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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,
Gds(Ge, Si) 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 areas of technology. For example, the computer hard drives
use magnetoresistance to read the stored data. Most laptop
Magnetic materials are used widely in electric motorgomputers now come fitted with high capacity hard drives
loudspeakers, transformers, automobiles, magnetic resghich use giant magnetoresistance (GMR) sensors as read
nance devices, magnetic memory storage and a divefssad. The basic GMR device consists of a three-layer
range of scientific instruments from large particle-acceleratasandwich of a magnetic metal such as cobalt or iron with
to tiny multimeters. The continuous evolution in the fieldh nonmagnetic metal filling such as silver or platinum
of magnetic materials which are important (but somewh@®rinz 1998). It is interesting to note that the research in
hidden) component of modern technology goes almostich artificially engineered magnetic multi-layers actually
unnoticed. Often classes of magnetic materials are digtarted in order to shed light on the fundamental question—
covered with new interesting functionality, which stimu-how do magnetic moments interact in magnetic materials?
lates the growth of newer technology. Tleeent research This is a reasonably difficult question in natural solids,
activities pertaining to certain classes of magnetic materiaidich is still fascinating the researchers. The discovery of
narrated below provide a platform to discuss such emergiirgeresting GMR properties in these artificially engineered
science and technology involving newer classes of funmaterials was rather unanticipated. It came as a bonus out
tional magnetic materials. 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 interestin velopment naturall
Three classes of magnetic materials have emerged d“”gﬁj ¢ impac S interesting development naturally

. : : ; spurred more research activity in magnetoresistance ma-
last two decades with much promise for immediate techno- . :
. L ) . . terials, and in early 1990s a class of rare-earth manganese
logical applications. These are: (I) giant magnetoresistance. . .
) ) oxide materials (commonly termed as manganites) were
and colossal magnetoresistance materials, (Il) magnetocalQric : : )
: %und with colossal magnetoresistance (CMR) properties

mater_ial_s and (I11) magngtic shape memory alloys. A b”? agotto 2002). Manganites show exotic physical proper-
description of these functional materials is given below. ties in the form of metal-insulator transition and varieties

. . . . of magnetic, charge and orbital orderings dictated by strong
() Magnetoresistance, the change in electrical re5|stanc|e ; . . )
ectron—electron interaction and electron—lattice inter-

with an applied magnetic field, is a useful tool in severajction’ and provide a challenging area of research. While

the phenomenology of the CMR effect in manganites can
*Author for correspondence (sbroy@cat.ernet.in) be explained within the framework of microscopic double

2. Magnetic materials with first order phase
transition (FOPT)-driven functionality
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exchange interaction, this mechanism alone is insufficiemhplants. Although the first recorded observation of the
to explain the observed effects quantitatively (Dagotto 200Zhape memory effect dates back to early 1930s, it was not
A prospective picture in this regard is the formation of antil 1962, when this effect was discovered in equiatomic
percolation path involving the metallic ferromagnetimickel-titanium (NiTi) alloys, that research into both the
(FM) and insulating antiferromagnetitEM) phases across science and potential practical uses began in earnest.
a FM—-AFM transition region which can be manipulatedVithin 10 years, a number of commercial products were
by an applied magnetic field. This magnetic transitiomn the market, and understanding of the effect was much
region in manganites has been a subject of much scrutiagvanced. Study of SMAs has continued at an increasing
in recenttimes using various experimental techniquepace since then, and more products using these materials
including microscopic imaging with electron and magneare coming to the market each year. One of the draw-
tic-force microscopy. Distinct phase-coexistence in micrdsacks of conventional SMAs is that they are slower to
meter scale has been reported leading to the actwaspond because they rely on variations in temperature
visualization of a percolating path (Dagotto 2002). Imand the flow of heat. A class of materials has now been
addition, the lattice distortions and long-range strains adéscovered in late 1990s which can undergo large re-
known to be important for manganites and the intrinsigersible deformations in an applied magnetic field. These
complexity of a system with strong coupling betweematerials are now known as magnetic shape memory alloys
electronic and elastic degrees of freedom introduces furthi@SMA) (Ullakko et al 1996; O’Handley 1998). Com-
interesting feature in the phase-coexistence (Ahml pared to the ordinary SMAs the magnetic contfférs
2004). faster response in the MSMAs.
Taken together, many common experimental features

(I Originally measured in iron, the magnetic field in-from these quite distinct types of materials systems, CMR
duced temperature variation in a magnetic solid is knownanganites, giant MCE materials and MiSs, are indi-
as ‘magnetocaloric effect’ (MCE). Instead of a workingations of a common underlying physics at least at the
fluid undergoing a liquid—vapour transition in convenphenomenological level. The present authors believe that
tional refrigerator, a magnetic refrigerator can be envisionéde disorder-influenced first order phase transition
using a magnetic solid which heats up when magnetiz¢dOPT) provides the basic framework to understand the
and cools down when demagnetized. Such magnetic cooliwide varieties of experimental results in these different
has a potential to reduce global energy consumption anldsses of functional magnetic materials. This idea of
minimize the need of ozone depleting and greenhougenerality is mainly developed on the basis of experimental
chemicals. In a suitable MCE material, randomly orientedtork performed by these researchers on another class of
magnetic moments are aligned by the application of anagnetic materials viz. doped-CegFaloys. These rela-
external magnetic field, resulting in the reduction ofively simple doped Cekelloys (Roy and Coles 1989,
magnetic entropy. In turn, the material is heated via increas290) with magneto-structural transition (Kennedy and
of its lattice entropy. This heat is removed from the mat&oles 1990) have been used as test-bed materials systems
rial to its surroundings by a heat-transfer medium. Oto study in some detail, a first order ferromagnetic (FM)
removing the magnetic field, the magnetic moments bé&s antiferromagnetic (AFM) transition. Based on detailed
come randomized causing an increase in the magnestady of a.c. susceptibility, d.c. magnetization and magneto-
entropy. This leads to cooling of the MCE material belowansport, it is shown that the key features associated with
the ambient temperature. Using a heat-transfer medium, higetg AFM—FM trangion in manganites and MCE materials
from the system to be cooled can then be extracted. Taee clearly observed in this system and that these are a
prospect of magnetic cooling as a viable alternative tmnsequence of phase-coexistence and metastability arising
vapour-compression technology has increased enormousiyt of a disorder-influenced FOPT. A brief summary of
since the recent discovery of giant MCE in various classsis work is narrated below. To extend the same idea to
of magnetic materials (Pecharsky and Gschneidner 200l)CE and MSMA, the researchers have studied the mag-
The origin of this giant MCE is now traced to an interestingeto—martensitic transition in prototype MCE material,
magneto-structural transition (Pecharskyl 2003). Gd;Ge, (Chattopadhyaet al 2004; Mooreet al 2006)

and new ternary alloy systems, NiCoAl (Sokhetyal
(1) Shape memory alloys (SMA) are metals that hav2003) and NiFeGa (Majumdat al 2005), showing magne-
the ability to remember a predetermined shape, andtio shape memory effect. However, details of these studies
return back to that shape after being bent, stretchedwill not be discussed here.
otherwise mechanically deformed (Bhattacharya 2003).
This shape-memory effect is caused by a ‘thermoelas¢ Doped-CeFealloys—a test bed material system to
martensitic transition’—a reversible transition betweestudy disorder influenced FOPT
two different crystal microstructures in the concerned
metallic systemSMAs have a wide range of technologicaFigure 1 shows the a.c. susceptibilify for Ir and Ru-
applications including aeronauticabbotics and biomedical doped CeFgsamples as a function of temperatul@ (
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Figure 1. AC susceptibility §) vs temperatureT() plots for Ir and Ru-doped Cefe
alloys (Manekaret al 2000a).

(Manekaret al 2000a). A sharp increase jnat a parti- Mecc (T) andMzec (T) curves fail to merge. The onset of
cular temperatur€lcyie, While decreasin@ marks the the FM-AFM transition gives rise to marked increase in
onset of paramagnetic (PM)-FM transition. Beldw, electrical resistivity (see inset of figure 3). The FM—AFM
susceptibility more or less flattens out before decreasitigansition can be suppressed by an apphednd this
sharply at a lower temperaturky, which is indicative of gives rise to GMR effect which is clearly visible in figure 3.
an FM—-AFM transition. There is no effect of thermallThe schemati¢i—T phase diagram based on the magneti-
cycling on the PM-FM transition and this is in accor@ation measurements for this 4% Ru-doped GaRey is
with the second order nature of this transition. Within thehown in figure 4 withTyw (Tnc) as the temperature of
same experimental resolution, however, distinct therm#ie sharp rise (fall) irM in the ZFC (FCC) cycle (see
hysteresis is observed across the FM—-AFM itmms inset of figure 4)T* is the lowT point whereMz-c and
(Manekaret al 2000a). This is acessarily a signature of Mgc merges and ** is the highT counterpartT ** and
FOPT. The phase coexistence across this FOPT is studiged appear almost the same in our present magnetization
in detail using minor hysteresis loop (MHL) techniqueneasurements. Simil&—T phase diagram can be obtained
(Manekaret al 2000a, b). This technique was developethrough resistivity measurements and in such measure-
earlier in the context of research in vortex matter phaseents (under same experimental protocb¥% and Tyc
transition in type-Il superconductors (Roy and Chaddatan be distinguished clearly (Sokhety al 2004). Note
1997a, b). thatTyw (H) < Tne (H), i.e. the onset of nucleation of the
Figure 2 shows magnetizatiom) vs temperatureT) AFM state on cooling occurs at a higher temperature than
plot for a 4% Ru-doped Cefsample in an applied field does nucleation of the FM phase during warming. This is
of 20 kOe (Sokhegt al2004). Three different measurement signature of a disorder-broadened FOPT. Such influ-
protocols were used: zero-field cooled (ZFC), field-coolednce of disorder is observed in the same sample in the
cooling (FCC) and field-cooled warming (FCW). A rapidfield induced transition also and this is discussed failde
rise ofM with decreasind below ~210 K indicates the in an earlier work (Chattopadhyay al 2003). Figure 5
onset of PM-FM transition and it is thermally reversibleshows schematic curves of the free energy density expressed
The FM—AFM transition is marked by the sharp drop itin terms of an order paramete, asf (T, S) = (1/2)S —
M below 50 K and shows substantial thermal hysteresiwS + uS' for a first order transition, wheng andu are
which is necessarily a signature of FOPT. It should heositive temperature independent constantsT AtTy,
noted that the FCC curve does not merge with the ZRGe highT and lowT phases coexist. The standard treat-
curve down to the lowest measured temperature of 5 Kient (Chaikin and Lubensky 1995; Chaddah and Roy
Similar measurements with applied fields varying bett999) assumes thafT) = a[T — T*], wherea is positive
ween 100 Oe and 30 kOe shows that thermal hystereaisd temperature independent, wheffédS” atS= 0 vani-
broadens with increasing, and whenH = 15 kOe the shes afl = T*. The limit of metastability on cooling is
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Figure 2. M vsT plots for Ce(FgysRUom4)2 alloy (Sokheyet al 2004).

reached aT * = Ty —w2/(2ua), but finite energy fluctua- of supercooled FM state remains down to the loWest
tions can destroy the supercooled state in the temperatareasurement. The region betwdgp(H) andT *(H) line
regimeT* < T <Ty. Similarly T** is the limit of me- in figure 4 marks the phase-coexistence region formed
tastability while warming. In the low temperature AFMduring the cooling path. This region consists of mixtures
regime a transition from the zero field AFM state to FMof AFM and FM clusters and it is metastable in nature. A
state can be induced by applicationtbfChattopadhyay new concept viz. ‘lack of end point memory effect’ (Roy
et al2003; Royet al 2005). As in the case of temperaturest al 2002) has been used to study, in detail, the metastable
variation, this field induced first ord&~M—FM trangtion  nature of this phase-coexistence regime (Chattopadhyay
is also marked by distinct hysteresis and phase-coexisteeteal 2003; Sokhewt al 2004). Any field cycling in this
and accordingly the limits of metastability* andH**,  metastable phase-coexistence region (obtained via FCC
can be defined. path) introduces energy fluctuations, which drive the
H-T phase diagram in figure 4 shows that it is possiblgusters of metastable FM state to the stable AFM state.
to retain residual FM state in this 4% Ru-doped GeF&urther support of metastable nature of the phase-coexis-
alloy down to the lowesT of measurements by following tence state have come from large relaxation of both magneti-
the FCC path with applietl = 15 kOe. This is exactly zation and resistivity in the phase-coexistence regime
what is known as field annealing of FM state in mangani{€hattopadhyagt al 2003).
systems showing CMR effect (Kimued al 1999). It has The actual composition in any alloy or doped compound
been shown that this residual FM obtained by the FC@ry around some average composition simply due to the
path is very much metastable in nature and can be eraskisbrder that is frozen in as the solid crystallizes from the
by field cycling (Sokheyt al 2004). All these observations melt. It was proposed earlier (Imry and Wortis 1979) that
can be rationalized in terms of supercooling of the FMuch static, quenched in, purely statistical compositional
state. While cooling across the first order FM—AFM transidisorder can under certain circumstances introduce a land-
tion, some amount of FM state will supercool into The scape of transition temperatures in a system undergoing
regime well below the transition line. It is clear from fig-FOPT. Effect of quenched disorder in a FOPT was probably
ure 4 that with appliedH < 15 kOe the supercooled FM known to the metallurgists for ages. However, a system-
state will cease to exist below a finif&and one can reach atic study of the effect of disorder on a FOPT process
the stable AFM t&ate. This is indicated by the merger of thestarted only in late 1970s (Imry and Wortis 1979). De-
FC and ZFC magnetization. With=> 15 kOe some amount tailed computational studies (Dagottd al 2002) con-



First order magneto-structural transition in functional magnetic materials 627

O ZFC (5 kOe) .
- m FCC(5kOe) | A
- - — FCW (5kOe) | -
- A ZFC (10 kOe)
0.7 - A FCC(10kOe) |
- L FCW (10 kOe) | T
i v ZFC (25 kOe) )
- v FCC(25kOe) | 1
+ FCW (25 kOe)
O ZFC (30 kOe)
e FCC (30 kOe)
X FCW (30 kOe)

O Cooling

04 [ ‘

- 0 50 100 150 200 2507
[ L 1 l L L 1 I L 1 L ' L 1 1 T (K) L 1 ' i
20 40 60 80 100

Figure 3. Resistivity ratio vsT plots for Ce(FgesRUons)2 alloy (Sokheyet al 2004).

firm the applicability of disorder-influenced FOPT inthe AFM—FM transition. As the temperature or field is
CMR manganites and further emphasize that phasecreased, newer FM clusters appear until the whole sample
coexistence can occur in any system in the presencei®tonverted to the FM state. This is clearly indicative of
guenched disorder whenever two states are in ciitiope the local variation of the AFM—FM transition temperature
through a FOPT (Dagottet al 2002). Such intrinsic dis- (Ty) or field Hy) leading to a rougfy/Hy landscape.
order induced landscape of transition temperature/field h@kis distribution ofTy or Hy gives rise to the impression
actually been observed across the vortex solid meltirgfa global rounding of the transition in bulk measurements.
transition in a high temperature superconductor, BSCCUtThis imaging study also provided a visuabpf of super-
(Soibelet al 2000). The applicability of such a picture incooling of the FM state across the AFM—FM transition
the AFM—FM transition of the doped-CefFalloys has and that such supercooled state can easily be destabilized
now been pointed out through an imaging study of AFMwith a small energy fluctuation (Rat al 2004). In the

FM transition using a micro Hall probe (Reyal2004). less disordered samples the growth process of the clusters
It was observed both il andH variation measurements is relatively fast with smaller number of nucleating clus-

in doped-CeFgalloys that the FM clusters of various sizeers, which suggests that different disorder landscapes can
appear in random positions of the sample at the onsetamintrol nucleation and growth with the key point that if
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Figure 4. H-T phase diagram for Ce(fiRUown4)2 alloy.

Figure 5. Schematic free energy curves ot < T < Ty. 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 decreasd goes to

zero atT~ (curve d).

the on-line growth is slow enough, percolation will occur In a nutshell, a first order magneto-structural transition
over an observabl€ or H interval before phase-coexistencdas the common feature in CMR-manganites (Dagotto 2002)
collapses. Such percolative behaviour can be controllsgstems with giant MCE (Pecharsky and Gschneidner
by subtle changes in sample doping, and the ramificati@®01) and ferromagnetic shape memory alloys (Sokhey
to tuning the functionality of the CMR-manganite system&l 2003; Majumdaret al 2005). Phase-coexistence and
for example, is obvious (Ragt al 2004). metastability are the essential features of this transition
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process and influences the functionality of these materialstrhenius behaviour of (T) resembles that of fragile-
Understanding these phenomena in detail will help iglass former like o-terphenyl (Chattopadhgdal 2005).
tuning the functionality of the existing materials as well he signature of the kinetic arrest of the FM—AFM transi-
as finding new materials with better functionality. tion is also visible in the isothermal H-dependent meas-
urements (Manekagt al 2001). This is in the form of a
striking feature of the ZFC virgiM—H curve lying out of
the envelopeM—-H curve obtained by subsequent field
cycling betweent Hyay, WhereH ., >> Hy. A very simi-

lar behaviour has now been observed in CMR Mn-oxides

Liquids freeze into crystalline solids via a first order(SDho and Hur 2003) and magnetocaloric materials (Chat-

phase t,ran5|t|9n. Howeyer, some Ilqu[ds called gla.lstopadhyayet al 2004: Tanget al 2004).
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 ergdglic Interdisciplinary research gains
and it enters a glassy state. In a very similar manner it
was seen that the first order FM to AFM tritios process Such S&T activity in these technologically important
could be arrested in a Ru-doped CegR#oy when the functional magnetic materials is helping in the deeper
applied magnetic field was beyond a certain critical valuenderstanding of the FOPT process. Study of a FOPT
and the lowest temperature magnetic state became ngnecess involving the water—ice transition has remained a
ergodic in nature. It should be noted here that the behasery active area of research since it has tremendous impli-
iour typical of glass formation is noeoessarily restricted cations for the biological as well as ecological systems
to materials that are pit®nally disordered (Brawer (Henegharet al2002). Although many aspects of a FOPT,
1984). Even for the conventional glasses, other than thiz. phase-coexistence and metastability (supercooling/
general definition that ‘glass is a noncrystalline soliduperheating), nucleation and growth are actually known
material which yields broad nearly featureless diffractiomtuitively to the metallurgists and crystal grower for the
pattern’, there exists another widelgcaptable picture of ages, a systematic and universal understandin§OPT
glass as a liquid where the atomic or molecular motionsocess is still lacking. This is now more than an acade-
are arrested. Within this latter dynamical framework ‘glagsic interest especially when it is becoming more and more
is time held still' (BrawerL984). apparent that a first order transition process is involved in
To elucidate on the novel magnetic-glass behaviour, someny of the practical issues in our surroundings (Heneghan
results of magnetization relaxation on various points ot al 2002). Some of these magnetic materials of current
the FCC leg of theM—T curve of a 4% Ru-doped Cefe interest can actually be used as test bed materials to study
alloy (see figure 2) are discussed here. It was already ab+OPT process in a two-parameter magnetic filld-(
served that in the FCC path the FM state persists at tetamperature®) phase space. Such exploration in conven-
peratures well belowy as supercooled state (Sokretyal tional pressureR)-temperatureT) phase space is rela-
2004; Royet al 2004). This FM state is highly metastableively difficult. Knowledge gathered in exploring—T
and any energy fluctuations tend to convert it into equphase space in magnetic materials can also be applied in
librium AFM state. As the system goes belbywand ap- other areas of technological interest viz. vortex matter
proaches the limit of supercoolinfy®*, the barrier height phases of type-Il superconductors and ferroelectric mate-
between the metastable (FM) and the equilibrium (AFMJals. While implications in ferroelectric materials are well
state in the free energy curve decreases and hence akidwwn, the understanding of vortex matter phase space is
crease oM with higher relaxation rate is expected. Thisabsolutely necessary for tuning the dissipationless current
is actually observed in th&regime, 25-40 K (Chatto- carrying capacity of a type-Il superconductor.
padhyayet al 2005). However, some marked change in
relaxation takes place in thEregime below roughly g  Euture outlook
23 K (see figure 6). The relaxation rate decreases drasti-
cally and below 15 K the relaxation Mfis very small even While GMR using multilayer structure is already a matured
though the metastable FM state persists. Relaxation déaahnology, CMR materials in spite of their initial promise
below 23 K can be fitted well with Kohlrausch#ildms—  are yet to reach that stage. However, the recent identification
Watt stretched exponential functiog [ exp[-¢/7)"]) (see of the phase-coexistence as a crucial element to under-
figure 6), wherer is characteristic relaxation time afids  stand the CMR properties (Dagottb al 2002) has raised
a shape parameter betwedfi &nd @3. The characteristic the prospect of tuning their properties for technological
relaxation timeJ[, tends to diverge below 15 K (see insetipplications. The progress from basic research to techno-
of figure 6). This behaviour is typical of what has beetogical applications in magnetocaloric materials and magnetic
observed in many glass-formers in fhireegime of glass shape memory alloys is also taking place very rapidly. It
formation (Debenedetti and Stillinger 2001). The nonis clear that MCE is one of the most critical parameters

4. Kinetic arrest of a FOPT in magnetic systems and
a new type of magnetic glass
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Figure 6. Normalized magnetizatiorM) vs time ) plots for Ce(FgysRUons)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 timet (obtained from the fitting of KWW function) as a function of

T (Chattopadhyawgt al 2005).
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