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ABSTRACT

We report an investigation to understand the basic growth mechanism of family

of perovskite oxide manganite of La1�xAxMnO3; (where A = Ca, Sr; x = 0.3 and

0.5) nanostructures in cost-effective hydrothermal route, which adds a new

dimension in the low-temperature range (230–300 �C) synthesis route of com-

plex oxide system. We adapt size, shape, and composition control issues in

different doping regimes by means of a simple common synthesis route and

tuning the ground state property of nanostructures of complex oxide manganite

system. The general principle of growth of nanocrystals and its controllable

length scale tailoring are explained and most importantly, how the amount of

mineralizer tunes the shape and size of the nanostructures has been discussed.

Mechanism of shape and size tuning followed by a phase diagram has been

proposed. The quality of the grown nanowires was confirmed by the number of

physical property studies, both in ensemble and single nanowire level, using

spatially resolved tools and techniques. Understanding of detailed interaction

mechanisms of perovskite oxide manganite is definitely promising for rationally

designing various kinds of inorganic materials in controllable length scale via

wet chemistry route.

Introduction

One of the most interesting fields that have received

considerable attention from the scientific and engi-

neering communities is the low-dimensional

perovskite nanostructures. These structures possess

distinct properties that are different from those of

bulk materials due to their size reduction and large

surface-to-volume ratios, and thus are very promis-

ing candidates for realizing nanoscale devices.

Investigation in past decades on these perovskite

Address correspondence to E-mail: barnali@bose.res.in

http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-0201-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-0201-4&amp;domain=pdf


nanostructures mainly focuses on the stability of their

crystallographic phases and resulting physical prop-

erties arising from their size reduction and surface

absorption status [1–4]. Among the perovskite oxides,

study of manganite systems (La1�xAxMnO3, where A

is a divalent ion) are fascinating, as various parame-

ters like, pressure [5, 6], temperature [7], magnetic

field [8], doping [9, 10], even size reduction [11] can

be employed to tailor the physical properties [12].

The main attractions of these perovskite manganites

are because of the fact that these materials exhibit

colossal magnetoresistance (CMR) behavior, charge

ordering (CO), giant magnetocaloric effect (GMCE).

etc [13, 14]. The large changes in resistance appear to

be associated with stability of their crystallographic

symmetry. Size-induced destabilization of charge

and magnetic ordering in nanocrystals of half-doped

manganite-based system (La0:5Ca0:5MnO3) have

already been reported [4, 15] and were further con-

firmed by recent theoretical calculations [16, 17]. The

perovskite manganite nanocrystal shows drastic

change in crystallographic symmetry and magnetic

ordering when the size is reduced to sub-50-nm

regime [18]. Other than the nanocrystals, the per-

ovskite oxide materials of manganites even in 1D

nanowire form exhibit many novel physical proper-

ties both in ensemble and single nanowire level

[19, 20]. In the nanoscale regime, several review

articles discussed different methods of engineering

the size, shape, and size/shape-dependent physical

and chemical activities of noble metals, semiconduc-

tors, and complex oxides [21–25]. Size and shape

tailoring of nanostructures of different noble and

metal oxides in wet chemistry route, using organic

additives, surfactants, capping agents have been

reported by several authors [23–29].

A detailed study of quantum size effects of the

perovskite manganites requires the preparation of

these nanostructure materials with a controllable size

and morphology. The synthesis approaches for

preparing several nanoscale compounds are various

and mainly include wet chemical methods [28, 29]. In

general, solution-based synthesis of nanostructure is

more cost effective compared to the more complex

physical and chemical vapor deposition-based

routes. Hydrothermal synthesis is one of the bottom-

up synthesis route to grow complex materials like

perovskite oxide compounds, especially in nanos-

tructured form with appropriate precursors and sol-

vents. In this growth method, various parameters

like, precursors materials, solvents concentration of

the medium, temperature, and pressure are some of

the controlling factors for growth. Its main drawback

lies in the fact that the size and shape are difficult to

stabilize in the process, as they undergo rapid

nucleation and growth which are guided by sur-

rounding interactions [30–35]. The detailed study on

the growth mechanism of 1D-nanostructured

La1�xAxMnO3 materials synthesized especially by

chemical synthesis shows its significance for under-

standing as well as controlling the evolution of size

and shape. Hence, research in the field of crystal

growth kinetics attracts increasing attentions for

these types of perovskite manganites grown by

hydrothermal synthesis which reflects our motivation

of studying these perovskite manganite materials.

Although the growth method is widely used, there

is no comprehensive report that allows growth of

nanowires/nanocrystals of complex oxides of man-

ganites with adaptable morphology and stoichiome-

try. Very few reports exist on growth of half-doped

manganite nanowires [30–35] of La-based doped

system (La1�xAxMnO3) (where La = rare earth, A =

divalent ion like Ca, Sr, with x = 0.5) via hydrother-

mal method. In this paper, we report a detailed

investigation on growth of nanocrystals and nano-

wires of a complex oxide manganites which mainly

involve the growth mechanisms, the kinetic rules of

size and morphology tuning, and the accompanying

phase transformation. Engineering of crystal sha-

pe/size is mainly influenced by surface energy.

Generally, crystals grow with the most stable surface,

composed of the facets with lowest surface energy.

The investigation was done for the specific system

La1�xAxMnO3 (A = Ca, Sr with x = 0.3 and 0.5).

For the sake of simplicity, few compositions,

namely La0:7Ca0:3MnO3 (LCMO-0.3), La0:5Ca0:5MnO3

(LCMO-0.5), La0:7Sr0:3MnO3 (LSMO-0.3) and La0:5

Sr0:5MnO3 (LSMO-0.5) are reported. However, the

results obtained are expected to have a general

validity for engineering the growth of complex oxi-

des with different shape and size.

In addition to fix the growth parameters, it was

also important to fix the crystal structure as well as

the crystalline quality. This has been done by crys-

tallographic structural study carried out by syn-

chrotron X-ray powder diffraction and refinement by

Rietveld method. By observing the microscopic

structures [transmission electron microscopy (TEM)-

based spatial resolved techniques i.e., electron energy



loss spectroscopy (EELS) study] of the nanostruc-

tures, at different stage the growth mechanisms have

been proposed. Then, the corresponding growth

kinetic has been explained in terms of the crystal

growth behavior. All these manganites possess dis-

torted variants of the perovskite structure which are

strongly related to the arrangements in the MnO6

octahedra. This has been reflected in our work by

structural simulation on a single nanowire level in

complex oxides using multifunctional simulation

software named Java electron microscopy simulation

(JEMS) software [36]. Thus, our work provides an

understanding of the factors that affect crystal

growth kinetics and the microstructure development

in these perovskite oxide manganites which can be

treated as a fundamental step to tailor new types of

nanostructures and control material properties. To

understand the physical properties of the samples,

we have performed magnetization measurement and

estimated Curie temperature (TC) of all the samples.

Experimental details

The doped manganites La1�xAxMnO3 (A = Sr, Ca)

with adaptable stoichiometry (x = 0.3, 0.5) were

synthesized by hydrothermal synthesis technique in

autoclave. The general reaction for the formation of

La1�xAxMnO3 (A = Sr, Ca; x = 0.3 and 0.5) nanos-

tructures is given as Eq. (1).

ð1Þ

Growth of La0:5Ca0:5MnO3 and La0:7Ca0:3MnO3

Highly pure La(NO3)3�6H2O (Aldrich, 99.9 %),

Ca(NO3)2�4H2O (Aldrich, 99.9 %þ), KMnO4 (s d fine,

99.5 %), MnCl2�4H2O (Aldrich, 99 %), and KOH

(Merck, pellets, 85 %) were used for the preparation

as discussed in Eq. (1). The initial mole ratio of the

starting materials was 0.6 KMnO4:1.4 MnCl2�4H2

O:1.0 La(NO3)3�6H2O:1.0 Ca(NO3)2�4H2O :400 H2O

for La0:5Ca0:5MnO3 (LCMO-0.5) nanowires and 0.6

KMnO4:1.4 MnCl2�4H2O:0.7 La(NO3)3�6H2O:0.3 Ca

(NO3)2�4H2O:400 H2O for La0:7Ca0:3MnO3 (LCMO-

0.3) nanowires. Chemicals were dissolved propor-

tionately in deionized water to form a uniform solu-

tion, and the pH of the solution was adjusted to 14 by

adding 3.5 g of KOH with stirring using a magnetic

stirrer. KOH and KMnO4 were used as mineralizer

and oxidizer, respectively. The solution was poured

into a 50-ml Teflon vessel and then it was placed in a

stainless steel cylinder. To prepare LCMO-0.5 nano-

wires, the crystallization reaction was performed at

270 �C for 50 h and for LCMO-0.3 nanowires the

solution was heated at 275 �C for 60 h in an oven.

Finally, the autoclave was cooled to room tempera-

ture naturally and depressurized. The obtained pro-

duct of the reaction was washed with deionized

water and dried overnight in air at 120 �C.

Growth of La0:5Sr0:5MnO3

and La0:7Sr0:3MnO3

The synthesis process for the hole-doped man-

ganite nanowires of LSMO-0.5 and LSMO-0.3 are

similar to that of the growth of LCMO nanowires.

Here, the reaction also follows Eq. (1) [37, 38]. In

this reaction, instead of Ca(NO3)2�4H2O Sr(NO3)2

(Aldrich, 99 %þ) was used. The reaction temperature

and time for LSMO-0.5 nanowires are 250 �C for 40 h

and for LSMO-0.3 nanowires are 2400C for 30 h,

respectively. The temperature and the duration of the

reaction in the autoclave are the two vital parameters

to synthesize the nanowires. If these two parameters

are not optimized correctly, the reaction is not com-

pleted and by-product phases become dominant.

These issues are discussed later in detail. Figure 1

represents SEM images of the nanoparticles and

nanowires of LCMO-0.5 and LSMO-0.5 samples. The

hydrothermally grown nanowires (LCMO-0.5 and

LSMO-0.5 samples) are 1–10 micron in length and

average diameter varies in the range 20–70 nm.

Table 1 summarizes the growth parameters of

nanostructures of manganite of two different surface

morphologies i.e., nanowires and nanoparticles.

Characterization

The information about the phases and purity of the

nanostructures were obtained by synchrotron XRD

facility at Indian beam line BL-18B, Photon Factory,

KEK, Japan. The information obtained was used for

structural analysis using Rietveld refinement. Field

emission gun scanning electron microscopy (FESEM)



(FEI, Quanta FEG 250, 30 kV operating voltage) was

employed for study of surface morphology of the

prepared nanostructures. Selected area electron

diffraction (SAED) patterns using high-resolution

transmission electron microscopy (TEM) (200 kV

Tecnai G2 TF-20) were carried out on a single nano-

wire of different La1�xAxMnO3 (A = Sr, Ca) to see the

crystal symmetry of the grown nanowires as well as

to find out the growth direction of a particular

nanowire. The TEM-based Gatan parallel detection

electron energy loss spectrometer (EELS) was used to

establish the Mn valency which is one of the most

important observations studied in case of perovskite

oxide manganites.

Figure 1 SEM images of complex oxide nanostructures by

hydrothermal method; nanoparticles of a LCMO-0.5, c LSMO-0.5

samples and nanowires b LCMO-0.5 d LSMO-0.5 samples,

respectively. The hydrothermally grown nanowires (LCMO-0.5

and LSMO-0.5 samples) are 1–10 micron in length and average

diameter is around 20–70 nm. The average diameter of nanopar-

ticles is around � 100 nm.

Table 1 Summary of growth

parameters of nanostructures

of manganite of different

surface morphologies by

hydrothermal synthesis

method: nanowires and

nanoparticles

Sample ID Compound Sample form Time (h) KOH (in g) Temperature (�C)

LCMO-0.3 La0:7Ca0:3MnO3 Nanowires 60 3.0–4.5 260–300

Nanoparticles 20 5.5–7.0

LCMO-0.5 La0:5Ca0:5MnO3 Nanowires 50 3.0–4.5 260–300

Nanoparticles 20 5.5–7.0

LSMO-0.3 La0:7Sr0:3MnO3 Nanowires 40 3.0–4.5 230–300

Nanoparticles 15 5.5–7.0

LSMO-0.5 La0:5Sr0:5MnO3 Nanowires 30 3.0–4.5 230–300

Nanoparticles 15 5.5–7.0



The structural simulation on a single nanowire

level in complex oxides was done by multifunctional

simulation software named Java electron microscopy

simulation (JEMS) software [36]. By setting the nec-

essary parameters [microscopic (TEM) and crystal-

lographic (Rietveld)], the changes in HRTEM images

have been observed [39]. We have used JEMS for

simulating the diffraction pattern and obtaining the

change in the coordination of the atoms. For our

samples, we have varied the defocus value -106 to

642 nm for LSMO-0.5 nanowire and 226 nm for

LCMO-0.3 nanowire keeping the other microscopic

parameters (200 kV, coherent illumination) similar

for all the cases [40]. The crystallographic parameters

used are Wyckoff position of the atoms, Debye Waller

factor, occupancy, and the bond lengths. In our

analysis, we have considered the crystallographic

parameters obtained by Rietveld analysis of

synchrotron X-ray diffraction data of the ensemble of

nanowires (Table 2). The magnetic behavior of the

nanowires was determined by Vibrating Sample

Magnetometer (VSM) (Lakeshore 7400 series).

Results and discussions

Crystallographic structural refinement
of synchrotron X-ray data

The crystallographic structural investigation on

hydrothermally grown nanowires was done with

synchrotron X-ray powder diffraction measurement

at wavelength 0.7934 Å using Indian beam line, at

photon Factory, Japan. Figure 2a–d shows the pow-

der diffraction pattern of nanowires of LCMO-0.3,

LCMO-0.5, LSMO-0.3, and LSMO-0.5 samples,

Table 2 Lattice parameters,

cell volumes, atomic positions,

and reliability factors from the

Rietveld refinements of

La1�xAxMnO3 (A = Ca, Sr;

x = 0.3 and 0.5) at 300 K

Compound La0:7Ca0:3MnO3 La0:5Ca0:5MnO3 La0:7Sr0:3MnO3 La0:5Sr0:5MnO3

space group Pnma Pnma R-3c I4/mcm

a (Å) 5.2943 (4) 5.3509 (4) 5.4867 (9) 5.4489 (4)

b (Å) 7.5936 (6) 7.4685 (1) 5.4867 (9) 5.4489 (4)

c (Å) 5.3671 (3) 5.2850 (1) 13.3747 (7) 7.7415 (7)

V (Å3) 215.77 (2) 211.21 (1) 402.63 (5) 229.85 (3)

La/Sr or La/Ca

x 0.0195 (3) 0.0122 (1) 0 0

y 0.25 0.25 0 0.5

z 0.9943 (1) 0.5087 (1) 0.25 0.25

Biso 0.6537 (8) 0.9729 (1) 0.5332 (3) 0.7488 (1)

Mn

x 0 0 0 0

y 0 0 0 0

z 0.5 0 0 0

Biso 0.3187 (2) 0.6196 (1) 0.85478 (1) 0.7033 (7)

O/O1

x 0.3884 (6) 0.4522 (1) 0.8688 (2) 0

y 0.25 0.25 0 0

z 0.0424 (8) 0.5391 (1) 0.25 0.25

Biso 0.3074 (8) 0.8161 (2) 0.4704 (2) 0.3701 (4)

O2

x 0.2593 (2) 0.2908 (9) – 0.7797 (4)

y 0.0288 (4) 0.0076 (5) – 0.3741 (4)

z 0.6699 (2) 0.1806 (2) – 0

Biso 0.8865 (7) 0.5288 (2) – 0.9627 (2)

v2 5.41 5.62 6.12 7.57

Rp 13.0 9.2 11.3 12.7

Rwp 16.4 13.46 17.59 18.0

Rexp 7.07 5.68 7.11 6.54



respectively, with a typical profile fit at room

temperature.

The profiles are refined in the orthorhombic

structure with Pnma space group for LCMO-0.3 and

LCMO-0.5 samples using Rietveld refinement

method with FullProf Suite software [41–43]. The

XRD patterns of LSMO-0.3 and LSMO-0.5 sample are

fitted by rhombohedral structure of space group R-3c

and tetragonal structure of I4/mcm, respectively. The

Lattice parameters, cell volumes, atomic positions,

and reliability factors obtained from Rietveld refine-

ment of the XRD pattern of the nanowires at 300 K

are given in Table 2. For LSMO-0.5 and LSMO-0.3

samples, there are small amount of impurity of

La(OH)3 estimated to be \5 %. It was noticed that

despite heating the samples for prolonged time, the

amount of impurity (La(OH)3) remains constant [44].

Comparison of lattice parameters of nanowires with

bulk data reported in ICSD pattern (LCMO-0.3—Ref.

code: 01-089-8075, LCMO-0.5—Ref. code: 01-089-

0793, LSMO-0.5—Ref. code: 01-089-0786, LSMO-0.3—

Ref. code: 00-051-0409) shows that contraction of

lattice parameters occurs on size reduction of the

nanostructures to 1D nanostructure. The reduction of

cell volume per formula unit is around 6 % compared

to its bulk form. Cell volume contraction on size

reduction has already been reported in nanocrys-

talline particles of manganites [4, 15, 18, 45]. More

information about the detailed structure and growth

directions of the nanowires were obtained by struc-

tural simulation through JEMS software discussed in

the later subsections.

Structural simulation on single nanowire
of manganites using Java electron
microscopy simulation (JEMS) software

Microscopic structural study was done using

HRTEM images taken on grown nanowires. JEMS

software simulates HRTEM images by the multislice

and Bloch-wave methods. It can construct crystallo-

graphic models of various materials in both direct

and reciprocal spaces, stereographic projections and

three-dimensional images. The structural simulation

was done on several composition of the family of

nanowires of manganites. Out of them, two cases

(LCMO-0.3 nanowire, LSMO-0.5 nanowire) are pro-

vided here:

Figure 2 The Rietveld

refinement of Synchrotron

XRD data for a LCMO-0.3, b

LCMO-0.5, c LSMO-0.3, and

d LSMO-0.5 nanowires,

respectively. The experimental

data points are indicated by

open circles, the calculated and

difference patterns are shown

by solid lines. The Bragg

positions of the reflections are

indicated by vertical lines

below the pattern. For LSMO-

0.5 and LSMO-0.3 samples,

there are small amount of

impurity of La(OH)3 estimated

to be\5 %. La(OH)3
(impurity) is fitted with the p

63/m phase; a = b = 6.5368 Å

and c = 3.8550 Å at 300 K for

LSMO-0.5 and LSMO-0.3

samples (Color online).



LCMO-0.3 nanowire

We have compared our experimental HRTEM data

with simulated structure by JEMS software. In case of

epitaxial LCMO films/nanowires, single SAED pat-

terns were occasionally found. In case of our single

nanowire electron diffraction patterns with twins are

seen, where two or more zone axis are overlapped

(Fig. 3a–c). The indexation is based on an

orthorhombic unit cell with cell parameters a = 5.2943

Å, b = 7.5936 Å, and c = 5.3671 Å with Pnma, 62

space group [46] (see Table 2). The extinction condi-

tions imposed by the Pnma, 62 space group are not

completely fulfilled in case of a single nanowire in the

diffraction pattern shown in Fig. 3a, since the reflec-

tions h00 and 00l with h, l=2n?1 appear in the [010]0

zone axis, h00 with h=2n ? 1 appear in the [011]0

zone axis, and 0k0 with k=2n ? 1 also appears in the

[101]0 zone axis. The possibility of double diffraction

could be ruled out by performing tilting experiments

along the\100[,\010[, and\001[ axis. To explore

the possibility that matches with the diffraction pat-

tern, the structural model in Pnma 62 space group is

simulated by JEMS software [39]. The simulated

result in the case of LCMO-0.3 single nanowire, the

SAED pattern in Fig. 3a is well matched with the two

zone axis [010]0 (Fig. 3b) and [101]0 (Fig. 3c) [47, 48].

The distorted MnO6 octahedra has been later dis-

cussed in the growth mechanism part (Fig. 9).

LSMO-0.5 nanowire

Similarly, in case of LSMO-0.5 nanowire, experi-

mental HRTEM data were also simulated by JEMS

software. From the simulated diffraction pattern, it

was found out that the growth direction of the

nanowire is along [112] direction in plane (Fig. 4a)

[36, 39]. The XRD analysis (Fig. 4b) on the ensemble

of LSMO-0.5 nanowires also shows that the prefer-

ential growth direction of the nanowires is along

[112] direction. Here, we have considered that the

single nanowire forms a basis of the ensemble of

nanowires as the size distribution is homogeneous

(inset Fig. 4b). The analysis of microstructural data on

single nanowire level indicates that simulated data of

high-resolution TEM pattern are quite comparable

with the synchrotron X-ray crystallographic data

taken on ensemble of nanowires. Both the structural

data obtained from the grown nanowires are cor-

roborating with their bulk form.

Electron energy loss spectroscopy study
for determining Mn valency

Electron energy loss spectroscopy (EELS) spectra

on nanowires have been taken in the energy range

500–1000 eV [49]. It has advantages compared with

other spectroscopies as it provides spatial resolution

Figure 3 a SAED pattern

(taken from red dotted

portion) of LCMO-0.3 single

nanowire (inset) showing

orthorhombic symmetry with a

overlapping of two zone axis

[010]0 and [101]0. b and c

Theoretical simulation of

[010]0 and [101]0 SAED

patterns by JEMS (Color

online).



and a wide range of spectra covered in one spectrum

and displaying edges relevant to the different ele-

ments locally present in the sample. It has been

already reported that EELS effectively can estimate

Mn valency from L3/L2 intensity ratios [18, 37]. The

intensities of L3 and L2 lines are correlated to the

unoccupied states in the 3d bands. Transition from

Mn 2p shell is divided into two components sepa-

rated by spin orbit splitting of the ionized 2p core

level. Transitions from 2p3=2 to 3d3=2 3d5=2 and from

2p1=2 to 3d1=2 are L3 and L2 lines, respectively. In our

case, the effective valence of Mn had been estimated

from L3/L2 intensity ratio obtained from EELS

spectra of the respective elements within the nano-

wires. L3 and L2 lines of Mn of LCMO-0.3, LCMO-0.5,

LSMO-0.3, and LSMO-0.5 nanowires are provided in

Fig. 5a–d, respectively. The intensity ratios of the L3

and L2 lines measured with standard Mn compounds

with known valence, which form the calibration

curve already reported earlier [18, 37], are shown in

Figure 4 a Simulated

diffraction pattern (red spots)

showing the growth direction

along [112] of LSMO-0.5

nanowire. b The synchrotron

XRD showing preferential

growth direction of the

ensemble of LSMO-0.5

nanowires along [112]. Inset

of Fig. 4b shows

homogeneous size distribution

of the nanowires (Color

online).

Figure 5 a–d The EELS

spectra of LCMO-0.3, LCMO-

0.5, LSMO-0.3, and LSMO-

0.5 nanowires, respectively,

showing manganese L3, L2

lines. e Intensity ratio of L3

and L2 lines of different Mn

oxide compounds as a function

of their known valence. Mn

valence of grown nanowires

can be estimated from the

curve. f Mn valence of

different nanowires estimated

from curve plotted in

(e) (Color online).



Fig. 5e. Using the measured intensity ratio from the

calibration curve, the Mn valence of all the nanowires

has been estimated, as shown in Fig. 5f. The Mn was

found to be in mixed valence state. The situation at

intermediate compositions is complicated. Generally

for greater values of x (x[ 5/8), ordered structures

are produced with distinct Mn3þand Mn4þ sites.

However, for smaller values of x ( x \ 0.5), the

compounds are structurally disordered (Fig. 9). This

phenomenon is of great interest, because at low

temperature in the metallic phase, electrons are

delocalized in a conduction band and the manganese

atoms become equivalent, leading to a much reduced

or even completely removed Jahn–Teller distortion of

the MnO6 octahedra which in turn controls the

magnetic behavior of the samples.

Magnetic measurement and determination
of TC

Magnetic measurements were done on ensemble of

nanowires. Figure 6 shows the plot of temperature

variation of magnetization (M) (M vs. T) of (a)

LCMO-0.3, (b) LCMO-0.5, (c) LSMO-0.3, and (d)

LSMO-0.5 nanowires, respectively. The samples were

cooled and measured during warming, under the

applied field of 100 Oe. The zero-field cooled (ZFC)

and field cooled (FC) magnetization of La1�xAxMnO3

(A = Ca, Sr) nanowires were measured with a

vibrating sample magnetometer (VSM) from 400 K

down to 80 K. The curves were obtained by cooling

the samples to T = 80 K and magnetization mea-

surement was done during heating cycle. From Fig. 6,

the occurrence of ferromagnetic-to-paramagnetic

phase transitions in all the compounds with the

increase in temperature above Curie temperature

(TC) is observed. The TC of the samples depends on

the crystal structure as well as Mn valency and oxy-

gen stoichiometry. In the EELS section, it has been

already described that how the change in Mn valency

as well as disordered structure affect the magnetic

properties of manganites. We have estimated (TC) of

the samples which is well corroborated with the

earlier reported data [4, 8, 11, 45, 50, 51].

Influence of growth parameters
in hydrothermal process

It has been stated earlier that our growth method

involves various parameters like, precursors

(a) (b)

(c) (d)

Figure 6 Plot of temperature

variation of magnetization at

100 Oe of a LCMO-0.3, b

LCMO-0.5 c LSMO-0.3 and d

LSMO-0.5 nanowires,

respectively. From 1=v versus

T plot we have estimated

Curie temperature (TC) of the

samples (Color online).



materials, solvents concentration of the medium,

temperature and pressure which control the overall

morphology, and structure of the materials. These

terms govern the ultimate physical properties of the

material. Other than the precursor stoichiometry,

reaction time, temperature and pressure, selection of

appropriate mineralizer, and oxidizer play an

important role in the formation of end product via

hydrothermal route. Detailed investigation and

experimental evidences helped to understand the

possible principle of growth of nanostructures of

complex oxide systems with adaptable stoichiometry

and shape/size. On the basis of detailed investigation

done in the previous section, the influence of the

major parameters in the reaction are discussed

accordingly.

Effect of mineralizer (KOH, NaOH, etc.) on the

growth of different nanostructures has been studied

by several groups emphasizing the surfactant-free

growth and shape tailoring of the metal and semi-

conducting nanostructures [23, 25–27, 29, 52–58].

Mineralizer provides an essential means to realize

good control of shape/size, diameter, and crystal

orientation of the nanostructures [23, 25–27, 58]. In

our case, amount of KOH was adjusted at a constant

pH throughout the reaction within the autoclave. The

shape of nanostructures could be tailored by tuning

the amount of KOH. Shape control in crystal growth

using KOH was reported earlier in different materials

[59]. It has been noticed that by maintaining the

amount of the KOH (3.5 g) in the reaction medium,

wire-like (1D) structure (average size � 50 nm) of

perovskite oxide manganite is obtained. Whereas,

incorporation of approximate double amount of KOH

(6 g), the cube-like faceted structure with average size

(� 100 nm,) is produced. At such higher amount of

KOH, the growth speed of these facets has improved

greatly, compared to that of wire-like structures.

Figure 1a–d shows two different shapes of the

nanostructures at different amount of KOH of

LCMO-0.5 and LSMO-0.5 samples. High amount of

KOH helps in fast precipitation of first nuclei charg-

ing their surface (OH� anions attachment) that ulti-

mately, hinders nanoparticles aggregation (see

Fig. 1a, c) [23, 25, 54, 58]. Figure 1a and c shows the

SEM images of LCMO-0.5 and LSMO-0.5 nanoparti-

cles, respectively. On the other hand, incorporation of

moderate amount of KOH (3.5 g) helps to enhance

the aspect ratio of the nanostructures and finally

forms 1D nanowire (size � 50 nm) as seen in Fig. 1b

and d which shows the SEM images of LCMO-0.5

and LSMO-0.5 nanowires, respectively. In the solu-

tion with pH � 14, solubility and coarsening rate of

the surface are high, realizing a nanoparticle-like

structure (see Fig. 1a, c) with a pure phase (see SI

Figs. S1b and c). SI Fig. S1b and c shows the X-ray

diffraction data of LSMO-0.5 nanoparticles with dif-

ferent reaction times. The amount of KOH also has

impact on the shape of the nanostructures which has

been discussed in the growth mechanism part.

Along with the mineralizer, appropriate tempera-

ture for a reaction has to be decided according to the

solubility of the precursor material. Hence, growth

temperature is the other important parameter in

hydrothermal method. Increasing temperature of

water, in subcritical or superheated water (with

enough pressure to maintain the liquid state)

increases the solubility of the material [60]. The

growth of manganite nanowires was realized by

hydrothermal method (i.e., water as solvent) in the

temperature range from 230 to 300 �C, which is well

below supercritical (374 �C) temperature. Because of

very strong hydrogen bonding, water shows many

anomalous properties. In the superheated (subcriti-

cal) temperature range, the hydrogen bonds break

and water becomes less polar and behaves more like

an organic solvent [61]. With increasing temperature

(in subcritical water), solubility of materials and

gases increases by several orders of magnitude and

the water itself can act as an organic solvent and

catalyst. Specific heat capacity at constant pressure

also increases with temperature and increased heat

capacity promotes extra energy to break the bonds.

Moreover, viscosity and surface tension of water

drop and diffusivity increases with increasing tem-

perature and allows molecules to move more freely

which favors the growth kinetics in aqueous med-

ium. Rabenau et al. also indicated that subcritical

water therefore acts as a better solvent than ambient

water [61].

The synthesis of the perovskite oxides with proper

oxygen stoichiometry and hence the Mn valency by

hydrothermal method are challenging, since control

of manganese oxidation state and oxygen stoi-

chiometry are nontrivial, as Mn in manganites is in

mixed valence state. Incorporation of oxidizer

(KMnO4 in our case) in reaction mixture plays an

important role in maintaining the valency of transi-

tion metal (Mn). Spooren et al. reported that the

concentrated KOH solution involves reaction



between MnO�
4 and Mn2þ in the presence of lan-

thanum and alkali-earth metal salts to give the

desired (average) manganese oxidation state of 3.5 at

the beginning of the reaction [44, 62–67]. The pres-

ence of the precursor phase forces the formation of

the manganite with the same average oxidation state

(þ3.5). We could achieve the desired oxidation state

of Mn and proper oxygen stoichiometry in case of

perovskite manganite nanowires. The Mn oxidation

states have been proved by spatially resolved tool,

TEM-based electron energy loss spectroscopy (EELS)

study (see Fig. 5).

Growth mechanism

As discussed in the previous section, all the param-

eters associated with hydrothermal synthesis, are

essential in realizing the desired material. When the

inorganic species with proper stoichiometric pro-

portion are mixed with appropriate oxidizer and

mineralizer in aqueous medium, at high temperature

and autogeneous pressure within the autoclave, very

rapid nucleation of small crystallites occurs from the

supersaturated solution. Nucleation occurs due to the

driving force of thermodynamics because the super-

saturated solution is unstable in energy

[26, 27, 29, 57, 58, 68, 69]. If concentration of the

growth crystallites falls below a minimum super-

saturation level, formation of critical nucleation does

not occur [70, 71]. Crystal growth principles state that

crystal surfaces with the lowest surface energy grow

most slowly. Introduction of an appropriate amount

of KOH in the reaction reduces the energy of crystal

surfaces by enhancing surface adsorption and facili-

tates growth of 1D nanostructure along minimized

surface energy direction [26, 27, 29, 54, 57, 58].

Finally, nanowire-like structure appears.

To observe the morphology of the samples at dif-

ferent growth time, the reaction was stopped at sev-

eral intervals and FESEM data were taken. The

schematic of growth process at different growth time

intervals has been shown in Fig. 7 along with the

SEM images for LSMO-0.5 and LCMO-0.5 samples.

At the first stage of nucleation, very tiny nanocrystals

(size � 20 nm) are formed rapidly. Generally in

hydrothermal synthesis, the nucleation occurs very

fast. Figure 7 provides images of the nanocrystals

(Size � 20 nm) in the form of small rod-like structure

of very coarse surface formed after 0.5 h of reaction.

Smaller nanocrystals grow more rapidly than the

larger ones, because the free energy driving force is

larger for smaller crystallites than for larger ones. In

nanoscale systems, the surface contribution to the

total energy becomes important as the particle size

decreases. Because of higher surface energy of the

nanocrystals, it facilitates the reaction on the surface,

such as the direct bonding and crystallization

between particles in the presence of some ligand,

surfactant, some passivation agent, capping agent by

modifying the surface adsorption, surface charge,

Figure 7 Schematic of

growth steps of nanowires and

corresponding SEM images

with growth time (0.5–30 h) of

LSMO-0.5 and LCMO-0.5

samples (Color online).



and finally reduce the surface energy as discussed

previously [26, 27]. Growth, shape, and size of

nanostructures are dependent on adsorption of

anions i.e., the mineralizer [72, 73]. When the con-

centration of KOH increases, the viscosity (g) of the

liquid phase increases, thus the diffusion rate (D) of

nanoparticles should decrease, according to the

Stoke–Einstein equation, D / constant/ g. In our case,

we find that the oriented attachment (OA) growth

rate increases as the KOH concentration increases.

According to observation of several authors [54, 58],

it reveals that the diffusion rate (D) of nanoparticles

increases when the KOH concentration goes up.

From the HRTEM analysis (Fig. 8), we can conclude

that the apparent growth inconsistency may arise due

to the electric double layers surrounding the

nanoparticles. As reported by other authors, it is

possible that the electric double layers may arise due

to strong Kþ and OH� adsorption [54, 58]. Thus,

there is an electric attraction and repulsion interac-

tion between the surface-capped nanoparticles and

surrounding ions which facilitates the suspension of

nanoparticles in the solution. Therefore, the higher

KOH concentration leads to higher degree of the

nanoparticles in the suspension. In our case, inor-

ganic additive KOH facilitates the strong surface

adsorption. The small nanocrystallites with common

crystallographic orientations combine together to

form small nanorod-like structure (size � few tens of

nanometers), which is confirmed by TEM image as

shown in Fig. 8.

The TEM image of La0:5Sr0:5MnO3

Generally, during synthesis of perovskite oxides in

solution in the presence of some additive, growth of

crystal planes may be terminated either A–O or B–O

at the surface [26, 27]. In a very high concentration of

alkaline hydroxide (KOH) in reaction medium, the

crystals are terminated with an A–O layer, leading to

a positively charged surface as the bonds of A-site

cations are unsaturated. Some of OH� anions of

Figure 8 TEM images of LSMO-0.5 nanocrystallites formed after

fast nucleation. Yellow dotted line indicates the boundary of

nanocrystallites. b enlarged view of (a); the orientation of all the

nanocrystallites is same i.e., (112) direction and lattice spacing

(� 0.269 nm) between two interplanar is almost equal (Color

online).

indicates that

crystallites of same orientation (112) are attached to

form the nanowire-like structure which is further

confirmed by analysis of diffraction pattern of single

nanowire with (112) growth direction, obtained after

30 h of reaction (shown in Fig. 4). After 5 h of reac-

tion, the sharpness of the nanowire surface increases

and length increases to 200–300 nm (See 5 h growth

of Fig. 7). In the growth via hydrothermal route of

manganites, first few steps of nucleation are very

rapid and surface of the nanowires are not very

smooth (see 5 h growth of Fig. 7). Finally, prolonging

the heating time (for 1–2 days), mainly leads to an

elongation of the nanorods to 5–10 microns and at the

end of the reaction all the nanowires are generated

followed by a self-sharpening process. The average

lengths of nanowires after completion of the reaction

are 1–10 micron and diameter 20–70 nm as shown in

Fig. 7 after 30 h of growth.



KOH, in the reaction mixture may attach with the

crystal surface to balance the charge and reduce the

surface energy [23, 25, 29, 54, 57, 58]. The crystal

surface with the bonded atoms is most stable. Thus,

at the lower amount of KOH (3.5 g), the OH bonds

may attach with one face [(112) in case of LSMO-0.5]

and reduce the overall surface energy contribution

and become stable and grow along (112) direction

(see Fig. 4).

On the other hand in case of another manganite

wire i.e., La0:7Ca0:3MnO3 it was seen from Fig. 9 that

twins are formed and structural distortions are

noticed. Twinning is very often seen in manganites.

In order to confirm the distortion in the MnO6 octa-

hedra the HRTEM maps corresponding to the dif-

ferent zone axis [010]0 and [101]0 were generated

(Fig. 9a, c) in JEMS software at a defocus value of

-245 nm. The distortion in the MnO6 octahedra

(Fig. 9b, d) also confirms the presence of twins along

with the possibility of explanation of the distortion in

the octahedral due to the possible attachment of Kþ

ions during the chemical reaction. Fig. 9b shows the

MnO6 octahedra and Fig. 9d indicates the distorted

octahedra. In perovskite oxides, the BO6 octahedra

may show some degree of distortion along some

direction due to the size effect of A-site cations.

A possible phase diagram shown in Fig. 10 is

drawn as a function of amount of KOH vs. temper-

ature. This explains the growth of nanostructured

manganites of any desired shape and composition.

The phase diagram indicates that the formation of

nanowires of manganites La1�xAxMnO3; (where A =

Ca, Sr, etc.; x = 0.3 and 0.5) within autoclave is pos-

sible when the amount of KOH varies in the region

(3–4.5 g). Sr-doped manganite nanowires can be

grown in temperature range 230–300 �C plotted in the

phase diagram but the Ca-doped manganite nano-

wires cannot be formed at lower temperature (\250

�C), it has to be heated above 250 �C within autoclave

marked as shaded region in the phase diagram

(Fig. 10).

In the case of manganite nanoparticles, the tem-

perature range remains the same as of nanowires but

the phase diagram indicates that the major difference

for the formation of nanoparticle lies in the amount of

KOH (5.5–7 g) incorporated in the reaction. Incorpo-

ration of approximate double amount of KOH leads

to tailor the shape from wire-like to facets-like mor-

phology. This happens due to such high concentra-

tion of KOH which ultimately increases the

adsorption rate and in turn forms the nanoparticles.

Size of the nanoparticles increases with the increase

Figure 9 a and c Generated

HREM maps along the zone

axis [010]0 and [101]0;

respectively, showing the

atomic coordinations. b and d

Showing distortions in the

MnO6 octahedra confirming

the presence of twins (Color

online).



of heating /reaction time (See supplementary

Fig. S1). After the completion of reaction, pure phase

formation occurs which is confirmed by XRD

(Fig. S1). In the first 1hr, the pure phase does not

occur, but after several hours of reaction, the pure

phase formation occurs. Fig. S1c and S1b shows the

pure phase of faceted nanoparticles. The probability

of formation of mixed shape/size of nanowire and

faceted nanoparticle is high in the region where the

amount of KOH varies in the range (4.5–5.5 g), as

shown in phase diagram (Fig. 10). Here, the growth

happens throughout the temperature range (230–300

�C). The above results, incorporated in the phase

diagram, provide the possible principles of tailoring

the growth of nanostructures of family of manganites

with adaptable morphology and stoichiometry.

Conclusions

In our work, we have successfully reported the

growth of high-quality nanowires of family of per-

ovskite oxide manganites La1�xAxMnO3; (where A =

Ca, Sr; x = 0.3 and 0.5). It is possible to tailor shape

and size of nanostructures with controlled composi-

tion and stoichiometry by tuning the growth

parameters in hydrothermal synthesis. Mechanism of

shape and size tuning and composition control issues

followed by a phase diagram have been proposed in

this report. It has been shown that amount of KOH is

an important parameter which controls the shape of

the nanostructures. Analysis of HRTEM diffraction

data of JEMS software also gives an idea about the

growth mechanism, how the OH� ion of mineralizer

KOH helps in bonding and initiates the growth and

also the growth direction. Analysis of crystallo-

graphic structure data also shows that the grown

nanowires are of very pure and single phase; which

were confirmed from the refinement of synchrotron

X-ray diffraction results. The details of elemental

characterization using EELS data reveal the valence

of transition metal, Mn ion which is an important

issue in mixed valent compound like manganites.

Moreover, this knowledge base provides the oxygen

stoichiometry of the compounds estimated from the

Mn ion valence, which is also an essential factor in

modulating the physical properties of manganites.

Magnetic measurement on nanowires shows a clear

ferromagnetic transition temperature (TC) as

observed in bulk system; TC is little higher in the

nanowire system; compared to their bulk counter-

part. Crystal shape tuning of any composition of

perovskite oxide family of manganite may provide a

new perspective and this knowledge base may help

in shape/size tailoring and composition of many

other perovskite oxides which are important for

technological point of view and could be used for

further studying of different important physical- and

chemical-related applications in future.
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