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Abstract The polycrystalline samples with nominal com-

position Eu0.5Sr0.5Mn1-xCrxO3 (0 B x B 0.1) were pre-

pared by the conventional solid state reaction method and

characterized by X-ray diffraction, scanning electron

microscopy and electrical resistivity behavior without and

with magnetic field. The structural parameters obtained by

using Rietveld refinement of X-ray diffraction data showed

that all samples crystallize with orthorhombic perovskite

type symmetry with Pbnm space group. The scanning

electron micrograph images reveal that the increase in Cr

substitution hinders grain growth and grain connectivity.

The temperature dependence of electrical resistivity show

the semiconducting nature of these compounds and support

the small polaron hoping model and variable range hopping

conduction model. The calculated hopping distance and

activation energy decreased as rate of Cr content increased

whereas density of states at Fermi level increased. A large

negative magnetoresistance is also present in the sample at

the lowest temperature of measurements.

1 Introduction

In the recent years, the perovskite manganites with a

general formula Ln1-xBxMnO3 (Ln is a trivalent rare earth

cation and B is bivalent alkaline earth cation) have

engrossed wide research interest, due to their remarkable

magnetic and transport properties, especially the colossal

magneto-resistance and electro-resistance phenomenon

demonstrated by them and rich physics behind their novel

phase diagrams leading to potential application in mag-

netic, magneto-electronic, photonic devices, infrared

detector, as well as spintronics technology [1–6]. Zener’s

double exchange (DE) interaction between Mn3? and

Mn4? ions through charge carriers in the oxygen 2p orbi-

tal’s was introduced in order to explain the magnetic and

electric properties in these compounds [7]. However, sev-

eral studies clearly indicated that various factors such as

mixed valency, ionic size mismatch, Mn–O bond lengths,

Mn–O–Mn bond angles, oxygen stoichiometry, Jahn–

Teller (JT) distortion and grain boundary effect play an

important role in electrical and magnetic properties of

manganties [8–10].

The charge ordered phase in manganties with the per-

ovskite structure of the half doped R0.5A0.5MnO3 demon-

strates a variety of exciting physical phenomenon such as

charge, orbital and spin ordering the magnetic field and

current driven transitions. The competition between AFM

and FM interaction in very strong around (x & 0.5) and

ground state magnetic nature can easily be influenced by

external applied magnetic field [11–14]. Among mixed-

valent manganites, Eu1-xSrxMnO3 compounds is one of the

well studies systemswhich showAFMground state owing to

smaller Eu3? ions [15]. Dutta et al. [16] reported that the

charge ordered manganties Eu0.5Sr0.5MnO3 shows PM to

AFM transition on cooling, which results insulating behavior

of the compound down to the lowest temperature of mea-

surement and on application of H, the AFM insulation state

transforms to a metallic FM state showing first-order IM

transition on cooling. Cao et al. [14] said that the substitution

on Mn site are found to be an effective way to modify the

charge/orbital-ordered (CO/OO) and antiferromagnetic
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insulating phase gradually with changing of both tempera-

ture and applied magnetic field. In order to get further

understanding of thismechanism,Mn substitution by various

ions such as transition metals Cr has been extensively stud-

ied. The choice of Cr3? is based on the fact that its electronic

structure is the same as that of Mn4?. Its ionic radius

(0.615 Å) is smaller than the one of Mn3? (0.645 Å) [17].

Some authors have proposed that Cr may participate in the

double exchange (DE) interaction [18]. Modi et al. [19]

suggest that there exists a poorDE interaction betweenMn3?

and Cr3? at high temperature so that Cr3? can not play the

role of Mn4? in the Mn3?–O–Cr3? interaction. Corre-

spondingly, Cr3? partially plays the role of Mn4? in the low

temperature range. However, other authors argued that

Mn3?–O–Cr3? exchange interaction is super-exchange

rather than DE. It is reported that Chromium is the most

efficient one to induce a metal insulator transition in the CO

manganites and leads to a much higher CMR effect [14]. In

the present work, we have undertaken the study of Cr sub-

stituted Eu0.5Sr0.5Mn1-xCrxO3 synthesized by mixed oxide

reaction and the crystallographic structure, microstructure

and magnetotransport properties were systematically

investigated.

2 Experimental procedure

The polycrystalline samples Eu0.5Sr0.5Mn1-xCrxO3

(0 B x B 0.1) were synthesized by conventional solid-state

reaction technique from high purity (B99.99 % Aldrich)

stoichiometric quantities of Eu2O3 (Preheated at 500 �C for

6 h), MnO2 and Cr2O3. The powders were mixed and

thoroughly grinded for 8–10 h in an agate pestle mortar

and the slurry calcined at 1150 �C for 24 h in air. This

process were repeated several times until single-phase

sample obtained and the resulting powders were the sub-

sequently pulverized, and compressed it into pellets of

10 mm diameters and approximately 1–2 mm thickness

under a hydraulic pressure of 8–10 tons. The pellets were

sintered at 1250 �C for 24 h in order to get complete

reaction and required compactness. All samples were

slowly cool down to room temperature to maximize the

oxygen content.

The X-ray diffraction pattern (XRD) for all the samples

were examined by using Bruker D8 Advance diffractrom-

eter with Cu Ka1 (k = 1.5406 Å) radiation operating at

40 kV/100 mA. The data collected from 20� to 80� in 2h
range with steps size 0.02� and a counting time 15 s/steps.

The XRD data were refined by means of the Rietveld

refinement technique using FULLPROF program to con-

firm the phase formation as well as to obtain the lattice

parameters, space group and crystal system. The surface

morphological analysis of the samples was investigated by

scanning electron microscopy (SEM) at room temperature

on a JSM-6400 apparatus working at 20 kV. The electrical

resistivity measurements were carried out by standard four-

probe method in the temperature range 5–300 K at 0 and

8 T magnetic field. Electrical contacts were made by

indium on a rectangular rod of the sample.

3 Results and discussion

3.1 Structural and microstructural porperties

The powder XRD patterns of Eu0.5Sr0.5Mn1-xCrxO3

(0 B x B 0.1) compounds at room temperature and the

corresponding fit using Rietveld refinements for all the

samples are shown in Fig. 1. The data are fitted over 2h
range 20�–80�, which reveal that all the samples are single

phased with no detectable impurity within the experimental

limits. Further the sharp peaks indicate that the samples are

highly crystalline. All the samples in the present investi-

gation are indexed shows the class of orthorhombic per-

ovskite structure having Pbnm space group. In this

refinement, the whycoff atomic positions are considered as

follows: (Eu, Sr) atoms are at 4c (x, y, 1/4) positions, Mn at

4b (1/2, 0, 0) and O1 at 4c (x, y, 1/4) and O2 at 8d (x, y, z)

position. The profile refinement was started with scale and

background parameters followed by unit cell parameters.

Fig. 1 Reitveld fitted XRD pattern of Eu0.5Sr0.5Mn1-xCrxO3

(0 B x B 0.1) compounds at 300 K
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Then, the peak asymmetry and preferred orientation cor-

rection are applied. Finally, the position parameter and

individual isotropic parameters are refined. We noticed

from Fig. 1 that calculated diffraction patterns match well

with measured ones. The difference observed between the

intensities of the measured and calculated diffraction lines

can be attributed by the existence of preferential orientation

of the crystallites in the samples. Positions for the Bragg

reflection are marked by vertical bars. Differences between

the observed and the calculated intensities are shown at the

bottom of the diagram. The lattice parameters, the atomic

positions, and other relevant parameters of interest are

summarized in Table 1. It is noticed that with increasing Cr

content, a decrease in cell volume is observed. This is

possibly because of the replacement of relatively larger

Mn3? (0.64 Å) ion by the Cr3? (0.62 Å) ions [20]. The

possibility of replacement of Mn4? ions by the Cr3? ions is

ruled out as the difference between their ionic radii is

almost 0.9 Å. From the results of the average distances of

Mn–O and the average angles of Mn–O–Mn, it is consid-

ered that each MnO6 octahedron has little distortion. Fur-

ther, the structural stability of the perovskite structure is

determined the Goldschmidt tolerance factor t ¼ ðrA þ
roÞ=

ffiffiffi

2
p

ðrB þ roÞ which satisfy the condition for stable per-

ovskite phase which is often found less than one.

The direct evidence of the microstructure of Cr doped

sintered pellets as revealed through scaning electron

microscopy images are displayed in Fig. 2. The variation

of Cr composition had prominent effect on the grain

morphology of the system. The samples show strongly

connected large grains, forming almost homogenous par-

ticles up to a certain doping level which suggest the good

crystalline quality of these compounds. It is also clear

evident that grain get agglomerated and become dense on

the increment of doping content. On inspection, it can be

seen that grain size has improved dramatically with

reduction in porosity on increasing chromium content up to

x = 0.05 beyond which it separates and enhances the

semiconducting mechanism. Each sample is having a grain

size of 5 lm. Thus, Cr acts as a catalyst and plays a vital

role on electronic and magneto-transport properties of the

system.

3.2 Resistivity and conduction mechanism

Figure 3a–d illustrates the temperature dependent electrical

resistivity curves in the temperature range of 5–300 K for

the Eu0.5Sr0.5Mn1-xCrxO3 (0 B x B 0.1) series in the

presence and absence of the magnetic field. Using the

symbol of the temperature coefficient of resistivity dq/dT
as a criterion (dq/dT\ 0 for an insulating/semiconductor-

like and dq/dT[ 0 for a metallic system), all the samples

are found to be semiconductor-like charter. When we

substitute chromium (Cr) at Mn site give an increment in

resistivity observed, it’s gradually increases down to the

lowest temperature of measurement and go beyond the

instrumental limit. At room temperature resistivity of all

compound are approximately few X cm range, whereas

with decrease of temperature it increases rapidly and go

beyond the instrumental limit. But in the presence of

magnetic field (H = 8 T), compounds initiate to convert

metallic behavior below the certain temperature and show

the clear metal to insulator transition around 140 K is

observed for X = 0 and 0.02 composition. However no

such IM transition is observed in X = 0.05 and 0.1 com-

positions. It means that applied 8 T magnetic field is not

Table 1 Rietveld refined strctural parameters of Eu0.5Sr0.5Mn1-x

CrxO3 (0 B x B 0.1) samples

Composition (x) X = 0 X = 0.02 X = 0.05 X = 0.1

Space group Pbnm Pbnm Pbnm Pbnm

Lattice parameter

a(Å) 5.4286(15) 5.4075(19) 5.4045(10) 5.4038(3)

b(Å) 5.4249(16) 5.4201(17) 5.4181(12) 5.4104(3)

c(Å) 7.6419(7) 7.6377(12) 7.6378(10) 7.6360(2)

V(Å)3 225.050 223.854 223.650 223.215

Positional parameter

Eu/Sr: x 0.001(4) 0.011(2) 0.007(3) 0.004(3)

y 0.0161(12) 0.006(2) 0.0216(9) 0.0218(6)

z 1/4 1/4 1/4 1/4

Mn/Cr: x 1/2 1/2 1/2 1/2

O1: x 0.076(9) 0.004(4) 0.569(12) 0.398(17)

y 0.500(8) 0.596(7) 0.995(6) 1.022(11)

z 1/4 1/4 1/4 1/4

O2: x 0.773(5) 1.231(6) 0.765(8) 0.791(7)

y 0.23(3) 0.328(3) 0.184(6) 0.265(8)

z 0.013(7) 0.011(10) 0.012(8) 0.049(6)

Reliability factors

RP 37.1 59.5 48.3 54.4

Rwp 20.9 29.9 27.3 29.8

Rexp 19.42 25.83 20.72 28.01

RBragg 4.73 8.25 13.8 8.24

RF 9.49 18.0 21.7 13.8

v2 1.31 1.45 1.84 1.26

Bond distance (Å)

Mn-O1 1.9755(10) 2.0155(24) 1.9528(12) 1.9145(58)

Mn-O2 1.9694(10) 2.1984(18) 2.0449(54) 1.9042(96)

Mn-O3 1.8929(21) 1.6655(10) 1.8731(59) 2.0673(87)

Bondangles (degree)

Mn–O1–Mn 155.3(4) 142.7(10) 155.8(5) 171.3(3)

Mn–O2–Mn 167.2(9) 167(5) 157(2) 150(4)
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enough to induce metal to insulator transition for higher Cr

substituted compositions. In the application of magnetic

field the ferromangnetic (FM) clusters begin to develop in

otherwise AFM ground state of these materials. Under the

application of magnetic field, the orientation of casual

ferromagnetic clusters is forced to line up homogeneously

so that the degree of magnetic disorder is condensed which

favor the electron delocalization and as a result results in

distinct drop of resistivity which is excellent match with

previous report [21].

To understand the semiconducting nature of these

compounds, further resistivity data were analyzed using

small polaron hopping (SPH) model and other with Mott

variable rang hopping (VRH). The VRH model originally

verified in the lightly doped semiconductors with impuri-

ties randomly distributed. The expression for Mott-VRH

model [22] is given here.

q ¼ q0 exp
T�

T

� �1=4

ð1Þ

With

kBT
� ¼ 24

pNðEFÞn3
ð2Þ

where q0 is the residual resistivity, T* is the Mott charac-

teristic temperature which can be expressed in the terms of

the resistivity the density of states near the Fermi level is

known as N(EF) is, kB is the Boltzmann constant and n is

the localization length.

The most probable hopping distance Rh (T) and the

hopping energy Wh (T) can be written [23, 24] at a given

temperature T, as

RhðTÞ ¼
3

8
n T�

=T

� �1=4
ð3Þ

Wh Tð Þ ¼ 1

4
kBT

3=4 T�ð Þ1=4 ð4Þ

The In(q) versus (1/T)-1/4 plot in Fig. 4a, b shows the linear

behavior and fitted data which are shown as solid line. Using

the fitted values of T* obtained from the above equations, we

have estimated the values of N (EF), Rh and Wh by taking the

localization length n(c = lattice parameter form Table 1) and

listed in Table 2. It is clearly noticed that from Table 2. with

increasing the Cr doping concentration the density of states at

Fermi level N (EF) increases from 9.606 9 1019 eV-1 cm-3

for X = 0 to 17.8148 9 1019 eV-1 cm-3 for X = 0.1

whereas value of T* decreased from 8.473 9 106 K in the

case of X = 0 and 4.6185 9 106 K for X = 0.1 compound.

We also estimated the hopping length and hopping energy in

decreasing trend with the increasing rate of Cr concentration.

These observations are consistent with the earlier report

which suggested that as long as the members of this series are

in semiconducting region, they obey VRH model over a

limited range of temperature [25].

X=0 X=0.02

X=0.05 X=0.1

Fig. 2 Scanning electron microscope (SEM) images of Eu0.5Sr0.5Mn1-xCrxO3 (0 B x B 0.1) compounds
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The origin of the small polarons in manganites is the

Jahn–Teller distortion due to the presence of Mn3? ions in

these system which results in the possibility of strong

electron–phonon coupling and hence self-localization of

the charge carriers [26]. In order to gain the better insights

into the nature of interaction between the hopping con-

duction and the strength of electron–phonon interaction,

the temperature dependence of resistivity data have been

fitted the small polaron hopping model [27] is given as

q=T ¼ qa expðEP=kBTÞ; ð5Þ

where qa = [kB/mphNe
2R2C(1 - C)] exp (2aR), kB is the

Boltzmann constant, and T is the absolute temperature. N is

the number of ion sites per unit volume, R is the average

intersite spacing obtain from the relation R = (1/N)1/3, C is

the fraction of site occupied by the polaron, a is the elec-

tron wave function decay constant and Ep is the activation

energy. The polaron activation energy can be estimated

form slop of the resistivity curve as In (q) versus 1/T curve

displayed in Fig. 4c, d and calculated activation energy Ea

tabulated in Table 2. Both the models described our result

in the semiconducting phase fairly well and give the best

correlation factor R.

3.3 Magnetoresistance

The change in resistance under magnetic field in termed as

magetoresistance (MR) and its variation with temperature

is derived by using following relation such as

MR% ¼ qðHÞ � qð0Þ
qð0Þ � 100 ð6Þ

where q(H) and q(0) are the high field and zero field

resistivity respectively. The measured MR is shown in inset

of Fig. 5 for all the reported compounds. It is clearly

observed that all the compounds show the negative MR

Fig. 3 Temperature dependence of electrical resistivity of Eu0.5Sr0.5Mn1-xCrxO3 (0 B x B 0.1) compounds in the presence of 0 and 8 T applied

magnetic field a for X = 0, b for X = 0.02, c for X = 0.05 and d for X = 0.1 respectively
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over the measurement range. The magnitude of MR

increases with decreasing temperature and found to be

maximum at the lowest temperature of measurement. MR

is recorded to be more that -99.9 % in presence of 8 T

magnetic field around 40 K for X = 0 and 0.02 sample.

Whereas, for X = 0.05 and 0.1 samples MR is about -89

and -78 % respectively at 40 K. Melting of AFM clusters

into the FM state results this large negative MR, as com-

monly observed in CMR manganites very good match with

previous report [16]. The parent compound Eu0.5Sr0.5MnO3

illustrates a much higher MR value than the Cr substituted

compounds. It is thought that the 8 T magnetic field is too

low to destroy the charge ordering phase completely, a

higher magnetic field it needed to orient magnetic domains

and induced the formation of FM state, thus cause a rela-

tively higher value of MR for the parent compound the

similar phenomena is observed in another charged ordered

manganties Pa0.5Ca0.5MnO3 [14]. However, the increment

Fig. 4 The plot Log (q) versus (1/T)-1/4 for Eu0.5Sr0.5Mn1-xCrxO3

(0 B x B 0.1) compounds in a and b panel at 0 and 8 T applied

magnetic field respectively. The relation between Log (q/T) versus

1000/T for Eu0.5Sr0.5Mn1-xCrxO3 (0 B x B 0.1) compounds in c and
d panel at 0 and 8 T applied magnetic field respectively

Table 2 The fitted parameters

to the experimental resistivity

data of Eu0.5Sr0.5Mn1-xCrxO3

(0 B x B 0.1) using VRH and

SPH Models

Compositions/parameters X = 0 X = 0.02 X = 0.05 X = 0.1

0 T 8 T 0 T 8 T 0 T 8 T 0 T 8 T

T* (9106K) 9.055 6.561 8.474 6.102 4.918 3.847 4.618 3.769

N(EF) 9 1019(eV-1 cm-3) 8.990 12.40 9.607 13.34 16.55 21.16 17.625 21.59

Rh (Å) 10.97 10.12 10.79 9.941 9.420 8.859 9.273 8.814

Wh (meV) 85.15 78.56 83.75 77.15 73.10 68.74 71.96 68.40

Ea(meV) SPH 74.25 74.04 73.61 72.93 63.01 61.60 61.89 61.17
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of Cr concentration gradually suppressed the charged

ordering phase, including the formation of ferromagnetic

cluster responsible to decrease the MR value. A ferro-

magnetic matrix containing anti-ferromagnetic clusters

should give rise to a remarkable magnetoresistance effects

as observed in the samples. Therefore, the MR effect of the

reported system is believed to mainly result from the

melting of the charge ordered phase and the phase sepa-

ration caused by the Cr doping and the mechanism of the

MR effect is different for the undoped samples.

4 Conclusion

In summary, strctural and magnetotransport properties of

the polycrystyalline Eu0.5Sr0.5Mn1-xCrxO3 (0 B x B 0.1)

perovskites synthesized by solid state reaction method have

been studied systematically. The structure study shows that

all our synthesized compounds crystallize in the

orthorhombic structural with Pbnm space group. The lattice

parameters and unit cell volume decrease with increasing

the Cr concentration. This might be due to the smaller size

of ionic radii of Cr3? as compared to Mn3? ions. The

magnetoresistance increases with decreasing temperature

and it reach maximum at the lowest temperature. It is

observed -99.9 % for parent compound as well as small

Cr doped compound whereas for higher doping it suppress.

Resistivity behavior fits well for all the samples with the

VRH model and SPH model for the measured temperatures

range signifying that the conduction mechanism. However,

with the increasing rate of Cr substitution and applied

magnetic field, the density of states at Fermi level increases

while hopping length, hopping energy and activation

energy decreases, which suggest that the Cr doping at Mn

site, enhance the ferromagnetic coupling.
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