, India, at a wavelength of 
1.244 Å and in the temperature range of 6–300 K [51–53]. The 
ND data were processed with help of the Rietveld refinement 
program of FullProf Suite software [48, 49]. The 1D neutron 
depolarization measurements, under 40 Oe magnetic guide 
field applied parallel to the incident neutron beam polariza-
tion, were carried out in the temperature range of 3–330 K 
using the polarized neutron spectrometer (λ  =  1.205 Å) [54, 
55] at BARC, Mumbai.

The micro-structural studies were performed using field 
emission gun scanning electron microscopy (FESEM) (FEI, 
Quanta FEG 250, 30 kV operating voltage) and a 200 kV 
Tecnai G2 TF-20 transmission electron microscope (TEM). 
Figure  1(a) shows a typical SEM image of as-prepared 
ensemble of LSMO-0.5 NWs. Selected area electron diffrac-
tion (SAED) image indicates that the single NWs are crys-
talline as shown in inset of figure  1(a). The surfaces of the 

NWs synthesized are smooth, and the NWs maintain a con-
stant diameter along their entire lengths. The SEM image of 
LSMO-0.5 bulk with average diameter (~20 µm) is depicted 
in figure  1(b). The magnetic studies were carried out using 
a vibrating sample magnetometer (VSM) (Lakeshore 7400 
series). The LSMO-0.5 NWs are well characterized, and the 
quality of NWs, i.e. phase purity, homogeneity and crystal-
linity, has already been reported in previous papers [46, 47] 
by some of the current authors.

3. Results and discussion

3.1. Magnetization study

The figures 2(a) and (b) show the temperature (T) variation 
of the dc magnetization of LSMO-0.5 bulk and NWs respec-
tively. The magnetization measurement was done following 
the zero-field-cooled (ZFC), field-cooled (FC) warming 
proto cols at the applied magnetic fields of 100 Oe in bulk 
and NWs respectively. The LSMO-0.5 bulk sample exhibits 
ferromagnetic (FM) phase throughout the temperature range 
(2–320 K) with FM transition temperature (TC) ~ 315 K, 
whereas the LSMO-0.5 NW sample shows multiple magnetic 
trans itions. It undergoes a paramagnetic (PM) to FM trans-
ition at TC ~ 315 K, followed by an antiferromagnetic (AFM) 
transition at TN ~ 210 K. On further lowering the temperature, 
a small increase in magnetization has been observed at spin 

Figure 1. (a) SEM image of an ensemble of LSMO-0.5 nanowires. The inset of (a) shows the selected area diffraction pattern of LSMO-0.5 
nanowire, (b) SEM micrograph of LSMO-0.5 bulk sample.

Figure 2. Temperature variation of magnetization data measured under an applied field of 100 Oe for (a) LSMO-0.5 bulk and (b) LSMO-
0.5 NW samples. In bulk, there is one PM–FM transition whereas NW sample exhibits multiple phase transitions.
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freezing temperature TL ~ 42 K. Spooren et al have reported 
that hydrothermally grown La0.5Sr0.5MnO3 cube-shaped par-
ticles show a ‘bell-shaped’ curve with two apparent trans-
itions, corresponding to Curie and Néel temperatures of TC ~ 
280 K and TN ~ 150 K respectively [56], which are lower than 
those for the LSMO-0.5 NWs. To understand the magnetic 
transitions, several experiments have been done: magnetoca-
loric study, transverse susceptibility study, etc. A noise spectr-
oscopy study in LSMO-0.5 NWs has already been reported 
elsewhere [26, 27]. Here we use the neutron diffraction tech-
nique to investigate the microscopic nature of magnetic trans-
itions in NWs.

3.2. Crystal structure by synchrotron study

Structural correlations with the magnetic transitions were 
accomplished with synchrotron and neutron diffraction experi-
ments. The synchrotron x-ray powder diffraction data (temper-
ature range 14–300 K) have been plotted in figure 3(a). The 
inset shows an enlarged view of 100% peak intensity with h k l 
(1 1 2) at 16.7°, where the peak broadening occurs near 200 K, 
which is the AFM transition temper ature (TN) of LSMO-0.5 
NWs. At room temperature, the structure is tetragonal, with 
space group of I4/mcm. Below 200 K, the peak intensities at 
16.7°, 34° and 38° are reduced and a new peak appears around 
24°. Figure 3(b) shows an enlarged view of synchrotron XRD 
data around 24°. At 300 K, there is a small peak at ~24.31° 
corresponding to a d value of 1.884 Å and the tetragonal 
phase. Below 200 K, changes begin to occur in the patterns 
wherein this reflection with a d  =  1.884 Å starts decreasing 
in intensity, and a new reflection develops at 24.22°, corre-
sponding to d  =  1.891 Å and the orthorhombic phase, which 
becomes quite prominent at 75 K. Spooren et  al [56] and 
Sundaresan et al [57] have also reported that La0.5Sr0.5MnO3 
cube shaped particles (grown by a hydrothermal method) and 
La0.5Sr0.5MnO3 bulk (synthesized by a solid state method) 
show tetragonal structure at room temperature. Thus, the 
results of Rietveld refinement imply that when temper ature is 
lowered below 200 K, evolution of orthorhombic phase (space 
group Fmmm) occurs along with the tetragonal phase. The 

crystallographic structural change occurs at the Néel temper-
ature (TN). On further lowering the temperature, the ortho-
rhombic volume fraction increases.

3.3. Crystal structure refinement of neutron diffraction data 
(temperature range: 3–300 K)

The neutron powder diffraction experiments were performed 
on ensemble of LSMO-0.5 NWs and bulk sample in low 
temper ature regime. The typical fits of neutron diffraction 
patterns with residuals obtained from the Rietveld refinement 
for LSMO-0.5 bulk and NWs are shown in figures 4(a)–(d). 
The red circles show the experimental data, the black curve 
denotes the calculated pattern, and the blue curve gives the dif-
ference pattern. The data obtained were analyzed with Rietveld 
refinement using the FULLPROF software [48, 49] and 
Pseudo-Voigt function for line profile. From this figure, a good 
agreement between the experimental and calculated profiles 
can be observed. The analysis of the LSMO-0.5 bulk sample 
at 300 K (figure 4(b)) shows tetragonal structure with I4/mcm 
symmetry, which is similar to that reported in our synchro-
tron x-ray study and previously by others for La0.5Sr0.5MnO3 
and Pr0.5Sr0.5MnO3 samples [56–59]. High-resolution powder 
neutron diffraction data from cube-shaped nanoparticles of 
La0.5Sr0.5MnO3 show that the material adopts a tetragonal 
crystal structure, I4/mcm, a  =  5.447 78(40) Å, c  =  7.7353(10) 
Å [56] similar to that previously reported for materials of the 
same composition prepared by a solid-state route [57] and our 
results as shown in tables 1 and 2. The bulk system retains its 
tetragonal structure till the lowest temperature (~6 K) of mea-
surement. Figure 4(a) shows the neutron diffraction (ND) pat-
tern of the bulk LSMO-0.5 at 6 K. The pattern could be indexed 
with tetragonal structure of I4/mcm symmetry. The refined lat-
tice parameters, atomic coordinates, bond lengths and angles 
are summarized in table  1 for LSMO-0.5 bulk at different 
temper atures. The obtained reliability parameters (Rp, Rwp, and 
Rexp), and the goodness of fit (GoF) or χ2 reflect high quality 
structural refinement (figures 4(a) and (b)). In bulk LSMO-0.5, 
the presence of a minor of impurity peak of Mn3O4 has been 
noticed, whose volume fraction is ~1.5%.

Figure 3. (a) Synchrotron x-ray diffraction data for LSMO-0.5 NWs in the range 14–300 K. At 300 K, the crystal structure is tetragonal 
(space group I4/mcm), and when the temperature is lowered below 200 K, orthorhombic phase (space group Fmmm) comes into play 
along with tetragonal phase. The inset of this figure shows the enlarged view of 100% peak intensity with h k l (1 1 2) at 16.7°. (b) Enlarged 
view of temperature variation of synchrotron XRD data (λ  =  0.7934 Å) of LSMO-0.5 NWs around 24°, which shows that the reflection 
at ~24.31° (d  =  1.884 Å) starts decreasing in intensity with decreasing temperature, and a new reflection develops at 24.22° below 200 K, 
corresponding to (d  =  1.891 Å), which becomes quite prominent at 75 K.
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In the case of LSMO-0.5 NWs, the 300 K powder diffrac-
tion pattern (figure 4(d)) has been indexed in tetragonal phase 
with I4/mcm space group, but with decreasing temperature, the 
system undergoes a structural transition below 200 K. At this 
temperature, evolution of orthorhombic structure (Fmmm space 
group) with volume fraction 15% occurs within the tetragonal 
phase (I4/mcm). The orthorhombic volume fraction increases 
gradually in a very broad temperature range below 200 K on 
cooling, and at the lowest temperature measured (~3 K) it 
finally reaches 35%. Below 200 K, there is a coexistence of 
both orthorhombic (Fmmm) and tetragonal (I4/mcm) struc-
tural phases. However, small amounts of impurities La(OH)3 
(~5%) and Mn3O4 (~3%) are also estimated. The cell param-
eters obtained from refinement of ND data of NWs have been 
tabulated in table 2. We compare the refinement results of the 
bulk and NWs; the following comparison can be noted from 
tables 1 and 2. The volume per formula unit reduces from bulk 
to NW, by about ~0.75% at 300 K. The bulk system maintains 
tetragonal symmetry all through the temperature range meas-
ured; on the other hand, for NWs, crystallographic structural 
change occurs. The NWs show tetragonal symmetry at room 
temperature and maintain the symmetry till TN, but below TN 
structural evolution of orthorhombic phases occurs within the 

tetragonal phase, and thereafter co-existence of both phases 
persists till the lowest temperature. The temperature variation 
of the weight percentage of the crystallographic phases of the 
LSMO-0.5 NWs is demonstrated in figure 5. It appears that 
the volume fraction of the orthorhombic phase (Fmmm space 
group) increases gradually below 200 K, and finally reaches 
a constant value of 35% at 3 K with 60% of tetragonal phase 
with I4/mcm symmetry. The temperature evo lution of lattice 
parameters obtained from the Rietveld refinement of LSMO-
0.5 bulk and NW is shown in figures 6(a) and (b). The temper-
ature variation of lattice constants of NWs is sharply different 
from that of bulk system. For the bulk system, lattice constants 
are essentially unchanged throughout the temperature range 
measured, whereas the c axis of the lattice parameters of NWs 
changes substantially near TN, and the change is much more 
pronounced below 200 K, which is the AFM transition temper-
ature (TN) of the NWs. The changes in the lattice constant are 
associated with the structural change, where the room temper-
ature tetragonal structure (I4/mcm) undergoes a transition 
to orthorhombic (Fmmm) as plotted in figure  6(b). At room 
temper ature, a significant contraction of the c axis of NWs 
occurs: a 0.45% contraction has been observed, compared to 
the bulk. In contrast, the ‘a’ axis of NWs is quite comparable 

Figure 4. The typical profile fits of neutron diffraction patterns with residuals obtained from the Rietveld refinement of LSMO-0.5 bulk at 
(a) 6 K, (b) 300 K and of LSMO-0.5 NW at (c) 3 K and (d) 300 K respectively. The red circles show the experimental data, the black curve 
denotes the calculated pattern, and the blue curve is the difference pattern. The Bragg positions of the reflections are indicated by vertical 
lines (green colour) below the pattern.
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to bulk at 300 K, it also undergoes a change near TN, which is 
associated with structural change. Below TN, the cell param-
eters of orthorhombic phase (Fmmm) of NWs are almost con-
stant down to lowest temperature (3 K) measured [58].

3.4. Magnetic structure refinement of neutron diffraction data 
(temperature range: 3–300 K)

The bulk LSMO-0.5 system shows FM behaviour throughout 
the temperature measured (6–300 K); the temperature varia-
tion of spontaneous magnetic moment at Mn site obtained 
from refinement of ND data has been plotted in figure 7(a). 
The magnetic moment from refinement of ND data is esti-
mated to be 3.1(1) µB per Mn ion at 6 K. The Mn spins are 
aligned ferromagnetically along the c axis, as shown in the 
inset of figure 7(a).

On the other hand, on size reduction, multiple magnetic 
transitions have been observed from magnetization meas-
urements in LSMO-0.5 NWs. From ND refinement results 
in magnetic structure case, spins of Mn align ferromagn-
etically at temperatures below 315 K, near TC, and then 

Table 1. Structural parameters, selected inter-atomic distances 
and bond angles of La0.5Sr0.5MnO3 bulk sample at 300 K and 6 K 
determined from Rietveld refinement of neutron powder diffraction 
data using FULLPROF software.

Temperature 300 K 6 K
Space group 98.5% I4/mcma 98.5% I4/mcma

a (Å) 5.4455(2) 5.4341(2)
b (Å) 5.4455(2) 5.4341(2)
c (Å) 7.7625(7) 7.7515(4)
V (Å3) 230.18(2) 228.89(7)
V (Å3)/f.u 57.54 57.22
La/Sr Site 4b Site 4b
x 0 0
y 0.5 0.5
z 0.25 0.25
Biso 0.3169(4) 0
Mn Site 4c Site 4c
x 0 0
y 0 0
z 0 0
Biso 0.1010(2) 0
O/O1 Site 4a Site 4a
x 0 0
y 0 0
z 0.25 0.25
Biso 0.4548(1) 0
O2 Site 8d Site 8d
x 0.774 69(3) 0.7766(1)
y 0.274 69(2) 0.2766(1)
z 0 0
Biso 0.6983(1) 0
Mn–O(1) (Å) 1.9406(1) 1.9381(1)
Mn–O(2) (Å) 1.9346(1) 1.9322(2)
Mn–O(1)–Mn (°) 180.0 180.0
Mn–O(2)–Mn (°) 168.7(5) 167.8(2)
χ2 4.98 8.39
Rp (%) 4.06 5.10
Rwp (%) 5.63 6.75
Rexp (%) 2.52 2.33

a 1.5% is coming from Mn3O4 sample which is in the tetragonal (I41/amd) 
phase; a  =  b  =  5.7358 Å, c  =  9.4701 Å, V  =  311.56 Å3 at 300 K and 
a  =  b  =  5.732 36 Å, c  =  9.618 64 Å, V  =  316.06 Å3 at 6 K.

Table 2. Structural parameters, selected inter-atomic distances and 
bond angles of La0.5Sr0.5MnO3 nanowires at different temperatures 
determined from Rietveld refinement of neutron powder diffraction 
data using FULLPROF software.

Temperature 300 K 3 K 3 K
Space group 92% I4/mcma 60% I4/mcmb 35% 

Fmmm
a (Å) 5.4370(2) 5.4390(5) 7.5838(9)
b (Å) 5.4370(2) 5.4390(5) 7.7102(1)
c (Å) 7.7276(7) 7.7313(6) 7.7659(2)
V (Å3) 228.43(2) 228.71(5) 454.09(1)
V (Å3)/f.u 57.1 57.17 56.76
La/Sr Site 4b Site 4b Site 8h
x 0 0 0
y 0.5 0.5 0.2413(1)
z 0.25 0.25 0
Biso 0.7382(1) 0 0
Mn Site 4c Site 4c Site 8d
x 0 0 0.25
y 0 0 0
z 0 0 0.25
Biso 0.2285(1) 0 0
O/O1 Site 4a Site 4a Site 8g
x 0 0 0.2380(2)
y 0 0 0
z 0.25 0.25 0
Biso 0.6009(1) 0 0
O2 Site 8d Site 8d Site 8I
x 0.774 69(5) 0.7766(9) 0
y 0.274 69(2) 0.2766 (1) 0
z 0 0 0.2784(5)
Biso 0.2519(1) 0 0
O3 — — Site 8f
x — — 0.25
y — — 0.25
z — — 0.25
Biso — — 0
Mn–O(1) (Å) 1.93 (1) 1.9328 (2) 1.9435(1)
Mn–O(2) (Å) 1.932(2) 1.9338 (3) 1.9087(4)
Mn–O(3) (Å) — — 1.9275(3)
Mn–O(1)–Mn (°) 180.0 180.0 174.6(6)
Mn–O(2)–Mn (°) 168.72 (6) 167.8 (1) 166.7(6)
Mn–O(3)–Mn (°) — — 180.0
χ2 3.81 3.32 3.31
Rp (%) 2.80 3.82 3.81
Rwp (%) 3.86 4.83 4.82
Rexp (%) 1.98 2.65 2.65

a 5% comes from La(OH)3 sample, which is in the hexagonal (P63/m) phase; 
a  =  b  =  6.5033 Å, c  =  3.8603 Å, V  =  141.39 Å3 at 300 K. 3% comes from 
Mn3O4 sample, which is in the tetragonal (I41/amd) phase; a  =  b  =  5.7358 
Å, c  =  9.4701 Å, V  =  311.56 Å3 at 300 K.
b 3% comes from La(OH)3 sample, which is in the hexagonal (P63/m) phase; 
a  =  b  =  6.5121 Å, c  =  3.8713 Å, V  =  142.17 Å3 at 3 K. 2% comes from 
Mn3O4 sample, which is in the tetragonal (I41/amd) phase; a  =  b  =  5.7378 
Å, c  =  9.4575 Å, V  =  311.36 Å3 at 3 K.
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antiferromagnetically below 200 K near TN. Below TN, an 
A-type AFM orthorhombic Fmmm phase arises within the 
FM tetragonal I4/mcm matrix. The two phases coexist till the 
lowest temperature measured (3 K) (figure 5). The peak related 
to AFM structure at 11.2° of the LSMO-0.5 NW has been 
marked in figure  4(c). The temperature variation of magn-
etic moment at the Mn site obtained from refinement of ND 
data has been plotted in figure 7(b), where black circles rep-
resent FM moments and red circles represent AFM moment. 
Co-existence of both the magnetic moments due to FM and 
AFM phases has been observed in the low temperature region 
up to 200 K (TN). Above TN, the magnetic moment due to FM 
phase has been observed. The magnetic phase transitions in 
NWs are coupled with the sharp transformation from tetrag-
onal to orthorhombic structure. An upturn in the magnetic 
moment is seen around spin freezing temperature (TL) ~ 42 K 
(figure 7(b)); this feature has also been observed in magneti-
zation data (figure 2(b)). Such features may be associated with 
glass-like behaviour, disordered surface spin alignment or low 
temperature magnetic transition [26]. The tetragonal structure 
arises due to stretching and rotation of MnO6 octahedra along 
and around the c axis; as a result of this, there are two apical 
oxygen atoms (O1) and four in-plane oxygen atoms (O2), 
with one rotation angle around the c axis. In Glazer notation 
[60, 61], the I4/mcm structure can be characterized for one 
tilt system a°a°c− type. Tilts about [0 0 1] leave a four-fold 
axis, and therefore have tetragonal symmetry. In the simple 
perovskite subcell  √2ap  ×  √2ap  ×  2ap, because of rotation 
of MnO6 octahedra in LSMO-0.5 NWs along 2ap axis (tilt 
angle ~5.6°), basal axis  √2ap are usually contracted. This is 
seen in the refined lattice parameters of NWs in table 2, where 
a  =  5.4370 and c  =  7.7276 Å and c/√2a  =  1.005. On cooling 
below 200 K when FM phase (I4/mcm) transforms partially to 
A-type AFM phase of the orthorhombic Fmmm symmetry, the 
c axis remains an axis of rotation of MnO6 octahedra. In the 
Fmmm phase, Mn atoms form a bond with two oxygen atoms 
and rotate around the c axis independently, and hence make 
two angles with a very small difference. In Glazer notation, in 
the A type AFM phase of orthorhombic symmetry the crystal-
lographic subcell is 2ap  ×  2ap  ×  2ap and MnO6 octahedra tilt 

about [0 0 1] and tilt angle is ~3.6°. The lattice distortion in 
orthorhombic phase is ~0.182 Å.

At 300 K, the NW has FM ordering (tetragonal phase), with 
Mn spins parallel to each other along b axis; no canting of Mn 
spins has been observed (inset of figure 7(b)). The two Mn–O 
bonds are out of the plane (2  ×  Mn–O(1) ~ 1.93 Å) and the 
other four Mn–O bonds are in plane direction (4  ×  Mn–O(2) 
~ 1.932 Å) and Mn–O(2)–Mn ~ 168.72° at 300 K. On cooling 
the NWs below 200 K, AFM ordering of orthorhombic phase 
arises within FM matrix, and spin arrangements of FM order 
becomes slightly canted in presence of AFM ordering. The 
canting angle of FM spin increases on cooling down to 
low temperature, while Mn spins of AFM ordering remain 
aligned antiparallel to each other without any canting till 
the lowest temperature measured (inset of figure 7(b)), and 
Mn spins forms A-type configuration. The A-type configu-
ration consists of antiferromagnetically coupled parallel 
ferromagnetic planes. Mn octahedron is distorted with four 
long Mn–O bonds, which are {2  ×  MnO(1) ~ 1.942 Å and 
2  ×  MnO(3) ~ 1.928 Å}, in the ferromagnetic plane, and two 
short Mn–O bonds perpendicular to the ferromagnetic plane: 
2  ×  Mn–(O2) ~ 1.911 Å. The bond angles are; Mn–O(1)–Mn 
~ 177.66°, Mn–O(2)–Mn ~ 168.1° at 200 K. The results are 
quite different from those for the bulk sample, where the 
system shows FM spin arrangements of Mn atoms with magn-
etic moment 3.1(1) µB per Mn ion till the lowest temperature 
(6 K) measured without any phase separation. The two Mn–O 
bonds are out of the plane (2  ×  Mn–O(1) ~ 1.9406 Å) and the 
other four Mn–O bonds are aligned in-plane (4  ×  Mn–O(2) 
~ 1.9346 Å) and Mn–O(2)–Mn ~ 168.7° at 300 K. Few pre-
vious reports [62, 63] on bulk half doped LSMO show the 
existence of magnetic phase separation; in those cases the 
presence of several nano domains of smaller sized particles 
connecting the bigger crystallites are the origin of phase 
separation. In contrast, in our case, the bulk sample consists 
of crystallites, which are much bigger in size, comparable 
to single crystalline like (30–40 µm) structure; without any 
nano domain, as shown in figure 1(b). Hence, this provides 
sharp FM–PM transition at TC, without any phase separation. 
Size reduction to NW leads to several magnetic transitions 
along with coexistence of magnetic phases. Neutron powder 
diffraction results clearly identify the magnetic transitions, 
and imply the presence of magnetic phase coexistence arising 
due to phase separation.

The magnetization curve shows a rise in the magnetiza-
tion at TL ~ 42 K (figure 2(b)). Neutron refinements of Mn 
magnetic moment also provides enhancement of FM moment 
(figure 7(b)) in the low temperature region. Such features 
could be due to alignment of disordered surface spins (spin-
glass-like) [64] or low temperature magnetic transition.

The half doped manganite LSMO-0.5 NWs show ferro-
magnetic insulating behavior with very low magnetoresist-
ance (MR) even at very high fields of ~14 T, and absence of 
MR indicates the absence of any charge order (CO) state in 
these NWs [27]. As it is a half doped system, the FM state 
is quite unstable, thus leading to AFM order below TN. The 
magnetization curve shows large bifurcation of M(T) curves 

Figure 5. Volume fraction of Fmmm (red curve) and I4/mcm (black 
curve) phases of LSMO-0.5 NW sample.
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(figure 2(b)), this could be due to canted spin states [65] or 
phase coexistence of FM and AFM order, as observed in man-
ganites [66].

The FM and AFM phases in mixed-valence manganites 
could originate due to DE and SE interactions between Mn 
atoms, respectively. The phase coexistence in LSMO-0.5 NWs 
arises below TN due to these interactions. The phase coexist-
ence in ensemble of half doped manganite NWs, and also on 
single strands of NW has been reported previously [26, 27]. 
The measurements of transverse susceptibility and anisotropy 
field (HK) on ensemble of NW demonstrate the coexistence 
of FM phase within an AFM matrix below TN [26]. The FM 
phase scales with HK, in FM region, HK is almost constant. It 
reaches a very low value at TN, and below TN, HK again starts 
increasing, which indicates increase of FM volume fraction 
and ultimately provides magnetic phase separation.

In the noise spectroscopy study on a single NW also pro-
vides the presence of coexistence of phases demonstrating 
the intrinsic nature of the single NW [27]. Investigation of 
noise spectroscopy on the single NW was done by measuring 
the time series of the fluctuation in resistance (R) at different 
temperatures. Analysis shows that fluctuation of resistance 〈
∆R2

〉
/R2 increases, and hence noise increases below TN , 

and finally saturates at lower temperature, closely following 
the magnetization data. Noise spectroscopy detected phase 
co-existence of FM and AFM states below TN. The present 
report demonstrates that presence of phase coexistence has 
direct correlation with crystallographic and magnetic struc-
tural transitions.

Neutron powder diffraction results on the half doped NWs 
thus demonstrate the presence of phase coexistence below 
TN. Crystallographic structural transition from tetragonal 
(I4/mcm) at room temperature to orthorhombic (Fmmm) 
below 200 K, accompanied by magnetic phase transition par-
tially from FM (I4/mcm) to AFM (Fmmm) within FM matrix. 
The AFM phase forms A-type configuration within the FM 
phase. Magnetization in bulk LSMO-0.5 shows clear FM–PM 
transition at ~315 K, FM interaction is governed by DE inter-
action. In contrast, LSMO-0.5 NW shows FM–PM trans ition 
at ~315 K on cooling below 200 K; FM (I4/mcm phase) is par-
tially transformed into AFM (with Fmmm phase) on further 
cooling below 45 K—the spin freezing temperature, where 
surface spin of NWs undergoes freezing phenomena. Several 
experiments on ensemble of NW and on single NW have 
established that half doped NW of LSMO-0.5 is a phase sepa-
rated system with coexistence of canted FM and AFM phases 
along with surface with disordered magnetic spins [26, 27]. 
Similar observation has been reported in manganite nanopar-
ticles [63, 67]. From synchrotron XRD and ND experiment it 
has been proved in this report that phase separation has direct 
correlation with crystal and magnetic structural phases. The 
origin of magnetic spin alignment in NWs of LSMO-0.5 can 
be explained by a core–shell model, as reported previously 
in nanoparticles of manganites [63, 67]. On size reduction 
to nanoscopic dimension, surface plays an important role in 
physical properties of nanostructures—several reports exist 
on this aspect [13, 68, 69]. As observed from the experimental 
results on LSMO-0.5 NWs, the core of the NWs is phase 

Figure 6. Temperature dependence of lattice constants obtained from the Rietveld refinement of (a) LSMO-0.5 bulk and (b) LSMO-0.5 
NW. The error bars are smaller than the symbols.

Figure 7. Spontaneous magnetic moment for the (a) LSMO-0.5 bulk and (b) LSMO-0.5 NW obtained from the neutron diffraction data. In 
the bulk sample there is only FM phase, whereas in NW form below 200 K there is a mixture of FM and AFM phases.



S Datta et al

9

separated, with DE-mediated spin-canted FM along with 
A-type antiferromagnetic order with SE interaction without 
any charge order (CO). The shell consists of disordered magn-
etic spin arrangements with exchange bias (EB) effect. It is 
known that any phase separated system with AFM phase 
within FM matrix leads to formation of a natural AFM/FM 
interface, which may induce EB [70]. The exchange coupling 
at the interface induces unidirectional exchange aniso tropy 
when the system is cooled through the antiferromagnetic trans-
ition temperature (TN) [67, 71, 72]. This exchange aniso tropy 
provides a shift in the hysteresis loop, named as EB. Presence 
of EB in LSMO-0.5 NW was confirmed from plots of the hys-
teresis loop [26], though the phase coexistence occurs till TN 
but no EB has been observed above 45 K—the spin freezing 
temperature [26]. Due to lack of exchange coupling between 
disordered surface spin and core spin, EB vanishes. The rise 
in FM magnetic moment below 75 K can occurr due to an 
increase in hydrostatic pressure in NWs on size reduction 
which enhances the ferromagnetism. The magn etic state of 
the system is also related to change in magnetic entropy [26]. 
Positive and negative entropy changes (−ΔSM) are associated 
with ferromagnetism and antiferromagnetism respectively. 
Above TN, the system shows conventional magnetocaloric 
effect (MCE), whereas below TN it exhibits inverse magneto-
caloric effect (IMCE) [26]. Below 75 K, the positive entropy 
change (−ΔSM) is an indicator of dominant FM interaction; 
the rise in magnetization curve and magnetic moment from 
ND data support the observation, but the anisotropy field 
(HK) does not increase in this region—it is nearly constant 
[26]. Since the contribution to the anisotropy field is entirely 
from core spins, any change in the surface spins would not be 
reflected in HK.

It has been observed that magnetization process in LSMO-
0.5 NWs involves the spin arrangement of FM order in col-
linear form above the Néel temperature, but below the Néel 
temperature the Mn spins of FM order have small canting, 
and the canting angle increases on cooling. Coey surveyed 
on experimental results of non-collinear spin structures, and 
found that occurrence of this type of canted structure may 
be related to the presence of competing interactions like 
exchange coupling with different shells of neighbours etc 

[73]. Canted spin arrangements have also been observed in 
manganite nanoparticles [67]. In our system of NWs, the com-
peting DE and SE interaction of FM and AFM phases may be 
the cause of non-linearity/canting in FM spins. We may draw 
the inference that below TN, NWs reveal phase coexistence, 
and low temperature increase in magnetic moment occurs due 
to surface spin freezing.

3.5. Neutron depolarization study for LSMO-0.5 nanowires

In a neutron depolarization experiment, polarized neutrons in 
transmission geometry are used to study the growth of magne-
tization and/or size of magnetic domains at mesoscopic (~10 
nm–1 µm) length scales [74–76]. For the present study, neutron 
depolarization measurements have been used to estimate of the 
temperature evolution of magnetization of the FM phase alone 
as the depolarization measurement is insensitive to an AFM 
phase. A finite neutron beam depolarization below the PM to 
FM transition at TC ~ 315 K is evident for the NW sample, as 
shown in figure 8, indicating that FM-like domains develop 
at TC in the sample. A continuous decrease in neutron beam 
polarization below TC is mainly due to Brillouin-function-like 
growth of the domain magnetization with lowering of temper-
ature. The neutron diffraction study (figure 5) shows that 
the tetragonal phase fraction corresponding to the FM phase 
decreases below 280 K. A decrease in the FM phase fraction is 
expected to show a partial recovery of the neutron beam polar-
ization below 280 K. It is, therefore, evident that the decrease 
of beam polarization due to growth of domain magnetization 
of the FM phase with lowering of sample temperature below 
280 K dominates over the expected recovery of polarization 
due to decrease of the FM phase fraction below 280 K. For 
temperatures below ~240 K, the above two competing factors 
appear to nullify each other, as the FM phase fraction attains 
a nearly constant value (figure 5), and the FM domains tends 
to saturate (figure 7(b)). This leads to a nearly constant value 
of neutron depolarization at temperatures below ~240 K. The 
observed finite value of neutron depolarization from ~315 K 
(TC) down to the lowest measured temperature of 3 K infers 
that the FM (tetragonal) phase is present for the NW sample 
at all temperatures from TC down to 3 K—consistent with the 
neutron diffraction results (figures 5 and 7(b)).

In summary, we report here size reduction induced modifi-
cation of magnetic phases of 1D nanostructures of manganite, 
which was not looked into before. Single crystalline LSMO-
0.5 NWs and bulk samples were synthesized by the hydro-
thermal technique and sol–gel based polymeric precursor 
route respectively. DC magnetization, synchrotron XRD and 
neutron diffraction studies on ensemble of NWs were per-
formed to understand the magnetic phase co-existence and 
its correlation to crystallographic and magnetic structure 
of the NWs. The NWs undergo a PM–FM transition at TC 
~ 315 K followed by an FM–AFM transition at TN ~ 210 K, 
exhibiting the presence of magnetic phase coexistence with 
competing DE and SE interactions arising from the FM and 
AFM domains, which is absent in its bulk form. Our crystallo-
graphic structural analysis exhibits that the coexistence of FM 
and AFM phases arises due to structural phase coexistence. As 

Figure 8. Transmitted neutron beam polarization for the LSMO-0.5 
nanowire sample.
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the temperature is lowered, the FM volume fraction increases 
and overcomes the AFM interactions (~50 K), which is marked 
by dc magnetic measurement and neutron diffraction study. 
The results observed in neutron depolarisation experiments 
on ensembles of NWs are consistent with the neutron diffrac-
tion study. Our study will provide in-depth understanding of 
the underlying physics and basic mechanism of size induced 
phase separation in these NWs, of and the role of crystal struc-
ture in 1D nanostructures of manganites.
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