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SUMMARY 

Mn- based oxides (manganites) have attracted a huge attention since the discovery of 

colossal magnetoresistance (CMR), wherein a spectacular change in resistivity is observed 

under an external magnetic field. In this thesis, investigation of other intriguing properties 

such as colossal electroresistance, magnetoimpedance and magnetocaloric effect in selected 

manganites are presented.   

Colossal electroresistance (CER), which refers to a huge change in the resistivity of a 

sample or resistivity switching induced by an electric field/current, is one of the hottest topics 

in applied physics and can be exploited for nonvolatile memory devices in future era of 

device miniaturization. Nevertheless, the physics behind the CER is poorly understood so far, 

in spite of considerable experimental and theoretical efforts. A comprehensive study of both 

direct and pulsed current induced electrical resistivity changes in a few manganese based 

oxides are presented in this thesis work. Various exotic current induced behaviors such as 

negative differential resistance, magnetoresistance avalanche and first order insulator to metal 

transition are also observed. Most importantly, concomitant changes in surface temperature of 

the samples were measured during the electroresistance experiments, which are not previously 

measured explicitly by many authors. A quantitative study is carried out to understand the 

role of joule heating and other intrinsic mechanisms, which account for the electroresistance 

in manganites of different electronic and magnetic ground states.  

  The practical applications of CMR are hindered by the requirement of a huge 

magnetic field (0H> 1 T) to get a magnetoresistance (MR) of more than -10 %. An 

alternative approach to obtain a considerable MR is presented in this study, wherein both the 

resistive (R) and inductive reactance (X) of the complex electrical impedance (Z = R+jX) have 

been studied as a function of magnetic field over a wide frequency and temperature range. 

Interestingly, a huge ac magnetoresistance (-51 %) at 2 MHz, is obtained in a small magnetic 

field of 200 mT at room temperature in La0.7Sr0.3MnO3. Our study of magnetoimpedance in 

this manganite reveals an unusual field dependence of the ac magnetoreactance. The 
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dependence of magnetoimpedance features on the measurement geometry is studied and 

plausible explanations to the observed intriguing features are discussed.  

  Magnetic refrigeration based on magnetocaloric effect, wherein a magnetic field 

induced change occurs in the magnetic entropy or adiabatic temperature, is a challenging 

topic of research from the view points of both fundamental physics as well as application. 

While majority of the published work in manganites focus on magnetic entropy change across 

the second-order phase transition (paramagnetic to ferromagnetic), we present a different 

approach to enhance the magnetocaloric effect. A large magnetocaloric effect is observed in 

Sm1-xSrxMnO3 (x = 0.3-0.5) due to the presence of magnetic nanoculsters, which preexist in 

the paramagnetic state. We demonstrate that magnetic oxides with nanoscale phase 

separation, particularly those with interacting superparamagnetic clusters in the paramagnetic 

phase, can be good candidates for magnetic refrigeration.  
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Chapter 1 

Introduction  

Multi-functionality is one of the main objectives of present generation material research, 

owing to the fascinating fundamental physics and technological significance involved. In 

particular, oxides have attracted a lot of attention in the past few decades since they show 

various exotic and versatile properties, such as colossal magnetoresistance, high temperature 

superconductivity, colossal electroresistance, metal-insulator transition, phase separation, 

charge, orbital and spin ordering, multiferroism (coexistence of ferromagnetic and 

ferroelectric ordering) etc. [1]. The intricate and delicate competitions between various 

degrees of freedom in oxides have been subjected to intense studies, in order to understand 

their electronic and magnetic properties. The spectacular sensitivity of various properties of 

these materials to different external stimuli like magnetic field, electric field, pressure, light, 

etc. offers numerous possibilities to exploit them for practical applications as multifunctional 

materials. Nowadays, one of the most striking challenges of solid state physics is to 

understand these intricate properties of transition metal compounds.  

In this chapter, a brief state of the art review about the rich properties of manganese 

based oxides (manganites) and an overview of research activities in these materials are 

presented. The chapter is organized as follows. After a brief introduction on manganites, we 

discuss a few exotic phenomena like charge ordering, phase separation and related features in 

manganites. Following, we present a summary of colossal electroresistance (CER) effect in 

manganites, mainly focusing on the different characteristics of CER and proposed 

mechanisms. Next, a concise description on the ac counterpart of magnetoresistance, namely 

magnetoimpedance is provided. Then, a short review on magnetocaloric effect is presented. 

Finally, the scope and objectives of the work presented in this thesis are outlined and the 

chapter ends with a brief note on the organization of the rest of the thesis. The issues turned 

up with respect to the aforementioned effects investigated in selected manganites, in the 

present study, are emphasized in the introduction of the corresponding chapters. 
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1. 1 Brief introduction to manganites 

1. 1. 1 Perovskites 

A large family of transition metal oxides is known as the perovskites, which derive 

their name from a mineral CaTiO3 and named after Russian mineralogist, L. A. Perovski. The 

general chemical formula of perovskites is ABX3, where A-site is generally occupied by large 

cations such as rare earth ions or alkaline earth metal ions, B-site by smaller cations such as 

transition metal ions and X is an anion, usually oxide or halide. The structure of perovskite 

with highest symmetry is cubic, as shown in Fig. 1. 1(a). In a perovskite oxide (X=O), the 

picture of a basic structural unit can be easily visualized as: A set of BO6 octahedra are linked 

together by corner-shared oxygen atoms, with A atoms occupying the space in between [Fig. 

1. 1(b)]. The two major landmarks in the history of perovskite oxides are: (i) in 1986, Alex 

Müller and Georg Bednorz discovered high-temperature superconductivity in copper-based 

perovskite oxides[2] (ii) a few years after  this, in 1993, more excitement greeted reports that 

certain manganese oxides, belonging to the perovskite structure showed a huge change in 

electrical resistivity when a magnetic field was applied [3]. This effect is generally known as 

magnetoresistance, but the resistivity change observed in these oxides was so large that it 

could not be compared with any other forms of magnetoresistance. The effect observed in 

these materials – the manganese perovskites – was therefore dubbed “colossal 

magnetoresistance (CMR)” to distinguish it from the giant magnetoresistance observed in 

magnetic multilayers. 

                   

Fig. 1. 1: Schematic of (a) Cubic perovskite (ABX3) and (b) BO6 Octahedra 
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1. 1. 2 Important physical features of CMR manganites 

1. 1. 2. 1 Crystallographic structure: 

Manganites, of the general chemical formulae RE1−xAExMnO3 where RE is a rare earth 

element and AE is an alkaline earth element, has attracted a lot of attention both from the 

fundamental and technological point of view. The discovery of CMR in these materials raised 

expectations of a new generation of magnetic devices and sensors, and launched a frenetic 

scientific race to understand the cause of the effect. Today, the promise of great strides in 

technology remains a challenge, but these materials are receiving a lot of attention in their 

own right. The structure of RE1−xAExMnO3 is close to that of the cubic perovskite (ABX3, 

where A is trivalent RE or divalent AE atom, B is Mn atom and X is O atom). The large sized 

RE trivalent ions and AE divalent ions occupy the A-site with 12-fold oxygen coordination. 

The smaller Mn ions in the mixed-valence state Mn3+–Mn4+ are located at the centre of an 

oxygen octahedron, the B-site with 6-fold coordination. For a stoichiometric oxide, the 

proportions of Mn ions in the valence states 3+ and 4+ are respectively, 1x and x. The 

structure of the manganites is governed by the tolerance factor [4], 

t = (rMn + rO)/ √2(rA + rO) 

Here, rj (j= A, B, O) represents the (averaged) ionic size of each element and t 

measures the deviation from perfect cubic symmetry (t = 1). Generally, t differs appreciably 

from 1 and the manganites have, at least at low temperature, a lower symmetry (rhombohedral 

or orthorhombic structure). A possible characteristic distortion which influences the 

perovskite structure arises from the A-site size mismatch. The Mn-O-Mn bond angle is 

sensitive to the size of the A-site ion and is reduced from 180˚. The schematic of the 

distortion of structure due to A-site cation size mismatch is shown in Fig. 1. 2.  
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Fig. 1. 2: The buckling distortion due to A-site cation size mismatch. 
 

1. 1. 2. 2 Electronic structure and orbital ordering:  

The simple non-substituted perovskite compounds LMnO3, where L= La, Nd, Pr, etc. 

are insulators. In LaMnO3, for example, both the lanthanum and manganese are trivalent 

cations, and their combined charge is balanced by the oxygen ions. An isolated 3d Mn3+ ion 

has four electrons in its outermost energy level, and five degenerated orbital states (the 

schematic is shown in Fig. 1. 3) are available to the 3d electrons with l = 2. In a crystal, the 

degeneracy is partly lifted by the crystal field, which is an electric field derived from 

neighboring atoms in the crystal. In crystal field theory, the neighboring orbitals are modeled 

as negative point charges where the size and nature of crystal field effects depend crucially on 

the symmetry of the local octahedral environment [5].  

 

Fig. 1. 3: Five d orbitals. In the cubic crystal field, this fivefold degeneracy is lifted to 
two eg orbitals [(3z2 −r2) and (x2 − y2)] and three t2g orbitals [(zx), (yz), and (xy)]. 
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In an octahedral environment, the five d-orbitals are split by a crystal field into three 

t2g orbitals (dxy, dyz, dxz) and two eg orbitals (d3z
2

-r
2 and dx

2
-y

2). For the MnO6 octahedron in 

LaMnO3, the energy difference due to crystal field splitting between the t2g and the eg levels is 

approximately 1.5 eV (the schematic is shown in Fig. 1. 4) [6]. The intra-atomic correlations 

ensure parallel alignment of the electron spins (first Hund’s rule) for the Mn3+ and Mn4+ ions; 

the corresponding exchange energy of about 2.5 eV being larger than the crystal field 

splitting. The electronic configuration of Mn3+ is 3d4, t2g
3↑ eg

↑ with S = 2 whereas Mn4+ is 3d3, 

t2g
3↑ with S = 3/2. The system chooses a ground state with effective magnetic moment,  

eff = 2B√(S(S+1)). 

Here L = 0 (so that J=S, gJ = 2) due to orbital quenching in 3d ions, where the crystal field 

interaction is much stronger than the spin orbit interaction. Their respective magnetic 

moments are 4μB and 3μB, neglecting the small orbital contribution.  

 
 

Fig. 1. 4: Energy levels and orbitals of Mn4+ and Mn3+ in a crystal field of octahedral 
symmetry and with axial elongation. 
 

In a crystal field of symmetry lower than cubic, the degeneracy of the eg and t2g levels 

is lifted (Fig. 1. 4) for an axial elongation of the oxygen octahedron [7]. Although the energy 

of Mn4+ remains unchanged by such a distortion, the energy of Mn3+ is lowered. Thus, Mn3+ 

has a marked tendency to distort its octahedral environment in contrast to Mn4+. The energy 
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cost of increased elastic energy is balanced by a resultant electronic energy saving due to the 

distortion; this phenomenon is known as the Jahn-Teller (JT) effect.  

 

Fig. 1. 5: The relevant modes of vibration are (a) Q2 and (b) Q3 for the splitting of the eg 
doublet (Jahn–Teller distortion). 
 

As far as manganites are concerned there are 21 degrees of freedom (modes of 

vibration) for the movement of oxygen and Mn ions [8]. Out of these, only two types of 

distortion (modes of vibrations) are relevant for the splitting of the eg doublet, i.e. JT 

distortion: Q2 and Q3 [7], which are shown in Fig. 1. 5. Q3 is a tetragonal distortion, which 

results in elongation or contraction of MnO6 octahedra. In this case, either dx
2
−y

2 or d3z
2
−r

2 

orbital will be filled preferentially. However, in the case of manganites the effective distortion 

is the basal plane distortion (called the Q2 mode) in which one diagonally opposite O pair is 

displaced outwards and the other pair displaced inward. In this case a certain superposition of 

dx
2
−y

2 and d3z
2
−r

2
 orbitals is obtained [9], resulting in a rod-type or cross-type orbital ordering 

(Fig. 1. 6). These Jahn-Teller distortions are not independent from one Mn3+ site to another 

(cooperative Jahn-Teller effect) and a long range ordering is established throughout the whole 

crystal, which is also accompanied by a long range ordering of the orbital degree of freedom 

[7, 9]. In such a Jahn-Teller-distorted and orbital-ordered state, LaMnO3 undergoes an 

antiferromagnetic transition at 120 K, where the spin-ordering structure is layer type (i.e. A-

type, in which the ferromagnetic xy planes are coupled antiferromagnetically along the z-

axis). The Jahn-Teller distortions, other than due to the A site mismatch, is rather effective in 
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the lightly doped manganites, i.e. with a large concentration, 1-x, of Mn3+ ions. On increasing 

the Mn4+ content, the Jahn–Teller distortions are reduced and the stabilization of the 3z
2
− r

2 eg 

orbital becomes less effective. 

 

Fig. 1. 6: Schematic representation of (a) rod-type and (b) cross-type orbital ordering. 
 

1. 1. 2. 3 Electrotransport in hole doped manganites and Colossal Magnetoresistance 

(CMR) 

All the 3d (eg and t2g ) electrons are subjected to electron repulsion interaction or the 

electron correlation effect and therefore tend to localize in the 100 % Mn3+ based parent 

compound, forming the so called Mott insulator [10]. The hole doping creates mobile Mn4+ 

species on the Mn sites, so that eg electrons can be itinerant and hence play a role of 

conduction electrons. On the contrary, the t2g electrons are stabilized by the crystal field 

splitting and regarded as always localized, forming the local spin (S=3/2) even in the metallic 

state. There exists an effective strong coupling between the eg conduction electron spin 

(S=1/2) and t2g localized spin following Hund’s rule. In manganites, the exchange energy JH 

(Hund’s-rule coupling energy) exceeds the inter-site hopping interaction t0
ij of the eg electron 

between the neighboring sites, i and j. In this strong coupling limit, when JH>>tij, the 

effective hopping interaction of the conduction electron is expressed as [11],  

tij = t0
ijcos(ij/2). 

This relation implies that the hopping depends on the relative angle (ij) between the 

neighboring (classical) spins or the relative configuration of local spins (Fig. 1. 7) and the 
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ferromagnetic state is stabilized when the kinetic energy of the conduction electron is 

maximum (ij =0).  The ferromagnetic interaction via the exchange of the (conduction) 

electron was put forward by Zener in 1951 as the double exchange (DE) interaction [12]. 

Above or near TC, the spins are dynamically disordered, thus reducing the effective hopping 

interaction and in turn increase the resistivity. Under an external magnetic field, the local 

spins are relatively aligned and this results in an increase in the effective hopping interaction. 

Thus the colossal magnetoresistance around TC in manganites can be intuitively explained on 

the basis of double exchange model. 

 

Fig. 1. 7: (a) Schematic representation of the double exchange mechanism proposed by 
Zener (b) sketch of de Gennes spin-canted states. 
 
(a) La1-xSrxMnO3: a canonical case 

The properties of substituted lanthanum manganites, of the general formula 

La1−xAExMnO3 (AE = Ca, Sr, etc.), depend on the concentration of dopants (x) and the 

temperature [1]. For instance, x determines the magnetic and electronic ground states of 

La1−xSrxMnO3 (i.e., when AE = Sr). This compound is the most canonical double exchange 

system which shows the largest one electron bandwidth W, and accordingly less significantly 

affected by the electron-lattice and coulomb correlation effects. The hole- doping (substitution 

of La with Sr) is interpreted to favor the DE-type ferromagnetic coupling, producing the spin 

canting [13]. The spin canting angle continuously increases with increasing x, thereby 

transforming the canted antiferromagnetic phase (up to x=0.15) to ferromagnetic phase (for 
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x>0.15). With further doping, the Curie temperature TC steeply increases, up to x= 0.3 and 

then saturates. The ferromagnetic transition temperatures (TC) of the divalent substituted 

compositions are found to be highly susceptible to the amount of substitution and a fine-

tuning of TC is possible by varying the degree of substitution. Apart from the divalent ion 

substitution, self-doping and substitution at Mn-site by other transition metal ions are also 

known to cause rich variety of magnetic and transport properties in the lanthanum manganite 

family [1].  

Urushibara et al. [14] has studied the temperature dependence of resistivity () of 

La1-xSrxMnO3 (0<x<0.4) in detail. In the samples x<0.3, the resistivity is reported to show a 

semiconductor behavior above TC with d/dT< 0, but at temperatures lower than TC, a 

metallic behavior with d/dT > 0. For the x=0.175 crystal, it was shown that the resistivity 

decreased steeply around TC under the application of an external magnetic field. The 

magnetoresistance value is defined as  

MR = [(H)-(0)]/(0). 

The magnetization (M) dependence of the MR at a temperature near above TC is well 

expressed by a scaling function as  

-[(H)-(0)]/(0) = C(M/Ms)
2,  

where Ms is the saturation magnetization in the ground state. The scaling constant C measures 

the effective coupling between the eg conduction electron and the t2g local spin. The 

magnitude of the MR has a close relation to the magnetization even in polycrystalline 

samples, showing a quadratic dependence [15]. There are two aspects to the field dependence 

in polycrystalline samples, where MR changes rapidly with H for low magnetic fields, 

followed by a gradual change at higher magnetic fields. One aspect is related to the 

ferromagnetic domain wall movement as in all ferromagnets and the other has to do with the 

grain boundaries which contribute substantially to the MR of manganites at T << TC. It is 

interesting that the two distinct regimes seen in the MR-H curves for polycrystalline samples 
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at T << TC is generally absent in single crystals, where the magnitude of the MR increases 

almost linearly with H. 

An important issue directly relating to the CMR effect is a semiconducting or 

insulating behavior above TC in the low-x region, e.g. x=0.15-0.20 of La1-xSrxMnO3 or in 

narrower-W systems such as La1-xCaxMnO3. In such an x region, the negative MR effect is 

most pronounced around TC and hence the origin of the semiconducting transport is of great 

interest. Millis et al. [16] pointed out that the resistivity of the low-doped crystals above TC is 

too high to be interpreted in terms of the simple DE model and ascribed its origin to the 

dynamic Jahn-Teller distortion. Another possible origin of the resistivity increase near above 

TC and the effective suppression by an external magnetic field has been ascribed to the 

Anderson localization of the DE carriers arising from the inevitably present random potential 

in the solid solution system [17], or to antiferromagnetic spin fluctuation which competes 

with the DE interaction [18]. An important issue relating to these instabilities is how we can 

take into account the orbital degree of the freedom of the eg-state electrons and their possible 

strong inter-site correlation or coupling to the lattice degree of freedom. Goodenough pointed 

out that ferromagnetism is governed not only by double exchange, but also by the nature of 

the indirect superexchange interactions [19]. According to Goodenough-Kanamori rules, the 

Mn3+-O-Mn4+ superexchange interaction is ferromagnetic while the Mn3+-O-Mn3+ and Mn4+-

O-Mn4+ interactions are both antiferromagnetic. Antiferromagnetic superexchange coupling 

exists between Mn4+ ions via intervening oxygen, but the superexchange interaction with a 

Mn3+ ion can be antiferromagnetic or ferromagnetic depending on the relative orbital 

orientation. Therefore, it is expected that there exists a close interplay among charge carriers, 

magnetic couplings, and structural distortions in the mixed valent manganites.  

 

1. 2 Charge ordering in correlated materials 

An electron in a solid, if bound or nearly localized on a particular atom, can be 

described by three attributes; its charge (e-), spin (S = ±1/2) and orbital. If correlations 

between different orbitals may be neglected, solving the problem of one of the orbitals is 
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often equivalent to solving the whole system. These orbitals hybridize to form a valence band. 

This so called one-electron picture ignores both intersite (like the Coulomb repulsion U) and 

even some intrasite correlations between the electrons (i. e., the charge transfer between O 2p 

and transition metal 3d states Δ). Nonetheless, the single electron approach has been very 

successful for the description of many of the properties of periodic solids. However, 

electronic correlations are responsible for some of the most fascinating properties such as 

superconductivity or magnetism in transition metal compounds. The strong correlations 

between the electrons in transition metal oxides classifies them as Mott insulators, where the 

ground state is mostly antiferromagnetic; however it is not the magnetic interactions that drive 

these materials into the insulating state. Rather it is the coulomb repulsions, which are still in 

operation even in the case of paramagnetic state. In doped manganites like La1-xCaxMnO3, the 

ionic radius of Ca is less than that of Sr, and hence the doping introduces more distortion into 

the crystal structure, thus reducing the bandwidth. Instead of the typical double exchange 

behaviour in the Sr doped manganite, a more complicated situation arises. We have already 

seen that spin-ordering and orbital-ordering play important roles in manganites. Now, we 

discuss the presence of charge ordering, which makes the physics of manganites more rich 

and complex. 

1. 2. 1 Ordering phenomenon 

Charge ordering is a phenomenon observed in solids wherein electrons become 

localized due to the ordering of cations of differing charges (oxidation states) on specific 

lattice sites. It can occur in widely different systems, ranging from wholly localized systems 

such as alkali halide ionic crystals to a wholly delocalised one such as the electron 

crystallization envisaged by Wigner. For an ordinary delocalized system of electrons, the 

kinetic energy due to the Pauli Exclusion Principle is much more important than the potential 

energy due to the coulomb repulsion. However the situation drastically changes when the 

electron concentration is low, when the potential energy becomes larger than the kinetic 

energy. In this situation, the kinetic energy will maintain the zero point motion of electrons 

around the equilibrium position and change the homogeneous state into an inhomogeneous 
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charge distribution, known as Wigner crystallization.  This renders the material insulating. 

Charge-ordering in Fe3O4 has been known for some time [20]. The transition from the charge-

ordered to the disordered state in Fe3O4 at 120 K, identified by Verwey as early as 1939, is 

associated with a resistivity anomaly.  

 

Fig. 1. 8: (a) Schematic diagram of spin, charge and orbital ordering in La0.5Ca0.5MnO3. 
 
Charge ordering has been found to occur in a few other transition metal oxides as 

well, but nowhere does it manifest itself as vividly as in rare earth manganites [21]. 

Accordingly, several of the rare earth manganites of the general composition Ln1−xAExMnO3 

(Ln = rare earth, AE = alkaline earth) exhibit fascinating properties and phenomena associated 

with charge ordering. The occurrence of charge ordering in these manganites was first studied 

by Wollan and Koehler [22] and later examined by Jirak et al. [23]. The situation has since 

changed significantly due to the discovery of colossal magnetoresistance and other interesting 

properties in these materials [1]. For instance, in La1-xCaxMnO3, at x=0.5, a stable charge-

ordered AFM state is found below TC = 160 K (the schematic is shown in Fig. 1. 8). This 

charge ordered state can be explained by an ingenious model proposed by Goodenough [19]: 

Mn3+ and Mn4+ are arranged like a checkerboard, exhibiting the charge ordered, spin-ordered 

and orbital ordered states altogether. Since Mn3+ sites have a Jahn-Teller distortion, this 

periodic distribution of Mn ions reduces not only the Coulomb repulsive energy and exchange 

interaction energy, but also the Jahn-Teller distortion energy by the orbital ordering [24]. The 

first direct evidence for charge ordering was found in La0.5Ca0.5MnO3 by Chen and Cheong 
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using electron microscopy [25]. Quasi-commensurate satellite reflections observed close to 

the onset of antiferromagnetism were interpreted as a result from the coherent ordering of 

Mn3+O6 and Mn4+O6 octahedra, as expected for a charge-ordered phase.  

1. 2. 2 Phase separation (PS)  

The phenomenon of charge/orbital ordering in manganites can coexist with 

ferromagnetic metallic phases, which makes it more attractive and surprising.  The physics of 

solids with strongly correlated electrons appears to be dominated by states that are 

microscopically and intrinsically inhomogeneous in the most interesting range of 

temperatures and charge carrier (hole or electron) densities [26]. The most relevant examples 

are the cuprates at the hole- densities in the underdoped region and the manganites in the 

regime of colossal magnetoresistance (CMR). In cuprates the competition occurs between 

antiferromagnetic insulating and superconducting or metallic phases. On the other hand, in 

manganites the inhomogeneities arise from phase competition between ferromagnetic metallic 

and charge-ordered insulating phases. These microscopic and intrinsic inhomogeneities lead 

to phase separation (PS) in manganites [27]. Indeed, the existence of phase separation (PS) 

was envisioned by Nagaev [28] in an antiferromagnetic semiconductor, where the doping of 

electrons is expected to create a ferromagnetic phase embedded in an antiferromagnetic 

matrix. It was remarked that if the two phases have opposite charge, the coulomb forces 

would break the macroscopic clusters into microscopic ones, typically of nanometer scale 

size. Percolative transport has been considered to result from the coexistence of ferromagnetic 

metallic and insulating phases. PS is generally the result of a competition between charge 

localization and delocalization, the two situations being associated with contrasting electronic 

and magnetic properties. An interesting feature of PS is that it covers a wide range of length 

scales anywhere between 1 and 200 nm and is static or dynamic [27]. 

These intrinsically inhomogeneous states are more pronounced and universally 

accepted for manganites. These phase-separated states give rise to novel electronic and 

magnetic properties with colossal magnetoresistance (CMR) in doped perovskite manganites. 

CMR and related properties essentially arise from the double-exchange mechanism of 
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electron hopping between the Mn3+ and Mn4+ ions, which favors the ferromagnetic metallic 

phase below Tc and the paramagnetic insulating state above Tc. In the insulating state, the 

Jahn–Teller distortion associated with the Mn3+ ions localizes the electrons and favors charge 

ordering (CO) of Mn3+ and Mn4+ ions. This CO competes with double exchange and promotes 

the antiferromagnetic insulating (AFI) behavior [29]. Even in many of the manganites 

(exhibiting CMR) which are in FMM state at low temperatures, CO clusters occur. Thus in 

doped rare earth manganites CO (AFM) and FM clusters or domains coexist, the sizes of 

which are affected by the carrier concentration or composition, average size of the A-site 

cations, temperature and other external factors such as magnetic and electric fields [1, 27]. 

Phases with different charge densities and transport properties coexist as carrier-rich FM 

clusters or domains along with carrier-poor antiferromagnetic (AFM) phase. Such an 

electronic phase separation gives rise to microscopic or mesoscopic inhomogeneous 

distribution of electrons, and results in rich phase diagrams that involve various types of 

magnetic structures.  

A clear evidence of electronic phase separation has been observed in several rare 

earth manganites in the past few decades and the phenomenon has been investigated by a 

variety of techniques [27]. Wollan and Koehler [22] have reported the coexistence of 

ferromagnetic and A-type antiferromagnetic reflections in the pioneer neutron diffraction 

study of La1−xCaxMnO3. Uehera et al. have demonstrated sound evidences of coexistence of 

metallic and insulating phases in La5/8−Y PrY Ca3/8MnO3 using transport, magnetic and electron 

microscopy techniques [30]. A large but metallic (∂ρ/∂T > 0) resistivity far below the actual 

ferromagnetic transition  clearly suggests the failure of a homogeneous picture, since only a 

percolative state can produce such large but metallic resistivity. To further strengthen their 

results, they carried out transmission electron microscopy and found 500 nm coexisting 

domains of CO insulator and FM metallic phases for Pr = 0.375 at 20 K. Fath et al. have 

provided further remarkable evidence of coexistence of inhomogeneous clusters of metallic 

and insulating phases employing scanning tunneling spectroscopy (STS) [31]. The cluster 

size was found to be as large as a fraction of a micrometer and depends strongly on magnetic 
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field. Other researchers have also studied the mixed phase tendencies by STS, STM and low 

temperature MFM [27, 32].  

1. 2. 3 Melting of charge ordering and related aspects 

The ordering of charge carriers in manganites has been accompanied by an increase 

in sound velocity, change in lattice parameters and anomalies in heat capacity, magnetization, 

resistivity and the activation energy for conduction [1]. Charge/orbital ordering can readily be 

melted to the ferromagnetic metallic state by application of various impulses such as magnetic 

field, pressure, electric field, photon and electron irradiation [1, 33]. For instance, the 

magnetic field-induced melting of charge ordered state was reported by Kuwahara et al. 

(1995) in Nd0.5Sr0.5MnO3 [34]. The transition induced by the magnetic field is highly 

hysteretic and accompanied by drop in resistivity by as much as four orders of magnitude at 

low temperatures. In Pr1−xCaxMnO3 series, a similar huge magnetoresistance is reported, 

which results from the magnetic field induced CO–FMM transition. Irradiation with visible 

light at small electric fields is also reported to delocalize the CO state, causing an insulator–

metal transition [35, 36]. The light induced insulator–metal transition in Pr0.7Ca0.3MnO3 

appears to generate a localized conduction path, although the bulk of the sample is insulating. 

Fiebig et al. [36] have shown that, upon photo-excitation, the resistance shows a gigantic 

decrease from a G value to a metallic one.  

 

1. 3 Colossal electroresistance (CER) 

1. 3. 1 Background 

In addition to the well-known case of the magnetic field and light irradiation induced 

insulator–metal transition, an electric field can cause the local insulator–metal transition [37]. 

This phenomena was first demonstrated in Pr0.7Ca0.3MnO3, wherein the resistivity for different 

voltages applied to the sample differed by several orders of magnitude at low temperatures. In 

addition, it has been reported that resistivity of the crystal changes by several orders of 

magnitude during a voltage sweep when the voltage exceeds a threshold value. This 

spectacular electric field induced change in the resistivity by a few orders of magnitude, aptly 
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termed as colossal electroresistance (CER), has triggered a lot of excitement and research in 

the scientific community. The changes in the character of the conductivity of doped 

manganites (DM) under the electric field is most pronounced in the Pr1-xCaxMnO3 system and 

has been attributed to the field induced melting of charge ordering, the schematic is shown in 

Fig. 1. 9. Such a phase change, enabled by electric stimuli, is of enormous significance in the 

light of possible application as non-volatile fast memory devices.  

 

Fig. 1. 9: Schematic of the field induced melting of charge ordering. 
 

Contemporary studies of electric field induced effects in thin films of several charge-

ordered rare earth manganites including Nd0.5Ca0.5MnO3 shows that very small dc currents 

(fields) destroy the CO state and give rise to insulator–metal transitions [1, 33, 38]. The 

current–voltage (I-V) characteristics are non-ohmic and show hysteresis. It was shown that the 

insulator–metal (I–M) transition temperature decreases with increasing current. The current 

induced I–M transition occurs even in Y0.5Ca0.5MnO3, which is not affected by large magnetic 

fields [38]. Furthermore, there is no need for prior laser irradiation to observe the current 

induced I–M transitions. It is proposed that electric field causes depinning of the randomly 

pinned charge solid. There appears to be a threshold field in the CO regime beyond which 

non-linear conduction sets in along with a large broad-band conductivity noise. Threshold 

dependent conduction disappears around charge ordering temperature TCO suggesting that the 

CO state is de-pinned at the onset of non-linear conduction. It has been also suggested that the 
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inhomogeneities or phase segregation present in these materials give rise to percolative 

conduction [38]. 

Gu et al. [39] theoretically considered the effect of electric field on a charge-ordered 

inclusion in a manganite medium subjected to phase separation. The electric field was 

assumed to concentrate at certain sites in the phase-separation medium. This field suppresses 

charge ordering, transforms the system from an antiferromagnetic into a ferromagnetic state, 

and stimulates the metal-insulator transition. It was suggested that the effects are a direct 

consequence of the Mott nature of strongly correlated electron systems (SCES), in which 

Coulomb interaction is suppressed by disordering, doping, and so on. When researchers study 

the electron transport in a medium subjected to phase separation (PS) under certain real 

conditions, they are dealing with the percolation transport of two resistor systems, namely, 

magnetically ordered (metallic) and charge-ordered (dielectric) systems, which form a 

complex structure in a film or single crystal. Thus, even a low electric field can significantly 

change the transport and magnetic properties of structures based on SCESs with PS. 

 

Fig. 1. 10: Comparison of the I-V curves of (a) ohmic resistor and (b) tunnel diode. 
 

We compare the current-voltage (IV) characteristics of a simple resistor with that of 

a tunnel diode in Fig. 1. 10. While the IV curve of an ordinary resistor is linear, it shows a 

nonlinear behavior in diodes, tunnel diodes, Gunn diodes, avalanche diodes, etc. Interestingly, 

as discussed earlier, manganites also exhibit nonlinear conductivity, which finds application 

in electronic industry. As mentioned earlier, one of the first observations is the negative 
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differential resistance behavior (NDR) in charge-ordered Pr0.67Ca0.37MnO3, wherein the 

voltage initially increases with current and then decreases above a threshold current [38]. This 

opens the possibility of these materials to be used in memory devices based on electric control 

of their resistance [40] and has generated a surge of interest in exploring nonlinear properties 

in other manganites.  

1. 3. 2 Classification of electroresistance mechanisms 

A radical change in the resistive properties of normal doped manganites under 

significant current injection conditions is observed and these effects were named differently in 

different works as (a) colossal electroresistance, (b) electric-field- and current-induced effects, 

(c) the reproducible effect of resistive switching for application in memory-containing 

devices, (d) electron instability effects (EIE), (e) field-induced resistive switching, (f) giant 

resistive switching, and the electric-pulse-induced resistive change reversible effect [41]. A 

huge variety of materials in a metal-insulator-metal (MIM) configuration have been reported 

to show hysteretic resistance switching [40]. In particular, colossal electroresistance (CER) 

memory phenomena found for many junctions between specific metal electrodes and 

correlated-electron oxides [42] has attracted enormous attention in the past few decades. 

Different models were proposed to explain the aforementioned electroresistance 

effects:  

 (1) It is suggested that an electric field triggers the electrochemical migration of the oxygen 

defects and subsequently results in the switching behavior [43]. The resistive switching effect 

in a polycrystalline manganite was stimulated with spatially modulated oxygen vacancies.  

 (2) In heterojunctions, the interface is regarded as an oxygen-degraded interlayer. The 

redistribution of oxygen and oxygen vacancies in the near-boundary layer at a critical field is 

suggested to create a phase separation in the interface and thereby leading to a change in the 

resistive properties [44]. 

(3) In a similar investigation in a heterojunction based on LaSrMnO with a dielectric CeO2 

interlayer, the authors [45] envisioned the existence of electric domains in the dielectric CeO2 
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interlayer that interact with oxygen vacancies. The movement of these vacancies under the 

electric field was attributed to the switching of the resistive states of the structure. 

(4) The EIE were ascribed to the nature of the Mott transition at the normal metal-strongly 

correlated electron system (M-SCES) interface [46]. 

(5) Conceivable mechanisms for the resistive switching in MIM systems often consist of a 

combination of physical and/or chemical effects. However, they can be classified according to 

whether the dominant contribution comes from an electronic effect, a thermal effect, or an 

ionic effect. Caution must be exercised, because in many reports the switching mechanism 

has not yet been elucidated or suggestions are based on little experimental and theoretical 

evidence. Recently, resistive switching initiated by a voltage-induced partial dielectric 

breakdown and filamentary nature of the conductive path has been confirmed for NiO [47] 

and TiO2 [48].  

(6) Electronic charge injection and/or charge displacement effects are considered as another 

origin of resistive switching. For instance, a charge-trap model [49] has been proposed, in 

which charges are injected by Fowler–Nordheim tunneling at high electric fields and 

subsequently trapped at sites such as defects or metal nanoparticles in the insulator. This 

modification of the electrostatic barrier character of the MIM structure was ascribed to the 

changes in resistance. In another model, trapping at interface states is suggested to affect the 

adjacent Schottky barrier at various metal/semiconducting perovskite interfaces [50,51]. 

Another possible model is the insulator–metal transition (IMT), in which electronic charge 

injection acts like doping to induce an IMT in perovskite-type oxides such as (Pr,La)Ca 

MnO3 [37, 45] and SrTiO3:Cr [52].  

(7) Finally, a model based on ferroelectricity has been proposed by Esaki [53] and 

theoretically described by few other researchers [54]. Here, an ultrathin ferroelectric insulator 

is assumed whose ferroelectric polarization direction influences the tunneling current through 

the insulator. 

The origin of the CERM effect is under vital investigation, but a consensus has not 

yet been reached. The possibility of control of the chemical potential (doping level) of the 
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correlated insulator by an external bias field will open a new field for correlated-electron 

devices. The high sensitivity of the competing phases against the external field will be a key 

issue as well. Despite of the disagreement on the fundamental physical mechanisms, 

resistance switching of metal oxides has engendered recently strong interest in these materials 

for application in nonvolatile memories such as resistance random access memory (RRAM). 

One of the objectives of this research is to investigate CER in manganites. 

 

 1. 4 Giant magnetoimpedance (GMI) 

When a soft ferromagnetic conductor carrying a small alternating current (ac) is 

subjected to an external magnetic field, the ac complex impedance of the conductor shows a 

large change and this phenomenon is known as giant magnetoimpedance (GMI). In other 

words, it is the ac counterpart for dc magnetoresistance, and consists of a change in the 

complex electrical impedance [Z(,H) = R(,H) + jX(,H)] under an external static magnetic 

field (H).  The complex impedance consists of ac resistance (R) and reactance (X) 

components. Magnetoimpedance (MI) is defined as 

MI
(0) ( )

( )
dc

dc

Z Z H

Z H


 , 

where Z(0) and Z(H) refer to the absolute impedances at zero fields and the external dc 

magnetic field applied respectively.  

The discovery of giant magnetoimpedance (GMI) in metal-based amorphous alloys 

[55, 56, 57] has opened a new gateway in the development of high-performance magnetic 

sensors. Magnetic sensors based upon the GMI effect possess ultra-high sensitivity and 

therefore offer several advantages over conventional magnetic sensors such as fluxgate 

sensors, Hall effect magnetic sensors, giant magnetoresistive (GMR) sensors, and 

superconducting quantum interference device (SQUID) gradiometers [57]. For instance, the 

field sensitivity of a typical GMI sensor can reach a remarkable value as high as 500%/Oe 

compared to a GMR sensor (~1%/Oe) [57]. Magnetic sensors finds application in nearly all 
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engineering and industrial sectors, such as high-density magnetic recording, navigation, 

military and security, target detection and tracking, antitheft systems, non-destructive testing, 

magnetic marking and labelling, geomagnetic measurements, measurements of magnetic 

fields onboard spacecraft and biomagnetic measurements in the human body [56, 57]. The 

low price and high flexibility of GMI sensors warrants their wide-ranging application to 

replace other competing sensors. However, in actual ferromagnetic materials, the maximum 

value of GMI effect experimentally obtained to date is much smaller than the theoretically 

predicted value [57]. Therefore, there has been much efforts, focused mainly on special 

thermal treatments and/or on the development of new materials for the improvement of GMI 

properties [58, 59, 60]. For this, a thorough understanding of the GMI phenomena and the 

properties of GMI materials is required. Nonetheless, GMI devices are achieving a 

development stage that is mature enough to enter in the relevant area of extremely sensitive 

magnetic field sensors, a comparison with other sensors is provided in Table 1. 1. 

 

Sensor type Head length Detectable field 
(Oe) 

Response speed Power 
consumption 

Hall 10–100 m 1–106 1 MHz 10 mW 
GMR 10–100 m 0.1–102 1 MHz 10 mW 
GMI 1–2 mm 10-8–102 1–5 MHz 10 mW 
Flux gate 10–20 mm 10-6–102 5 kHz 1W 

 

Table 1. 1: Comparison of different magnetic sensors 
 

Besides application point of view, impedance study is opening a new branch of 

fundamental research combining the micromagnetics of soft magnets with classical 

electrodynamics. Generally, GMI effect occurs at high frequencies and can be explained by 

classical electrodynamics. Radiofrequency (RF) is not homogeneous over the cross section of 

a conductor and it tends to concentrate near the conductor’s surface and is called the skin 

effect. The exponential decay of current density from the surface towards the interior of the 

conductor is described by the skin depth:   
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2


   . 

It depends on the circular frequency of the rf current the resistivity and the permeability 

In non-ferromagnetic metals, is independent of frequency and the applied magnetic field; 

its value is very close to the permeability of a vacuum In ferromagnetic materials, 

however, the permeability depends on the frequency, the amplitude of the ac magnetic field, 

the magnitude and orientation of a bias dc magnetic field, mechanical strain, and temperature. 

Applying a longitudinal dc magnetic field along the sample reduces the permeability and 

increases the skin depth, thus effectively reducing the impedance of the wire. 

 

Fig. 1. 11: Schematic of the impedance circuit. 
 

According to the definition of magnetoimpedance, the complex impedance of a 

magnetic conductor is given by the ratio Vac/Iac, where Iac is the amplitude of a sinusoidal 

current I = Iacexp(-jt) passing through the conductor and Vac is the voltage measured 

between the ends of the conductor. Fig. 1. 11 shows a schematic illustration of the impedance 

circuit. For a metallic ferromagnet with a length l and cross-sectional area A, assuming a 

linear approximation, its impedance can be expressed as follows: 

( ) ( )z z

dc dc z zA A

lE S j SZ

R R A j j
  , 

where Ez and jz are the longitudinal components of the electric field and current density 

respectively, Rdc is the dc electrical resistance, S denotes the value at the surface, and < >A is 

the average value over the cross section A. In ferromagnetic metals, where the displacement 
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currents can be neglected ( ), and the material relations E = J and B=0(H+M) hold, 

and using Maxwell’s equations, the basic equation is obtained within the framework of 

classical electrodynamics of continuous media as  

.

0D 

. .
2 0 0 ( )H H M grad divM

 
 

     

Separating the vectors H and M into their DC and AC components H = H0+h, M= M0+m 

assuming h, m  eit, the AC components are obtained as 

2
2 2
0 0

2 2
( )

i i
h h m grad divm

 
    , 

where 0=√(2/0) is the nonmagnetic skin depth. A well known classical solution 

[61] for this equation for a cylindrical conductor with diameter 2a is   

0

1

( )

2 ( )dc

J kaZ
ka

R J ka
 , 

where J0 and J1 are the Bessel functions of the first kind, and k = (1 + i)/m. In the later part of 

this thesis, how this solution involving the skin depth and permeability leads to a giant 

magnetoimpedance under an external magnetic field will be exemplified in detail. The 

observation of magnetoimpedance in soft metallic alloys and related research were received 

with much enthusiasm and it soon became clear that its interpretation requires a deep 

understanding of the micromagnetic characteristics of soft magnetic materials and its 

dependence on dynamic magnetism. However, the study of magnetoimpedance in manganites 

is rather scarce.  Even though the dc magnetoresistance is studied in manganites extensively 

over the past few decades, the high frequency electrical transport has received less attention. 

Further, the practical application of dc magnetoresistance is hampered by the need of a high 

magnetic field to induce a resistivity change of > 10 % at room temperature [62]. In this 

research, we demonstrate magnetoimpedance studies as an alternative strategy to produce a 

low field ac magnetoresistance at room temperature in manganites. In addition, it is 
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demonstrated that impedance study can reveal additional features in manganites that cannot 

 

compensated for by an equal but opposite change in the entropy associated with the lattice, 

Sl, resulting in a change in temperature of the material, T, and leading to the 

magnetocaloric effect. The change in magnetic entropy [

be observed in static measurements. 

1. 5 Magnetocaloric effect (MCE) 

Some magnetic materials become hot (cold) up on applying (removing) a magnetic 

field due to a large change in isothermal magnetic entropy or adiabatic temperature. This 

phenomenon is known as magnetocaloric effect (MCE).  When the material is magnetized by 

the application of a magnetic field (H), the entropy associated with the magnetic degree of 

freedom, Sm, decreases. Under adiabatic conditions, the entropy change, Sm, must be 

0

H

M
H

M

T

 
 

magnetization] and hence MCE is expected to be maximum at the paramagnetic to 

ferromagnetic transition temperature (TC). Majority of materials show second–order 

paramagnetic to ferromagnetic transition in which magnetic entropy change is moderate. An 

exception is metallic gadolinium that shows the largest magnetic entropy change (Sm = 9.7 

J/kg K for H = 5 T at TC = 293 K) in any elemental ferromagnets near room temperature 

due to its high moment (S = 7/2). Magnetic refrigeration based on MCE is highly eco-friendly 

and more energy efficient compared to the conventional vapor compression based 

refrigeration. It can be exploited for cryogenic cooling in aerospace and military applications 

and air-conditioner technology. A large temperature change observed in a Gd based alloy has 

triggered a frantic research and extensive efforts are underway in different laboratories to 

enhance the MCE by adopting optimal and alternative methods [

S dH    , M is the 

63].A comprehensive 

summary of the MCE in manganites can be found in a recent review by Phan and Yu [64]. 

Besides a few other metallic alloys, manganese based oxides (manganites) are considered to 

be promising candidates for magnetic refrigeration due to low cost of synthesis, chemical 
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stability, and high magnetic entropy change over a wide range of temperature, thus 

noteworthy in the context of low-temperature refrigeration such as hydrogen liquefaction 

down to ~20 K. Other advantages of manganites are: 1. They can be easily prepared by the 

standard solid state or soft chemistry routes compared to expensive rare earth or inter-metallic 

based alloys 2. The TC can be tuned anywhere between 100 K and 400 K by controlling the 

hole-doping (x) or the average ionic radii (<rA>) of the A site cations 3. These materials 

exhibit either a second-order or a first-order paramagnetic to ferromagnetic transition 

depending on x and <rA> [65] and some compositions exhibit structural transition in the 

vicinity of  ferromagnetic transition  that could influence the MCE because of unusual strong 

coupling between lattice and magnetic degrees of freedom [66, 67] 4. Besides a second- order 

paramagnetic to ferromagnetic transitions at high temperature, Sr-based compounds with x = 

0.5 such as Pr0.5Sr0.5MnO3 show first-order lattice-coupled ferromagnetic to antiferromagnetic 

transition at low temperature. Application of a high external magnetic field not only 

transforms the antiferromagnetic phase into a ferromagnetic phase but also changes structural 

symmetry and volume which can lead to enhanced magnetic entropy Sm, as shown for 

hance the low field 

s, 

Pr0.46Sr0.54MnO3 [68].  

 

1. 6 Scope and Objective of the Present Work 

 A survey on the reported research papers showed that the mechanism behind the 

current induced effect on resistivity, particularly on the insulator-metal transition and 

nonlinear characteristics in manganites is not clearly understood yet. Many other effects like 

magnetoimpedance and magnetocaloric effects are less investigated in manganites. In this 

work, investigation of colossal electroresistance, magnetoimpedance and magnetocaloric 

effects in selected manganites are presented. The focus of our work is to understand the basic 

mechanism behind electroresistance properties in manganites, en

magnetoresistive properties at room temperature and investigate magnetocaloric effects in 

selected manganites. The main objectives of this thesis are as follow
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) manganite series. 

sistance behavior. 

ntal strategies to enhance the low field 

3 at room temperature. 

 To study the effect of measurement geometry on the magnetoimpedance properties in 

 

agnetoimpedance. Chapter 8 provides the summary 

f main results described in this thesis and their applications with an outlook of future 

research and development in this field.  

 

 To investigate different characteristics of colossal electroresistance effect in 

Nd0.5Ca0.5Mn1-xNixO3 (x=0.0, 0.05, 0.07

 Investigation on the mechanism of CER in the above manganites which show 

prominent electrore

 To study the current induced effect on resistivity in Sm1-xSrxMnO3 (x=0.4,0.5) 

manganite series.  

 Investigation of magnetocaloric effect in Sm1-xSrxMnO3 (x=0.3-0.5) manganite series. 

 To develop alternative experime

magnetoresistive properties in a well known canonical double exchange manganite, 

La0.7Sr0.3MnO



manganites. 

1. 7 Organization of the Thesis 

The rest of this thesis is organized as follows. In chapter 3, the study of 

electroresistance in a series of manganites Nd0.5Ca0.5Mn1-xNixO3 is detailed. Chapter 4 

describes the study of current induced magnetoresistance avalanches in Nd0.5Ca0.5Mn1-xNixO3. 

Chapter 5 discusses the magnetotransport and magnetocaloric effects in Sm1-xSrxMnO3. In 

chapter 6, the current induced effects on resistivity in Sm1-xSrxMnO3 as a function of 

temperature and nonlinear transport are discussed in detail. In chapter 7, low field 

magnetoimpedance in a canonical double exchange manganite, La0.7Sr0.3MnO3 is described. 

This study highlights an alternative strategy to produce a low field magnetoresistance and 

reveals an unusual field dependence of m

o
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Chapter 2 

Experimental Methods 

In the present study, electroresistance, magnetoimpedance and magnetocaloric 

properties were investigated in manganites which were synthesized mainly by standard solid 

state route. Various commercially available instruments and indigenously developed setups 

were used in the experiments. 

 
2. 1 Synthesis methods 
 

The common methods of synthesis of oxide materials are the ceramic (also known as 

solid state method and high-temperature method), solgel, combustion, co-precipitation, etc 

[69]. Except the first one, all the other methods belong to the class of soft-chemical routes of 

synthesis. In the present study, standard solid state method has been mainly utilized. The 

sample purity is very important, and hence the starting chemicals used for the synthesis in the 

present study were of the purity at 99.9 %. A furnace with controlled heating and cooling 

arrangements was used for heating the samples from 323 K to 1473 K (Carbolite, U.S.A) and 

the samples were heated in high purity alumina crucibles or boats. 

2. 1. 1 Ceramic Method 

Ceramic method involves the heating of mixed starting solid chemicals at high 

temperatures so that the ionic diffusion results in the formation of a stable compound. The 

solid state ionic diffusion requires high thermal energy and is generally a slow process. 

Hence, high temperatures and longer heating durations are required for the movement of ions 

and reorganization of the structures. In a typical ceramic method, the components in the form 

of metal oxides, carbonates, or other easily decomposable salts of organic acids, etc., were 

taken in the required stoichiometric proportions. The weighed components were mixed 

thoroughly in an agate mortar using a pestle. The well-ground mixtures were then initially 

heated at 1273 K and further at various temperatures with many intermediate grindings in 

order to ensure the sample homogeneity. All the samples were characterized for their phase 

purity, after each heating cycle, using powder X-ray diffraction method and accordingly, the 
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processing conditions were modified to obtain single phase materials. The same samples, of 

a particular composition, prepared under same sintering and grinding protocols 

showed reproducible electrical and magnetic transport properties. 

 

2. 2 Characterization Methods 
 
2. 2. 1 X-ray Diffraction 
 

The powder X-ray diffraction (XRD) technique is used to identify which crystalline 

phases are present in a solid material [70]. Each crystalline material has its own characteristic 

powder X-ray diffraction pattern, which serves as a fingerprint for its identification. The 

powder X-ray method serves to indicate the completeness of a reaction and the 

presence/absence of unwanted side products and impurity phases.  

In the present study, Philips X’PERT MPD (Cu-K (1.542 Å) radiation) powder X-

ray diffractometer was employed for the structural characterization of the polycrystalline 

samples. For the usual phase analysis, a scan rate of 4º/minute was used and slow-scan 

measurements were done at a scan rate of 0.25º/minute, to identify the presence of small 

amounts of impurity phases. The least-squares method was used to fit the powder diffraction 

data in order to calculate the unit cell parameters. The computer programs used for the 

powder XRD analysis was PowderCell 2.3 (Kraus, W. and Nolze, G., downloaded from web 

www.ccp14.ac.uk).  

2. 2. 2 Magnetotransport measurements 

The low temperature measurements of the samples in different magnetic fields in this 

work were conducted in a Physical Property Measurement System (PPMS) supplied by 

Quantum Design Inc. (USA) which precisely controls the temperature and magnetic fields. 

The PPMS system used in this work can vary the temperature from ~4K to 400K and has a 

superconductor electromagnet which can generate different magnetic fields, up to 7 T.  

A Quantum Design Vibrating Sample Magnetometer (VSM), attached to the PPMS 

was used for the magnetic characterization of the sample, which is a fast and sensitive DC 
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magnetometer. The basic measurement is accomplished by oscillating the sample near a 

detection (pickup) coil and synchronously detecting the voltage induced. By using a compact 

gradiometer pickup coil configuration, relatively large oscillation amplitude (1-3 mm peak) 

and a frequency of 40 Hz, the system is able to resolve magnetization changes of less than 

10e-6 emu at a data rate of 1 Hz. The VSM module consists primarily of a VSM linear motor 

transport (head) for vibrating the sample, a coil set puck for detection, electronics for driving 

the linear motor transport and detecting the response from the pickup coils, and a copy of the 

MultiVu software application for automation and control. 

 

Fig. 2. 1: Photograph of the Vibrating Sample Magnetometer (VSM) module attached to 
Physical Property Measurement System (PPMS) 
 
 

2. 2. 3 Colossal electroresistance measurements 

The four probe dc and pulsed I-V characteristics of bar shaped polycrystalline 

samples were measured using source-measure units (Keithley 2400 and Yokagawa GS610) 

interfaced to the PPMS. In the four-probe method, separate pairs of wires are used for 

providing the current through the sample and measuring the voltage across it. The advantage 

of such a four-wire method over the conventional two-wire method is that the contact 

resistance due to electrical contacts with the material and the wire resistance can be avoided. 

Another effect that may arise during the resistance measurement is due to the dissimilar metal 

contact, which results in a thermal voltage. This can be nullified by changing the direction of 
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the current. The PPMS system used in this work can vary the temperature from ~4K to 400K 

and has a superconductor electromagnet, which can generate magnetic fields up to 7 T. The 

electrical contacts were made with Ag-In alloy or Ag paste and the results were found to be 

identical. The sample was glued to a thin mica substrate with GE-7031 varnish which was 

anchored to the standard PPMS brass sample puck.  

 

Fig. 2. 2: Schematic of the colossal electroresistance (CER) measurement set up. The 
PT100 thermometer is attached on to the top surface of the sample and measures the 
“surface temperature TS”. The cernox sensor situated beneath the sample measures the 
“base temperature T”, recorded by the cryostat. 

 

To monitor the temperature of the sample (TS) in the electroresistance measurements, 

a Pt-thermometer (PT100) of size 3x2x1.2 mm3 was glued to the top surface of the sample 

with a good thermal conductive grease (Apiezon-N grease) and a small quantity of GE-7031 

varnish. The Pt resistor was positioned between two voltage probes. The four probe resistance 

of the Pt thermometer was monitored by measuring the voltage across the Pt-resistor using a 

Keithley 2182A nanovoltmeter while supplying a constant current of 10 A with Keithley 

6221 dc and ac current source. The cernox sensor attached to the sample puck measured the 

base temperature and is recorded by PPMS, which is denoted by T in the thesis, unless 

otherwise stated. It is to be pointed out that the base temperature recorded by the PPMS did 

not show any variation (remains at the stable value of 300 K) with current/voltage sweep and 

this leads to the general misconception of a trivial role played by joule heating in the sample. 

On the contrary, since the top surface of the sample is in very good thermal contact with the 

PT100 thermometer in our experimental set up, we could measure a significant change in the 
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temperature of the sample during the current/voltage sweeps. Although a small temperature 

difference between thermometer and the sample is possible, the difference will be one tenth of 

kelvin and hence negligible.  

All the pulsed measurements were performed using a Yokogawa GS610 source-

measure unit. The details about the pulse parameters and the protocols adopted are discussed 

with the experimental results in the following chapters. All the instruments were interfaced to 

a computer via GPIB, auto-controlled and readings recorded automatically by self-written 

programs, using National Instruments LabView 8.2 software. 

2. 2. 4 Magnetoimpedance measurements 

We have measured the four probe ac impedance (Z (,H) = R (,H) + j X (,H)) of   

polycrystalline rectangular bar samples with an Agilent 4285A LCR meter for frequency 

range (f = 75 kHz to 30 MHz)  with  3 mA ac excitation current. For room temperature 

measurements, an electromagnet provided a variable dc magnetic field (0H )  from -100 mT 

to  +100 mT and the field was applied parallel to the long axis of the sample, i.e., along the 

direction of the ac current. The temperature dependence of impedance in the samples was 

studied using an external multifunctional probe connected to the PPMS, which had BNC 

adapters that could be connected to the LCR meter.  

 

Fig. 2. 3: Photograph of the impedance measurement setup. 
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Fig. 2. 4: Operation image of the auto-balancing bridge.  
 
 

To measure impedance of device under test (DUT), the 4285A LCR meter employs 

the auto balancing bridge method [71], which can cover frequencies from 100 kHz to 30 

MHz. The schematic of the operation of the auto-balancing bridge is shown in Fig. 2. 4. For 

frequencies below 100 kHz, an I-V converter operational amplifier acts as a null detector and 

maintains the potential at Low point L to be zero (Virtual ground). The current Ix balances 

with the current Ir which flows through the range resistor R. Due to the performance limit of 

op-Amps at high frequencies, it is replaced by a sophisticated null detector, a phase detector, 

an integrator and a modulator. Making use of the known resistance value R, the impedance Z 

is computed from the voltages across the DUT (Vx) and the range resistor (Vr) in the 

following manner: 

x

r

V
Z R

V
  

For the Agilent LCR meter, a standard Agilent 16048D test fixture with the cable 

length compensation was used for the impedance measurements in the samples. Open/short 

correction was performed to eliminate the measurement errors due to stray parasitic 

impedance in the test fixture and in order to improve the measurement accuracy, load 

correction was performed by using a calibrated device as a reference.  
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2. 2. 5 Magnetocaloric measurements  

In the magnetocaloric measurements, we study the change in the magnetic entropy, 

SM, as a function of temperature. The magnetization of the sample as a function of magnetic 

field at close temperature intervals are performed using the Vibrating sample magnetometer. 

From the magnetization isotherms (M-H) measured at discrete temperatures, Sm, can be 

approximated as    
0 0

1
, ,

H H

MS M T T H dH M T H
T

 
       

  dH . In order to evaluate the 

magnetic entropy from our isothermal M-H curves, a numerical approximation to the above 

integral has to be taken. The method is to use the isothermal magnetization measurements at 

small discrete field intervals, 1

1

i i
m

i i i

M M
S

T T



iH


 

   where, Mi and Mi+1 are the 

experimental values of the magnetization at temperatures, Ti and Ti+1, respectively, under an 

applied magnetic field Hi. Using the above equation, the entropy change associated with the 

magnetic field variation can be calculated from the M-H curve at various fixed temperatures.  
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Chapter 3 

Colossal electroresistance in Nd0.5Ca0.5Mn1-xNixO3 (x = 0, 0.05, 0.07) 

 

3. 1 Introduction 
 

Although perovskite manganese oxides (manganites) shot into fame because of the 

discovery of colossal negative magnetoresistance in them in early 90’s [3], it is now clear that 

the resistivity of these materials is sensitive not only to the external magnetic field but to 

other external stimuli such as pressure, X-ray radiation, and electric field [33]. In particular, 

the current or electric field-induced collapse of the insulating charge ordered (CO) state into 

the conducting ferromagnetic metallic (FM) state has been extensively investigated since its 

first discovery in Pr0.7Ca0.3MnO3 [37]. It was reported that a large voltage (V ~ 700 V) could 

switch the insulating charge ordered state to a metallic ferromagnetic state due to the subtle 

competition between the CO and FM, and consequently, caused a huge decrease in resistance. 

Since the resistivity ratio (0)/(V) was several orders of magnitude (102-108 for the voltage 

amplitude 100-700 V), the effect was aptly called colossal electroresistance (CER). Later, 

Guha et al. [38] found a strong non-linear voltage-current characteristic at lower current 

regimes (I < 20 mA) and negative differential resistance behavior, which generated a lot of 

interest in the non linear electrical transport in manganites. 

 While many issues pertaining to the existence of CER in these oxides have been 

reported, its science has many puzzles and challenges. At present, there is no consensus about 

the unique origin of the electroresistance. The electroresistance observed in Pr0.7Ca0.3MnO3 

was initially attributed to electric-field induced melting of charge ordering similar to the 

effect of magnetic field [37]. Subsequent research efforts led to various other explanations 

such as modification of Schottky barrier height at the interface [72], trap controlled space-

charge limited current [73], excitation of charge density waves [74], small-polaron-hopping 

[75], phonon-assisted electron delocalization [76], formation of conductive filamentary paths 
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[38], Mott transition at the interface [45], creation of defects and migration of oxygen ions 

[43]. It might be possible that different mechanisms are operative in these systems which 

possess a wide range of electronic ground states, however a coherent picture is yet to emerge. 

Though a few researchers [77, 78] suggested that self Joule heating is important and could 

lead to a current induced electroresistance in manganites, majority of researchers ignore its 

relevance. The currents necessary for nonlinear effects are always on the limit of Joule 

heating and in this regard, distinguishing intrinsic mechanisms of the CER effect from those 

originating from thermal effects remains challenging and intriguing. Hence there is an urgent 

need to identify various key factors that influence CER in manganites.  

In this chapter, we emphasize on the dc and pulsed current induced electroresistance 

in Nd0.5Ca0.5Mn1-xNixO3 (x= 0, 0.05, 0.07). We present results on the temperature dependence 

of the resistivity under various current amplitudes and voltage-current (V-I) characteristics at 

different temperatures for the parent compound (x= 0), 5% (x=0.05) and 7 % (x= 0.07) Ni 

doped samples. The un-doped and doped compounds, which are of different electronic and 

magnetic ground states show distinct electroresistance behavior. The simultaneous 

measurements of electroresistance behavior and surface temperature of the sample reveal that 

the current induced electroresistance and strong nonlinear characteristics observed in these 

manganites at higher current density are caused by Joule heating. The effect of various 

external magnetic fields and pulsed current on the non linear V-I characteristics is also 

discussed. We show that the resistance can be reversibly switched between high and low 

resistance states by controlling the pulse width of the voltage excitation even if the current 

amplitude is fixed in the current regime of negligible Joule heating. Plausible mechanisms 

have been suggested for the observed effects. 

 

3. 2 Experimental Section 

Polycrystalline samples of Nd0.5Ca0.5Mn1-xNixO3 (x= 0, 0.05, 0.07) were prepared by 

standard solid state route and characterized by XRD and magnetic measurements. The 

temperature dependence of the resistivity () and the dc and pulsed V–I characteristics were 
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performed on polycrystalline samples of rectangular shape of dimensions 8x3x3 mm3. The 

description of experimental set-up used for the CER measurements are provided in chapter 2. 

The PT100 thermometer attached to the top surface of the sample measured the surface 

temperature of the sample (TS) during the electroresistance measurements. Unless otherwise 

stated, T refers to the base temperature recorded by the cryostat, which is measured by a 

cernox sensor attached beneath the sample puck.  

 

3. 3 Results and Discussion 
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Fig. 3. 1: XRD pattern of Nd0.5Ca0.5Mn1-xNixO3 (x = 0, 0.05 and 0.07) samples. 
 

The XRD pattern of the Nd0.5Ca0.5Mn1-xNixO3 (x= 0, 0.05, 0.07) compounds is shown 

in Fig. 3. 1. The samples are found to be of pure phase, and the peaks are indexed to 

orthorhombic Pbnm structure in accordance with Ref. [79], whose lattice parameters are 

nearly independent of the Ni content. We show the magnetization (M) versus temperature (T) 

curve for the parent compound Nd0.5Ca0.5MnO3 (NCMO) in Fig. 3. 2. A peak occurs in the M-
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T curve around the charge ordering temperature TCO= 245 K, which is due to the structural 

transition caused by the eg orbital and charge ordering. The NCMO sample undergoes 

antiferromagnetic transition around 160 K [80]. A weak anomaly due to antiferromagnetic 

ordering is seen in M-T curve around 160 K while cooling, however, the anomaly is masked 

in the hysteresis behavior while warming. The hysteresis is due to the strain developed, which 

is related to the eg orbital ordering and disordering while cooling and warming, respectively. 

The (T) of the sample shows a semiconducting behavior (d/dT < 0) in the temperature 

range, T = 300 to 75 K, but a clear increase in (T) occurs around TCO, as evident in the inset 

of Fig. 3. 2.  
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Fig. 3. 2: Temperature (T) dependence of Magnetization (M) of NCMO sample. The 
inset shows the (T) under 0H = 0 and 7 T. 
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Fig. 3. 3: Temperature dependence of the resistivity of NCMO for dc current values I = 
100 A, 1, 5, 10 and 20 mA. The x-axis shows the base temperature (T) of the sample 
measured by the cernox sensor installed in the cryostat beneath the sample holder. The 
y-axis on the right scale shows the temperature (TS) measured by the Pt-sensor glued on 
the top surface of the sample. 
 

Fig. 3. 3 shows the temperature (T) dependence of resistivity () of the NCMO 

sample for different dc current strengths, I = 100 A, 1, 5, 10 and 20 mA on the left scale. 

The x-axis shows the temperature (T) of the sample recorded by the PPMS which we call as 

the “base temperature” and the right scale shows “surface temperature” of the sample  (TS) 

measured by the platinum resistance sensor attached to the top surface of the sample.  While 

the resistivity versus temperature curves for all current values matches above 160 K, they 

clearly bifurcate below 160 K. The (T) curves for all current values increases with decrease 

in temperature. However, the values of resistivity for different current strengths show a 

significant difference at low temperatures. Remarkably,  decreases as much as 99 % at 50 K 

as the current increases from 100 A to 20 mA. This current-induced electroresistance is 

accompanied by a large increase in the surface temperature of the sample. The difference 

between the surface temperature of the sample and base temperature increases with increasing 

current and decreasing temperature. When the base temperature of the sample measured by 

              
 

38



Chapter 3                        Colossal electroresistance in Nd0.5Ca0.5Mn1-xNixO3 (x = 0, 0.05, 0.07) 

the cryostat is 50 K, the surface temperature of the sample is as high as 120 K for 20 mA, 

shown on the right scale, thus suggesting a significant Joule heating of the sample at low 

temperatures and high current strengths. Since the sample is semiconducting, Joule heating 

can contribute to the lowering of resistance in addition to the non-thermal mechanisms. This 

type of current–induced electroresistance was reported earlier in Nd1-xCaxMnO3 (x = 0.3, 0.5) 

but possible Joule heating was not considered by the authors [81].  
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Fig. 3. 4: Voltage versus current (V-I) characteristics (left scale) of NCMO at T = 100 K 
in the (a) dc and (b) pulsed current mode. The right scale shows the corresponding 
behavior of TS. 
 

Fig. 3. 4(a) and Fig. 3. 4(b), on the left scale, shows the Voltage (V) versus current (I) 

behavior of the NCMO sample at T= 100 K while sweeping the current in both dc and pulsed 

current modes, respectively. For pulsed current sweep, we used pulses of a long period (PD = 

1 s) and short pulse width (PW = 25 ms), increasing the amplitude of the pulse current in step 

of 0.02 mA. The response of the surface temperature of the sample (TS) during the dc and 

pulsed current sweep is shown on the respective right scale. A complete V-I cycle consists of 

three consecutive current sweeps: (1) virgin (I = 0→20 mA), (2) downward (I = 20→20 

mA), and (3) upward (I = 20→20 mA) sweeps. The sample shows a strong nonlinear and 

hysteresis behavior in the complete dc current cycle [Fig. 3. 4(a)]. In the dc mode, the voltage 

initially increases with increasing current in the virgin sweep (1), exhibits a peak in voltage at 
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I = +3.2 mA and then decreases with further increase in the current, thus leading to the well 

known negative differential resistance behavior (NDR) [38]. In the down-ward current sweep 

(2), a peak in voltage occurs at I = 2.9 mA in the first quadrant and at I = -3.1 mA in third 

quadrant. The upward current sweep (3) reproduces the behavior of the downward current 

sweep (2), with peaks in voltage occurring around I = -2.9 mA and +3.1 mA. While the dc V-I 

curve is strongly nonlinear, the pulsed V-I curve [Fig. 3. 4(b)] is almost linear up to a certain 

current, above which the voltage shows an apparent saturation because the voltage exceeds 

the compliance limit. Note that the voltage developed in the pulsed mode is higher than in the 

dc mode. The surface temperature of the sample (TS) shows a large increase with increase in 

current in both the directions in the dc current sweep mode [Fig. 3. 4(a), right scale]. 

However, TS in the pulsed mode [Fig. 3. 4(b), right scale] shows a negligible increase 

compared to the dc mode. In the dc current sweep, the sample voltage initially increases 

linearly with current. Above a threshold current, the sample temperature significantly 

increases and results in the decrease of the voltage/resistance because of the semiconducting 

behavior (d/dT < 0). Since the increase in the temperature of the sample is negligible in the 

pulsed mode, the nonlinear behavior is absent, and hence V is also high ( is high). The Joule-

heating assisted enhancement in the dc electroresistance was also reported in metallic 

La0.8Ca0.2MnO3 film and also in the phase separated Cr- doped Nd0.5Ca0.5MnO3 though the 

effect of pulsed current was not investigated in those studies [77]. Tokunaga et al. [78] 

observed much sharper dc voltage jump at a threshold dc current in the phase separated 

manganite La-Pr-CaMnO3 and attributed it to the local Joule heating effect. Interestingly, an 

anomalous behavior of oscillation in the current was also found if the voltage was maintained 

at a constant value and this was attributed to the closing and opening of metallic conducting 

channels. 

The striking differences between the dc and pulsed V-I characteristics (Fig. 3. 4) 

motivated us to investigate the response of electrical resistivity of the NCMO sample to a 

sequence of pulse trains with varying pulse period (PD) but with fixed current amplitude. We 
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have chosen, I = 2 mA to avoid excessive Joule heating. Fig. 3. 5(a) shows the change in  

(left scale) and TS  (right scale) in response to pulse trains of 2 mA amplitude with a fixed 

pulse width (PW = 25 ms) but two different pulse periods. Each pulse train consists of 400 

pulses and the consecutive pulse trains differ in pulse period (PD = 100 and 50 ms). The start 

of a pulse train is marked by arrows in the figure. After the initial drop of  resistance at the 

beginning of the pulse train, the resistance abruptly jumps up by 37 % when the PD is changed 

from 50  ms to 100 ms and remains nearly unchanged until the next pulse train of  a shorter  

pulse period (PD = 50 ms) sets it to a low resistance state. The resistance can be set to a higher 

value again by the application of the longer pulse period (PD = 100 ms). In accordance with 

the resistivity switching, temperature of the sample (Fig. 3. 5(a), right scale) also changes 

periodically though only by ~ 1 K. We have calculated the change in  as T increases from 

100 K to 101 K from (T) curve (Fig. 3. 2) and it turns out that  decreases by about 18 % 

which is smaller than found with the pulse period–induced switching. This suggests that 

electroresistance can occur partially due to the Joule heating but other non-thermal 

mechanisms may also play a significant role. Materials that show switching between high 

(“OFF”) and low (“ON”) resistance states upon the change in current/voltage amplitude are 

currently attracting attention due to their potential applications as resistive random access 

memory (ReRAM) elements in next generation nonvolatile memories (NVM) [82]. The 

electrical resistivity switching induced by pulsed voltage and current received more attraction 

following the initial report of polarity dependent resistance change in Pr0.7Ca0.3MnO3 

sandwiched between two metal electrodes, high resistance state for positive voltage pulses 

and low resistance for negative voltage pulses at room temperature [83]. The magnitude of 

electroresistance depends not only on the polarity but also on the amplitude and number of 

pulses. However, the influence of pulse width\period on the electroresistance effect has been 

studied in less detail. Odagawa et al. [73] found that the electroresistance is independent of 

pulse width from dc to 150 ns in Pr0.7Ca0.3MnO3 film.  
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Fig. 3. 5 (a) Bi-level resistivity switching in NCMO at T = 100 K triggered by varying (a) 
Pulse period (b) Pulse width. (c) Tri-level and (d) random resistivity switching for 
varying pulse periods. The numbers indicate the varying quantity.  
 

The sample also shows a resistive switching when the consecutive pulse trains 

consists of pulses with different pulse width (PW), but with fixed pulse period (PD= 200 ms), 

as shown in Fig. 3. 5(b). Here, the resistivity abruptly decreases by 53 % when PW is changed 

from 25 ms to 100 ms. The observed resistivity switching with varying PD or PW may offer 

advantage in certain cases over the conventional method of resistance switching with varying 

magnitude of the current. We can also obtain resistivity switching between three levels by 

employing three different pulse periods as shown in Fig. 3. 5(c). It is observed that a pulse 

train of PD = 1 s increases  by 44 %, another pulse train of PD = 25 ms decreases  by 60 %, 

and a third pulse train of PD = 0.2 s increases by 70 % with respect to their previous 

resistivity states. The repetition of pulse sequences drives the sample to the respective 

resistive states and is completely reproducible. Fig. 3. 5(d) shows the effect of random 

switching of resistivity by different PDs for a fixed PW = 25 ms. It is found that each PD drives 

the system into a specific resistive state, whatsoever is the sequence. The  resistivity of the 

sample changes from ~ 450 Ω cm to ~ 1286 Ω cm when the PD of the pulse train is 

sequentially changed from 25 ms  to 3 s with intermediate resistance states attained for PD = 
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0.1, 0.2, 0.5, and 1 s. When the pulse period is changed randomly after 3s pulse train, the 

resistivity retrieve their respective states, as can be seen in Fig. 3. 5(d).  
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Fig. 3. 6: (a) Temperature (T) dependence of the magnetization (M) of NCMONi05 at 
0H = 0, 1, 2 and 5 T. Note that the field cooled (FC, closed symbols) curves bifurcate 
from the zero field cooled (ZFC, open symbols) curves at low temperatures under high 
magnetic fields. The inset shows the M vs. H curves at different temperatures. 

 

Next, we discuss the magnetic behavior of 5 % Ni- doped NCMO sample at the Mn 

site, i.e., Nd0.5Ca0.5Mn0.95Ni0.05O3 (NCMONi05). The main panel of Fig. 3. 6 shows the 

magnetization (M) versus temperature (T) curves of NCMONi05 at 0H = 0.1, 1, 2 and 5 T 

measured while cooling and warming under field cooled (FC, closed symbols) and on 

warming after sample was zero field cooled (ZFC, open symbols). While cooling from 300 K, 

the sample undergoes a paramagnetic to ferromagnetic transition around the Curie 

temperature TC = 85 K, as indicated by the inflection point in the derivative of the M-T curve 

for 0H = 0.1 T. The TC is shifted to a higher temperature (TC = 115 K) at 0H = 5 T. The ZFC 

M-T clearly bifurcates from the FC M-T below a particular low temperature Tg, and Tg shifts 

downward in temperature with increasing strength of the magnetic field. In the inset of Fig. 3. 

6, we show the isothermal magnetization (M) versus field (H) curves at selected temperatures. 
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While the M-H curve shows a linear paramagnetic behavior at T = 150 K, the M-H curve at T 

= 10 K shows a ferromagnetic behavior. The M-H curve is linear at 150 K but shows an 

upturn above 4 T, which indicates a metamagnetic transition at higher fields.  Although the 

low field magnetization shows a rapid increase for temperatures T≤ 100 K, the M-H curves 

shows an open hysteresis loop while the field is swept from 5 T→ 5 T→5 T. When T= 10 

K, the open hysteresis is observed only in the first quadrant, i.e., for field sweep 0→5 T→ 

5 T. Further field sweep (0→ 5 T→5 T) results in ferromagnetic behavior. These 

characteristics indicate phase separation in the compound, i.e., the long range ferromagnetic 

phases coexisting with the charge ordered phases. This is also evident in the M(T) curve at 

0H = 5 T (see the hump around 240 K).  
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Fig. 3. 7: -T curves for different current strengths in NCMONi05. The inset shows the 
for different current strengths as a function of surface temperature TS. 
 

Now, let us see the electroresistance behavior in the 5 % Ni- doped sample. It is 

discussed earlier that the parent half doped compounds like Ln0.5Ca0.5MnO3 (Ln= La, Nd, Pr 

etc.) are AFM insulators at low temperatures and shows an insulating behavior over the 

temperature 400-10 K. Interestingly, it has been reported that light chromium doping induces 

a metal to insulator transition in the otherwise insulating Ln0.5Ca0.5MnO3 [84]. Trivalent Cr3+ 
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ion is isoelectronic to Mn4+ (t3
2g) ion, its substitution reduces the number of Jahn-Teller active 

Mn3+ ions, leading to weakening of CO/OO state. Also Cr3+ suppresses C-IC (commensurate-

incommensurate) structural transition, leading to short range of CO state with 

incommensurate charge ordering [85]. Further, it is suggested that an antiferromagnetic 

coupling exists between Cr3+ ion and its nearest neighbors [84]. The spins of Mn3+ and Mn4+ 

in the FM zigzag chain will be reversed while the spins in the nearest chains remain 

unchanged, since the coupling was already antiferromagnetic. The three chains will thus be 

ferromagnetically coupled around the Cr3+ ions, leading to the creation of an elliptic FM 

microregion around the Cr3+ ions in the CO phase. Light Ni doping also results in similar 

features. We show the temperature variation of the resistivity of the NCMONi05 sample at 

three different current amplitudes (I = 1 mA, 10 mA, and 20 mA) in the main panel of Fig. 3. 

7. At a low current magnitude of 1 mA, the resistivity shows an insulator-metal transition 

around 60 K while cooling. The resistivity while warming is lower than while cooling in the 

temperature range from T = 30 K- 95 K and then it crosses over the cooling curve over a 

certain temperature range before merging again at higher temperatures T > 200 K. This 

insulator-metal transition is driven by the percolation of ferromagnetic clusters in the charge 

ordered insulating matrix similar to earlier observation in Pr0.5Ca0.5Mn1-xCrxO3 (x = 0.015-

0.05) [86]. At higher current amplitudes I ≈ 10 mA and 20 mA, the resistivity above 150 K 

matches with I = 1 mA data but they differ below 150 K. The insulator-metal transition and 

hysteresis seen in the -T curve at I = 1 mA disappear in the -T curves at I = 10 mA and 20 

mA. Although for I = 20 mA is lower than the corresponding resistivity for I = 1 mA down 

to the lowest temperature from 150 K, the resistivity for I = 10 mA exceeds the resistivity at I 

= 1 mA below 50 K. Upon the application of a magnetic field 0H = 5 T, the insulator-metal 

transition is recovered and it occurs around T = 100 K for I = 1 mA and T = 110 K for I = 20 

mA while cooling. The differences between the resistivity for I = 1 mA and 20 mA at 10 K 

under 0H = 5 T is almost negligible compared to the 0H = 0 T data. The inset shows the 

resistivity plotted against the surface temperature (TS) of the sample recorded by the Pt 
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resistance thermometer thermally anchored to the sample surface. It is seen that the surface 

temperature of the sample does not go below 75(100) K when I = 10(20) mA even though the 

base temperature recorded by the PPMS is 10 K. This suggests a strong evidence for Joule 

heating in the sample at higher current magnitudes. 
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Fig. 3. 8: V-I characteristics of the NCMONi05 sample at different temperatures.   
 

The main panel of Fig. 3. 8 shows the dc voltage-current (V-I) characteristics of the 

sample at selected stabilized PPMS base temperatures. Three consecutive current sweeps 

were performed in a complete V-I cycle: first sweep from 0 to 20 mA, second sweep from 

20 mA to 20 mA and third sweep from 20 mA to 20 mA. The whole measurements were 

taken with a fixed current sweep rate of 0.5 mA/s and the initial surface temperature (TS) was 

ensured to be the same as the stable PPMS base temperature. For this we cooled the sample 

from 250 K to the respective base temperature before the start of each current cycle at 

different temperatures. While slower sweep rates than mentioned here has no impact on the I-

V curves discussed in our results, faster sweep rates give rise to open and irreversible 
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hysteresis loops. When the current is swept up from 0 to 20 mA at T = 30 K, the voltage 

shows a sharp increase at lower currents followed by a peak around 10 mA before decreasing 

at higher currents, thus exhibiting the well known negative differential resistance (NDR) 

behavior. In the second down sweep from 20 mA to 20 mA and third up sweep from 20 

mA to 20 mA, the voltage-current curve traces different paths. Subsequent sweeps trace these 

curves except the initial one (0 to 20 mA). After a full cycle, a clear hysteresis is observed in 

the V-I characteristics. The peak in the second down sweep is higher in magnitude compared 

to the peak in the first sweep in the first quadrant in NCMONi05 sample. However, in the 

parent NCMO compound, the peak in the second down sweep is lower in magnitude 

compared to the peak in the first sweep in the first quadrant (Fig. 3. 4). The dc V-I 

characteristics in NCMONi05 at other temperatures also exhibit NDR as well as hysteresis, 

but the hysteresis and strong NDR behavior disappears at higher temperatures as can be seen 

Fig. 3. 8. The V-I characteristics is almost linear at 250 K and above. The top inset shows the 

resistivity as a function of current at the above selected temperatures. The resistivity change is 

negative and it often exhibits a butterfly-shape hysteresis with current. The inset at the bottom 

shows the change in the surface temperature (TS) of the sample while sweeping the dc current. 

It is found that the observed non-linearity in V-I characteristics below 150 K is accompanied 

by a significant increase in the temperature of the sample. For instance, when the base 

temperature is 50 K, the surface temperature of the sample increases to as much as 110 K at 

the highest current I = 20 mA. At higher base temperatures, the voltage-current characteristics 

become almost linear and a negligible change is observed in the corresponding surface 

temperature of the sample.  
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Fig. 3. 9: V-I characteristics of the NCMONi05 sample for different sweep rates at T = 
40 K.   
 

The V-I characteristics were later repeated for different current sweep rates at T = 40 

K (Fig. 3. 9). The arrows in the figure show the direction of the current sweep. The memory 

effect after the completion of a current cycle with a particular sweep rate is removed by 

warming the sample to 250 K and then cooling the sample to the 40 K. This protocol is 

followed for all sweep rates before the start of the current cycle. Though the virgin curve in V-

I lies outside the subsequent curves for current sweep rate 0.1 mA/s, it can also cross the 

loops traced in subsequent current cycles (Fig. 3. 9) for higher sweep rates. However, the 

virgin curve in the TS(I) lies outside the envelope of subsequent current sweeps for higher 

sweep rates. The variation of the surface temperature of the sample during the current sweep 

for different current sweep rates is shown in Fig. 3. 10. The virgin (TS-I) curve deviates from 

the curves for subsequent current sweeps and shows a difference in the temperature near the 

origin for sweep rate ≥ 0.2 mA/sec. Also, note the opening of the virgin loop with increasing 

field sweep rate. For a higher sweep rate (≥ 0.2 mA/sec), the thermal equilibrium is not 

reached when the current is reduced to zero and hence the sample surface temperature is 
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higher than the base temperature when current is reduced to zero. As a result, we observe the 

deviation of the virgin (TS-I) curve from the curves of subsequent current sweep for higher 

sweep rates, as illustrated in Fig. 3. 10. Roy et al. [87] investigated several charge-ordered 

manganites with quenched disorder and found that the high temperature charge ordered 

insulating phase is kinetically arrested with lowering temperature and coexists with low 

temperature ferromagnetic metallic phase [88]. Such a phase coexistence gives rise to unusual 

hysteresis loops (virgin curve being outside the envelope curve) in magnetization and 

magnetoresistance and can show a relaxor ferromagnetic behavior. The magnitude of 

magnetization and magnetoresistance depends up on the different protocols used in the 

experiment, for instance field cool warm (FCW), zero field cool (ZFC), etc [87, 88]. Since the 

temperature of the sample changes by several tens of kelvin during the current sweep in our 

samples, it is possible that the phase fraction of co-existing phases changes, which in turn 

changes the resistivity.  
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Fig. 3. 10: TS-I characteristics of the NCMONi05 sample for different sweep rates at T = 
40 K. 
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Fig. 3. 11: Main panel: Variation of the dc V-I characteristics of NCMONi05 sample 
under different magnetic fields at T = 80 K. The top inset shows the resistivity and the 
bottom inset shows the variation of the temperature of the sample during the current 
sweep. 
 

Next we show how the V-I characteristics are affected by an external magnetic field. 

The main panel of Fig. 3. 11 shows the dc V-I characteristics of the NCMONi05 sample at T 

= 80 K for 0H = 0, 1, 2, 2.5, 3 and 5 T. To ensure the initial surface temperature (TS) same as 

the stable PPMS base temperature, we cooled the sample from 250 K to the respective base 

temperature before the start of each current cycle in different magnetic field. When 0H = 0 

T, the voltage shows a peak around I = 3 mA during the initial current sweep (0 to +20 mA). 

A large reversible hysteresis occurs upon subsequent current sweep. The voltage peak 

decreases in magnitude and shifts to a higher current value with increasing H. The hysteresis 

also decreases with increasing H. The peak is no more visible within the measured current 

range for 0H ≥ 2.5 T. The top inset shows the resistivity and the bottom inset shows the 

corresponding change in the top surface temperature of the sample in different magnetic 
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fields. The temperature of the sample increases as much as 35 K above the base temperature 

during the current sweep in zero magnetic field but the change becomes smaller (T ~3 K) 

when 0H = 2 T and almost negligible for 0H > 3 T. These results indicate a close 

competition between Joule heating and magnetic field to determine the threshold current in 

the NDR behavior. As the applied magnetic field decreases the resistance (R), the power 

dissipation in the material (P = I2R) decreases and hence more current is required to induce 

NDR. So the voltage peak shifts towards higher value of current under higher magnetic fields. 

However, the position of the peak in the V-I characteristics at T = 80 K in the parent NCMO 

sample under 0H= 0 and 7 T does not show a large difference compared to the Ni doped 

sample, though the magnitude of the peak is decreased under 0H = 7 T, as exemplified in 

Fig. 3. 12. The inset shows the variation of the temperature of the sample during the current 

sweep in NCMO sample. 
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Fig. 3. 12: The V-I characteristics of parent NCMO sample under 0H= 0 and 7 T at T = 
80 K. The inset shows the variation of the temperature of the sample during the current 
sweep.  
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Fig. 3. 13: (a) V-I characteristics NCMONi05 sample at T = 80 K for different periods 
(PD) of the pulsed current. The pulse width (PW) is fixed to 200 ms. The dc data is also 
shown. (b) The change in the sample surface temperature during the current sweep. 

 

Fig. 3. 13(a) compares the dc and pulsed V-I sweep of NCMONi05 sample at T = 80 

K. The pulsed V-I sweeps were done with pulses of width, PW = 100 ms and five different 

pulse periods, PD = 200 ms, 500 ms, 1 s, 3 s and 6 s.  It can be seen that the peak in voltage 

and NDR at higher currents observed in the dc current sweep disappear progressively with 

increasing pulse period. The magnitude of the voltage at the highest current keeps increasing 

with the pulse period (i.e., towards a high resistive state). The non-linearity in the V-I persists 

even for the longest period (PD = 6s). Fig. 3. 13(b) shows that the dc V-I sweep is 

accompanied by a significant increase in the surface temperature of the sample (~35 K), while 

the change in temperature decreases with increasing pulse period. The temperature change is 

only about 1 K for the pulsed sweep with PD = 6 s. The above difference in the voltage-

current sweeps for the pulsed and direct current behavior suggests that caution should be 

taken while attributing the negative differential resistance to unpinning of charge density 

waves alone [89]. We believe that at a pulsed current of shorter pulse width or longer pulse 

period, intrinsic mechanisms possibly dominate over the thermal effects. Since the sample is 

phase segregated, the observed non linearity for the longer pulse period could also arise from 

the tunneling between ferromagnetic clusters embedded in charge ordered matrix.    
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All the above results indicate that Joule heating is significant in the dc current sweep, 

nevertheless it can be systematically controlled by manipulating the period of the current 

pulse and provide information about the contribution of other mechanisms in 

electroresistance. Hence we investigated the resistivity switching in NCMONi05 sample at T 

= 80 K.  Fig. 3. 14(a) shows the response of the resistivity (left scale) in response to six pulse 

trains with a fixed pulse period (PD = 0.5 s) and pulse width (PW = 25 ms) but with two 

different current amplitudes, I = 2 and 10 mA. Consecutive pulse trains consist of 400 pulses 

of I = 2 mA and 400 pulses of I = 10 mA. Arrows in the figure indicate the start of a new 

pulse train. The resistance shows an abrupt increase by 50 % when the amplitude of I is 

decreased from 10 mA to 2 mA and remains nearly unchanged until another pulse of a larger 

amplitude (I = 10 mA) sets it to a low resistance state. The resistance can be again set to the 

high value upon application of smaller current amplitude (I = 2 mA). The surface temperature 

of the sample, shown on the right scale, changes periodically from 87 K for I = 10 mA to 82 

K for I = 2 mA. 
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Fig. 3. 14: Resistivity switching in NCMONi05 sample at T = 80 K due to (a) change in 
the amplitude of the current (b) change in the pulse width (PW = 100 ms to 25 ms) for I = 
2 mA and PD = 200 ms (c) change in the pulse period (PD= 100 ms to 50 ms) for I = 2 mA 
and PW = 25ms. 
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In Fig. 3. 14(b), we show a resistivity switching in response to six pulse trains with a 

fixed current of lower amplitude (I = 2 mA) and pulse period of 200 ms but for two different 

pulse widths PW = 25 ms and 100 ms in NCMONi05 sample. Consecutive pulse trains 

consists of 400 pulses of PW = 25 ms and 400 pulses of PW = 100 ms. The resistance decreases 

by 25 % upon changing the PW from 25 ms to 100 ms and the temperature also changes by 3 

K. Similarly, a change of 16 % is obtained in a pulse period induced switching between PDs 

50 ms and 100 ms pulses of fixed PW 25 ms and amplitude 2 mA, as shown in Fig. 3. 14(c). In 

this case, the temperature changes by 1 K.  

At present, the exact origin of the pulse width controlled resistance switching is not 

clearly understood. It is possible that longer is the pulse width, the continuous supply of 

energy (W = I2Rtpw where tpw is the pulse width) causes the self heating of the sample and 

thereby leads to a decrease in the resistance because d/dT<0. So, increasing (decreasing) the 

pulse width of the pulses in one train to apply the second pulse train leads to heating (cooling) 

of the sample, which inturn leads to transition between low and high resistance states. 

Similarly, if the period of pulses in a pulse train is short, the sample does not have much time 

to dissipate the heat and hence the temperature of the sample is still high. Hence, shorter 

period leads to lower resistance state than the longer period pulse train with the same pulse 

width. However, the observed change in the temperature during switching [Fig. 3. 14(b) and 

Fig. 3. 14(c)] is only about 1-3 K, which is not uncommon in conventional transistor or diode 

based devices. While the minority carrier tunneling through the depletion region is the 

primary cause of the non linear conduction in the diodes and transistor, Joule heating is a side 

effect.   

There are other non-thermal mechanisms which can also account for the observed 

effect. In electronically and magnetically inhomogeneous systems such as the NCMONi05, 

electrons are delocalized within ferromagnetic phase but localized in the charge ordered 

phase. While the electrical conduction primarily occurs through the percolating ferromagnetic 

phase below the semiconductor-metal transition, electron transfer between disconnected 

ferromagnetic domains in the semiconducting state occurs through tunneling into and out of 
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the charge ordered phase which acts like traps. In general, there will be distributions in the 

potential well (depth) of the traps and hence different life times. For a fixed pulse period, 

when pulse width is longer, charge carriers find enough time to tunnel through the well or get 

excited out of the well and contribute to electrical conduction leading to decrease in the 

resistance as observed in Fig. 3. 14(b).  Hsu et al. [90] obtained qualitatively similar pulse 

width dependent results in metal-Pr0.7Ca0.3MnO3-metal device (two probe configurations) 

though the authors did not measure the temperature change or the pulse parameter dependent 

V-I characteristics. It was suggested that the density of excessive nonequilibrium electrons 

near the cathode of the device caused the free valence electrons in the metal oxides to be 

localized. If the pulse width is larger than the relaxation time constant, the density of the 

nonequilibrium electron package injected from the cathode region is small. The high field 

intensity at the cathode region delocalizes the valence electrons. Recently, a charge trap 

model was proposed by Rozenberg and collaborators [43, 91]. According to Rozenberg et al. 

there is a variation of the concentration of oxygen vacancies near the interface (“interfacial 

domains”). Under the action of alternative pulsing, oxygen vacancies moves back and forth 

between central region (“bulk”) and interfacial domains thus effectively doping the central 

region. Thus pulsed current switching modifies the carrier concentration and it can explain the 

pulsed current or voltage induced resistance behavior. Finally, even though our results suggest 

that the Joule heating is non-negligible in the compound investigated, thermally controllable 

electrical switching may find other applications such as current limiters [92]. 

              
 

55



Chapter 3                        Colossal electroresistance in Nd0.5Ca0.5Mn1-xNixO3 (x = 0, 0.05, 0.07) 

0 60 120 180 240 300 360
0.0

0.5

1.0

1.5

2.0

2.5

-6 -4 -2 0 2 4 6
-3.0

-1.5

0.0

1.5

3.0

 




B
/f

.u
.)

T (K)

 5 T
 0.1 T

(a)

(b)

 

 




B
/f

.u
.)


0
H (T)

 150 K
 125 K
 75 K
 25 K
 10 K
 5 K

 

Fig. 3. 15: (a) Temperature dependence of the Magnetization (M) of NCMONi07 sample 
at 0H = 0.1 and 5 T.  (b) M vs. H curves at different temperatures. 
 

The 7% Ni doped NCMO sample also shows qualitatively similar results to the 5% Ni 

doped sample discussed before. Fig. 3. 15(a) shows the magnetization (M) versus temperature 

(T) curves of Nd0.5Ca0.5Mn0.93Ni0.07O3 (NCMONi07) at 0H = 0.1 and 5 T. Upon cooling from 

400-10 K, the sample undergoes a paramagnetic to ferromagnetic transition around the Curie 

temperature TC = 63 K, inferred from the inflection point in the derivative of M-T curve under 

0H = 0.1 T. The TC is shifted to a higher temperature (TC = 95 K) at 0H = 5 T. Fig. 3. 15 (b) 

shows the isothermal magnetization (M) versus field (H) curves at selected temperatures. 

These M-H curves are identical to the data for NCMONi05 sample (please see the inset of 

Fig. 3. 6 and its description), thus indicating that NCMONi07 also exhibits phase separation 

at low temperatures.  
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Fig. 3. 16: Main panel shows temperature dependence of the zero field dc resistivity () 
of the NCMONi07 sample. The inset shows the voltage-current (V-I) characteristics (on 
the left scale) at 40 K and the concomitant change in the surface temperature (Ts) (on 
the right scale). 
 

Now let us look into the electroresistance behavior in NCMONi07 sample. The main 

panel of Fig. 3. 16 shows the temperature dependence of the zero field dc resistivity () of the 

NCMONi07 sample measured with I = 100 A. The sample shows a temperature driven 

semiconductor to metal transition with a peak in the resistivity occurring around TP = 44 K 

while cooling. The (T) while warming is lower than while cooling in the temperature range T 

= 25-70 K and both the curves merge above 80 K. The very high value of resistivity, = 13.4 

k cm at 10 K suggests that the sample is electrically and magnetically inhomogeneous due 

to coexistence of the ferromagnetic metallic and short-range charge ordered antiferromagnetic 

insulating phases. The semiconductor to metal transition upon lowering the temperature is due 

to the percolation of ferromagnetic clusters in the short range charge-ordered paramagnetic 

matrix, similar to 5 % Ni doped Nd0.5Ca0.5MnO3. The inset shows the voltage-current (V-I) 

characteristics at 40 K (on the left scale) which exhibits a negative differential resistance 

behavior. The non-linear electrical conduction is accompanied by a significant increase in the 

temperature of the sample from 40 K to 69 K as shown on the right scale.   
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Fig. 3. 17: (a) The voltage-current (V-I) characteristics of NCMONi07 sample in 
different magnetic fields (H) at 40 K. (b) The concomitant changes in the surface 
temperature of the sample (TS) as measured by the Pt-resistance sensor glued to the top 
of the sample during the current sweep.  

 

Fig. 3. 17(a) displays the voltage versus current (V-I) characteristics of the NCMONi07 

sample under different magnetic fields at T = 40 K. The whole measurements were taken with 

a fixed current sweep rate of 0.1 mA/s and the initial surface temperature (TS) was ensured to 

be the same as the stable PPMS base temperature. The sample shows a strong nonlinear 

behavior at 0H = 0 T. Apart from the strong negative differential resistance behavior, the V-I 

curve exhibits a hysteresis around the origin. While a sharp NDR peak is observed around I = 

3 mA in the intial current sweep (0→20 mA) at 0H = 0 T, a broad NDR peak is observed in 

the initial current sweep at 0H = 1 T around I = 7 mA, along with a noticeably large 

hysteresis around the peak. At higher magnetic fields, the magnitude of the peak decreases, 

the peak position shifts to higher current and the hysteresis broadens. For instance, the 

position of the peak is shifted from I ≈ 3 mA in 0H = 0 T to I ≈ 18 mA in 0H = 3 T and the 

magnitude of the peak decreases from V = 55 V at 0 T to V = 5 V at 3 T. The corresponding 

behavior of the surface temperature of the sample during the above measurements is shown in 

Fig. 3. 17(b). Note that the direct response of the sample surface temperature is not explicitly 
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measured in the vast amount of literature reporting NDR behavior in manganites and similar 

systems. At 0H = 0 T, the NDR behavior is accompanied by a noticeable change in the TS, 

where the temperature increases from TS = 40 K to 69 K as the current increases from I = 0 

mA to 20 mA, along with a hysteresis close to the origin. The TS at higher magnetic fields 

also shows large changes during the current sweep, i.e. a rapid increase above a certain 

current value and a huge hysteresis while reducing the current. The shape of the temperature 

profile changes with magnetic field. Interestingly, the TS-I curve at 0H = 3 T shows a large 

hysteresis away from the origin compared to the TS -I curve at 0H =0 T. 
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Fig. 3. 18: (a) The nonlinear V-I characteristics at different temperatures in 
NCMONi07. (b) The changes in the surface temperature TS during the current sweep. 
 

Next, we show the V-I characteristics of the NCMONi07 sample at different 

temperatures in zero magnetic fields in Fig. 3. 18(a). The inset of Fig. 3. 18(a) shows the V-I 

curve at T = 100 K for better clarity. We observe nonlinearity in the V-I characteristics at all 

the temperatures below 100 K. However, the sharp peak in the NDR behavior observed at low 

temperatures is absent in the V-I curve at T = 100 K, as can be seen in the inset. The 
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nonlinearity as well as the NDR behavior is not observed at higher temperatures (data not 

shown here). As the base temperature increases, the change in TS decreases [Fig. 3. 18(b)].  
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Fig. 3. 19: Simulation of the nonlinear V-I characteristics at T = 40, 50, 75 and 100 K 
(solid lines) and the experimental V-I curves (open symbols) of NCMONi07 samples. 
The numbers indicate the parameters used in the fit.  
 

In spite of the various mechanisms attributing NDR to different plausible mechanisms 

(as mentioned in the introduction), the direct observation of concomitant changes in the TS 

[for instance, see Fig. 3. 18(b)] during the current sweep points to the nontrivial influence of 

thermal mechanisms which strongly govern the nonlinear dynamics in the sample. Let us 

consider the bottom of our sample is maintained at a constant temperature T which is 

equivalent to the environmental temperature stabilized by the temperature controller. The 

power dissipated by the current passing through the sample, P = RI2 will easily heat up the top 

surface of the sample, which in turn is measured as TS in our experiments. The thermal 

processes depend on the thermal conductance and heat capacity of the bulk sample. In fact, 

the nonlinear transport observed in our experiments can be well described quantitatively by a 
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phenomenological electrothermal model [93] following the energy balance 

equation, (S
S

dT
C P G T

dt
)T   , where C is the heat capacity of the sample, t denotes the 

time and G stands for the effective thermal conductance or the energy transfer rate, which 

depends on the shape of the sample and surface area. The term ( SG T T )   represents the 

Newtonian cooling in the system. Chen et al. [94] has numerically solved the aforementioned 

energy balance equation for various sweep rates r of the current ramp in the V-I sweep, using 

experimentally measured R(T) curve of the LCMO film as a numerical input. In the present 

study, we use a different approach to reproduce the nonlinear conductivity observed in our 

sample by directly measuring the rate of change of TS without any approximations. 

Surprisingly, an excellent agreement between the theoretical fit and the experimental data is 

observed for the complete current sweep. Fig. 3. 19 shows the experimental and theoretical fit 

nonlinear V-I curves at T = 40, 50, 75 and 100 K. Nonlinear transport studies in high field are 

also interpreted in the literature in terms of the hot electron phenomena [95] where the energy 

balance equation transforms to (e
e

dT
C P G T

dt
)T   , where Te is a hypothetical electron 

temperature characterizing the population of the excited states, elevated from the lattice 

temperature T. It is assumed in those models that the lattice temperature or the phonon 

temperature is identical to the environmental T due to a strong coupling between the lattice 

and the thermal bath, but is decoupled from Te. However, the lattice temperature was not 

explicitly measured by those authors and therefore the possibility of hot electron effects in our 

sample requires an elaborate investigation. It is likely that the nucleation and growth of such 

hot spots can affect the dynamical nature of the nonlinear conductivity observed in the present 

study. 
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3. 4 Conclusions 

In summary, we have shown that dc current-induced colossal electroresistance at high 

current strength in Nd0.5Ca0.5MnO3 and phase separated Ni-doped Nd0.5Ca0.5MnO3 samples are 

related to the self-heating of the sample. However, non linearity in V-I characteristics does not 

vanish even with a pulsed current of a long (6 s) pulse-period in Nd0.5Ca0.5Mn0.95Ni0.05O3 

which suggests that intrinsic mechanism of non-thermal origin is operative. It is shown that 

resistance can be switched not only with the amplitude of the current but also by changing the 

period and width of pulses. Though possible origins of the observed effects were suggested, a 

more detailed investigation in future will be helpful. 
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Chapter 4 

Current induced magnetoresistance avalanches in Ni-doped 

Nd0.5Ca0.5MnO3  

4. 1 Introduction 
 

In chapter 3, we discussed electroresistance properties in the phase separated Ni doped 

Nd0.5Ca0.5MnO3 compounds, both in dc as well as pulsed- current modes. The role of phase 

separation on the non linear electrical conduction in 5(7) % Ni doped samples was discussed 

in detail. The purpose of this chapter is to investigate the effect of dc current strength on the 

magnetic field dependence of magnetoresistance in these samples. We show that the 

magnetoresistance in these compounds decreases smoothly with increasing magnetic field at 

lower current strengths (I < 5 mA), but it changes into an avalanche type (a step-like 

decrease) at a critical value of the magnetic field for higher current strengths (I > 5 mA). 

Surprisingly, the avalanche in magnetoresistance is accompanied by an abrupt change in the 

temperature of the sample (T≈ 47 K). The memory effect, observed in the magnetoresistance 

upon field cycling, is dramatically affected under increasing magnitude of the dc current. 

 

 4. 2 Experimental Section 

We have measured the four probe resistance of bar shaped polycrystalline   

Nd0.5Ca0.5Mn0.95Ni0.05O3( NCMONi05)  and Nd0.5Ca0.5Mn0.93Ni0.07O3( NCMONi07) samples of 

dimensions 6×3×2 mm3,  as a function of the magnetic field (H) at different values of the dc 

current and at selected base temperatures. During the magnetic field sweep, the surface 

temperature of the sample (TS) was also measured simultaneously, with a Pt-100 sensor 

attached to the top surface of the sample between voltage probes.  The base temperature of the 

sample, as recorded by the cryostat is denoted by T in this chapter, unless otherwise stated. 

The dc current in the sample is perpendicular to applied magnetic field. The details of the 

experimental set up are discussed in chapter 2. 
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4. 3 Results  
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Fig. 4. 1: The magnetic field (H) dependence of resistivity () (on the left scale) and  
surface temperature (Ts) (on the right scale) of NCMONi05 sample at T = 75 K for 
different current strengths, I = (a) 100 A, (b) 1 mA, (c) 10 mA, and (d) 20 mA. 
 

As already seen in the previous chapter, magnetic field has a dramatic influence on 

the electroresistance and electrical transport in phase separated Ni doped NCMO compounds. 

Since these phase separated samples show a remarkable magnetoresistance (MR) at low 

temperatures [96], we have investigated the influence of various current strengths on the 

magnetic field dependence of resistivity (). In Fig. 4. 1, we show the influence of current 

amplitude on the H- field dependence of the resistivity of NCMONi05 sample at T = 75 K. 

Fig. 4. 1(a)-(d) show the field dependence of  on the left scale and TS on the right scale for a 

few selected current strengths, I = 100 A, 1, 10 and 20 mA. As soon as the current was 

applied to the sample, the magnetic field sweep was started with a constant sweep rate of 80 

Oe/sec. To erase the memory effect, I was reduced to zero after each field cycle and the 
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sample was warmed up to 150 K, then cooled to 75 K without applying any current. The 

complete H-field cycle consists of three consecutive sweeps: the first (0 → +7 T), second (+7 

T → 0 → 7 T) and the third (7 T → 0 → +7 T) sweeps are indicated by (1), (2) and (3), 

respectively. When I = 100 A, during the first sweep (Fig. 4. 1(a)),  decreases gradually 

with increasing H. Then,  traces a different, low resistive path upon sweeping the field from 

0H = +7 T to 0H = – 7 T in the second sweep. In the third sweep (H = -7 T to +7 T),  

remains still in the low resistive state, but shows a small hysteresis. This type of irreversibility 

in the first and second field sweep and a persistent memory effect in magnetoresistance and 

magnetization are found in other phase separated manganites also [96, 97]. The temperature 

of the sample, Ts increases gradually (T ≈ 0.3 K) with magnetic field in both the directions 

of the magnetic field, as can be seen in the right scale of Fig. 4. 1(a). This apparent increase in 

the temperature of the sample is an artifact coming from a small positive magnetoresistance 

(about 0.7 % at 0H = 7 T) of the PT100 resistor at T = 75 K (Fig. 4. 2), which corresponds to 

a temperature increase of ≈0.3 K according to the callibration. 

 

0.0

0.5

1.0

1.5

-6 -4 -2 0 2 4 6
75.0

75.3

75.6

75.9

(3)

(2)
(1)

PT100 on sample puck

 

M
R

 (
%

)

T = 75 K

(3)  

 

T
 (

K
)


0
H (T)

PT100 on sample puck

(1)
(2)

. 

Fig. 4. 2: Four probe magnetoresistance (MR) of PT100 resistor and associated 
temperature change (artifact) at 75 K (right panel). 
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The -H curve for I = 1 mA (Fig. 4. 1(b)) shows a similar behavior like for I = 100 

A, but with a sharp initial decrease in the beginning of the field sweep, which is 

accompanied by a sharp initial rise in TS. At higher current amplitudes I = 10 and 20 mA, 

shows a plateau up to a certain field strength and then shows a steep decrease, as shown in 

Fig. 4. 1(c) & Fig. 4. 1(d), respectively.  
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Fig. 4. 3: The magnetic field dependence of resistivity () (on the left scale) and  surface 
temperature (Ts) (on the right scale) of NCMONi05 sample at T = 40 K for different 
current strengths, I = (a) 100 A, (b) 5 mA, (c) 10 mA, and (d) 20 mA. 
 

In Fig. 4. 3, we show influence of current strength on the H-field dependence of the 

resistivity at T = 40 K. The left scale shows the -H isotherms and the right scale shows the 

corresponding TS-H curves measured for selected current strengths, (a) I = 100 A, (b) 5 mA, 

(c) 10 mA, and (d) 20 mA. The -H curves during the complete field cycle at T = 40 K for I = 

100 A [Fig. 4. 3(a)] resembles the -H curves at T = 75 K for I = 100 A [Fig. 4. 1(a)]. Note 

that the first curve is well separated from the second and third curve (low resistive states) at T 

= 40 K, compared to that at T = 75 K.  The -H curves for I = 5 mA also shows a similar 

              
 

66



Chapter 4              Current induced magnetoresistance avalanches in Ni doped Nd0.5Ca0.5MnO3 

behavior [Fig. 4. 3(b)]. When I = 10 mA is applied [see Fig. 4. 3(c)], initially decreases 

sharply near the zero field and then decreases gradually as H increases. Surprisingly, an 

avalanche (a step- like decrease) in  occurs at 0H = 2.1 T instead of a smooth decrease 

observed earlier. The sharp decrease in the resistivity near 0H = 0 T   is accompanied by a 

sharp increase in the temperature of the sample from Ts = 40 K to 88 K as can be seen in the 

right scale of Fig. 4. 3(c). The temperature remains nearly constant at 88 K as the field 

increases, until 0H = 2.1 T. Then, Ts also shows an avalanche effect, wherein the temperature 

of the sample abruptly drops to TS ≈ 41 K at 0H = 2.1 T, thus coinciding with the avalanche 

in the resistivity. When H is further increased from 2.1 T to 7 T, the Ts shows an increase of 

less than 1 K.   When H is reduced from 7 to 0 T,  does not remain at the low resistive 

persistent state unlike what was observed for I = 100 A and 1 mA. Instead, it shows the 

avalanche effect, but this time, a step-like increase at 0H = 0.1 T. Upon reversing the field, 

(H) shows the avalanche effect again (high resistance to low resistance transition) at 0H = -

2.1 T. A similar behavior of  is observed in the third sweep with an abrupt increase from a 

low to a high resistive state at 0H = 1 T followed by an abrupt decrease to a low resistive 

state again at 0H =  T. This, eventually results in a huge hysteresis close to the origin 

(0H = 0 T). The temperature Ts, follows a similar trend. The Ts decreases abruptly from 88 K 

to 41 K when the resistivity abruptly decreases at 0H = 2.1 T during first field sweep and 

then increases abruptly at 0H = 0.1 T when the field is reduced to 0 T [right scale, Fig. 4. 

3(c)].The -H curves for I = 20 mA [Fig. 4. 3(d)] exhibits similar behavior as the -H curves 

for I = 10 mA, except that the hysteresis in the field dependence occurs far from 0H = 0 T 

and the avalanche  becomes sharper .  
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Fig. 4. 4: Field dependence of resistivity of NCMONi05 sample at 40 K for I = 20 mA 
(top panel), temperature recorded by the cryostat (middle panel) and temperature 
measured by the Pt –sensor glued to the top surface of the sample (bottom panel).  

 

It is quite reasonable at this point to be curious about the actual behavior of the 

cryostat temperature during the field sweep. In Fig. 4. 4, we compare the temperature of the 

NCMONi05 sample recorded by the Pt –resistor (bottom graph) with the base temperature 

recorded by the PPMS (middle graph) and the resistivity (top graph) for I = 20 mA during the 

magnetic field sweep in NCMONi05 sample.  It is to be noted that the base temperature 

fluctuates while reducing the magnetic field sweep from ± 7 T, but the fluctuation does not 

exceed more than ±0.3 K. The temperature variation recorded by the cernox sensor in the 

cryostat is negligible compared to the temperature recorded by the temperature sensor 

attached directly to the top surface of the sample. Hence, the change in temperature of the 

sample is not so apparent if we rely on the temperature recorded by the PPMS alone.  

 

 

              
 

68



Chapter 4              Current induced magnetoresistance avalanches in Ni doped Nd0.5Ca0.5MnO3 

102

104

(1)  

100 A(a)

40

41

 

102

104

(3) (2)

(e)

(b)




c
m

)

5 mA

 

 

102

104 (c) 10 mA

 

 

(1)

40

50

60

(h)

(g)

(f)

 T
S
 (

K
)

 

40

60

 

-8 -6 -4 -2 0 2 4 6 8

102

104

(3) (2)

(d) 20 mA

 
0
H (T)

 

 

-8 -6 -4 -2 0 2 4 6 8

40

60

80

  
0
H (T)

 

 

Fig. 4. 5: Left column shows the field dependence of resistance at T = 40 K for different 
current strengths and the right column shows the corresponding changes in the sample 
temperature (Ts) in NCMONi07 sample.   
 

Next, we show the influence of current amplitude on the magnetic field (H) 

dependence of resistivity () of NCMONi07 sample at T = 40 K in Fig. 4. 5. The left column 

shows the -H isotherms measured for selected current strengths, (a) I = 100 A, (b), 5 mA 

(c), 10 mA and (d) 20 mA and the figures in the right column show the corresponding change 

in the surface temperature of the sample(Ts). To erase the memory effect, I was reduced to 

zero after each field sweep and the sample was warmed up to 200 K, then cooled to 40 K 

without applying any current. When I = 100 A [Fig. 4. 5(a)], during the first field sweep (0 

→ +7 T),  decreases gradually until 0H   = 2.2 T and then it decreases more rapidly with 

further increasing H. Then,  traces a different, low resistive path upon changing the field 

from 0H = +7 T to 0H = – 7 T in the second sweep. In the third sweep (0H = -7 T to +7 T), 
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(H) still remains in the low resistive state, and a small hysteresis is observed. Any further 

field cycling retraces the same closed paths. Note that this type of a large irreversibility in the 

first and second field sweep and a persistent memory effect were earlier discussed in 

NCMONi05. The temperature of the sample, Ts increases gradually (T ≈ 1 K) with magnetic 

field in both the directions of the magnetic field, which is an artifact coming from the 

magnetoresistance of PT100 sensor [Fig. 4. 5(e)]. The Ts does not show any irreversibility and 

hysteresis unlike the resistivity. Hence, the observed hysteresis is intrinsic, and is possibly 

related to the changes in the magnetic domain structure or domain wall nucleation upon 

reducing the field.     

When I = 5 mA is applied, [see Fig. 4. 5(b)], initially shows a sharp decrease 

near the origin followed by gradual decrease with further increase in H up to 1.65 T. At a 

critical field 0HC = 1.7 T, shows an avalanche behavior (a step- like decrease).  The - 

curves in the second and third sweeps trace a low resistive path without any avalanche 

behavior. The sharp decrease in the resistivity near 0H = 0 T is accompanied by a sharp 

increase in the temperature of the sample from Ts = 40 K to 67 K as can be seen in Fig. 4. 

5(f). The temperature remains nearly constant at 67 K as the field increases, until 1.65 T.  

Then, Ts also shows an avalanche effect, wherein the temperature of the sample abruptly 

drops to TS ≈ 41 K at 0H = 1.7 T, which coincides with the avalanche in the resistivity at the 

same field. When H is further increased from 2 T to 7 T, the Ts shows an increase of less than 

1 K. The temperature does not recover to a high value but remains low and shows a memory 

effect similar to the (H) in the second and third sweeps. The field dependences of  (see Fig. 

4. 5(c)) and TS [see Fig. 4. 5(g)] at 10 mA are similar to 5 mA data except that the avalanche 

now occurs at  a higher field, 0HC = 2.6 T. A more spectacular effect appears in the 

magnetoresistance when I = 20 mA [Fig. 4. 5(d)]. In the first field sweep (0 → +7 T) at I = 20 

mA,  shows the avalanche at 0H = 3.8 T followed by a gradual decrease at higher fields. 

When H is reduced to zero, the resistivity does not remain at the low resistive persistent state 

unlike what was observed for I = 10 mA and 5 mA. Instead, it shows the avalanche effect, but 
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this time, a step-like increase at 0H = 0.8 T. Upon reversing the field, (H) shows the 

avalanche effect again (high resistance to low resistance transition)  at 0HC = -3.8 T. A 

similar behavior of  is observed in the third sweep with an abrupt increase from a low to a 

high resistive state at 0H = 0.8 T, followed by an abrupt decrease to a low resistive state 

again at 0HC =  T. This, eventually results in a huge hysteresis far from the origin (0H = 

0 T). The sample temperature Ts follows a similar trend. Note that the Ts decreases abruptly 

from 86 K to 41 K when the resistivity abruptly decreases at 0HC = 3.8 T during first field 

sweep [Fig. 4. 5(h)].   
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Fig. 4. 6: Time dependence of (a) resistance, R and (b) temperature, TS at 0H = 2.5 T 
and T = 40 K in NCMONi07 sample.   
 

In order to confirm or rule out the possibility that the observed effect is caused by the 

relaxation of resistance, we have carried out the temporal dependence of the resistance and 

surface temperature of the sample. Fig. 4. 6(a) shows the evolution of resistance with time (t) 

at T = 40 K in a magnetic field, 0H = 2.5 T at different current strengths. When I = 12.5 mA 

or lower, the R initially shows a small linear increase with the time and then becomes stable at 

t ≥ 30 s. Surprisingly, when the current is increases by a small increment of 0.5 mA, i.e., 
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when I =13 mA, R increases linearly with the time up to t = 200 sec, but shows an abrupt 

increase around t = tth = 300 sec. The R shows a small peak at the end of the abrupt rise and 

then it quickly stabilizes. When the magnitude of the fixed current is further increased, the 

threshold time (tth), where the abrupt increase in the resistance occurs, shifts towards a lower 

value of time. Note that the peak in the resistance become more prominent and it decreases in 

magnitude with increasing strength of the current. The temperature of the sample also 

undergoes an abrupt increase at a threshold time similar to the resistance as can be seen in 

Fig. 4. 6(b). However, after the abrupt increase above tth, TS remains constant unlike the 

resistance which shows a peak behavior.  This study rules out the possibility that the step-like 

decrease in the resistance observed in the field sweep is caused by the relaxation of resistivity. 

An abrupt increase in the resistance with time was also noted earlier by Tokunaga et al. [98] 

in the Cr-doped Nd0.5Ca0.5MnO3 although the temperature of the sample was not directly 

measured in that work.   

4. 4 Discussion 

The sudden increase in Ts, at the start of the field sweep (0H = 0 T) at higher current 

strengths is obviously caused by the Joule  heating but  the step- like decrease in  

accompanied by an abrupt decrease in Ts in the Ni-doped compounds is unlikely due to the 

Joule heating effect alone. A possible explanation is that it is a manifestation of the 

“magnetoresistive cooling”, i.e., the abrupt negative magnetoresistance at a critical value of 

external field causes a sudden decrease in the temperature of the sample because of the 

reduction in the input electric power, P = I2R(T,H) where the resistance of the sample (R) is a 

function of the temperature and magnetic field and I is the constant current applied to the 

sample. If the  applied current is mainly used in heating the sample, a change in R causes the 

temperature of the sample to change by T = I2R(T,H)/mC, where C is the specific heat and 

m is the mass of the sample. First, consider the case when the Joule heating is negligible (i.e., 

for I < 1 mA). As the applied magnetic field increases at T = 40 K, ferromagnetic clusters 

initially tend to align along the field direction. However, short-range charge ordered clusters 
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are also progressively being converted into ferromagnetic phase which makes it difficult to 

identify a single critical field for the field-induced metamagnetic transition. This results in a 

large but smooth decrease of the resistance with increasing magnetic field. Upon decreasing H 

from the maximum value, the (H) traces a different path having lower resistivity values. 

Hence, the virgin -H curve lies outside the envelope traced by subsequent field cycles. We 

have also observed a similar behavior in M-H data of NCMONi07 sample at T = 40 K, as 

exemplified in Fig. 4. 7. 
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Fig. 4. 7: Magnetization (M) versus field (H) behavior of NCMONi07 sample at T = 40 
K. Note that the virgin curve (1) lies outside the envelope traced by subsequent field 
cycles (2) and (3). 
 

P. Chaddah and collaborators [87, 88, 99] have shown that this is a general 

phenomenon observed in materials exhibiting first-order magnetic transition such as 

Nd0.5Sr0.5MnO3, Co-doped Mn2Sb and Gd5Si2 although the magnetic ground states of those 

materials were different.  In all these compounds, high temperature phase coexists with low 

temperature phase as a supercooled phase. In our compound, the short-range charge ordered 

phase (super cooled phase) is converted into ferromagnetic phase with increasing magnetic 

field in the initial field sweep (forward sweep) whereas the reverse conversion from 

ferromagnetic to charge ordered phase is sluggish (ferromagnetic phase is “kinetically 

arrested”) during decreasing field. This results in a higher volume fraction of the 
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ferromagnetic phase while the field is reduced to zero and hence the magnetization is high 

and resistivity is low when the field is reduced to zero. Therefore the virgin loop lies outside 

the envelope in -H and M-H measurements. While kinetic arrest of the high field phase is a 

dominant mechanism at temperature well below the Curie temperature, metastability of the 

supercooled phase can also cause similar trend (isolation of virgin curve from curves obtained 

in subsequent field sweep) in the temperature regime around TC as observed in Co-doped 

Mn2Sb [88]. We believe that in our sample, the kinetic arrest of the ferromagnetic phase plays 

an important role in the irreversibility between the virgin and subsequent field cycles in -H 

measurements at T = 40 K. When I = 20 mA, the sample is Joule heated non-uniformly, thus 

leading to a partial conversion of the low-temperature ferromagnetic phase into the high 

temperature short-range charge ordered phase. Hence, phase fraction of the short-range 

charge ordered phase is increased relative to the ferromagnetic phase. As the magnetic field 

strength increases, the dc resistivity of the ferromagnetic phase decreases at a faster rate than 

the charge ordered phase. The lowering of the resistivity due to magnetic field leads to 

nucleation of cold spots in the ferromagnetic phase which have lower temperatures than the 

surrounding charge ordered matrix (“hot matrix”). The size of cold spots grows with 

increasing strength of the magnetic field and for a critical value of H- field, they will engulf 

the hot matrix, thus leading to an avalanche like decrease in the resistance and temperature. 

Chen et al. [77] also reported a qualitatively similar step-like decrease of the resistance in thin 

film of La0.8Ca0.2MnO3, though the step was not as sharp as in our compound. They have used 

high current (I = 20 -70 mA) to drive the sample into paramagnetic phase while the 

measurements were done below but close to the Curie temperature. On the other hand, 

Yamato et al. [100] reported that step in magnetoresistance at T = 5 K becomes broader with 

increasing current strength in a single crystalline bilayered manganite whereas the 

magnetoresistance step in our sample becomes sharper with increasing current strength. They 

estimated that the temperature of the sample would not have increased more than 1.8 K at 

5mA.  
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Fig. 4. 8: The main panel shows temperature dependence of the magnetic entropy 
change (-Sm) for different magnetic field intervals (H = 1, 3, 5 and 7 T) for 
Nd0.5Ca0.5Mn0.93Ni0.07O3. The inset shows -Sm versus T for Nd0.5Ca0.5MnO3. 
 

In Fig. 4. 8, we have plotted the magnetic entropy (Sm) of the 7 % Ni-doped 

compound, as calculated from magnetization isotherms taken at 5 K intervals from 300 K to 

10 K (please see chapter 2 for details on calculation). The magnitude of Sm is negative over 

the entire temperature range and shows a prominent maximum (Sm = 4.2 J/kgK) for H = 7 

T around TC (77 K) followed by a broad maximum of smaller magnitude (Sm = 0.5 J/kgK) 

around the short-range charge ordering temperature (TCO = 252 K). The magnitude of Sm 

decreases with decreasing strength of the field. On the other hand, the parent compound 

Nd0.5Ca0.5MnO3, shows a negative peak in Sm at a few K above TCO, but changes into a 

positive peak at a few K below TCO (see the inset). A similar change in the sign of Sm with 

temperature for a few charge ordered compositions in the Pr1-xCaxMnO3 series was also 

reported earlier by Reis et al. [101].  The negative Sm observed over the entire temperature 

range in the present Ni-doped compound indicates that the lattice temperature of the sample 

will increase (decrease) upon adiabatic application (removal) of an external magnetic field 

similar to a normal ferromagnetic material. However, it alone will not account for the step-
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like decrease in the temperature observed at a critical value of the magnetic field in our 

compound. 

The observed abrupt decrease in temperature is opposite to the intrinsic 

magnetocaloric effect found in other phase separated manganites. Ghivelder et al. [102] 

showed that magnetoresistance avalanche in the phase separated La0.225Pr0.40Ca0.375MnO3 was 

accompanied by a sudden increase in temperature of the sample from 2.5 K to about 30 K at a 

critical value of the magnetic field. The temperature quickly relaxed to the initial temperature 

within a few milli seconds. The abrupt increase in the temperature of the sample was 

attributed to intrinsic magnetocaloric effect, i.e., heat released in the conversion of charge 

ordered antiferromagnetic phase into ferromagnetic phase at a critical value of the external 

magnetic field. The heat released  depends on the 

differences in the internal energy per unit volume of the charge ordered phase (uCO(T0)) 

initially at temperature T0 and the ferromagnetic phase (uFM(T0,H)). The heat released by the 

charge ordered clusters during the conversion into ferromagnetic clusters ignites instability of 

the neighboring charge ordered clusters. In what follows as a chain reaction, heat wave 

propagates through the sample volume and the sample temperature rises rapidly.  Roy et al. 

[

0

0 0( ) ( , )
fT

p CO FM

T

q c dT u T u T H   

103] also reported that the magnetic field induced destruction of charge ordered 

antiferromagnetic state in Pr0.7Ca0.3MnO3 leads to release of the heat and hence increase in 

temperature of the sample due to the intrinsic magnetocaloric effect.  However, we find that 

temperature of the sample decreases abruptly in our compound, which suggests that the 

observed effect is not necessarily caused by the magnetocaloric effect.  

The magnetoresistance avalanche accompanied by large changes in the surface 

temperature can be due to the current induced phase separation in the sample. At higher 

current strengths, for instance at I = 20 mA, sufficient Joule heating of the sample partially 

transforms the low-temperature FMM phases into the high temperature COI phase. The 

growing presence of the COI domains results in an increase in the resistivity of the sample 
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and therefore (H) shows a high resistance plateau at low magnetic fields. As the field 

reaches HC, melting of the charge ordered state in the phase separated system leads to a rapid 

decrease in resistivity and inturn leads to abrupt changes in TS because of the reduction in the 

input electric power. The temperature of the sample changes by T = I2R(T,H)/mC, where C 

is the specific heat and m is the mass of the sample. Due to the competing large presence of 

COI domains at higher current strengths, larger magnetic fields are required for the collapse 

of the charge ordered domains and therefore, HC gets shifted upward in H with increasing I 

[Fig. 4.5]. The hysteresis observed in (H) indicates the first order nature of the field induced 

transition between different phase fractions. On the other hand, the flow of a high dc current 

in the sample transverse to the magnetic field can also create temperature gradient transverse 

to the direction of current (Ettingshausen effect [104]) or along the direction of current 

(magneto-Peltier effect [105]). A systematic study is urgently needed to address the exact 

origin of the observed avalanche effects in resistance and temperature.   

4. 5 Conclusions 

In summary, we have discussed the magnetic field dependence of magnetoresistance, 

in the phase separated Ni doped (5 % and 7 %) NCMO samples, which exhibit an avalanche 

with increasing magnitude of the dc current. A temperature change of T≈ 47 K was found to 

accompany the avalanche in the magnetoresistance. Our results show that the effect of the dc 

current on the magnetoresistance is more intriguing than what is anticipated. Though our 

results indicate a strong interplay between magnetoresistance and thermal behavior, the 

mechanism of the coupling is not clear at present and further work is in progress to 

understand the observed effects. 
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Chapter 5 

Magnetocaloric effect in Sm1-xSrxMnO3 (x= 0.3-0.5) 

 

5. 1 Introduction 
 
 

Manganites exhibit a wide variety of properties owing to a strong coupling between 

spin, charge and lattice degrees of freedom. Besides large resistive responses under different 

external stimuli, manganites also join the race for a large magnetocaloric effect (MCE) 

following the reports of large MCE in La0.75Sr0.25-yCayMnO3 (y= 0.1) [106] and related 

compounds [107, 108]. The MCE is expected to be much larger in compounds that show a 

temperature driven first-order paramagnetic to ferromagnetic transition in which M changes 

discontinuously at TC [109]. In these compounds, an external magnetic field can trigger 

metamagnetic transition in the paramagnetic state (T≥ TC) which leads to a giant MCE as 

reported recently in Gd5Si2Ge2 [110], MnFeP0.45As0.55 [111], and Ni2MnGa [112].  

In this chapter, we demonstrate an alternative approach to achieve a large MCE by 

exploiting the nanoscale phase separation found in some narrow band width manganites. We 

have investigated magnetocaloric effect in Sm1-xSrxMnO3 series (x= 0.3, 0.4, and 0.5) whose 

magnetic phase diagram has been studied in detail [113,114]. The low temperature ground 

state of Sm1-xSrxMnO3 is reported to change from a metallic ferromagnet (0.35≤x<0.5) to a 

semiconducting A-type antiferromagnet (x≥ 0.5) [115]. In the critical composition x= 0.5 

where TC= TN (TN-Neel temperature), a long-range charge-orbital ordering also develops 

below TN. The paramagnetic phase of these Sm based manganites is unusual as suggested by 

the early work of Borges et al. [116]. Those authors reported a field-induced metamagnetic 

transition, i.e., a rapid increase of the magnetization above a threshold magnetic field in the 

paramagnetic state and a large deviation of the inverse susceptibility much above TC. Small 

Angle Neutron Scattering (SANS) study in Sm0.55Sr0.45MnO3 by J.M. De Teresa et al. [117]  

supported the presence of ferromagnetic nano clusters of size ≈ 0.8 nm and stable longer than 
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~1 ps in zero field. A strong diffusive x-ray scattering below 300 K (> TC= 118 K) in x= 0.45 

was reported earlier and it was attributed to the short-range charge-orbital clusters [24, 118]. 

Thus, it seems that the paramagnetic state of x= 0.45 has a mixture of short-range charge 

ordered regions and nanometer size ferromagnetic clusters. However, MCE in these materials 

has not been studied in detail. In the course of our investigation of Sm based compounds, we 

came across the recent work by Sarkar et al. [119] who observed a huge change in magnetic 

entropy -Sm= 7.9 J/kg-K in H= 1 T at T = 120 K in a single crystal of x = 0.52. According 

to the recently proposed phase diagram, x= 0.52 composition is A-type antiferromagnetic 

below TN=120 K [115]. In this report, we focus on the magnetic and magnetocaloric effects in 

lower compositions, x= 0.3, 0.4, and 0.5. 

 

5. 2 Experimental Section 

Polycrystalline samples of Sm1-xSrxMnO3 (SSMO) series were synthesized using 

standard solid state route. The precursors Sm2O3, SrCO3 and MnO2 (each of purity better than 

99.9%) were mixed in proper stoichiometric composition, ground and then preheated at 1273 

K for 24 h. The mixture thus obtained was reground, pelletized and sintered at 1473K for 24 

h. Single phase identification was performed by the powder X-ray diffraction (XRD) 

experiment. Magnetic measurements over a wide temperature (T= 10 - 400 K) and magnetic-

field (H= 0 - 5 T) range were carried out on the samples using a vibrating sample 

magnetometer probe in a commercial superconducting PPMS cryostat. Magnetocaloric 

properties were investigated by calculating the magnetic entropy change from the 

experimental magnetization versus field isotherms, as explained in chapter 2. 

 

 

 

 

 

              
 

79



Chapter 5                                                   Magnetocaloric effect in Sm1-xSrxMnO3 (x= 0.3-0.5) 

5. 3 Results and Discussion 

Fig. 5. 1 shows the XRD patterns of the Sm1-xSrxMnO3 (SSMO) compounds (x= 0.3, 

0.4 and 0.5) at room temperature, which reveal single phase patterns. The observed XRD 

patterns were indexed to orthorhombic structure of SSMO with space group Pbnm. The 

prominent peaks in the XRD pattern are indexed by its crystallographic planes, as represented 

by the miller indices (hkl) in accordance with Ref. 120.  
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Fig. 5. 1: XRD pattern for Sm1-xSrxMnO3, x = 0.3, 0.4 and 0.5 
 
 

Fig. 5. 2 shows the temperature dependence of the magnetization M(T) at H = 0.1 

and 5 T, for (a) x= 0.3, (b) x= 0.4 and (c) x= 0.5 samples. The M-T data at  H = 0.1 T 

suggest that all these compounds undergo a paramagnetic to ferromagnetic transition upon 

cooling and exhibit a small hysteresis around the transition temperature while warming. The 

Curie temperature (TC) identified from the inflection point of the derivatives of M-T curves 

while cooling are TC= 87 K, 118 K and 99 K for x= 0.3, 0.4 and 0.5 respectively. The 

magnetic transition is rather sharp in the case of x= 0.4 compared to the other two 

compositions. The x= 0.4 also shows a clear peak around T= 30 K << TC possibly related to 

increase in the coercivity [116,121]. From the indirect susceptibility measurements, we also 
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observed an increase in the anisotropic field HA below 30 K, the data is not shown here. While 

the magnetic transition is more broadened under H= 5 T for x= 0.3, the x= 0.4 composition 

shows a clear upward shift of the TC to 157 K. The temperature dependence of the inverse 

susceptibility (1/) for all the composition are shown in the respective insets along with the 

Curie-Weiss fit (1/ = C/(T-p)) drawn in red line. The 1/ clearly deviates from the Curie-

Weiss behavior several tens of kelvin above the TC for all the compositions. The x= 0.4 shows 

the strongest deviation, which starts around 310 K, far above TC= 118 K. The observed 

effective moments Peff = 5.88, 5.8 and 5.22 B are much larger than theoretically expected 

values (Pth = 4.61, 4.51 and 4.44 B for x= 0.3, 0.4 and 0.5, respectively) assuming Peff 

(Sm3+)= 0.71 B. Borges et al. [116] found a much larger Peff= 19 B in x= 0.35 when  1/vs. 

T data was extended up to 600 K. 
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Fig. 5. 2: Temperature dependence of the magnetization of the Sm1-xSrxMnO3 (a) x= 0.3, 
(b) x= 0.4 and (c) x= 0.5 at magnetic field of 0H= 0.1 T (black line) and 5 T (red line). 
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Fig. 5. 3: (a) M-H isotherms and (b) Arrott plot for the composition x = 0.3. The bottom 
panels show the respective plots for x = 0.4. M-H isotherms were taken at a temperature 
interval of T = 3 K interval in between 130 K and 90 K, i.e. in the regime of magnetic 
phase transition and at T = 5 K at other temperatures. 

 

Fig. 5. 3(a) shows the magnetization (M) isotherms at different temperatures and Fig. 

5. 3(b) shows H/M versus M2 (Arrott plot) for x= 0.3. We have taken magnetization isotherms 

at temperature interval of T = 3 K between 130 K and 60 K and at T= 5 K in other 

temperature ranges. The M varies linearly with H above 180 K in the paramagnetic state but 

shows a Langevin- type superparamagnetic behavior (gradual reorientation of 

superparamagnetic moment towards the field direction with increasing field strength) between 

180 K and 100 K. Below 80 K, the sample is a soft ferromagnet with a rapid increase at fields 

less than 0.1 T followed by a slow approach to saturation at high fields. The saturation 

magnetization obtained from the extrapolation of the high field magnetization to the origin 

(H= 0 T) is Msat= 3.5 B which is closer to the theoretical value of 3.7 B. The Arrott plot 

shows a positive slope near the Curie temperature suggesting that the transition is second-

order according to the Banarjee’s criteria [122]. In contrast to x= 0.3,  M(H) of x= 0.4 [Fig. 5. 

3 (c)] shows a metamagnetic behavior a rapid increase above a critical  field (Hc) in the 

paramagnetic state  between 170 K and 125 K though it is linear above 180 K. The transition 
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from low- to high magnetic moment state is reversible upon decreasing the field with small 

hysteresis of width (0.01 T) at 135 K (not shown here). The critical field decreases with 

lowering temperature, from Hc= 3.9 T at 170 K to Hc= 0.4 T at 127 K. The saturation 

magnetization at 10 K reaches a value of 3.25 B which is slightly lower than 3.6 B expected 

theoretically. The Arrott plot [Fig. 5. 3 (d)] shows a negative slope at temperature above and 

near Tc which suggests that the field-induced para-ferromagnetic transition is first-order. This 

satisfies one of the criteria proposed for a material to be a good magnetocaloric material 

around the Curie temperature [123].  
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Fig. 5. 4: (a) M-H isotherms and (b) Arrott plot for the composition x = 0.5. The data 
were taken at T = 3 K interval in between 130 K and 100 K and at T = 5 K interval 
away from the phase transition. 
 

The M-H curves and the Arrott plot for x= 0.5 is shown in Fig. 5. 4(a) and Fig. 5. 

4(b), respectively. This sample also shows a metamagnetic behavior in the M-H curve 

between 180 K and 125 K but the transition is rather broad compared to x= 0.4. A 

ferromagnetic like M-H behavior is observed below 90 K. It is to be noted that the 

extrapolation of high-field data to the origin, gives Ms= 1.88 B which is far below expected 

theoretical value, 3.5 (even at the highest field used). The Arrott plot exhibits a negative 
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slope for certain field range above 125 K which suggests the field-induced transition is first 

order in nature.  

 Since materials with low hysteresis loss is preferred for the application prospects, we 

compare the hysteresis in M-H during increasing and decreasing strength of the magnetic field 

for all three compositions at T= 135 K [Fig. 5. 5(b)]. It is seen that the x= 0.4 composition 

exhibits a small hysteresis but the other two compounds show negligible hysteresis. The 

width of the hysteresis in x= 0.4 is temperature dependent: it increases with lowering 

temperature below 160 K down to 120 K and then decreases as shown in Fig. 5. 5(a). The 

other two compositions did not show hysteresis at all temperatures. The variation in the 

critical field Hc which corresponds to the onset of metamagnetic transition (determined from 

the intersection point of the linear increase of M at low magnetic fields and the rapid increase 

at the intermediate fields) with temperature is plotted in inset of Fig. 5. 5(b).  
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Fig. 5. 5: (a) M-H isotherms (0H = 0 T- 5 T- 0 T) for the composition x = 0.4 and (b) M-
H curve (0H = 0 T- 5 T- 0 T) at 135 K for x = 0.3, 0.4 and 0.5. The inset shows the 
variation of Hc with temperature. 
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Fig. 5. 6: The temperature dependence of the change in the magnetic entropy ∆Sm at 
different magnetic fields for x = (a) 0.3, (b) 0.4, and (c) 0.5. 

 

The entropy change associated with the magnetic field variation, calculated from the 

M-H curve at various fixed temperatures, is plotted in Fig. 5. 6(a), Fig. 5. 6(b) and Fig. 5. 6 

(c) for the three compositions x= 0.3, 0.4 and 0.5 respectively. For x= 0.3, ∆Sm at H= 1 T 

shows a broad maximum around TC= 87 K with a maximum value of -Sm= 0.85 J/kg K and 

the maximum shift to 97 K at 3 T. Though the magnitude of Sm increases with H, the 

temperature corresponding to the maximum remains nearly the same at H = 5 T. The Sm of 

x= 0.4 [Fig. 5. 6 (b)] exhibits a rather prominent peak compared to other two compounds. The 

peak shifts from 117 K at H= 1 T to 127 K at H= 5 T. Interestingly, this composition 

shows the largest entropy change -Sm= 6.2 J/kg K at H= 5 T and T= 127 K followed by 

Sm= 3.3 J/kg K at 97 K for x= 0.3 [Fig. 5. 6 (a)] and Sm= 2.3 J/kg K at 125 K for x= 0.5 

[Fig. 5. 6 (c)]. The Sm of x= 0.4, unlike the other two compounds, exhibits a  sharp drop just 

below  the peak values for each magnetic field and it weakly depends on the field for T < 50 

K. The x = 0.3 and 0.5 samples show a field dependent entropy over a wide temperature range 

below the maximum compared to x= 0.4. Based on the only heat capacity data available for 

x= 0.48(Cp ≈150 J/mol K at 0H= 0 T) [119], we estimate the lower limit for the adiabatic 
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temperature change to be Tad= TS/Cp   1.2 K at Tc =127 K and 0H= 5 T for x= 0.4. Note 

that Cp can decrease under the magnetic field and hence Tad can increase. The relative 

cooling power (RCP), a measure of heat transferred by  a magnetic refrigerant, is obtained by 

the product of the peak value of the entropy (Sm
peak) and the full width at half maximum 

(TFWHM,), i.e., RCP(T,H)= Sm (T,H) TFWHM . The larger the TFWHM, the better is the 

cooling-capacity. The RCP of x= 0.3 (-326.3J/Kg) is higher than x= 0.4 (- 269.5 J/Kg) and x= 

0.5 (-231 J/Kg) at 5 T.   
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Fig. 5. 7: M/Ms vs. /(T- scaling in x= 0.4 
 

The largest Sm observed in x= 0.4 is clearly related to the field-driven metamagnetic 

transition occurring in the paramagnetic state. The large deviation of the inverse susceptibility 

1/ much above TC (= 118 K) found in this compound suggests existence of 

superparamagnetic clusters in the paramagnetic state. Jacobs and Bean [124] put forward an 

operational definition of superparamagnetism, which include at least two requirements. First 

the magnetization curves should have negligible hysteresis and second for a non-interacting 

and isotropic system, the magnetization curves must be temperature dependent on the extent 

that curves taken at different temperatures must superimpose when plotted against H/T. Our 
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analysis of M-H data at different temperatures above TC does not scale to M/Ms vs. B/kBT as 

expected for non-interacting superparamagnetic clusters but to M/Ms vs. B/kB(T-where   

is measure of interaction between clusters, as illustrated in Fig. 5. 7. It is evident from the 

figure that magnetic behavior of Sm0.6Sr0.4MnO3 at temperatures above 130 K, where a 

superposition is seen is indicative of a superparamagnetic behavior. If the size of the 

ferromagnetic particles is sufficiently small, the ordered state will have a single domain in 

which Mn3+ and Mn4+ spins are aligned in the same direction across the volume of the 

particle. The net magnetization of such an assembly of particles can be highly sensitive to 

temperature. As long as the thermal energy remains smaller than the magnetic anisotropic 

energy, the saturation magnetization will be same as that of the bulk sample. Above a critical 

temperature known as the blocking temperature, the thermal energy becomes sufficiently 

large to cause a Brownian rotation of the magnetization in the particles. The net moment of 

the sample in the presence of a field is then given by a Boltzmann distribution of individual 

moments in the field direction just as in the case of a paramagnet. The average fraction of 

magnetization or moment in the direction of field is given by the Langevin function following 

a simple classical mean free model [125]: 
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Fig. 5. 8: Experimental (symbols) M-H curves and theoretical Langevin fit (solid lines) 
for (a) x= 0.3, (b) x= 0.4, and (c) x= 0.5 at different temperatures. 

 

In this model, three independent parameters used are: MS, the mean-field saturation 

moment, TC, the mean-field Curie temperature and /B, the mean-field magnetic moment 

associated with the strength of individual magnetic cluster. The experimental and theoretical 

curves are shown in Fig. 5. 8 for the above discussed three compositions. Small angle neutron 

scattering study  in x= 0.45 suggested ferromagnetic clusters of ≈ 0.8 nm size  imbedded in 

short-range charge/orbital ordered paramagnetic matrix [117]. These nanometer size clusters 

are weakly interacting in low magnetic fields but as the applied magnetic field increases, 

interaction between ferromagnetic nano clusters increases. Above a critical field (HC), the size 

of the clusters increases abruptly and eventually they coalesce at higher fields. Thus, 

microscopically inhomogeneous paramagnetic state transforms into homogeneous 

ferromagnetic phase at higher fields. This process leads to the rapid increase of the 

magnetization above HC as observed in the M versus H data for x= 0.4 that results in the 

largest change in the magnetic entropy. However, the observed value of -Sm= 2 J/kg K at 
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H= 1 T is a factor of 2 smaller than the value reported in single crystalline [119] 

Sm0.52Sr0.48MnO3 and it is possibly due to smearing  of the metamagnetic transition by 

disorders such as grain boundaries in polycrystalline sample. The values of entropy change 

for some magnetic refrigeration materials are tabulated in Table 5. 1. The M-H curve in our 

polycrystalline compounds exhibits much smaller hysteresis which is preferred for magnetic 

refrigeration compared to single crystals that show a sharp metamagnetic transition but with 

pronounced hysteresis [115]. The magnetization of x= 0.5 even at 5 T is 2.5 B is lower than 

the value (= 3.5 B/f.u) expected for complete parallel alignment of Mn spins. It suggests the 

low temperature ground state of x= 0.5 is different from that of x= 0.4 and it is possibly an 

inhomogeneous mixture of ferromagnetic and antiferromagnetic clusters. Indeed, single 

crystalline study shows that the low temperature ground state changes from ferromagnetic to 

A-type antiferromagnetic at x= 0.5 and in this critical composition both TC and TN may 

coincide and long range charge-ordering also develops below 80 K [114]. The decrease in the 

field-induced magnetic entropy in this composition can be attributed to the existence of 

stronger charge-orbital correlation above TC. 

No Composition Curie 
temperature 

TC (K) 

Magnetic 
field 0Hmax 

(T) 

Entropy change 
|SM (TC)| (J/kg-

K) 

Ref. 

1 La0.67Ca0.33MnO3 250 5 2.1 126 
2 La0.67Ba0.33MnO3 295 5 1.3 126 
3 La0.67Sr0.33MnO3 345 5 1.7 126 
4 La0.67Ca0.33MnO3 258 3 2.6 127 
5 La0.6Y0.07Ca0.33MnO3 230 3 1.5 127 
6 La2/3Ca1/3MnO3 267 3 6.4 128 
7 La0.6Ca0.4MnO3 263 3 5 107 
8 Gd0.73Dy0.27 265 10 10 129 
9 Gd5(Si2Ge2) 300 5 7 130 

10 Gd5(Si2Ge2) (~99.8 at% 
pure Gd) 

276 2 14 110 

11 La0.67Sr0.33Mn0.9Cr0.1O3 328 5 5.1 131 
12 Sm0.6Sr0.4MnO3 118 5 6.2 This 

work 
13 Sm0.52Sr0.48MnO3 113 4 6.3 119 
14 La0.65Bi0.05Sr0.3MnO3 353 5 5.02 132 

 
Table 5. 1: Maximum entropy change (-SM) occurring around TC for several magnetic 
refrigerants. 
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5 . 4 Conclusions 

In summary, we have studied magnetic and magnetocaloric properties in Sm1-

xSrxMnO3 (x = 0.3, 0.4, and 0.5) and found the largest magnetocaloric effect in x = 0.4 among 

the three compositions. The largest MCE observed in x = 0.4 is related to the existence of 

ferromagnetic nano clusters in the paramagnetic state that grow and coalesce with increasing 

strength of the external magnetic field. Our results suggest that other manganites that show a 

field-induced metamagnetic transition in the paramagnetic state such as Cr or Ni doped 

Pr0.5Ca0.5MnO3 [133] or lower band width manganites such as Eu1-xSrxMnO3 [134] may be 

attractive candidates to look for a large magnetocaloric effect.   
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Chapter 6 

Colossal electroresistance in Sm1-xSrxMnO3 (x= 0.4 and 0.5) 

 

6. 1 Introduction 
 

In this chapter, we investigate the effect of dc current on the temperature dependence 

of electroresistance in Sm1-xSrxMnO3 (x= 0.4 and 0.5). The Sm based manganites are quite 

interesting because there are evidences for presence of short range charge ordering [118] as 

well as ferromagnetic clusters [117] above TC. However, there is no earlier report on the 

effect of dc current on electrical resistivity in this series and it is the motivation of the present 

work. In chapter 3, it is discussed that the light Ni doping at the Mn site induces a insulator-

metal transition (I-M) in an otherwise insulating parent compound Nd0.5Ca0.5MnO3. Here we 

present the investigation of electroresistance in Sm0.6Sr0.4MnO3 and Sm0.5Sr0.5MnO3. The 

former compound shows a prominent I-M transition due to the collapse of charge ordering at 

TC, even without Mn-site doping. It is shown that with increasing magnitude of current (I), I-

M transition in Sm0.6Sr0.4MnO3 becomes discontinuous and shifts down in temperature. An 

abrupt decrease in temperature of the sample was found to accompany the abrupt I-M 

transition.  

 

6. 2 Experimental Section 

We have simultaneously measured the four probe resistivity of rectangular 

Sm0.6Sr0.4MnO3 sample of dimensions 10x3x3 mm3 and surface temperature of the sample in 

the electroresistance studies. The samples were prepared using standard solid state route, as 

described in chapter 5. The details of the experimental set up are discussed in chapter 2. The 

temperature of the sample measured by the Pt-sensor is denoted as TS and the temperature 

recorded by the cryostat is denoted as the base temperature T throughout this chapter.  
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6. 3 Results  
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Fig. 6. 1: Temperature (T) dependence of the (a) resistivity () of SS40MO sample for 
different dc current strengths (I) in zero magnetic field and (b) corresponding sample 
temperature (TS). The inset shows the difference T = TIM-TMI as a function of current.  
 

Motivated by the electroresistance results in the phase separated Ni doped NCMO 

samples (please see chapter 3), we have carried out studies on current induced effects on the 

resistivity in Sm0.6Sr0.4MnO3 (SS40MO) which also exhibits an I-M transition. Fig. 6. 1(a) 

shows the temperature (T) dependence of the dc resistivity (), for different values of the dc 

current (I = 0.1 mA to 13 mA). The (T) for both I = 0.1 mA and 1 mA closely overlap on 

each other and show a smooth insulator-metal (I-M) transition with a peak in (T) occurring 

around TIM = 115 K while cooling. The I-M transition for I = 0.1 and 1 mA is weakly 

hysteretic while cooling and warming. However, TIM shifts to lower temperature and the 

transition to the metallic state becomes discontinuous upon increasing the amplitude of the 

current. The transition is first-order in nature as suggested by the hysteresis while cooling and 

warming. For example, (T) for I = 13 mA, upon cooling from 200 K, shows a discontinuous 

decrease at TIM = 39 K and then continues to decrease gradually with further lowering 

temperature. Upon warming, a reverse transition from the metallic to the insulating behavior 
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(M-I) takes place discontinuously around TMI =90 K. While the value of resistivity for I > 5 

mA is lower than for I < 1 mA  below 160 K, the peak value  of the resistivity  just before the 

discontinuous jump is not severely affected by the amplitude of the current except for I = 13 

mA. Surprisingly, the discontinuous I-M transition is also accompanied by a discontinuous 

decrease in the temperature of the sample (TS) as shown in Fig. 6. 1(b). Here, the surface 

temperature of the sample (TS) is plotted against the base temperature of the sample puck (T) 

which is generally measured in the Physical Property Measuring System.  It can be noted that 

TS > T before the discontinuous decrease takes place for higher current strengths. As the 

amplitude of I decreases, the discontinuity in the temperature also decreases and finally, both 

TS and T closely match for I = 0.1 mA and 1 mA. The width of the hysteresis T = TIM –TMI 

increases with increasing value of the current, as shown in the inset of Fig. 6. 1(b).  
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Fig. 6. 2: Temperature dependence of the resistivity, (T) of SS40MO sample under 
different external magnetic fields for (a) I = 1 mA and (b) I = 11 mA. The insets show the 
corresponding temperature of the sample, TS. 
 

We compare the effect of the magnetic field (H) on (T) for I = 1 mA  and I = 11 mA 

in Fig. 6. 2(a) and Fig. 6. 2(b), respectively. The insets show TS versus T in both cases. The 

application of H dramatically decreases the peak value of the resistivity for I = 1 mA and the 
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position of the peak shifts to high temperature as H increases above 2 T. The effect of 

magnetic field is more dramatic for I = 11 mA. A small magnetic field of 0H = 0.5 T 

dramatically shifts the I-M transition from 52 K (under 0H = 0 T) to 75 K, while cooling. As 

H increases further, the discontinuous I-M transition shifts upward in temperature and the 

width of the hysteresis decreases. Finally, the discontinuous I-M transition transforms into a 

smooth I-M transition for 0H ≥ 3 T. 
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Fig. 6. 3: Temperature dependence of the (a) Electroresistance (ER) for different 
current strengths (I) in zero magnetic field.   Magnetoresistance (MR) for (b) I = 1 mA 
and (c) 11 mA.   
 

Fig. 6. 3(a) shows the electroresistance [ER (%) = [(I mA)–(1 mA)]/(1 mA)x100] 

as a function of temperature while cooling in zero magnetic field.  The ER shows a sharp 

negative peak around 85 K for I = 8 mA. The magnitude of the peak increases and its position 

shifts to lower temperature with increasing amplitude of the current. A maximum ER of – 

13000 % occurs at 37 K for I = 13 mA. Fig. 6. 3(b) shows the magnetoresistance, MR(%) = 

[(H)–(0)]/(0)x100 for I = 1 mA. The MR at 0H = 0.5 T is negligible at high temperatures 

but it increases below 125 K upon cooling and exhibits a peak of magnitude 32 % around 100 

K. The magnitude of MR increases with increasing H and reaches 98 % around T = 116 K for 

0H = 5 T.  Fig. 6. 3(c) shows the temperature dependence of the MR for I = 11 mA. In 
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contrast to the behavior of MR for I = 1 mA, the temperature dependence of MR at 0H = 0.5 

T for I = 11 mA shows a step like increase around 74 K, followed by a plateau between 72 K 

and 58 K  before decreasing abruptly around 56 K. The most spectacular observation is that 

the MR reaches nearly 100 % in the plateau region even for 0H = 0.5 T compared to only 32 

% MR for I = 1 mA. As H increases, the plateau extends over a wide temperature range on the 

high temperature side although the temperature at which MR decreases abruptly on the low 

temperature side is not affected.  The wide temperature range over which the MR remains 

high is very interesting for practical applications.  

Now, we compare the voltage versus current (V-I) characteristics of SS40MO sample at 

T = 50 and 120 K respectively under different external magnetic fields in Fig. 6. 4(a) and Fig. 

6. 4(c). The current was swept from 0 → 60 mA → 60 mA → 60 mA at a stable base 

temperature T. The corresponding behavior of the sample surface temperature (TS) is plotted 

in Fig. 6. 4(b) and Fig. 6. 4(d). Let us consider V-I characteristics at 50 K. While increasing I 

from 0 to 60 mA, the voltage shows a gradual and negligible increase (< 5 mV) until 30 mA. 

Then, a sharp spike occurs in V (i.e., the voltage shows a sharp increase at a threshold current 

and then after decreases as in a strong NDR behavior) around 33 mA followed by a gradual 

decrease with further increase in current. Upon reducing I from the maximum value, V 

gradually increases down to 6 mA. Then after, V decreases abruptly around 5 mA and remains 

small until current is reduced to zero. A symmetrical behavior is seen while reversing the 

current. The spike in V during the forward sweep (0→60 mA) is accompanied by an abrupt 

increase in TS (T≈ 70 K) and afterwards, the TS increases gradually with further increase in 

current, as shown in Fig. 6. 4(b).  While reducing I from 60 mA, TS decreases gradually until 

5 mA, and then shows a sharp decrease. The TS is nearly the same as the base temperature 

close to the origin and shows a similar behavior in the reverse current sweep (0→60 mA). 

After a final sweep (-60 → 60 mA) in the forward direction, the V-I characteristics and the TS-

I curve exhibits a prominent hysteresis. In the presence of an external magnetic field, the 

threshold current, at which the spike occurs, increases towards higher current values. No 

              
 

95



Chapter 6                                      Colossal electroresistance in Sm1-x SrxMnO3 (x= 0.4 and 0.5) 

abrupt jumps in the V-I is visible under 0H= 5 T. The NDR behavior is almost absent in the 

V-I characteristics under 0H = 5 T. Though a NDR behavior is observed in the V-I 

characteristics at T = 120 K [Fig. 6. 4(c)], the peak is close to origin and broader and the 

hysteresis is negligible compared to the 50 K data [Fig. 6. 4(a)]. Note that the V-I 

characteristics under 0H = 5 T at 120 K still exhibits a nonlinear behavior. The TS-I curves 

show a similar trend [Fig. 6. 4(d)].  
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Fig. 6. 4: The voltage vs. current (V-I) characteristics in SS40MO sample at T = (a) 50 K 
and (c) = 120 K under 0H = 0, 1, 2, 3 and 5 T. (b) and (d) show the corresponding 
change in the temperature of the sample (Ts)during the current sweep. 

 

We have already seen that the nonlinear conductivity, accompanied by a large change 

in the surface temperature of the sample, arises from significant self-joule heating generated 

by the input power  (P=I2R). Below TC, d/dT > 0 and when the current is increased, the 

sample heats up, thereby increasing  till the sample temperature equals TC. As the current 

increases above a threshold current, the temperature of the sample exceeds TC (d/dT < 0 

above TC), thus resulting in a decrease in , eventually resulting in a sharp NDR behavior. In 

the V-I sweep at 120 K, initially the voltage increases linearly with current. When the current 
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increases and provides sufficient input power, the sample temperature increases, thus 

decreasing  to exhibit a different NDR behavior. Note that, at T= 50 K, the sharp increase in 

V is seen at a threshold current far away from the origin (I= 0 mA). At 50 K, due to the low 

resistivity, higher currents are required for a sufficient joule heating in the sample and thus an 

increase in the temperature of the sample. Therefore, the spike behavior occurs away from the 

origin. It is abrupt compared to the 120 K data since the resistivity changes across the MI 

region. The abruptness of the MI transition results in a sharp and peculiar nonlinear V-I curves 

compared to the other samples including the phase separated Ni- doped NCMO at low 

temperatures (please see chapter 3 for details).  

At this conjecture, one may wonder about the actual behavior of the base temperature 

during such a large increase in the surface temperature of the sample. Therefore, we compare 

the change in TS (measured by the PT100 thermometer) and the base temperature (recorded by 

the cryostat) during the current sweep in SS40MO sample at 50 K in Fig. 6. 5(b) and Fig. 6. 

5(c), respectively. Though the TS increases by ~ 70 K around ± 45 mA, the base temperature 

is surprisingly stable (± 0.3 K) throughout the sweep. 
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Fig. 6. 5: (a) Voltage (V), (b) Surface temperature (TS) and (c) Base temperature (T) as a 
function of current. Note that the base temperature is stable throughout the current 
sweep except fluctuation of ±0.3 K around ±45 mA. 
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We have also studied the electroresistance behavior in Sm0.5Sr0.5MnO3 (SS50MO) 

sample. The V-I characteristics at T = 50 K in SS50MO sample, as shown in the inset of Fig. 

6. 6(a), is different from the SS40MO 50 K data [Fig. 6. 4(a)]. A high magnetic field of even 

5 T does not have a strong effect on the peak position and behavior, as can be seen in the inset 

of Fig. 6. 6(a), unlike in the SS40MO compound. The NDR peaks in SS50MO occur close to 

the origin rather than away from the origin observed in SS40MO sample. The temperature 

dependence of the resistivity of SS50MO sample under different current strengths [main panel 

of Fig. 6. 6(a)] does not exhibit any insulator-metal transition. Note that the magnitude of the 

(20 mA) below 50 K differs from (100 A) by a few orders of magnitude. The V-I 

characteristics at different temperatures in SS50MO sample is shown in Fig. 6. 7(a). Note that 

the magnitude of the NDR peak increases and the peak position shifts towards the origin with 

decreasing temperature. As the base temperature is decreased, the change in surface 

temperature induced by the current also increases, as can be seen in Fig. 6. 7(b). 
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Fig. 6. 6: (a) Main panel shows the -T behavior of SS50MO sample and (b) 
corresponding TS-T behavior for different current strengths. The insets show (a) V-I and 
(b) corresponding TS-I curves at 40 K under different magnetic fields.  
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Fig. 6. 7: (a) V-I characteristics and (b) corresponding TS-I curves in SS50MO sample at 
different temperatures. 
 
 
6. 4 Discussion 

There are reports of a large change in (T) of similar manganites with increasing 

current strength. A naïve explanation of this current-induced electroresistance is that forced 

motion of spin polarized eg-electron under the influence of high current enhances the eg-

bandwidth, thereby reducing the scattering and hence the resistivity [76,135,136]. However, 

we observed large changes in the temperature of the sample during the current induced 

discontinuous insulator-metal behavior in Sm0.6Sr0.4MnO3 (Fig. 6. 1-Fig. 6. 2). Therefore, the 

two central questions regarding these observations are: (1) What is the role of joule heating? 

(2) Why does (T) become discontinuous with increasing strength of the dc current? While 

cooling the sample from 300 K, the presence of a high current (for example, I = 13 mA) not 

only streamlines electron hopping in the direction of the electric field, but also leads to 

significant Joule heating. While the Joule heating is insignificant above T ≈ 180 K, the Joule 

power dissipated [P(T) = I2R(T)] increases for T < 180 K due to an increase in the resistance 

(R) of the sample. Since d/dT < 0 in the paramagnetic state, the Joule heating lowers the 

resistivity. The Joule heating also causes the low temperature ferromagnetic phase to become 
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more inhomogeneous because it heats the low temperature ferromagnetic metallic phase 

which is partially transformed into the high temperature paramagnetic semiconducting phase. 

As a result, the temperature distribution within the sample is non uniform and the current flow 

is rather inhomogeneous. The volume fraction of the high temperature paramagnetic phase 

which coexists with the low temperature ferromagnetic phase increases with increasing 

strength of the dc current. Continuous cooling by the exchange gas in the cryostat and thermal 

diffusion within the sample leads to the collapse of the paramagnetic phase below the 

temperature TIM, which results in the abrupt decrease of the resistivity and surface temperature 

of the sample (Fig. 6. 1). Since the paramagnetic phase has higher unit cell volume than the 

ferromagnetic phase [137], structural changes which accompany the collapse of the hot 

regions (paramagnetic phase) can aid to the sharpness of the transition. It is more likely that 

the similar current driven first-order transition reported at high current densities in single 

crystalline La0.77Ca0.23MnO3 [138] is also caused by the Joule heating effect. When the sample 

is cooled under a magnetic field from room temperature, the decrease in the resistivity due to 

the negative magnetoresistance causes less Joule power dissipation in the sample. Hence, the 

volume fraction of the paramagnetic phase present at low temperature decreases with 

increasing strength of the magnetic field. As a result, the insulator to metal transition shifts 

rapidly towards high temperature in small magnetic fields 0H < 1 T (Fig. 6. 2). Since the 

resistivity decreases continuously with increasing H, the Joule heating becomes insignificant 

above a certain value of H. Hence, the magnitude of magnetoresistance at 0H = 5 T does not 

differ very much for I = 1 mA and 11 mA. The importance of inhomogeneous Joule heating 

was stressed by Tokunaga et al. [78, 98] using magneto-optical imaging techniques, and also 

found unusual current oscillations at a constant dc voltage bias in the phase separated Cr-

doped Nd0.5Ca0.5MnO3. It is to be noted that Gurevich et al. [139] predicted strange non linear 

current-voltage characteristics in normal metals and superconductors, arising from the Joule 

heating.   
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Fig. 6. 8: Experimental surface temperature of the sample (open symbols) for I = 11 mA 
and calculated surface temperature (thick line) from electrothermal model (see the text 
for details) as a function of the base temperature at 0H = 0 T. The inset shows the data 
and fit at 0H = 1 T. 

 

While detail modeling of the data with inhomogeneous Joule heating is difficult, the 

electrical transport observed in our experiments (Fig. 6. 1-Fig. 6. 2) can be well described 

qualitatively by a phenomenological electrothermal model [22] following the energy balance 

equation, (S
S

dT
C P G T

dt
)T   . Here, C is the heat capacity of the sample, dTS/dt denotes 

the rate of change of the temperature of the sample (TS), T is the base temperature, P = I2R is 

the Joule power dissipated in the sample, and G stands for the effective thermal conductance 

which depends on the shape and surface area of the sample. The term  represents 

the Newtonian cooling in the system. In the steady state, 

( SG T T  )

0SdT
C

dt
 and hence,

2

S

I R

G
 T T . 

Substituting the resistance value for each base temperature from Fig. 6. 1(a) and Fig. 6. 2(a) in 

this heat balance equation, we can calculate the surface temperature. We show the 

temperature dependence of calculated surface temperature (thick line) and measured surface 

temperature (open symbols) at 0H = 0 T in the main panel of Fig. 6. 8 and at 0H = 1 T in 

the inset for I = 11 mA. We could get a better fit for G= 3.35 mW/K which is not very 
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different from the value of 5.5 mW/K obtained for La0.67Ca0.33MnO3 film by Chen and Ziese 

[94]. The close matching of the calculated and measured surface temperatures suggests that 

the observed electroresistance effect is mainly caused by the Joule heating, which leads to 

coexistence of the ferromagnetic and paramagnetic phases at low temperatures. 

 

6. 5 Conclusions 

In summary, we have shown that the current-driven discontinuous insulator-metal transition 

and colossal electroresistance in Sm0.6Sr0.4MnO3 are primarily caused by the Joule heating, 

which leads to the coexistence of ferromagnetic metallic and paramagnetic semiconducting 

phases over a certain temperature range. Our results indicate that the input power to the 

sample, and hence the Joule heating can be fine tuned to enhance the low-field 

magnetoresistance. The present work also stresses the importance of directly measuring the 

actual temperature of the sample, instead of relying on the temperature recorded by a 

commercial instrument, in elucidating the origin of the colossal electroresistance and non 

linear electrical transport in manganites. 
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Chapter 7 

Giant magnetoimpedance in La0.7Sr0.3MnO3  

 

7. 1 Introduction 
 

Perovskite manganese oxides have been a topic of intense investigation for the past 

one decade due to the spectacular negative magnetoresistance effect shown by them [1, 140]. 

However, technological exploitation of the CMR effect at room temperature has been 

hampered by the need of magnetic field of 0H > 1 Tesla to induce more than -10 % 

magnetoresistance (MR). Extensive efforts are underway in different laboratories to enhance 

the magnitude of magnetoresistance at low fields, particularly in milli and micro tesla range 

using techniques such as artificial grain boundary in epitaxial films [141],  trilayer tunnel 

junctions [142] and step edge junctions [143]. While the resistance studies published in the 

last decade were done with a direct current, high frequency electrical transport received less 

attention except for a few studies on microwave absorption (f = 9-40 GHz) using cavity 

perturbation method [144,145,146]. A substantial increase in ac magnetoresistance was 

reported in the radio frequency range (f = 1 – 10 MHz) by passing rf current directly though 

the sample [147] or through an inductance coil surrounding a manganite sample [148]. 

However, a detail investigation of magnetic field dependence of both the resistive and 

reactance components of the ac electrical impedance in manganites is rather rare. 

In this chapter, we present results on the low magnetic field response of the ac 

electrical impedance in a canonical double exchange ferromagnet La0.7Sr0.3MnO3 which does 

not suffer from the mesoscopic or microscopic phase segregation as often encountered in 

narrow band width manganites such as Pr0.7Ca0.3MnO3 [27]. We show that ac 

magnetoresistance at room temperature in this compound is extremely high (R/R % ≈ -51 % 

in 0H= 200 mT for f= 2 MHz) compared to a smaller dc magnetoresistance (<-2 % at 0H= 

200 mT). We also show a distinct evolution of magnetoresistance and magnetoreactance with 

increasing frequency. While the field dependence of ac magnetoresistance is negative and 
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shows a single peak centered at the origin for all the frequencies, the magnetoreactance shows 

a transition from a single to double peak structure with increasing frequency and eventually a 

change of sign.  

 

7. 2 Experimental Section 

We have prepared polycrystalline La0.7Sr0.3MnO3 (LSMO) sample by standard solid 

state route. The precursors La2O3, SrCoO3 and MnO2 (each of purity better than 99.9 %) were 

mixed in proper stoichiometric composition, ground and then preheated at 1373 K for 24 h. 

The mixture thus obtained was reground, pelletized (bar shaped), and sintered at 1473 K for 

24 h. The sample was found to be single phase by X-ray and characterized further by dc 

magnetization, ac susceptibility and resistivity measurements. The four probe ac resistance 

(R) and inductive reactance (X) of the electrical impedance (Z(,H) = R(,H) + j X (,H)) in  

polycrystalline LSMO rectangular bar shaped samples have been measured with an Agilent 

4285A LCR meter. The details of the experimental set up are provided in chapter 2. 

 

7. 3 Results and Discussion 

Fig. 7. 1 shows the XRD pattern of the La0.7Sr0.3MnO3 (LSMO) compound at room 

temperature, which reveals single phase pattern. The observed XRD pattern was indexed to 

rhombohedral structure of LSMO with space group 3R c . The prominent peaks in the XRD 

pattern are indexed by its crystallographic planes, as represented by the miller indices (hkl) in 

accordance with Ref. 149. 
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Fig. 7. 1: XRD pattern of La0.7Sr0.3MnO3 

 
The main panel of Fig. 7. 2 shows the magnetization versus field (M-H) curves of 

LSMO sample at different temperatures and the inset shows the temperature (T) dependence 

of M under 0H= 0.1 T. While cooling from 400 K, the magnetic moment shows an abrupt 

increase around TC, then after increases gradually with further decreases in temperature and 

reaches a saturation value of MS = 2.75 B at low temperature, as can be seen in the inset.  
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Fig. 7. 2: Magnetization (M) versus field (H) curves at different temperatures in LSMO 
sample. The inset shows the temperature (T) dependence of M under a magnetic field 
0H = 0.1 T. 
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The ferromagnetic Curie temperature of the sample determined from the inflection 

point of the M-T curve is TC = 365±2 K. Above TC, the M-H curve shows a linear 

paramagnetic behavior, while at low temperatures, the M-H curves show typical 

ferromagnetic behavior, as shown in the main panel of Fig. 7. 2.  
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Fig. 7. 3: (a) Temperature dependence of the dc resistivity under 0H = 0 T and 7 T (left 
scale) and magnetoresistance (right scale) of LSMO sample. The downward pointed 
arrows indicate the Curie temperature (Tc). (b) Temperature dependence of the ac 
resistance R (left scale) and reactance X (right scale) for f = 100 kHz at 0H= 0 T. 
 

Fig. 7. 3(a) (left scale) shows the temperature dependence of the resistivity (T) of 

La0.7Sr0.3MnO3 in 0H = 0 and 7 T measured with direct current (I= 3 mA). The sample is 

metallic both in the paramagnetic and ferromagnetic states but a large decrease in the 

resistivity occurs just below the TC. The paramagnetic to ferromagnetic transition is second-

order in this compound. Under the application of 7 T magnetic field, the resistivity decreases 

in the entire temperature range and the ferromagnetic transition temperature shifts above 400 

K. The magnetoresistance, MR(%) = [(7 T)-(0 T)]/(0 T)x100 is plotted on the right scale. 

The MR shows a peak around the TC and its value is -31 % under 0H = 7 T.  However, MR 

increases with lowering T and reaches ~ 26 % at 100 K. This trend in the dc MR behavior 
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suggests that spin-polarized tunneling across the grain boundary at low temperatures is 

dominant in LSMO at low temperatures [16]. Fig. 7. 3(b) shows the zero field temperature 

dependence of the four probe ac resistance (R) (on the left scale) and inductive reactance (X) 

(on the right scale) of an LSMO sample, of dimensions 10.1x3.6x2.2 mm3 with 5.3 mm 

distance between the voltage probes, for f = 100 kHz. The behavior of R is similar to the dc 

resistivity.  The smooth decrease in R around TC is accompanied by a steep increase in the 

zero-field inductive reactance (X = L) around T = TC = 365±2 K. Thus, impedance 

measurements allow us to simultaneously probe the charge transport and magnetic behavior 

with R and X, respectively.  
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Fig. 7. 4. The left panel shows the temperature dependence of the ac resistance (R) for 
various frequencies, (a) f ≤ 5 MHz, and (c) f ≥ 10 MHz in zero external magnetic field. 
The respective reactance (X) vs. temperature curves are shown in the right panel. Note 
the cross over from abrupt increase to abrupt decrease in X around TC with increasing 
frequency. 
 

Fig. 7. 4(a) shows the temperature dependence of R for different frequencies, f = 100 

kHz to 5 MHz in 0H = 0 T. It can be seen that the smooth decrease of R around TC for f = 
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100 kHz transforms into an abrupt increase followed by a peak for f ≥ 500 kHz. Below the 

peak, R decreases monotonically with lowering temperature. The value of the ac resistance at 

T = 400 K increases rapidly with frequency for f > 1MHz. The abrupt increase in R at TC is 

also seen at higher frequencies as shown in Fig. 7. 4 (c). Fig. 7. 4(b) and Fig. 7. 4(d) show the 

X(T) for 100 kHz ≤ f ≤ 5 MHz and 10 MHz ≤ f ≤ 22 MHz, respectively. The notable 

observation is for f > 10 MHz, wherein the abrupt increase of X at TC for low frequencies is 

superseded by an abrupt decrease at TC [see Fig. 7. 4(d)]. 
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Fig. 7. 5: Temperature dependence of the ac resistance (R) and reactance (X) of 
La0.7Sr0.3MnO3 for f = 100 kHz and 2 MHz under different dc bias magnetic fields (H). 

 

Next, we discuss the temperature dependence of R for f = 100 kHz at different values 

of the dc magnetic field (0H = 0–100 mT) in Fig. 7. 5(a). The magnetic fields were applied 

parallel to the length of the sample and hence parallel to the direction of current. The 

magnitude and behavior of R(T) do not show any significant difference under different low 

magnetic fields, as can be seen in Fig. 7. 5(a). In contrast to the zero field R(T) for 100 kHz, 

R(T) curve in zero field for f= 2 MHz [Fig. 7. 5(c)] shows a sharp increase at TC followed by a 
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peak. The peak decreases in magnitude, broadens and shifts down in temperature with 

increasing strength of the dc magnetic field. For 0H = 100 mT, the peak is completely 

suppressed and the behavior is restored to the temperature dependence of R at f = 100 kHz or 

dc resistivity in the zero field. Contrary to the behavior of R(T) under different magnetic fields 

for 100 kHz [Fig. 7. 5(a)], the low external magnetic field has a dramatic influence on the 

X(T) for f= 100 kHz, as exemplified in [Fig. 7. 5(b)]. The amplitude of the peak observed in 

the zero field X(T) around TC diminishes with increasing magnetic field. X shows a gradual 

increase with lowering temperature under 0H= 100 mT. The applied magnetic field has 

similar influence on the reactance for f= 2 MHz, as can be seen in Fig. 7. 5(d). Nevertheless, a 

notable difference is that while the peak in X is completely suppressed at H = 100 mT for f = 

100 kHz, a broad maximum is still visible around 300 K under 0H = 100 mT for f = 2 MHz. 
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fields (H). The right panel shows the corresponding reactance (X) versus temperature 
curves. 
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The left panel of Fig. 7. 6 shows R(T) at f = 10 MHz (top), 15 MHz (middle) and 20 

MHz (bottom). The effect of the magnetic field on R(T) at all these frequencies is nearly 

identical. Surprisingly, the effect of magnetic field on X(T) differs for the three frequencies, as 

shown on the right panel. While X in 0H = 0 T shows a rapid increase at TC for f = 10 MHz 

(top), a sharp decrease followed by a minimum is seen for f = 15 and 20 MHz, as plotted in 

the middle and bottom panel, respectively. The applied magnetic field enhances the value of 

the X for f = 15 and 20 MHz and the minimum gets suppressed. In contrast to the low 

frequency X(T), the magnetic field increases the reactance at higher frequencies over the 

whole temperature range. 
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Fig. 7. 7: Temperature dependence of the (a) acmagnetoresistanceR/R (%), and (b) 
magnetoreactance X/X (%) under different bias magnetic fields (H) at f = 2 MHz. The 
insets show the frequency dependence of the peak value of the respective quantities at 
0H = 100 mT.  

 

Fig. 7. 7(a) shows the temperature dependence of the ac magnetoresistance, -R/R(%) 

=[R(0)-R(H)]/R(0)x100, for f= 2 MHz under different values of the magnetic field (0H = 10-

100 mT). The magnitude of the magnetoresistance at the lowest field (0H = 10 mT) is 

negligible above TC but increases sharply at TC while cooling and exhibits a peak of value 29 
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%. The magnitude of the peak decreases with further lowering temperature and approaches a 

low value of 3 % at 100 K. As the strength of the applied magnetic field increases, the 

magnitude of the peak in R/R increases and the peak broadens. At 0H = 100 mT, the 

magnitude of the peak reaches a value of 53 % around 360 K. It is a remarkably high value 

since we observed only 31% dc magnetoresistance even at 0H = 7 T [Fig. 7. 3(a)]. The 

inset shows the frequency dependence of the peak value of the magnetoresistance under 0H 

= 100 mT.  The magnitude of R/R initially increases with frequency, shows a maximum of 

53 % around f = 2-3 MHz and then decreases to 8 % at f = 20 MHz. The temperature 

dependence of ac magnetoreactance -X/X(%) =[X(0)-X(H)]/X(0)x100 for f = 2 MHz under 

different field values also shows a peak around TC [Fig. 7. 7(b)]. The magnitude of the peak 

increases from 7 % under 0H = 10 mT to 17 % under 0H = 100 mT. The inset of Fig. 7. 

7(b) indicates that the magnitude of the magnetoreactance is higher at the lowest frequency; it 

decreases with increasing frequency. Notably, X/X changes sign from negative to positive 

around 12 MHz. 

The observed peak in the temperature dependence of the ac magnetoresistance in both 

the configurations close to TC is opposite to the behavior of the grain boundary related 

magnetoresistance in polycrystalline manganites. In polycrystalline ferromagnetic 

manganites, the low field magnetoresistance at low temperatures arises from the spin 

polarized tunneling of eg holes between misaligned ferromagnetic grains through spin 

disordered grain boundaries [150]. This tunneling magnetoresistance is largest at 4.2 K and 

decreases to zero at TC. Intrinsic magnetoresistance of intra-grain origin is dominant close to 

the magnetic phase transition and it shows a sharp peak around TC when a sufficiently large 

dc magnetic field is applied [151]. Our above results indicate that the high frequency ac 

magnetoresistance in our sample is sensitive to the intra-grain magnetization process rather 

than to the tunneling magnetoresistance. Majumdar and Littlewood [152] proposed a 

phenomenological model which attributes the large magnetoresistance observed near TC in 

wide band width itinerant ferromagnets such as La0.7Sr0.3MO3 (M = Co, Mn) to the 
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suppression of magnetic fluctuations by an external magnetic field. This model predicts a 

large magnetoresistance around TC and negligible magnetoresistance for T << TC and T >> TC 

which closely resembles our observations.   
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Fig. 7. 8: Temperature dependence of the (a) normalized ac resistance (R-Rdc)/(Rdcf
2) and 

(b) normalized reactance, X/(Rdcf) in zero external magnetic field for f ≤ 8 MHz. Here f is 
the frequency of the ac current excitation and Rdc ≈ R100kHz. 

 

The high frequency current imprints magnetic signature on the electrical transport 

through change in the magnetic penetration depth. From the classical theory of 

electromagnetic wave propagation, the electrical impedance of a current carrying conductor of 

cylindrical wire of radius a is given by, 

 Z/Rdc = (ka)J0(ka)/2J1(ka),  

where Rdc is the dc resistance, k = (1+i)/, J0 and J1 are zero and first-order Bessel functions 

[61]. If the skin is effect is weak, the real part of the impedance for the cylindrical geometry is 

written as, 

 Z' = R = Rdc[1+1/48(a/)4] 

 = Rdc[1+(ta2)2/192],  

where the impedance,  

              
 

112



Chapter 7                                                                 Giant magnetoimpedance in La0.7Sr0.3MnO3 

Z = Z'+iZ'' = R + iX.   

Thus, the ac resistance in the ferromagnetic state will rise above the dc resistance if 

the 2nd term in the bracket dominates the dc resistance. The 2nd term in the bracket is due to 

the eddy current which shields the interior of the ferromagnetic grains from the alternating 

magnetic field. Upon rearrangement, 

 (R-Rdc)/(Rdcf
2)= t

22(A22/48), 

where A is the cross sectional area of the wire. Thus, the normalized resistance is proportional 

to the products of the squares of the transverse permeability (t) and the conductivity (). On 

the other hand, the reactance  

Z'' = X = ¼ Rdc(a/)2  

= Rdc(ta2)/8, 

and hence, 

X/(Rdcf ) = tA/4. 

Hence, the reactance is proportional to t.  Thus, the observed features in R and X in the 

absence of magnetic field are proportional to t
2 and t, respectively. Fig. 7. 8(a) shows the 

normalized resistance [R-Rdc]/(f
2Rdc) as a function of temperature T, where R is the resistance 

at frequency f and Rdc is the dc resistance. Since the dc resistance was found to be identical to 

the ac resistance at 100 kHz, we take Rdc = R(100 kHz). We find that the normalized 

resistance is nearly zero and independent of the frequency in the paramagnetic state, but it 

rises rapidly at TC and then increases gradually with lowering temperature. The magnitude of 

the normalized resistance below TC decreases with increasing frequency. In Fig. 7. 8(b) we 

show X/(fRdc) versus T. The X/(fRdc) is nearly same for all the frequencies above TC, but 

increases monotonically with decreasing temperature below TC for each frequency. Note that 

the magnitude of X/(fRdc) below TC decreases with increasing frequency. As the dc magnetic 

field applied along the long axis of the sample increases, the transverse permeability 

decreases which leads to suppression of R and X. The temperature dependence of the zero 

field R [Fig. 7. 5(a)] at 100 kHz is identical to the temperature dependence of  R at 2 MHz in a 
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field of 70 mT, which clearly suggests that the external field is sufficient to destroy the excess 

resistance observed near TC in zero field for f= 2 MHz. 

The decrease in the amplitude and downward shift of R and X in temperature with 

increasing dc bias field is reminiscent of the behavior of ac susceptibility under increasing dc 

bias magnetic field, as reported in a variety of systems including spin glass [BiMn0.6Sc0.4O3, 

Ref. 153] and cluster glass (La0.67Ca0.33Mn1-xTaxO3, x ≥ 0.05, Ref. 154) compounds as well as 

in long-range itinerant ferromagnets such as ZrZn2 [155], Pr0.5Sr0.5CoO3 [156] and   

La0.73Ba0.27MnO3 [Ref. 157]. In a long range ferromagnet such as the titled compound, the 

observed behavior is most likely connected with the dynamics of domain walls. Application 

of a dc bias field enlarges the domain size and aligns the magnetization of a domain along its 

direction. Hence, the smaller ac magnetic field is unable to move the domain walls further. As 

a result, the amplitude of the ac susceptibility decreases with increasing bias field. Very close 

to TC, the suppression of spin fluctuations further dramatically reduces the ac susceptibility 

and leads to an increase in the magnetic penetration depth (= √(2/), resulting in a huge 

negative magnetoimpedance as observed. The position of the maximum in the temperature 

dependence of susceptibility is most likely determined by the competition between the 

thermal energy, which enhances the spin fluctuations and energies involved in pinning the 

domain walls.  Spin dependent scattering of charges by oscillating domain walls could 

influence the resistivity and ac magnetoresistance close to the Curie temperature as suggested 

by Machado et al. [158] for cobalt based amorphous ribbons but  we have yet to understand 

its impact in our complex oxides.  
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Fig. 7. 9: Magnetic field dependence of the ac magnetoresistance (R/R) for (a) f < 9 
MHz and (b) f ≥ 9 MHz at 300 K.  The ac magnetoreactance (X/X) at various fixed 
frequencies for (c) f < 9 MHz and (d) f ≥ 9 MHz. The labels indicate the frequencies in 
Hz. 

 
Having looked into the temperature dependence of the ac magnetoresistance and 

magnetoreactance, we now discuss the field dependence of R/R at room temperature (T= 

300 K) in Fig. 7. 9(a) for f < 9 MHz and Fig. 7. 9(b) for f ≥ 9 MHz. The magnitude of R/R 

increases rapidly in the field range -50 mT < 0H < 50 mT.  At still higher fields, R/R varies 

gradually with increasing magnetic field. The magnitude of R/R at 200 mT reaches a 

maximum of 51 % for f = 2 MHz and decreases with increasing frequency above 5 MHz. The 

observed ac magnetoresistance of -51 % at 2 MHz in a small magnetic field of 200 mT is 

indeed remarkable compared to the smaller dc magnetoresistance (< -2 % at 200 mT).  Fig. 7. 

9(c) and Fig. 7. 9(d) show the magnetoreactance (X/X) as a function of field. The X/X is 

negative and has a maximum value of -40 % at 100 kHz. As the frequency increases, X/X 

decreases, becomes less negative and it crosses over to a positive value around f = 12 MHz. 

Instead of a single peak behavior in the field dependence of X/X observed for f ≤ 10 MHz 
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(centered around the origin 0H= 0 mT), X/X for f ≥ 10 MHz exhibits a double peak 

behavior with the two peaks positioned at ±HK, as exemplified in Fig. 7. 9(d). Although the 

double peak initially shifts upward in field with increasing frequency within a narrow range of 

frequencies (9-13 MHz), the peaks become less distinguishable at higher frequencies. The 

rounding of the peaks is due to the distribution of the anisotropies. The shift of the peak 

position (HK) with increasing frequency is plotted in Fig. 7. 10.  
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Fig. 7. 10: Shift in the double peak position (HK) with increasing frequency at 300 K 
 

Both domain wall oscillation and domain magnetization rotation contribute to the 

circular permeability at low frequencies. At low frequencies ≤ r where r is a characteristic 

relaxation frequency of the domain wall movement, the main contribution to the permeability 

of the material comes from the motion of domain walls, which bulges or enlarges under the ac 

magnetic field. The external magnetic field applied to the sample restricts domain 

displacement, which results in decrease of the effective permeability. This in turn, results in 

increase in skin depth and decrease in the electrical impedance, thereby causing a single peak 

in both R/R and X/X at the origin and monotonous increase in the magnitude with 

increasing field. However, at higher frequencies, domain wall oscillation is damped out due to 

microeddy currents and hence the major contribution to the permeability is due to domain 

magnetization rotation. Suppose the sample consists of domains, whose magnetization points 

along the easy axis determined by the anisotropy field (HK), and the dc magnetic field (H) is 
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applied along the hard axis which is normal to the direction of HK. When H is increased, the 

magnetization in each domain rotates towards the external field axis, increasing the circular 

permeability and in turn the impedance. The permeability reaches a maximum when H 

balances the transverse anisotropy field HK, wherein occurs an abrupt rotation of domain 

magnetization (M) towards the dc field direction [159]. For H>HK, M is along the field 

direction. Using energy minimization in an ideal circumferential domain structure, it has been 

theoretically shown that the transverse susceptibility can show a divergence when H = ±HK 

and dispersion in anisotropy can remove this divergence [159]. As a consequence, a peak 

occurs in the impedance at H = ±HK. In particular, the transition from single to double peak 

with increasing frequency is due to the change in magnetization dynamics from domain wall 

oscillation to domain magnetization rotation. For f ≥ 13 MHz, we see that the impedance 

increases rapidly at low fields but does not decrease at higher magnetic fields. This is because 

the permeability is independent of magnetic field at high frequencies.  

In the very high frequency range (from a few MHz to a few GHz), not only the 

penetration depth undergoes large variations, but also effects leading to ferromagnetic 

resonance (FMR) can occur, which results in huge changes of the effective magnetic 

permeability of sample. It has been demonstrated, both theoretically and experimentally, that 

a GMI measurement is analogous to a FMR experiment at high enough exciting frequencies 

and presents the basic features of the ferromagnetic resonance process [160]. Though 

ferromagnetic resonance is generally observed in the GHz range in saturated ferromagnetic 

samples, it can also appear in the MHz range in multi domain (unsaturated state) state [161] 

or in the internal anisotropy field (HK) in the sample. It has been recently shown that there is 

no lower limit to the minimum frequency needed to observe the FMR features [162]. In 

unsaturated samples, the resonant frequency is mainly controlled by the dispersion of the 

anisotropy axes [163], by the internal DC and AC fields, that is by the domain structure of the 

wire [164], and by the damping mechanisms. Recently, ferromagnetic resonance–like 

behavior in magnetoimpedance (a change in sign of X and shift of X with frequency) was 

reported in a few materials that include amorphous CoFeSiBNb wire around 900 kHz [165], 
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NiFe/Cu/NiFe multilayers around 500 MHz [166], and Fe-Co-Si-B amorphous ribbon around 

100 MHz [167]. The occurrence of both ferromagnetic resonance and antiresonance in 

magnetoimpedance was also demonstrated in certain amorphous ribbons [160]. However, 

signature of ferromagnetic resonance in the MHz range in manganites has not been reported 

so far. Another possibility is the magnetoelastic resonance of domain walls. Maartense and 

Searle [168] found transition from single to double peak behavior in the rf transverse 

susceptibility of -Fe2O3 below 80 MHz and attributed to the coupling between crystal’s 

acoustic resonance modes and low-lying spin-wave modes excited near local crystal strains. 

Recently, rf current induced domain wall resonance was also reported in a permalloy 

nanowire [169]. 
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Fig. 7. 11: Magnetic field dependence of the (a) ac magnetoresistance R/R and (b) ac 
magnetoreactance X/X for f = 2 MHz at different temperatures. 
 

Since the magnitude of the ac magnetoresistance and magnetoreactance are largest 

around TC, the field dependence of R/R and X/X for representative frequencies f= 2, 12 and 

20 MHz were studied at various temperatures. We show the evolution of R/R and X/X with 

changing temperature in Fig. 7. 11(a) and Fig. 7. 11(b), respectively for f= 2 MHz. Though 

the magnitude of the R/R and X/X at 200 mT decreases with decreasing temperature, both 

show a single peak behavior centered at origin (0H= 0 T)  at all the temperatures. For 

example, at 0H= 200 mT, the magnitude of R/R (X/X) decreases from 52 (18) % at T= 350 
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K to 39 (6) % at T= 100 K. Near to the TC, the magnitudes of both R/R and X/X approach 

saturation at low field values whereas at low temperatures it tends to saturate at higher field 

values. This behavior resembles the behavior of M-H curves, wherein the magnetization tends 

to saturate at lower magnetic fields for temperatures near TC compared to far below TC (please 

see Fig. 7. 2). It is discussed earlier that the change in the impedance at low frequencies under 

the magnetic field originates from the permeability changes caused by the effect of magnetic 

field on the domain wall displacements.   
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Fig. 7. 12: Magnetic field dependence of the (a) ac magnetoresistance R/R and (b) ac 
magnetoreactance X/X for f = 12 MHz at different temperatures.  
 

More interesting is the evolution of R/R and X/X with temperature for f= 12 MHz. 

As can be seen in Fig. 7. 12(a), the magnitude of R/R dramatically decreases with decreasing 

temperature for f = 12 MHz compared to 2 MHz data [Fig. 7. 11(a)]. In contrast to X/X for 

f= 2 MHz [Fig. 7. 11(b)] which shows a single peak behavior at all temperatures, we see 

prominent double peak behavior at temperatures close to TC for f= 12 MHz. Upon decreasing 

the temperature, the double peak behavior becomes less visible at 12 MHz. A change of sign 

from negative to positive is clearly visible with increasing temperature. For f= 20 MHz, R/R 

remains negative whereas X/X remains positive at all temperatures, as shown in Fig. 7. 13(a) 

and Fig. 7. 13(b), respectively.  
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Fig. 7. 13: Magnetic field dependence of the (a) ac magnetoresistance R/R and (b) ac 
magnetoreactance X/X for f = 20 MHz at different temperatures. 
 

Next, we discuss in detail how the magnitude of the magnetoresistance and the 

features in the magnetoreactance are affected by the measurement geometry in LSMO in 

ambient environment for the first time. We have performed two types of distance variation: (i) 

the length between the voltage probes (lv) are varied while keeping the length between the 

current electrodes (li) constant and (ii) The length between voltage probes fixed, but the 

length of the sample and hence the distance between the current electrodes changed. The 

former method is equivalent to mapping the profile of the magnetoimpedance.  
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Fig. 7. 14: Frequency dependence of (a) R/R and (b) X/X for various lengths between 
the voltage probes (lv). The insets show the respective frequency dependence for various 
lengths between the current probes (li).  
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The frequency dependence of the ac magnetoresistance, R/R and magnetoreactance, 

X/X in 0H= 100 mT for different lengths between the voltage probes in the four probe 

impedance measurements are shown in Fig. 7. 14. The schematic of the experimental 

configuration is shown in the inset. In Fig. 7. 14(a), we show the frequency dependence of 

R/R at 300 K for a sample with different lengths between the voltage probes (lv (in mm) = 9, 

6, 3, 2 and 1) where the distance between the current probes was kept constant (li= 11 mm). 

When lv = 9 mm, R/R initially increases, shows a maximum (= 47 %) around 5 MHz and 

then decreases at higher frequencies. The frequency dependence of R/R for other lvs also 

shows a similar behavior. The R/R is nearly independent of frequency below 1 MHz, but 

shows a marked dependence on lv above 1 MHz.  The magnitude of the maximum in R/R 

decreases with decreasing lv (≈ 47 % for lv = 9mm to ≈ 30 % for lv = 1 mm). Fig. 7. 14(b) 

shows the frequency dependence of X/X for various lengths between the voltage probes. 

Here, the magnitudes of X/X, particularly below 5 MHz, are dramatically affected by 

varying lv. In the insets of Fig. 7. 14(a) and Fig. 7. 14(b), we show the frequency dependence 

of R/R and X/X respectively, for various length between the current probes (li (in mm) = 

11, 9, 6, and 3), for a fixed distance between the voltage probes (lv= 2.5 mm). Interestingly, 

the frequency dependence does not show any remarkable variation for different distance 

between the current probes. 
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Fig. 7. 15: Magnetic field dependence of the ac magnetoresistance R/R at (a) f = 20 
MHz and (b) 30 MHz for various lvs. The magnetoreactance X/X at (c) f = 20 MHz and 
(d) 30 MHz are also shown. Note that the X/X for 30 MHz remains positive for all lvs. 

 

Next, we show how the distance between the voltage probes (lv) influences the 

magnetic field dependence of impedance at two selected frequencies, f = 20 and 30 MHz, 

where the double peak structures are prominent. Fig. 7. 15(a) and Fig. 7. 15(b) show the field 

dependence of R/R at f = 20 MHz, and 30 MHz respectively. We find that the magnitude of 

R/R systematically decreases with decreasing lv. For example, the magnitudes of R/R at the 

maximum field for 20 (30) MHz is > 12 (7) % when lv= 9mm, but it reduces to < 3 (1) % 

when lv = 1 mm.  More interestingly, X/X shows a striking difference between different lvs. 

While X/X for lv = 9 mm at 20 MHz [Fig. 7. 15(c)] shows a positive double peak at Hp = ± 

30 mT and negative values at higher fields, it shows an increasing tendency to be positive 

with decreasing lv. It can be seen that X/X is positive over the entire field range for lv = 1 

mm. However, the X/X at 30 MHz [Fig. 7. 15(d)] for all lvs remains positive and the 

magnitude of the peak decreases with decrease in lv. We have also measured the dc 

magnetoresistance for various lv, but the observed difference between the longest and the 

shortest lv was almost negligible within experimental errors. 
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Thus, our results clearly show that the observed magnetoimpedance effects are 

dependent not only on the frequency of the ac signal and the strength of the dc magnetic field, 

but also on the length between the voltage probes of the sample. The ac impedance of a 

ferromagnetic sample is sensitive to the frequency and field dependence of the circular 

permeability, ( , )H 

i

. When the skin effect is weak (>> thickness of the sample),  

dcZ R j L 

iL

i

where Rdc is the dc resistance,  is the angular frequency of the rf current, 

and  is the internal inductance  of the sample, which depends on the circular permeability 

through ( ,L G  )H 

  

  where G is the geometrical factor. Note that when the skin effect is 

strong, 0 1Z j   / 2

'

, the circular permeability affects both the ac resistance and the 

reactance [170]. Considering the complex nature of the permeability ( ' 'j      ), 

impedance in the weak skin effect regime under a magnetic field H 

becomes 0 0( , ) '' ( , ) '( , ) dc ( )Z H R H G H jG H         . Thus, the reactance (X) 

depends on the real part of the circular permeability and the ac resistance (R) depends on the 

magnetic loss determined by the imaginary part of the permeability. Hence, the observed 

dependence on the distance between the voltage probes suggests that the high frequency 

electrical transport probes the local variations of circular permeability of ferromagnetic grains 

enclosed between the voltage probes. As lv increases, more number of ferromagnetic grains is 

sampled and as a result, average transverse permeability can increase in magnitude. Vázquez 

et al. [171] have found similar results in amorphous ferromagnetic FeCrSiBCuNb alloy wires, 

when one of the voltage probes was fixed at one end of the sample and another one was 

varied along the length of the sample. They have reported the total impedance (Z/Z) and the 

measurements were confined to a maximum frequency of 5 MHz. From the local 

measurement of B-H loops, they have observed that the magnetization decreases and 

coercivity increases with decreasing distance between the voltage probes. It was suggested 

that the closure domain structure and domain wall pinning promotes magnetic hardness at the 

ends of the sample. The magnetoimpedance in our samples, surprisingly, does not depend on 
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the length of the sample as long as the distance between the voltage probes is fixed and the 

magnetic field is applied along the length of the sample. This suggests that demagnetization 

effect plays less important role in the magnetoimpedance of bulk and thick manganites in 

axial dc magnetic field, which is opposite to the behavior found in other amorphous 

ferromagnetic alloys [172]. 

7. 6 Conclusions 

Major results drawn out of the investigation of magnetoimpedance in La0.7Sr0.3MnO3, 

as discussed in this chapter, can be summarized as follows: 

1. A huge ac magnetoresistance (= -51 % in 
0
H = 200 mT, f = 2 MHz) is 

observed at room temperature compared to the smaller dc 

magnetoresistance (<2 %). Thus, we could propose an alternative strategy 

to improve the low field magnetoresistance at room temperature for device 

applications. 

2. It is shown that, while the magnetoresistance and magnetoreactance exhibit 

a single peak centered at 0H = 0 T at low frequencies, the single peak in 

magnetoreactance at low frequencies transforms into a valley at the origin 

and a double peak at H=Hk at high frequencies. While the 

magnetoresistance is negative for all frequencies, the sign of 

magnetoreactance changes from negative to positive with increasing 

frequency.   

3. The observed high frequency features are related to the magnetization 

dynamics arising from magnetization rotation and domain wall motion. In 

spite of a large body of reports on magnetoresistance and dc electrical 

transport in manganites, the details of high frequency micro-magnetism in 

manganites related to magnetization dynamics and domain structure under 

low magnetic fields are scarce and are beyond the scope of present study. 

However, the dynamics of domain wall oscillations at low frequencies and 
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magnetization rotation at higher frequencies and their respective 

contribution to the magnetic permeability are theoretically studied in 

amorphous wires, as explained in this chapter. Therefore, we feel that such 

mechanisms play the key role behind the observed magnetoimpedance 

results in LSMO. The possibility of domain wall ferromagnetic resonance 

is also discussed.  

4. We have also investigated the influence of measurement geometry on the 

magnetoimpedance features and demonstrated that the high frequency 

electrical transport is sensitive to local variations in magnetic permeability.  

5. While detail understanding of the observed results requires knowledge of 

micro-magnetism related to magnetization dynamics and domain structure, 

our results may set certain guidelines while considering the MI effect for 

practical applications. Our results suggest magnetoimpedance as an 

effective tool to spatially map the local magnetic profile of magnetic 

materials. 
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Chapter 8 

Conclusions and Future Works 

 

In this thesis, we have investigated electroresistance, magnetoimpedance and 

magnetocaloric effects in selected manganites of different electronic and magnetic ground 

states. The intriguing results observed in the study are correlated with different intrinsic and 

extrinsic mechanisms. While the observed electroresistance in manganites at high current 

strength is mostly attributed to Joule heating mechanisms which is often neglected in the 

literature, the large magnetocaloric effects are correlated to the intrinsic nanoscale phase 

separation and metamagnetic transition in manganites. Notably, huge and unusual 

magnetoimpedance effects are observed in manganites at low magnetic fields, which are 

explained on the basis of magnetization dynamics. In this chapter, main conclusions drawn 

out from the results of this work are summarized and some of the possible future works are 

proposed.  

 

8. 1 Conclusions 
 
8. 1. 1 Colossal electroresistance in selected manganites  

Electroresistance effects were studied in both charge ordered and phase separated 

compounds such as Nd0.5Ca0.5Mn1-xNixO3 (x=0.0, 0.05, 0.07) [173] and narrow bandwidth 

systems such as Sm1-xSrxMnO3 (x= 0.4, 0.5) [174]. A comprehensive study of both direct and 

pulsed current induced electroresistance effects were carried out in these systems, which were 

rarely investigated earlier by other researchers. Various exotic current induced behaviors such 

as negative differential resistance [173], magnetoresistance avalanche [175] and first order 

insulator-metal transition [174] are discussed. A quantitative study is carried out to 

understand the role of joule heating and plausible intrinsic mechanisms in CER effect.  The 

main findings in the study are: 
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1. It is observed that, the strong nonlinear VI characteristics, current induced 

electroresistance effects and negative differential resistance behavior in 

Nd0.5Ca0.5Mn1-xNixO3 (x= 0, 0.05, and 0.07) are accompanied by large 

changes in the surface temperature of the sample in the dc mode. 

Therefore, the observed strong nonlinear effects are attributed to the joule 

heating mechanism under high current strength in manganites. 

2. It is suggested that, the direct measurement of the surface temperature of 

the sample is essential and mandatory in electroresistance measurements, 

before attributing the electroresistance effects to various exotic 

mechanisms. Our study suggests that cryostat temperature can be much 

different from the actual surface temperature of the sample during the 

electroresistance behavior. 

3.  A nonlinear effect and resistivity switching is observed in the pulsed 

mode with changing pulse period and pulse width in Ni-doped NCMO 

manganites, which is assisted by phase separation and accompanied by a 

negligible change in the surface temperature. Therefore, these results are 

ascribed to the role played by intrinsic mechanisms, which are often 

masked by the thermal changes in the dc mode. 

4. The effect of dc current strength on the field dependence of the 

magnetoresistance in Nd0.5Ca0.5Mn1-xNixO3 (x= 0.05, 0.07) is also 

investigated. A current induced magnetoresistance avalanche at critical 

values of the magnetic field is demonstrated. Surprisingly, the avalanche 

in magnetoresistance is accompanied by abrupt changes in the temperature 

of the sample (T ≈ 47 K).  

5. It is shown that, the nonlinear VI characteristics in a narrow band width 

manganite Sm0.6Sr0.4MnO3 at low temperatures exhibits more sharp 

              
 

127



Chapter 8                                                                                     Conclusions and Future Works 

negative differential resistance (NDR) behavior and wider hysteresis 

compared to the Ni-doped NCMO samples.  

6. Interestingly, a current induced first order insulator to metal transition (I-

M) is observed in Sm0.6Sr0.4MnO3. It is shown that with increasing 

magnitude of the current, the I-M transition shifts down in temperature 

and accompanied by an abrupt decrease in temperature of the sample. 

These results underscores the importance of inhomogeneous Joule heating 

that leads to coexistence of high temperature paramagnetic phase with low 

temperature ferromagnetic phase over a wide temperature range. The 

results could be well described by a phenomenological electrothermal 

model. It is also demonstrated that Joule heating can be fine tuned to 

enhance the low field magnetoresistance in manganites over a wide 

temperature range. 

8. 1. 2 Magnetocaloric effect in selected manganites 

Magnetotransport and magnetocaloric effects were investigated, mainly in Sm1-

xSrxMnO3 (x= 0.30.5) [176]. The major results can be summarized as follows: 

1. It is shown that a magnetic field-driven first-order metamagnetic transition 

occurs in the paramagnetic state in x= 0.4 and 0.5 and a second order 

transition in x= 0.3 

2. A large magnetic entropy change (-Sm= 6.2 J/kgK for H= 5 T at T= 125 

K) is observed in Sm0.6Sr0.4MnO3, which is associated with the 

metamagnetic transition resulting form the field-induced growth and 

coalescence of ferromagnetic nanoclusters pre-existing in the paramagnetic 

state.  

3. Based on the aforementioned results, it is suggested that manganites with 

nanoscale phase separation, particularly those with interacting 
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superparamagnetic clusters in the paramagnetic phase can be good 

candidates for magnetic refrigeration. 

 

8. 1. 3 Magnetoimpedance effect in selected manganites 

The four probe ac resistance and reactance are studied as a function of temperature, 

frequency and external magnetic field in a canonical double exchange manganite 

La0.7Sr0.3MnO3 [177, 178, 179]. A large magnetoimpedance is observed at low magnetic 

fields in La0.7Sr0.3MnO3 at or above room temperature and the major findings can be 

summarized as follows: 

1. A huge ac magnetoresistance (= 51 % in 
0
H = 200 mT, f = 2 MHz) is 

observed at room temperature compared to the smaller dc 

magnetoresistance (<2 %). Thus, an alternative strategy is proposed to 

improve the low field magnetoresistance at room temperature for device 

applications. 

2. It is shown that, while the magnetoresistance and magnetoreactance exhibit 

a single peak centered at 0H = 0 T at low frequencies, the single peak in 

magnetoreactance at low frequencies transforms into a valley at the origin 

and a double peak at H=Hk at high frequencies. While the 

magnetoresistance is negative for all frequencies, the sign of 

magnetoreactance changes from negative to positive with increasing 

frequency. The observed features are related to the magnetization 

dynamics arising from magnetization rotation and domain wall motion. 

The possibility of domain wall ferromagnetic resonance is also discussed.   

3. The influence of measurement geometry on the magnetoimpedance 

features is also investigated for the first time. It is demonstrated that high 

frequency electrical transport in bulk manganites is sensitive to the local 
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variations in magnetic permeability rather than on the demagnetization 

factor.  

4. While detail understanding of the observed results requires knowledge of 

micro-magnetism related to magnetization dynamics and domain structure, 

the results in this study may set certain guidelines while considering the 

MI effect for practical applications. It is also suggested that 

magnetoimpedance can be an effective tool to spatially map the local 

magnetic profile of magnetic materials. 

 

8. 2 Future works 
 
8. 2. 1 Extension of electroresistance studies in manganites. 

Although we could measure the actual surface temperature of the sample during the 

electroresistance measurements and observe large change in TS in bulk manganites, the 

behavior in thin films and single crystals need not be the same. Therefore, it is worthy to 

synthesize the thin films of aforementioned sample and investigate the origin of 

electroresistance, though the measurements are comparatively difficult. It is clear from our 

electroresistance results that the intrinsic mechanisms are overshadowed by the thermal 

behavior in the sample. Therefore, one of our prime objectives is to single out these 

mechanisms and look for similar materials that can show electroresistance behavior with less 

thermal effects. It is also worthwhile to investigate the relevance of hysteresis and switching 

behavior observed in our samples in the context of memristors, which has recently attracted a 

lot of attention [180]. 

Another remarkable observation is the magnetoresistance avalanches at critical 

magnetic field values, which are accompanied by abrupt changes in the temperature of the 

sample. Such a strong magnetothermal coupling resembles magnetothermal phenomena like 

Ettingshausen effect and magneto-Peltier effects, which are rarely investigated in manganites. 

The flow of high dc current in a sample transverse to the magnetic field can also create 

temperature gradient transverse to the direction of the current (Ettingshausen effect [104]) or 
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along the direction of the current (magneto-Peltier effect [105]).The prospects of magneto-

Peltier effects and Ettingshausen cooling effects have to be explored in detail in manganites 

due to their potential significance in the recent quest for alternative refrigeration technologies. 

Most importantly, further experiments have to be designed to investigate the possibility of a 

temperature gradient in the sample. Though our results indicate a strong interplay between 

magnetoresistance and thermal behavior, the mechanism of the coupling is not clear at present 

and further work has to be carried out to understand the observed effects.  

8. 2. 2 Further investigation of magnetoimpedance in manganites. 

Magnetoimpedance was investigated mainly in La0.7Sr0.3MnO3 sample which showed 

a huge and unusual magnetoimpedance behavior at or above room temperature. This large 

low field magnetoimpedance at or above room temperature in manganites can be exploited for 

various sensor applications. The results were attributed to the suppression of magnetic 

fluctuations near TC, which causes an increase in the magnetic penetration depth and a 

decrease in the impedance. However, there are mainly three questions still remains 

unanswered: Firstly, what is the role of tunneling magnetoresistance at higher frequencies? 

Secondly, can we observe the low-field ac magnetoresistance in single crystals or epitaxial 

thin films? Finally, what are the influences of microstructure on the magnetoimpedance? Note 

that the detailed knowledge of domain structure in these manganites is rather scarce. Further 

investigation of magnetoimpedance in samples whose electrical transport is dominated by 

tunneling mechanisms, extending the study of influence of geometry of the sample and 

thickness dependence of magnetoimpedance etc. can shed light on the exact origin of the 

observed magnetoimpedance effect at high frequencies. In addition, it will be worthwhile to 

correlate the observed unusual magnetoimpedance effects with the domain structure in the 

sample. Also, further studies above 30 MHz and in a completely saturated state in the 

aforementioned samples will be useful to understand the possibility of ferromagnetic 

resonance in manganites.  
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8. 2. 3 Continuation of magnetocaloric studies in manganites. 

It is also promising to find out materials that can show a large entropy change around 

room temperature for magnetic refrigerator applications. Nanoscale phase separation in the 

paramagnetic state is one of the key points behind manganites that can show large 

magnetocaloric effects, as indicated by the results in Sm1-xSrxMnO3. Therefore 

magnetocaloric studies have to be extended to manganites which have superparamagnetic 

clusters in the paramagnetic state around room temperature.  

Our study of electroresistance, magnetoimpedance and magnetocaloric effects in 

selected manganites reveal interesting results both in the view point of fundamental physics as 

well as technological applications. The potential applications include memory devices, 

sensors and refrigeration. The results of the present study can be exploited to design and 

develop versatile devices using manganites. Indeed, manganites well deserve to be called as 

multifunctional materials based on the results presented in this work. 
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