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Abstract. First order magneto-structural transition plays an important role in the functionality of various 
magnetic materials of current interest like manganese oxide systems showing colossal magnetoresistance, 
Gd5(Ge, Si)4 alloys showing giant magnetocaloric effects and magnetic shape memory alloys. The key features 
of this magneto-structural transition are phase-coexistence and metastability. This generality is highlighted 
with experimental results obtained in a particular class of materials. A generalized framework of disorder in-
fluenced first order phase transition is introduced to understand the interesting experimental results which 
have some bearing on the functionality of the concerned materials. 
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1. Introduction 

Magnetic materials are used widely in electric motors, 
loudspeakers, transformers, automobiles, magnetic reso-
nance devices, magnetic memory storage and a diverse 
range of scientific instruments from large particle-accelerators 
to tiny multimeters. The continuous evolution in the field 
of magnetic materials which are important (but somewhat 
hidden) component of modern technology goes almost 
unnoticed. Often classes of magnetic materials are dis-
covered with new interesting functionality, which stimu-
lates the growth of newer technology. The recent research 
activities pertaining to certain classes of magnetic materials 
narrated below provide a platform to discuss such emerging 
science and technology involving newer classes of func-
tional magnetic materials. 

2. Magnetic materials with first order phase  
transition (FOPT)-driven functionality 

Three classes of magnetic materials have emerged during 
last two decades with much promise for immediate techno-
logical applications. These are: (I) giant magnetoresistance 
and colossal magnetoresistance materials, (II) magnetocaloric 
materials and (III) magnetic shape memory alloys. A brief 
description of these functional materials is given below. 
 
(I) Magnetoresistance, the change in electrical resistance 
with an applied magnetic field, is a useful tool in several 

areas of technology. For example, the computer hard drives 
use magnetoresistance to read the stored data. Most laptop 
computers now come fitted with high capacity hard drives 
which use giant magnetoresistance (GMR) sensors as read 
head. The basic GMR device consists of a three-layer 
sandwich of a magnetic metal such as cobalt or iron with 
a nonmagnetic metal filling such as silver or platinum 
(Prinz 1998). It is interesting to note that the research in 
such artificially engineered magnetic multi-layers actually 
started in order to shed light on the fundamental question—
how do magnetic moments interact in magnetic materials? 
This is a reasonably difficult question in natural solids, 
which is still fascinating the researchers. The discovery of 
interesting GMR properties in these artificially engineered 
materials was rather unanticipated. It came as a bonus out 
of such curiosity driven basic research and the unforeseen 
technological development from then on was quite fast. 
From the first report of the GMR properties in 1988 it took 
less than ten years for the first product in the form of ‘read 
heads’ for computer hard disk drives to have major eco-
nomic impact. This interesting development naturally 
spurred more research activity in magnetoresistance ma-
terials, and in early 1990s a class of rare-earth manganese 
oxide materials (commonly termed as manganites) were 
found with colossal magnetoresistance (CMR) properties 
(Dagotto 2002). Manganites show exotic physical proper-
ties in the form of metal–insulator transition and varieties 
of magnetic, charge and orbital orderings dictated by strong 
electron–electron interaction and electron–lattice inter-
action, and provide a challenging area of research. While 
the phenomenology of the CMR effect in manganites can 
be explained within the framework of microscopic double 
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exchange interaction, this mechanism alone is insufficient 
to explain the observed effects quantitatively (Dagotto 2002). 
A prospective picture in this regard is the formation of a 
percolation path involving the metallic ferromagnetic 
(FM) and insulating antiferromagnetic (AFM) phases across 
a FM–AFM transition region which can be manipulated 
by an applied magnetic field. This magnetic transition 
region in manganites has been a subject of much scrutiny 
in recent times using various experimental techniques 
including microscopic imaging with electron and magne-
tic-force microscopy. Distinct phase-coexistence in micro-
meter scale has been reported leading to the actual 
visualization of a percolating path (Dagotto 2002). In 
addition, the lattice distortions and long-range strains are 
known to be important for manganites and the intrinsic 
complexity of a system with strong coupling between 
electronic and elastic degrees of freedom introduces further 
interesting feature in the phase-coexistence (Ahn et al 
2004). 
 
(II) Originally measured in iron, the magnetic field in-
duced temperature variation in a magnetic solid is known 
as ‘magnetocaloric effect’ (MCE). Instead of a working 
fluid undergoing a liquid–vapour transition in conven-
tional refrigerator, a magnetic refrigerator can be envisioned 
using a magnetic solid which heats up when magnetized 
and cools down when demagnetized. Such magnetic cooling 
has a potential to reduce global energy consumption and 
minimize the need of ozone depleting and greenhouse 
chemicals. In a suitable MCE material, randomly oriented 
magnetic moments are aligned by the application of an 
external magnetic field, resulting in the reduction of 
magnetic entropy. In turn, the material is heated via increase 
of its lattice entropy. This heat is removed from the mate-
rial to its surroundings by a heat-transfer medium. On 
removing the magnetic field, the magnetic moments be-
come randomized causing an increase in the magnetic 
entropy. This leads to cooling of the MCE material below 
the ambient temperature. Using a heat-transfer medium, heat 
from the system to be cooled can then be extracted. The 
prospect of magnetic cooling as a viable alternative to 
vapour-compression technology has increased enormously 
since the recent discovery of giant MCE in various classes 
of magnetic materials (Pecharsky and Gschneidner 2001). 
The origin of this giant MCE is now traced to an interesting 
magneto-structural transition (Pecharsky et al 2003). 
 
(III) Shape memory alloys (SMA) are metals that have 
the ability to remember a predetermined shape, and to 
return back to that shape after being bent, stretched or 
otherwise mechanically deformed (Bhattacharya 2003). 
This shape-memory effect is caused by a ‘thermoelastic 
martensitic transition’—a reversible transition between 
two different crystal microstructures in the concerned 
metallic system. SMAs have a wide range of technological 
applications including aeronautical, robotics and biomedical 

implants. Although the first recorded observation of the 
shape memory effect dates back to early 1930s, it was not 
until 1962, when this effect was discovered in equiatomic 
nickel–titanium (NiTi) alloys, that research into both the 
science and potential practical uses began in earnest. 
Within 10 years, a number of commercial products were 
on the market, and understanding of the effect was much 
advanced. Study of SMAs has continued at an increasing 
pace since then, and more products using these materials 
are coming to the market each year. One of the draw-
backs of conventional SMAs is that they are slower to 
respond because they rely on variations in temperature 
and the flow of heat. A class of materials has now been 
discovered in late 1990s which can undergo large re-
versible deformations in an applied magnetic field. These 
materials are now known as magnetic shape memory alloys 
(MSMA) (Ullakko et al 1996; O’Handley 1998). Com-
pared to the ordinary SMAs the magnetic control offers 
faster response in the MSMAs. 
 Taken together, many common experimental features 
from these quite distinct types of materials systems, CMR 
manganites, giant MCE materials and MSMAs, are indi-
cations of a common underlying physics at least at the 
phenomenological level. The present authors believe that 
the disorder-influenced first order phase transition 
(FOPT) provides the basic framework to understand the 
wide varieties of experimental results in these different 
classes of functional magnetic materials. This idea of 
generality is mainly developed on the basis of experimental 
work performed by these researchers on another class of 
magnetic materials viz. doped-CeFe2 alloys. These rela-
tively simple doped CeFe2 alloys (Roy and Coles 1989, 
1990) with magneto-structural transition (Kennedy and 
Coles 1990) have been used as test-bed materials systems 
to study in some detail, a first order ferromagnetic (FM) 
to antiferromagnetic (AFM) transition. Based on detailed 
study of a.c. susceptibility, d.c. magnetization and magneto-
transport, it is shown that the key features associated with 
the AFM–FM transition in manganites and MCE materials 
are clearly observed in this system and that these are a 
consequence of phase-coexistence and metastability arising 
out of a disorder-influenced FOPT. A brief summary of 
this work is narrated below. To extend the same idea to 
MCE and MSMA, the researchers have studied the mag-
neto–martensitic transition in prototype MCE material, 
Gd5Ge4 (Chattopadhyay et al 2004; Moore et al 2006) 
and new ternary alloy systems, NiCoAl (Sokhey et al 
2003) and NiFeGa (Majumdar et al 2005), showing magne-
tic shape memory effect. However, details of these studies 
will not be discussed here. 

3. Doped-CeFe2 alloys—a test bed material system to 
study disorder influenced FOPT 

Figure 1 shows the a.c. susceptibility (χ) for Ir and Ru-
doped CeFe2 samples as a function of temperature (T) 
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Figure 1. AC susceptibility (χ) vs temperature (T ) plots for Ir and Ru-doped CeFe2  
alloys (Manekar et al 2000a). 

 
 
(Manekar et al 2000a). A sharp increase in χ at a parti-
cular temperature, TCurie, while decreasing T marks the 
onset of paramagnetic (PM)–FM transition. Below TCurie, 
susceptibility more or less flattens out before decreasing 
sharply at a lower temperature, TN, which is indicative of 
an FM–AFM transition. There is no effect of thermal  
cycling on the PM–FM transition and this is in accord 
with the second order nature of this transition. Within the 
same experimental resolution, however, distinct thermal 
hysteresis is observed across the FM–AFM transition 
(Manekar et al 2000a). This is necessarily a signature of 
FOPT. The phase coexistence across this FOPT is studied 
in detail using minor hysteresis loop (MHL) technique 
(Manekar et al 2000a, b). This technique was developed 
earlier in the context of research in vortex matter phase 
transition in type-II superconductors (Roy and Chaddah 
1997a, b). 
 Figure 2 shows magnetization (M) vs temperature (T) 
plot for a 4% Ru-doped CeFe2 sample in an applied field 
of 20 kOe (Sokhey et al 2004). Three different measurement 
protocols were used: zero-field cooled (ZFC), field-cooled 
cooling (FCC) and field-cooled warming (FCW). A rapid 
rise of M with decreasing T below ~ 210 K indicates the 
onset of PM–FM transition and it is thermally reversible. 
The FM–AFM transition is marked by the sharp drop in 
M below 50 K and shows substantial thermal hysteresis, 
which is necessarily a signature of FOPT. It should be 
noted that the FCC curve does not merge with the ZFC 
curve down to the lowest measured temperature of 5 K. 
Similar measurements with applied fields varying bet-
ween 100 Oe and 30 kOe shows that thermal hysteresis 
broadens with increasing H, and when H ≥ 15 kOe the 

MFCC (T) and MZFC (T) curves fail to merge. The onset of 
the FM–AFM transition gives rise to marked increase in 
electrical resistivity (see inset of figure 3). The FM–AFM 
transition can be suppressed by an applied H and this 
gives rise to GMR effect which is clearly visible in figure 3. 
The schematic H–T phase diagram based on the magneti-
zation measurements for this 4% Ru-doped CeFe2 alloy is 
shown in figure 4 with TNW (TNC) as the temperature of 
the sharp rise (fall) in M in the ZFC (FCC) cycle (see 
inset of figure 4). T * is the low T point where MZFC and 
MFC merges and T ** is the high T counterpart. T ** and 
TNC appear almost the same in our present magnetization 
measurements. Similar H–T phase diagram can be obtained 
through resistivity measurements and in such measure-
ments (under same experimental protocol), T ** and TNC 
can be distinguished clearly (Sokhey et al 2004). Note 
that TNW (H) < TNC (H), i.e. the onset of nucleation of the 
AFM state on cooling occurs at a higher temperature than 
does nucleation of the FM phase during warming. This is 
a signature of a disorder-broadened FOPT. Such influ-
ence of disorder is observed in the same sample in the 
field induced transition also and this is discussed in detail 
in an earlier work (Chattopadhyay et al 2003). Figure 5 
shows schematic curves of the free energy density expressed 
in terms of an order parameter, S, as f (T, S) = (r/2)S2 – 
wS3 + uS4 for a first order transition, where w and u are 
positive temperature independent constants. At T = TN, 
the high-T and low-T phases coexist. The standard treat-
ment (Chaikin and Lubensky 1995; Chaddah and Roy 
1999) assumes that r(T) = a[T – T *], where a is positive 
and temperature independent, where d2f /dS2 at S = 0 vani-
shes at T = T *. The limit of metastability on cooling is
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Figure 2. M vs T plots for Ce(Fe0⋅96Ru0⋅04)2 alloy (Sokhey et al 2004). 
 
 
reached at T * = TN – w2/(2ua), but finite energy fluctua-
tions can destroy the supercooled state in the temperature 
regime T * < T < TN. Similarly T ** is the limit of me-
tastability while warming. In the low temperature AFM 
regime a transition from the zero field AFM state to FM 
state can be induced by application of H (Chattopadhyay 
et al 2003; Roy et al 2005). As in the case of temperature 
variation, this field induced first order AFM–FM transition 
is also marked by distinct hysteresis and phase-coexistence 
and accordingly the limits of metastability, H* and H**, 
can be defined. 
 H–T phase diagram in figure 4 shows that it is possible 
to retain residual FM state in this 4% Ru-doped CeFe2 

alloy down to the lowest T of measurements by following 
the FCC path with applied H ≥ 15 kOe. This is exactly 
what is known as field annealing of FM state in manganite 
systems showing CMR effect (Kimura et al 1999). It has 
been shown that this residual FM obtained by the FCC 
path is very much metastable in nature and can be erased 
by field cycling (Sokhey et al 2004). All these observations 
can be rationalized in terms of supercooling of the FM 
state. While cooling across the first order FM–AFM transi-
tion, some amount of FM state will supercool into the T 
regime well below the transition line. It is clear from fig-
ure 4 that with applied H < 15 kOe the supercooled FM 
state will cease to exist below a finite T and one can reach 
the stable AFM state. This is indicated by the merger of the 
FC and ZFC magnetization. With H ≥ 15 kOe some amount 

of supercooled FM state remains down to the lowest T of 
measurement. The region between TNC(H) and T *(H) line 
in figure 4 marks the phase-coexistence region formed 
during the cooling path. This region consists of mixtures 
of AFM and FM clusters and it is metastable in nature. A 
new concept viz. ‘lack of end point memory effect’ (Roy 
et al 2002) has been used to study, in detail, the metastable 
nature of this phase-coexistence regime (Chattopadhyay 
et al 2003; Sokhey et al 2004). Any field cycling in this 
metastable phase-coexistence region (obtained via FCC 
path) introduces energy fluctuations, which drive the 
clusters of metastable FM state to the stable AFM state. 
Further support of metastable nature of the phase-coexis-
tence state have come from large relaxation of both magneti-
zation and resistivity in the phase-coexistence regime 
(Chattopadhyay et al 2003). 
 The actual composition in any alloy or doped compound 
vary around some average composition simply due to the 
disorder that is frozen in as the solid crystallizes from the 
melt. It was proposed earlier (Imry and Wortis 1979) that 
such static, quenched in, purely statistical compositional 
disorder can under certain circumstances introduce a land-
scape of transition temperatures in a system undergoing 
FOPT. Effect of quenched disorder in a FOPT was probably 
known to the metallurgists for ages. However, a system-
atic study of the effect of disorder on a FOPT process 
started only in late 1970s (Imry and Wortis 1979). De-
tailed computational studies (Dagotto et al 2002) con-
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Figure 3. Resistivity ratio vs T plots for Ce(Fe0⋅96Ru0⋅04)2 alloy (Sokhey et al 2004). 
 
 
firm the applicability of disorder-influenced FOPT in 
CMR manganites and further emphasize that phase-
coexistence can occur in any system in the presence of 
quenched disorder whenever two states are in competition 
through a FOPT (Dagotto et al 2002). Such intrinsic dis-
order induced landscape of transition temperature/field has 
actually been observed across the vortex solid melting 
transition in a high temperature superconductor, BSCCO 
(Soibel et al 2000). The applicability of such a picture in 
the AFM–FM transition of the doped-CeFe2 alloys has 
now been pointed out through an imaging study of AFM–
FM transition using a micro Hall probe (Roy et al 2004). 
It was observed both in T and H variation measurements 
in doped-CeFe2 alloys that the FM clusters of various size 
appear in random positions of the sample at the onset of 

the AFM–FM transition. As the temperature or field is 
increased, newer FM clusters appear until the whole sample 
is converted to the FM state. This is clearly indicative of 
the local variation of the AFM–FM transition temperature 
(TN) or field (HM) leading to a rough TN/HM landscape. 
This distribution of TN or HM gives rise to the impression 
of a global rounding of the transition in bulk measurements. 
This imaging study also provided a visual proof of super-
cooling of the FM state across the AFM–FM transition 
and that such supercooled state can easily be destabilized 
with a small energy fluctuation (Roy et al 2004). In the 
less disordered samples the growth process of the clusters 
is relatively fast with smaller number of nucleating clus-
ters, which suggests that different disorder landscapes can 
control nucleation and growth with the key point that if
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Figure 4. H–T phase diagram for Ce(Fe0⋅96Ru0⋅04)2 alloy. 
 
 

 

Figure 5. Schematic free energy curves for T * < T < TN. The high temperature state 
remains in a local minimum and is stable against infinitesimal energy fluctuations in this 
temperature regime. The barrier height between the minima corresponding to the high 
and low temperature phases at TN (curve a) decreases with the decrease in T and goes to 
zero at T *  (curve d). 

 
 
the on-line growth is slow enough, percolation will occur 
over an observable T or H interval before phase-coexistence 
collapses. Such percolative behaviour can be controlled 
by subtle changes in sample doping, and the ramification 
to tuning the functionality of the CMR-manganite systems, 
for example, is obvious (Roy et al 2004). 

 In a nutshell, a first order magneto-structural transition 
is the common feature in CMR-manganites (Dagotto 2002) 
systems with giant MCE (Pecharsky and Gschneidner 
2001) and ferromagnetic shape memory alloys (Sokhey et 
al 2003; Majumdar et al 2005). Phase-coexistence and 
metastability are the essential features of this transition 
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process and influences the functionality of these materials. 
Understanding these phenomena in detail will help in 
tuning the functionality of the existing materials as well 
as finding new materials with better functionality. 

4. Kinetic arrest of a FOPT in magnetic systems and 
a new type of magnetic glass 

Liquids freeze into crystalline solids via a first order 
phase transition. However, some liquids called ‘glass 
formers’ experience a viscous retardation of nucleation 
and crystallization in their supercooled state. In the experi-
mental time scale the supercooled liquid ceases to be ergodic 
and it enters a glassy state. In a very similar manner it 
was seen that the first order FM to AFM transition process 
could be arrested in a Ru-doped CeFe2 alloy when the 
applied magnetic field was beyond a certain critical value, 
and the lowest temperature magnetic state became non-
ergodic in nature. It should be noted here that the behav-
iour typical of glass formation is not necessarily restricted 
to materials that are positionally disordered (Brawer 
1984). Even for the conventional glasses, other than the 
general definition that ‘glass is a noncrystalline solid  
material which yields broad nearly featureless diffraction 
pattern’, there exists another widely acceptable picture of 
glass as a liquid where the atomic or molecular motions 
are arrested. Within this latter dynamical framework ‘glass 
is time held still’ (Brawer 1984). 
 To elucidate on the novel magnetic-glass behaviour, some 
results of magnetization relaxation on various points on 
the FCC leg of the M–T curve of a 4% Ru-doped CeFe2 
alloy (see figure 2) are discussed here. It was already ob-
served that in the FCC path the FM state persists at tem-
peratures well below TN as supercooled state (Sokhey et al 
2004; Roy et al 2004). This FM state is highly metastable 
and any energy fluctuations tend to convert it into equi-
librium AFM state. As the system goes below TN and ap-
proaches the limit of supercooling T *, the barrier height 
between the metastable (FM) and the equilibrium (AFM) 
state in the free energy curve decreases and hence a de-
crease of M with higher relaxation rate is expected. This 
is actually observed in the T-regime, 25–40 K (Chatto-
padhyay et al 2005). However, some marked change in 
relaxation takes place in the T-regime below roughly 
23 K (see figure 6). The relaxation rate decreases drasti-
cally and below 15 K the relaxation of M is very small even 
though the metastable FM state persists. Relaxation data 
below 23 K can be fitted well with Kohlrausch–Williams–
Watt stretched exponential function (ϕ ∝ exp[–(t/τ)β]) (see 
figure 6), where τ is characteristic relaxation time and β is 
a shape parameter between 0⋅6 and 0⋅9. The characteristic 
relaxation time, τ, tends to diverge below 15 K (see inset 
of figure 6). This behaviour is typical of what has been 
observed in many glass-formers in the T-regime of glass 
formation (Debenedetti and Stillinger 2001). The non-

Arrhenius behaviour of τ (T) resembles that of fragile-
glass former like o-terphenyl (Chattopadhyay et al 2005). 
The signature of the kinetic arrest of the FM–AFM transi-
tion is also visible in the isothermal H-dependent meas-
urements (Manekar et al 2001). This is in the form of a  
striking feature of the ZFC virgin M–H curve lying out of 
the envelope. M–H curve obtained by subsequent field 
cycling between ± Hmax, where Hmax >> HM. A very simi-
lar behaviour has now been observed in CMR Mn-oxides 
(Dho and Hur 2003) and magnetocaloric materials (Chat-
topadhyay et al 2004; Tang et al 2004). 

5. Interdisciplinary research gains 

Such S&T activity in these technologically important 
functional magnetic materials is helping in the deeper 
understanding of the FOPT process. Study of a FOPT 
process involving the water–ice transition has remained a 
very active area of research since it has tremendous impli-
cations for the biological as well as ecological systems 
(Heneghan et al 2002). Although many aspects of a FOPT, 
viz. phase-coexistence and metastability (supercooling/ 
superheating), nucleation and growth are actually known 
intuitively to the metallurgists and crystal grower for the 
ages, a systematic and universal understanding of a FOPT 
process is still lacking. This is now more than an acade-
mic interest especially when it is becoming more and more 
apparent that a first order transition process is involved in 
many of the practical issues in our surroundings (Heneghan 
et al 2002). Some of these magnetic materials of current 
interest can actually be used as test bed materials to study 
a FOPT process in a two-parameter magnetic field (H)–
temperature (T) phase space. Such exploration in conven-
tional pressure (P)–temperature (T) phase space is rela-
tively difficult. Knowledge gathered in exploring H–T 
phase space in magnetic materials can also be applied in 
other areas of technological interest viz. vortex matter 
phases of type-II superconductors and ferroelectric mate-
rials. While implications in ferroelectric materials are well 
known, the understanding of vortex matter phase space is 
absolutely necessary for tuning the dissipationless current 
carrying capacity of a type-II superconductor. 

6. Future outlook 

While GMR using multilayer structure is already a matured 
technology, CMR materials in spite of their initial promise 
are yet to reach that stage. However, the recent identification 
of the phase-coexistence as a crucial element to under-
stand the CMR properties (Dagotto et al 2002) has raised 
the prospect of tuning their properties for technological 
applications. The progress from basic research to techno-
logical applications in magnetocaloric materials and magnetic 
shape memory alloys is also taking place very rapidly. It 
is clear that MCE is one of the most critical parameters 
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Figure 6. Normalized magnetization (M) vs time (t) plots for Ce(Fe0⋅96Ru0⋅04)2 sample 
at various fixed temperatures on the FCC path. The solid lines represent the fitting with 
Kohlrausch–Williams–Watt (KWW) exponential function. The inset shows the charac-
teristic relaxation time, τ (obtained from the fitting of KWW function) as a function of 
T (Chattopadhyay et al 2005). 

 

 
defining the performance of a magnetic refrigerator. The 
stronger the MCE the higher the efficiency of the device, 
hence the hunt is on to find better MCE materials. It is 
interesting to note here that some of the CMR manganites 
and magnetic shape memory alloys are now found to be 
showing large MCE around room temperature. With impro-
vements in magnetic materials, magnet systems and under-
standing of the active magnetic regenerator cycle, there is 
promise that a mature magnetic refrigeration technology 
will soon produce thermodynamic efficiencies comparable 
to or higher than the best available gas compression devices. 
It provides an example of closely intertwined science and 
technology reinforcing each other on the way from labora-
tory based basic research to useful futuristic technology. 
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