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Abstract In this paper, we report a detailed study of

the structure, magnetic, and electrical transport prop-

erties in nanocrystallites of hole-doped manganite

Y0.5Ca0.5MnO3, with the aim to study the effect of size

reduction on the stability of the charge-orbital order

and the antiferromagnetic spin order that are seen in

the bulk samples of the half-doped manganite. The

investigations have been done in the general context of

investigating how size reduction affects competing

interactions in complex oxides and thus, changes their

ground state. The bulk sample of the material (average

crystallite size *1 lm), with the smallest radius of the

cation in A-site (Y), shows a robust charge and orbital

ordered insulating state below the transition temper-

ature near 290 K and an antiferromagnetic spin order

at 110 K. The experiments carried out on well-

characterized nanocrystalline samples, with average

crystallite sizes down to 75 nm, establish that the size

reduction changes the structural parameters, and the

charge and orbital ordering are suppressed. However,

the antiferromagnetic spin order (as revealed by

neutron diffraction experiments carried out down to

2 K) persists in the nanocrystallites and co-exists with

ferromagnetic order below 110 K. The nanocrystalline

samples have significant lower resistivities (by few

orders) compared to those of the bulk samples in

the temperature range 10–300 K. This corroborates the

formation of the ferromagnetic moments in the

nanocrystallites.

Keywords Nanocrystallites � Manganites �
Magnetism � Structure � Particle size � Neutron

diffraction

Introduction

Control of the ground state of complex functional

perovskite oxides by size reduction to the nanometric

regime is an active area of research. This allows

engineering of new properties in nanomaterials,

keeping the chemical constituents and the stoichiom-

etry unchanged. In this paper, we investigate the effect

of size reduction in a complex perovskite oxide, which

in bulk form shows a robust charge and orbital ordered

ground state. Charge and orbital ordering (COO) in

half-doped perovskite oxide manganites, which are
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also accompanied by antiferromagnetic (AFM) spin

ordering, form a fascinating class of physical phenom-

ena (Rao and Raveau 1998). The COO leads to an

insulating ground state. The half-doped manganites, in

which these phenomena have been most investigated,

belong to the system with general formula

A0.5Ca0.5MnO3, with A site being occupied by triva-

lent elements like La, Pr, Nd, Sm, Y, etc. It has been

recognized that the orbital ordering is rather sensitive

to the size of cations occupying the A-site (Arulraj

et al. 1998a). As the radius of the A-site cation (rA)

decreases, the tendency for the formation of COO gets

enhanced, leading to an increase in the COO temper-

ature TCO. The evolution of the COO ordering

temperature TCO, the AFM transition temperature TN,

and the ferromagnetic transition temperature TC, that

may precede TCO, is shown in Fig. 1 as a function of

the average ionic radius size rA of the A-site ions. The

graph shows very clearly the enhancement of the COO

transition as rA decreases. The cations A shown in

Fig. 1 in order of decreasing rA are La (Radaelli et al.

1997), Pr (Mori et al. 1999), Nd (Vogt et al. 1996), Sm

(Arulraj et al. 1998a), and Y (Pollert et al. 1982;

Arulraj et al. 1998b). The data in Fig. 1 are collected

from references mentioned. La0.5Ca0.5MnO3, which

has the largest rA in the series shown, shows a

ferromagnetic transition that precedes the COO tran-

sition. For other members of the series, there is no

ferromagnetic state. The stability of the COO state is

often measured by its sensitivity to the applied

magnetic field. Generally, in La0.5 Ca0.5MnO3, a

magnetic field of a few Tesla can destabilize the

COO-AFM insulating state to a ferromagnetic metallic

state. For sufficiently small rA, as in Y0.5Ca0.5MnO3,

the ordering becomes so robust that it cannot be

destabilized even after applying a high magnetic field

of value &20 T or more. It is believed that in this case

the bandwidth is very narrow so that the electrons get

localized, leading to formation of a rugged insulating

state at a relatively high temperature.

The orbital ordering phenomena that occur in the

half-doped systems have an important synergy with

structure and it is often decided by the evolution of the

orthorhombic distortion in the structure with temper-

ature. The size reduction can alter the structural

parameters and thus can alter the evolution of the

orthorhombic distortions, which, in turn, can affect the

development of the orbital order in the systems with

reduced sizes. Generally, two competing effects

decide the structure that leads to orthorhombic distor-

tion. Smaller cation radius (i.e., smaller rA) leads to

cooperative buckling of the MnO6 octahedra which

leads to orthorhombic distortion (referred as O-type)

as well as reduction of the Mn–O–Mn angle that

controls the electron hopping and the bandwidth. In

addition, the Jahn–Teller distortion around Mn3? ions

can also lead to cooperative orbital ordering leading to

orthorhombic distortion of somewhat different type

(referred as O0-type) (Pollert et al. 1982; Dlouha et al.

2002). For the system under consideration in this

paper, Y0.5Ca0.5MnO3, the Y ion has the smallest

radius. The COO transition in bulk samples of

Y0.5Ca0.5MnO3 (i.e., samples with crystallite

size C 1lm) occurs in the vicinity of 290 K, which

is higher than that seen in most half-doped manga-

nites. For this particular system, the cooperative

buckling of the MnO6 octahedra plays an important

role in stabilizing the O-type structure. The evolution

of the structure and orthorhombic distortion in

Y0.5Ca0.5MnO3 and also the formation of the COO

order have been investigated before which highlight

the issues discussed above (Dlouha et al. 2002; Causa

et al. 2004; Su et al. 2010).

In recent years, the field of COO in half-doped

manganites added to it yet another exciting compo-

nent, where it was observed that the ground-state

Fig. 1 (Colour online) The variation of charge ordered

transition temperature, antiferromagnetic transition tempera-

ture, and ferromagnetic transition temperature with respect to

average cation radius for bulk half-doped manganites

A0.5Ca0.5MnO3 are shown. The A in order of decreasing ionic

radii are La, Pr, Nd, Sm, and Y. References are given in text



properties of half-doped perovskite oxide manganites

can be tuned by reduction of the size of crystallites. It

had been observed in a number of manganites that the

charge and orbital ordered ground state (along with

the AFM spin order) can be destabilized by reducing

the size of the crystallites to the vicinity of 100 nm or

below (Rao et al. 2006; Sarkar et al. 2007, 2008; Liu

et al. 2009; Giri et al. 2011; Jirak et al. 2010). There

are reports of changes in lattice structure on size

reduction (Sarkar et al. 2007, 2008). Interestingly, this

destabilization enhances the ferromagnetic interac-

tions, leading to creation of strong ferromagnetic

moments that can lead to long-range ferromagnetic

ordering. Sometimes, depending on the system, this

can lead to phase separation and co-existence of

competing phases. So far, the effect of size reduction

on the COO transition in half-doped manganites has

been observed mainly on A0.5Ca0.5MnO3 systems with

A = La, Pr, Nd, and Sm (Sarkar et al. 2007, 2008;

Liu et al. 2009; Giri et al. 2011). These ions have the

average A-site cation radius rA C 1.15 (see Fig. 1). In

this paper, we address an important question whether

the robust COO seen in a material like Y0.5Ca0.5MnO3,

which has the smallest rA, can be destabilized by size

reduction. We have investigated the stability of COO

transition in well-characterized nanocrystalline sam-

ples of Y0.5Ca0.5MnO3 with sizes down to 75 nm.The

investigation was done using temperature-dependent

X-ray studies, magnetic measurements that include

magnetization measurements and neutron diffraction

and electrical measurements. While the X-ray studies

were done at T C 300 K to look for any changes in the

important O–O
0

transition that might occur on size

reduction, the electrical and magnetic measurements

(including neutron diffraction) were carried out below

300 K and down to 5 K. We note that this is the first

detailed investigation on the physical properties of

Y0.5Ca0.5MnO3 nanocrystallites with size in sub-

100 nm domain.

Experimental

Sample synthesis

We have adopted chemical solution deposition (CSD)

method to prepare Y0.5Ca0.5MnO3 samples. The major

advantage of this method is that the phase formation

can occur at relatively lower temperatures compared

to that in conventional solid-state technique, which is

useful to control the smaller grain size particles

(Shankar et al. 2006). High-purity yttrium acetate

hydrate [(CH3CO2)3Y�xH2O], calcium acetate hydrate

[Ca(C2H3O2)2� H2O], and manganese acetate tetra

hydrate[(C2H3O2)2Mn�4H2O] are mixed in stoichiom-

etric ratio with deionized water and acetic acid

mixture and appropriate amount of ethylene glycol

[C2H4(OH)2] (0.3 in volume ratio). The polymer used

in this process is ethylene glycol, which forms a closed

network of cations from the precursor solution and

assists the reaction for formation of phase. We have

taken metal acetates of Y, Ca, and Mn in the

stoichiometric ratio of 0.5:0.5:1. Metal acetates are

dissolved in water:acetic acid:ethylene glycol in

volume ratio of 1:1:0.3. The solution was heated and

stirred until gel was formed. The gel was then dried

overnight at temperature *150 �C followed by pyro-

lysis done at temperatures 350 and 450 �C and finally,

it was sintered at temperature 830 �C to obtain the

desired phase and particle size. In the present Y-based

system, the phase formation occurs at somewhat

higher temperatures (compared to the La- or Pr-based

systems that we investigated before (Sarkar et al.

2007, 2008)), which constrains the size of the crystal-

lites to be above 75 nm.

For comparison and to have reference data for the

bulk sample, we have also made a *1 lm sample by

heating the pellets of nanocrystallites to higher

temperature (1,350 �C) for 24 h. The heat treatment

at higher temperature allows grain growth to larger

size. We found that these crystallites, made by the

CSD method, have very similar structure and physical

properties compared to the samples made by standard

ceramic route. The CSD method allows us to make

crystallites of varying size using the same starting

batch.

Characterization

The samples were first characterized by powder X-ray

diffraction (XRD) at 300 K. The high-temperature

X-ray diffraction experiment was carried out using a

PAN analytical expert pro system in the temperature

range 300–1,100 K using CuKa line. The structure was

analyzed using Rietveld refinement with FullProf

software (fullprof). The particle sizes for the samples

used were determined by scanning electron micro-

scope. The average particle size with standard



deviation was obtained from the distribution. The bulk

sample has average particle size 1.05 ± .05 lm, while

for the nano sample average particle size is around

75 ± 10 nm.

The absolute chemical compositions were esti-

mated by inductively coupled plasma atomic emission

spectroscopy (ICP-AES). We have also used iodo-

metric titration to determine the oxygen stoichiometry

for both the samples. Spatial chemical homogeneities

of the samples were checked by exploring the spatially

resolved relative compositions with energy-dispersive

X-ray (EDAX) analysis. The combination of these

tests establishes the chemical fidelity of the samples

used in this investigation.

Physical measurements

For magnetization and electrical measurements we

used pellets made from the crystallites. The magne-

tization measurements were done using a SQUID

magnetometer down to 5 K. We have done electrical

measurements using a standard four-probe DC set-up

coupled to a closed cycle He system.

Neutron diffraction

To supplement the magnetic data that were taken using

SQUID magnetometer, we have carried out neutron

diffraction measurements on both the bulk and nano

samples down to 2 K. Temperature-dependent (2–300

K) neutron diffraction (ND) measurements were

carried out on samples (in powder form) using the

multi-position-sensitive detector-based focusing crys-

tal 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. For low-temperature data, vanadium cans

filled with the samples were loaded in a Cryogenics

make cryogen-free magnet system.

Results

Characterization of samples

The SEM images of the crystallites used in the

experiments are shown in Fig. 2. Figure 2a shows the

representative image of the bulk sample and Fig. 2b

shows the representative image of a typical nano

sample. The formation of the proper chemical phase

has been confirmed from room-temperature XRD for

both the samples shown in Fig. 3 (Li et al. 2007). The

room-temperature XRD data also show that the two

samples have differences in crystal structures, which

we discuss later on.

The XRD data at room temperature for the bulk

sample agree very well with the data given in

reference 19, which are taken as standard.

The chemical tests done on the samples showed that

the size reduction retains the stoichiometry. We note

that this is an important observation. The Y:Ca:Mn

average ratio obtained from ICP-AES is 0.502:0.498:1

which is very close to the expected ratio 0.5:0.5:1. The

spatial variation of stoichiometry was checked in

different regions of the samples with point EDAX. For

the bulk sample, Y:Ca ratio is 1.02 ± 0.08 and for the

nano sample, it is a similar number 1.05 ± 0.09.

Iodometric titration results also show that the oxygen

stoichiometry does not change much on size reduction.

All the samples of Y0.5Ca0.5MnO3?d have similar

small positive values of d. The value of d for the nano

sample is &0.028 and for the bulk sample, it is

&0.018. The above tests ensure proper stoichiometry

for both the samples. Since the COO in the Y-system is

robust for small deviations from the exact half-doping,

we expect no change in behavior due to a small

variation in stoichiometry, if any.

Crystal structure

One of the important structural aspects of manganites

is that they generally develop an orthorhombic struc-

ture on cooling from high temperature. The formation

of the COO depends on the nature of the orthorhombic

distortion that develops in the system as it is cooled

from high temperature. The temperature-dependent

XRD data at high temperature captures this evolution.

To evaluate the evolution of the orthorhombic struc-

ture in this material, the data were analyzed using

Pbnm space group and the variations in the lattice

constants a, b, and c are shown in Fig. 4. The errors in

the lattice constants are ±(1.5 9 10-4 Å to 5.5 9

10-4 Å), ±(1.5 9 10-4 Å to 5.8 9 10-4 Å) and

±(2.1 9 10-4 Å to 8.1 9 10-4 Å), for a, b, and c

axes, respectively. The sizes of the data symbols in the

figure are larger than the error bars. From the data, it

can be seen that in the bulk sample, the



Orthorhombic–Orthorhombic0 (O–O
0
) transition that

shows up as a relative change in the size of a and c=
ffiffiffi

2
p

lattice constants, starts as a gradual transition at a

rather high temperature T&750 K. In most manganites

(like La0.5Ca0.5MnO3), the transition is generally

sharp. The gradual onset of the O–O
0

transition seen

on cooling is similar to that seen by previous

investigations on bulk Y0.5Ca0.5MnO3 (Dlouha et al.

2002; Causa et al. 2004). In the bulk sample, the

lattice constant b is much larger than the lattice

constants, a and c=
ffiffiffi

2
p

. This gives rise to a large

distortion factor D &1.4 %. (The factor

D(%) is defined as D ¼ ð100=3Þ
P

i¼1;2;3

n

ðj ðai �

aavgÞ=aavg jÞg where aavg ¼ ða� b� c=
ffiffiffi

2
p
Þ1=3: In the

nano sample, there are important differences com-

pared to the bulk as the temperature is varied. First of

all, there is no discernible O–O
0

transition on size

reduction and the structure is O
0
-orthorhombic for all

temperatures, although the Pbnm space group is

maintained. However, at room temperature, the

distortion factor D is much less and & 0.45 %. We

will see below that there is no signature of onset of

COO transition in the system as can be seen in the

susceptibility data.

Magnetic measurements

In Fig. 5, we show the magnetic susceptibility (v) data

plotted as a Curie–Weiss plot (v-1 vs. T). For the bulk

sample, the TCO is seen in the data as a change in slope

at around 290 K. The low-temperature AFM transition

shows up as a shallow feature in the change of slope in

the vicinity of 110 K. This is similar to that observed in

past investigations on bulk Y0.5Ca0.5MnO3 (Dlouha

et al. 2002; Su et al. 2010). We will show below that

the presence of the AFM order can be seen clearly in

the neutron diffraction data. From the high-tempera-

ture Curie–Weiss plot, we find that the Curie temper-

ature (h) is very small &20 K with an effective

moment leff& 0.49 lB.

The nano sample shows a distinctly different

magnetic behavior compared to that of the bulk. There

is no feature in the v-1 versus T data that can be

identified with the COO transition. Instead, the Curie–

Weiss law is followed down to &150 K where it starts

to show a deviation from the straight-line plot. The

deviation shows formation of ferromagnetic moments

Fig. 2 (Colour online) SEM images of the bulk sample

(average crystallite size &1 lm) (a) and the nano sample

(average crystallite size &75 nm) (b)

Fig. 3 (Colour online) Room-temperature XRD of bulk and

nano samples of Y0.5Ca0.5MnO3



and local order. The Curie constant, evaluated from

the high-temperature data, however, gives a small

moment leff& 0.35 lB with a very small value of

h& -2 K.

The value of leff is much smaller than what one

would expect from the ionic values of free moments on

Mn sites. It can be appreciated that in an analogous

system like Pr0.5Ca0.5MnO3 or La0.5Ca0.5MnO3, for

both the nano as well as bulk samples, the value of h is

high (in the range of 200–250 K) and the value of

the leff is also close to what one would expect from the

ionic moments (Sarkar et al. 2007, 2008).

The differences in the magnetic behavior of the two

samples can also be seen in the magnetization data.

The magnetization data measured in both field cooled

(FC) and zero field cooled (ZFC) modes in a field of

700 Oe are shown in Fig. 6. The bulk sample shows

formation of very weak moment at & 45 K, which is

much lower than the value of TN& 110 K seen from

the susceptibility data. For the bulk sample, the

M–H data taken down to 5 K show a weak field

dependence and an absence of any hysteresis, as

shown in Fig. 7a. The magnetization of the nano

sample shows clear evidence of the formation of

substantial ferromagnetic moments and a strong

deviation from the bulk data. It is clearly seen that

the magnetization of nano sample increases more

rapidly below 100 K. The M–H curves shown in Fig. 7b

also show appearance of hysteresis below 100 K.

Though the nano sample shows appearance of strong

ferromagnetic moment, the magnetization does not

saturate even up to a field of 3T. This would imply that

there may be formation of canted spin order or the

presence of local disorder arising from rather strong

local random anisotropy field.

Neutron diffraction

We have carried out neutron diffraction measurements

on both bulk and nano samples with the limited scope

to look for the presence or absence of AFM spin order

at low temperatures. The peaks due to the AFM order

appear at 2h values below 20� for the wavelength of

neutrons used. Examples of the magnetic peaks at 2 K

are shown for both the samples in Fig. 8. In Fig. 9, we

plot the intensities of the lines as a function of

temperature for both the samples. Appearance of the

magnetic peaks due to AFM order occurs below 100 K.

This is in broad agreement with the susceptibility data.

The neutron data show that the AFM order seen in the

bulk sample persists even in the nano sample, implying

co-existence of a ferromagnetic moment along with the

AFM order in the nano sample. This is unlike the

systems Pr0.5Ca0.5MnO3 or La0.5Ca0.5MnO3, where the

AFM order is completely suppressed when the particle

size is reduced to this range (Sarkar et al. 2007, 2008).

Such strong suppression of AFM order is also seen in

Nd0.5Ca0.5MnO3 (Liu et al. 2009) as well as

Sm0.5Ca0.5MnO3 (Giri et al. 2011). The neutron

Fig. 4 (Colour online) Variation of lattice constants a, b, and c
as a function of temperature in the region 300–1,100K for both

the samples of Y0.5Ca0.5MnO3 as observed from the refinement

of X-ray diffraction data. The error bars are smaller than the

symbols. The errors in lattice constants are ±(1.5 9 10-4 to

5.5 9 10-4Å), ±(1.5 9 10-4 to 5.8 9 10-4 Å), and ±(2.1 9

10-4 to 8.1 9 10-4Å), for a, b, and c axes, respectively

Fig. 5 (Colour online) Curie–Weiss plot for bulk and nano

samples



diffraction data in nanocrystals of La0.5Ca0.5MnO3

show no peaks arising out of AFM order and there is

formation of long-range FM order, similar to that seen

in the ferromagnetic metallic compositions like

La0.67Ca0.33MnO3.

Electrical measurement

The resistivity measurements provide supporting

evidence for the magnetic state of the sample. This

is because formation of ferromagnetic moment leads

to double exchange interaction that can lead to lower

resistivity. We investigated the resistivity (q) as a

function of T below 300 K. The data are shown in

Fig. 10a. For the bulk sample, even at 50 K, the

resistivity reaches a very high value C109 ohm.cm. In

the Y0.5Ca0.5MnO3 system, the resistivity at around

room temperature, is orders of magnitude higher

compared to those of the bulk samples of La and Pr

systems and this probably reflects small bandwidth

and higher propensity of the electrons in this system to

get localized. Compared to the bulk sample, the nano

sample has a resistivity that is orders of magnitude

less. For the nano sample, due to its significantly lower

q, the measurements could be done down to 10 K. q of

nano sample at room temperature is three orders less

than the bulk counterpart and at lower temperature

(T&50 K), q is more than four orders lower.

In general, most solid oxide systems with nano-

crystallites have much higher resistivity. Even in

manganites that are ferromagnetic (like the CMR

system La0.67Ca0.33MnO3 or the ferromagnetic oxide

La0.5Sr0.5CoO3), the size reduction leads to enhance-

ment of resistivity due to predominant contribution of

resistivity from the grain boundaries that are much less

conducting (Ghosh et al. 2005; Sarkar et al. 2010). In

the present system, when the COO is destabilized due

to the size reduction, the appearance of double

exchange (due to the ferromagnetic moments) makes

the electrons delocalized leading to resistivity

Fig. 6 (Colour online) Magnetization data measured in a field

of 700 Oe

Fig. 7 (Colour online) M–H curves taken at different temper-

atures for (a) bulk and (b) nano sample

Fig. 8 (Colour online) Magnetic peaks due to antiferromag-

netic order seen at 2 K by neutron diffraction for both the

samples



reduction in nano samples. The control of the electri-

cal resistivity in such nanoparticle systems by tuning

the ground state by size reduction is a new tool to

engineer the resistivity of nanoparticles. This is in

contrast to the conventional practice, where the

control is done by tuning the contributions from grain

boundaries.

The resistivity data for both the samples have

regions in temperatures where they fit the variable

range hopping (VRH) conduction (Mott and Davis

Second Edition) which is given as:

q ¼ q0 expðT0=TÞ1=4

where T0 is the scale of energy which is dependent on

the density of states and localization length and is

given as kBT0� a3N(EF)-1 where a is the inverse

localization length and N(EF) is the density of states at

the Fermi level EF. q0 is a constant giving the scale of

resistivity and the carrier hopping distance. In

Fig. 10b, we have plotted ln q versus T-1/4. For the

bulk sample, the resistivity follows VRH relation over

the whole temperature range, although there is a

change in the values of the parameters at T& 130 K as

can be seen from Fig. 10b. This temperature is much

less than TCO. It is likely that this is the temperature

range where small ferromagnetic clusters may form in

the system, which may not have large moments that

can lead to a clear signature in the susceptibility but it

may start to alter the local transport parameters. The

value of T0 is severely depressed (by nearly a factor of

5) at lower temperatures. This change can happen

from an enhancement in N(EF), or a decrease in a. It is

likely that this occurs due to an increase in the

localization length leading to a smaller a.

For the nano sample as well, the resistivity follows

a VRH hopping relation down to &35 K and below

that value, the temperature variation of q saturates. For

the nano sample, the value of T0 is significantly lower

(by almost a factor of 20) compared to that of the bulk.

This suppression is again a likely reflection of the

enlargement of the localization length (a-1) due to the

carrier delocalization arising from the formation of

the ferromagnetic moment. Since the dependence of

T0 on a has a cubic power, a modest enlargement of the

carrier localization length by a factor of &2.5 can lead

the observed suppression of T0.

Discussion

The data presented above show how size reduction

into the nanometric regime can control the structural

parameters in a nontrivial way, which in turn can

change the physical properties. It is observed that the

size reduction of the system Y0.5Ca0.5MnO3, like the

Fig. 9 (Colour online) The temperature variation of the

intensities of the antiferromagnetic peaks is shown. (hkl) values

are shown in bracket for the bulk and nano samples. For both

samples, the antiferromagnetic order sets in around 100 K

Fig. 10 (Colour online) (a) Temperature dependence of the

resistivities of the bulk and nano samples. (b) ln q versus T-1/4

plot shows the compliance to the variable range hopping relation



other half-doped manganites of the A0.5Ca0.5MnO3

family, can lead to significant changes in the physical

properties. Compared to similar past studies on

Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3 systems (that

have much larger average ionic radius rA), it appears

that though the COO transition is suppressed on size

reduction, there are important differences. Similar

destabilization of the COO state has also been reported

in other systems like Nd0.5Ca0.5MnO3 (Liu et al. 2009)

and Sm0.5Ca0.5MnO3 (Giri et al. 2011), which have

the average ionic radii rA lying between

Pr0.5Ca0.5MnO3 and Y0.5Ca0.5MnO3. The studies pre-

sented here on the Y0.5Ca0.5MnO3 system (which has

the smallest rA and the highest onset temperature for

the COO transition) unambiguously establish that,

irrespective of the system and the size of the cationic

radius rA, the COO transition observed in the half-

doped A0.5Ca0.5MnO3 systems can be destabilized by

size reduction of crystallites down to below 100 nm.

This is a clear and unambiguous conclusion from the

present investigation.

Our present investigation on the Y-based system,

along with past investigations done by our group on

the Pr- and La-based systems (Sarkar et al. 2007,

2008), show that the size reduction leads to a change in

the lattice parameters while the space group remains

unchanged. In recent theoretical studies (Das et al.

2011) using DFT and DMFT carried out on nano

clusters of La0.5Ca0.5MnO3, it has been found that the

COO ground state is destabilized with appearance of

ferromagnetic state with de-localized electrons. The

structure obtained by the theory was found to agree

with experimental data and it was concluded that

change in structural parameters on size reduction plays

a dominant role in destabilizing the COO state along

with the accompanying AFM spin order.

From this investigation and also from the available

data, it is clear that the extent of relative changes in the

lattice parameters differ significantly as one goes

across the series from La to Y. We can elucidate this

using the changes in the orthorhombic distortion

parameter (D) that changes as the ionic radius changes

and also shows nontrivial distortion on size reduction.

We show the variation of D as a function of the ionic

radius rA for both the bulk and nano samples in

Fig. 11. The data are taken from the lattice constants

measured in this investigation, past investigations

done by our group on La- and Pr-based systems

(Sarkar et al. 2007, 2008), and published data on

Nd-based system (Liu et al. 2009). If we assume 300 K

as the reference point, D&.06 % for the bulk

La0.5Ca0.5MnO3 system, which is very small. How-

ever, it changes significantly and becomes & 1.05 %

when the crystallite size is taken down to below

30 nm. In bulk Pr0.5Ca0.5MnO3, the D parameter is

somewhat larger (&0.18 %) and a size reduction to

similar size range leads to its enhancement to

&0.66 %. For the Nd0.5Ca0.5MnO3, the D factor for

both the samples appears to be close although it is

somewhat smaller for the nano sample. In case of the

Y0.5Ca0.5MnO3, D in bulk has the largest value of

& 1.35 % at 300 K while it has a lower value of

& 0.45 % in the nano sample. It is interesting that the

dependence of the distortion factor D on rA is opposite

in the bulk and the nano samples.

The structure and the orthorhombic distortion in the

A0.5Ca0.5MnO3 system, as stated before, depend on

two competing factors, namely, the stearic effect

arising from the ionic size and from the Jahn–Teller

distortion around the Mn3? ions. It is seen that there is

a gradual increase of D as rA is reduced, possibly

reflecting the relative enhancements of the stearic

effects in small rA systems. However, the relative

variation of D on size reduction appears to reflect an

inverse trend and is not immediately explainable. The

resulting structure and the D parameters on size

reduction appear to reflect the relative strengths of the

two competing effects that lead to the orthorhombic

distortion.

Fig. 11 (Colour online). Distortion parameter D (%) plotted as

function of the average ionic radius rA for half-doped

manganites, for both bulk and nano samples. The ions in order

of decreasing ionic radii are La, Pr, Nd, and Y. References for

La-, Pr-, and Nd-based systems are given in text



In case of Y0.5Ca0.5MnO3, the low-temperature

neutron diffraction data suggest the presence of AFM

order even in the nano sample, although there is

formation of weak ferromagnetic moments as well as

appearance of hysteresis loop at low temperatures. The

AFM spin order in Y0.5Ca0.5MnO3 seems to be more

rugged compared to the other half-doped systems,

where the AFM order is suppressed to a much larger

degree. We also note that in the present investigation,

the size could be reduced only down to around 75 nm

while retaining the chemical fidelity of the sample.

The magnetic phases in half-doped manganites arise

from a competition of antiferromagentic superex-

change interactions and strong double exchange

interactions when ferromagnetic moments are present.

The last interaction also delocalizes the electrons. The

resulting magnetic phases will depend on the relative

strengths of the two magnetic interactions which in

turn are decided by the structure itself. The stability of

the AFM spin order (or its absence) in size reduced

systems will thus depend on details of the resulting

structure.

Though the COO transition is strongly inhibited by

size reduction in all the systems studied, the extent of

ferromagnetic moment formation and the resulting

ferromagnetic order seem to vary. In case of

La0.5Ca0.5MnO3 and Pr0.5Ca0.5MnO3, the AFM order

was strongly suppressed and though there were co-

existing phases, there was long-range ferromagnetic

order formation as seen by neutron diffraction studies

done on nanocrystallites. Some of the previous studies

on nanocrystallites of manganites Nd0.5Ca0.5MnO3

and Sm0.5Ca0.5MnO3 (Liu et al. 2009; Giri et al. 2011)

have reported formation of core–shell structure that

has AFM core and a disordered ferromagnetic shell

which also shows appearance of exchange bias. In our

system, such a phenomenon has not been seen. In these

samples (Nd- and Sm-substituted samples), however,

there is no magnetic neutron diffraction data that can

rule out formation of long-range FM order.

To conclude, we have studied the stability of charge

and orbital order in nanocrystals of half-doped man-

ganite Y0.5Ca0.5MnO3. The COO that takes place in

the bulk close to the room temperature gets suppressed

on size reduction to sizes below 100 nm. This is

accompanied by changes in lattice parameters and the

orthorhombic strain. The AFM order is retained within

the nanocrystallites although there is formation of

strong ferromagnetic moment which leads to an

observable hysteresis loop at low temperatures. The

formation of the ferromagnetic moment and the onset

of DE interaction delocalizes the electrons leading to

substantial reduction in q in the nanocrystallites.

The physics of size reduction in complex oxides is

interesting because a number of competing interac-

tions are involved and the size reduction affects the

competing interactions to different degrees. The

specific example discussed in this paper brings out

how factors like ionic size matter in stabilizing the

ground state in such systems when the size is reduced

to nanometric range.

Acknowledgments One of the authors (PMC) would like to

thank CSIR for a fellowship. The work was supported by

UNANST-II project of the Department of Science and Tech-

nology (DST), Government of India and with partial support

from UGC-DAE CSR Mumbai Centre under Collaborative

Research Scheme (CRS-M-154/09). The magnetic measure-

ments were done at UGC-DAE CSR Kolkata Centre. BG and

AKR thank DST, Government of India for funding.

References

Arulraj A , Santhosh P N, Gopalan R Srinivasa, Guha A, Ray-

chaudhuri A K, Kumar N, Rao C N R (1998a) Charge

ordering in the rare-earth manganates: the origin of the

extraordinary sensitivity to the average radius of the A-site

cations hrAi. J Phys Condens Matter 10:8497 doi:10.1088/

0953-8984/10/38/010

Arulraj A, Gundakaram R, Biswas A, Gayathri N, Raychaudhuri

AK, Rao CNR (1998b) The nature of the charge-ordered

state in with a very small average radius of the A-site

cations. J Phys Condens Matter 10:4447 doi:10.1088/0953-

8984/10/20/012

Causa MT, Aliaga H, Vega D, Tovar M, Alascio B, Salva HR,

Winkler E (2004) Structural electric and magnetic study of

Y0.5Ca0.5MnO3. J Magn Magn Mater 81:272–276 doi:10.1016/

j.jmmm.2003.11.034

Das H, Sangiovanni G, Valli A, Held K, Saha-Dasgupta T

(2011) Size control of charge-orbital order in half-doped

manganite La0.5Ca0.5MnO3. Phys Rev Lett 107:197202

doi:10.1103/PhysRevLett.107.197202

Dlouha M, Vratislav S, Jirak Z, Hejtmanek J, Knizek K,

Sedmidubsky D (2002) Structure and magnetic order in

Y1-xCaxMnO3 (x = 0.3 and 0.5). Appl Phys A 74(Suppl):

S673–S676

Ghosh B, Kar S, Brar LK, Raychaudhuri AK (2005) Electronic

transport in nanostructured films of La0.67Sr0.33MnO3.

J Appl Phys 98:094302 doi:10.1063/1.2108153

Giri S K, Poddar A, Nath TK (2011) Surface spin glass and

exchange bias effect in Sm0.5Ca0.5MnO3 manganites nano

particles. Aip Adv 1:032110 doi:10.1063/1.3623428

http://www.ill.eu/sites/fullprof.

Jirak Z, Hadova E, Kaman O, Knizek K, Marysko M, Pollert E,

Dlouha M, Vratislav S (2010) Ferromagnetism versus

http://dx.doi.org/10.1088/0953-8984/10/38/010
http://dx.doi.org/10.1088/0953-8984/10/38/010
http://dx.doi.org/10.1088/0953-8984/10/20/012
http://dx.doi.org/10.1088/0953-8984/10/20/012
http://dx.doi.org/10.1016/j.jmmm.2003.11.034
http://dx.doi.org/10.1016/j.jmmm.2003.11.034
http://dx.doi.org/10.1103/PhysRevLett.107.197202
http://dx.doi.org/10.1063/1.2108153
http://dx.doi.org/10.1063/1.3623428
http://www.ill.eu/sites/fullprof


charge ordering in the Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3

nanocrystals. Phys Rev B 81:024403 doi:10.1103/PhysRev

B.81.024403

Liu L, Yuan SL, Tian ZM, Liu X, He JH, Li P, Wang CH, Zheng

XF, Yin SY (2009) Suppression of charge order and

exchange bias effect in Nd0.5Ca0.5MnO3 nanocrystalline.

J Phys D Appl Phys 42:045003 doi:10.1088/0022-3727/

42/4/045003

Li ZQ, Zhang DX, Zhang XH, Gao YQ, Liu XJ, Jiang EY (2007)

Charge ordering characteristics in Y0.5Ca0.5MnO3 manga-

nite. Phys Lett A 370:512–516 doi:10.1016/j.physleta.

2007.06.006

Mori S, Katsufuji T, Yamamoto N, Chen CH, Cheong SW

(1999) Microstructure related to charge and orbital order-

ing in Pr0.5Ca0.5MnO3. Phys Rev B 59:13573 doi:10.1103/

PhysRevB.59.13573

Mott NF, Davis EA (1971) Electronic processes in non-crys-

talline materials, 2nd edn. Clarendon Press, Oxford Uni-

versity Press, Oxford

Pollert E, Krupicka S, Kuzumicova E (1982) Structural study of

Pr1-xCaxMnO3 and Y1-xCaxMnO3 perovskites. J Phys

Chem Solids 43:1137 doi:10.1016/0022-3697(82)90142-1

Radaelli PG, Cox DE, Marezio M, Cheong SW (1997) Charge,

orbital, and magnetic ordering in La0.5Ca0.5MnO3. Phys

Rev B 55:3015 doi:10.1103/PhysRevB.55.3015

Rao CNR, Raveau B (eds) (1998) Colossal magnetoresistance

charge ordering and related properties of manganese oxi-

des. World Scientific, Singapore, pp 1–42

Rao SS, Tripathi S, Pandey D, Bhat SV (2006) Suppression of

charge order, disappearance of antiferromagnetism, and

emergence of ferromagnetism in Nd0.5Ca0.5MnO3 nano-

particles. Phys Rev B 74:144416 doi:10.1103/PhysRev

B.74.144416

Sarkar T, Mukhopadhyay PK, RayChaudhuri AK, Banarjee

Sangam (2007) Structural, magnetic, and transport prop-

erties of nanoparticles of the manganite Pr0.5Ca0.5MnO3.

J Appl Phys 101:124307 doi:10.1063/1.2749409

Sarkar T, Ghosh B, Raychaudhuri AK, Chatterji T (2008) Crystal

structure and physical properties of half-doped manganite

nanocrystals of less than 100-nm size. Phys Rev B

77:235112 doi:10.1103/PhysRevB.77.235112

Sarkar T, Raychaudhuri AK, Bera AK, Yusuf SM (2010) Effect

of size reduction on the ferromagnetism of the manganite

La1-xCaxMnO3 (x = 0.33). New J Phys 12:123026 doi:

10.1088/1367-2630/12/12/123026

Shankar KS, Raychaudhuri AK (2006) Low-temperature polymer

precursor-based synthesis of nanocrystalline particles of lan-

thanum calcium manganese oxide (La0.67Ca0.33MnO3) with

enhanced ferromagnetic transition temperature. J Mater Res

21:27–33 doi:http://dx.doi.org/10.1557/jmr.2006.0031

Su Y, Chen Z, Li Y, Deng D, Cao S, Zhang J (2010) Effect of

bivalent cation Ca-doping on magnetic properties in mul-

tiferroic YMnO3 manganites. J Supercond Nov Magn 23:

501–506 doi:10.1007/s10948-009-0623-1

Vogt T, Cheetham AK, Mahendiran R, Raychaudhuri AK,

Mahesh R, Rao CNR (1996) Structural changes and related

effects due to charge ordering in Nd0.5Ca0.5MnO3. Phys

Rev B 54:15303 doi:10.1103/PhysRevB.54.15303

http://dx.doi.org/10.1103/PhysRevB.81.024403
http://dx.doi.org/10.1103/PhysRevB.81.024403
http://dx.doi.org/10.1088/0022-3727/42/4/045003
http://dx.doi.org/10.1088/0022-3727/42/4/045003
http://dx.doi.org/10.1016/j.physleta.2007.06.006
http://dx.doi.org/10.1016/j.physleta.2007.06.006
http://dx.doi.org/10.1103/PhysRevB.59.13573
http://dx.doi.org/10.1103/PhysRevB.59.13573
http://dx.doi.org/10.1016/0022-3697(82)90142-1
http://dx.doi.org/10.1103/PhysRevB.55.3015
http://dx.doi.org/10.1103/PhysRevB.74.144416
http://dx.doi.org/10.1103/PhysRevB.74.144416
http://dx.doi.org/10.1063/1.2749409
http://dx.doi.org/10.1103/PhysRevB.77.235112
http://dx.doi.org/10.1088/1367-2630/12/12/123026
http://dx.doi.org/10.1557/jmr.2006.0031
http://dx.doi.org/10.1007/s10948-009-0623-1
http://dx.doi.org/10.1103/PhysRevB.54.15303

	Stability of charge and orbital order in half-doped Y0.5Ca0.5MnO3 nanocrystallites
	Abstract
	Introduction
	Experimental
	Sample synthesis
	Characterization
	Physical measurements
	Neutron diffraction

	Results
	Characterization of samples
	Crystal structure
	Magnetic measurements
	Neutron diffraction

	Electrical measurement

	Discussion
	Acknowledgments
	References


