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Chapter 1

Introduction

In this chapter we introduce the topic to the reader and give the motivation for the work
undertaken in the thesis. We provide a literature survey for the background.



1.1 Overview

The advancemeénin science and techlogy and better understanding ofnaterial
behavior haveenabled development of materials which apart from displaying usual
properties (mechaical, thermal, electricaletc.) also show additional functional
capabilities (sensing, actuation, electromagnetibietding etc). These are called
multifunctional materialsA specialized subgroup dhesematerials exhibiting sensy

and actuation capabilities akeown as active materials. They can be used fosisgn
purpose (e.g. thermaimechanical, magnetic, dgal input Y v o | toatgud or as
actuator (e.g. thermal, electricahagnetic, opticainput Y mechanical oytut). Some
examples of active materials include piezoelectric and electrostrictives (coupling of
mechanical with electric fields), piezomagnetiaad magnetostrictives (coupling of
mechanical with magnetic fields), and shape memory matécalgpling of thermal with
mechanical fields)ln these materialshe externalfield directly couples to the actuation
like in piezoceramics, piezoelectric polgms, magnetostrictive ceramics, shape memory
alloys and magnetic shape memory alloys. Faster responsariunenhanced actuation

stress ar¢éhe main advantag®f theseactive materials.

1.2 Shape memory effect

Shape Memory Alloys (SMAJs a class of shape mmory materials with the ability to
recover their shape reversibly when the temperature is increased. An increase in
temperature can result in shape recovery even under high applied loads therefore
resulting in high actuation energy densiti8MAO slevelopthe largest strains of the
actuator materials available tdhteandthus these materials have been inftrefront of
researchever since their discoverjl]. These materials have beadapted into wide
variety of industrial sectors such as aerospaagal auomotive, biomedicaletc.[2,3].

The irreversible martensitic transfortitam was first observed back in 1890s Agolf
Martens in FeC system. Theshape memory effect which occurs as the result of
thermally inducedeversible transformation of martensites first observedn 1949 in

Cuzn and CuAl alloy$2]. A first-order diffusionless structural phase transition from the

high temperature austenite phase to the low temperature martensite lpi@se as

2



martensitic transitiodMT) which occurs viahear lattice distortigrplays the keyole in

the shape memory effect

CI(M Pa)
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800 Martensite

600 \% ;

(o]
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H——xk —>
cooling A ‘% _
Austerite E Detwinned

Martenste

%A' ____________
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Figure 1.1 Stressstraintemperature data exhibiting the shape memory effect foypaal NiTi
SMA [3].

As the sample is cooled durinige forward transformation, austendgetheparent phase

with higher symmetrybegins to transform tower symmetridwinned matensite at the
martensitic start temperature {Mand completes transformation at the martensitic finish
temperature (M. During heating, the reverse transformation initiates at the austenitic
start temperature @ and completed at the austenitic finteimperature (A). Thecrystal

in martensitic phaskas lowersymmetry and is thus degenerathich resultsin a certain
number of structures which are energetically equivalent but with different
crystallographic orientatian theseare called varians. These martensitic variants can
exist either asa twinned martensite, which is formed by a combination of-self
accommodated martensitic variatdsminimize the elastienergy or asa detwinned or
reoriented martensite in which a specific variant is dontiri2@twinningcan be induced

by applyingstressthe minimum stress required for detwinning initiatiomesnedasthe
detwinning start stresfll) and at sufficiently highstress whichresultsin complete

detwinning of martensite isalled thedetwinning finish stresgls). The detwinning
3



results in macroscopic shape charigeheating the material will result iransformation

back to parent phas andshape recovereven while the load is still applied. The
schematic described above has been shown iRithuge 1.1 (figure has been taken form
Ref[3]).

The transformation to martensitic phase can also be induced by applying sufficient
external stress at a temperature aboyeTe external stresgesultin formation offully
detwinned martensitereated from austenite and complsteape recovery ishserved

upon unloading to austenit€éhis effect is known as superelasticity.

1.3 Ferromagnetic shape memory alloy

The discovery of thenagnetic shape memory alloys, often referred to as ferromagnetic
shape memory alloys (FSMAhas further increasedteres in these classf alloys as
their shape memoryproperties can be controlled by magnetic field apart from the
thermaland stresgontrol[4,5]. The shape memory effeotcurs due taletwinningof
martensitic variants by applied stressvhich is controlled thermallythus actuation
frequency islimited due to rate ofheat transfer In FSMA actuation is achieved
additionallyby magneticfield thusworking frequency is much high¢é].

There exist strong couplingetween mechanical and magnetic @mjes of FSMA,
which make them important in applicatioslike sensas and actuat® The most widely
investigated magnetic shape memory materials have bebdnii (whereZ = Al, Ga,

In, Sn and Sb)Severalothertypes of FSMA has beerstudied which includeCo-Ni-

Al [7], FePt[8], Co-Ni-Ga[9] and Ni-Fe-Ga[10]. These alloys other than NiMn-Z
(exceptfor Z= Al) systens exhibit lower functionalityascompared tdNi-Mn-Z system

but hare higher ductility and mechanical propertieslowever work presented here is
focused on NMnN-Z system. We will discusgarious properties of FSMA system based

on this system.

1.3.1Magnetic shape memory effect

In FSMA the twinvariants havepreferred directiom of magnetizatiorbelow the Curie

temperaturg¢4,5]. When a magnetic field is applied andtife magnetic anisotropic

energy is les thanthe energy required to mova twin boundary then magnetization
4



within each variant changes and no shape change is obsargbdwn in th&igurel.2.
However if the magnetic anisotropy is higiind the enegy requiredto move twin
boundaries is low enough, there will be a rotation of the structural domains in wagh a
that their easy a@s getaligned alonghe externally applied field. In this case, the rotation
of martensitic variants is promoted by th&atence in the Zeeman emgr between the
variants, and thusesuls in a significantmacroscopic shape change shown in the

Figurel.2 and shape can lvecovered oncthefield is removed11i 13].

T VA
S W T
- —_ ]
& _—
/ T,
—> —>
\
ARLRIRARYRY
&
€

Figure 1.2 Rearrangement of the martensite variants in the magnetic field (H) when magnetocrys
anisotropy isweak and when it is strondgravorably oriented variants grow at the expense
unfavorably oriented variants &dign the magnetization@ng applied H12].

Weak anisotropy

H

1
Strong anisotropy

The recovery of shape change upon removahagneticfield is not complete and is
reversibleonly for small strairj14,15] The occurrence ofletwinning under applied
magnetic field wasobserved using various experimental techegjl5,16] The
magnetic field induced recoverable strain as high as 10 % hasabbgeved in FSMA
which is two orders of magnitude larger than the magiietid-induced strains observed
in ordinary magnetostrictive materials, such as Terf@€ndl4]. As actuationin FSMA is
driven by the magnetifield-induced reorientation of martensitic variants, it has much
higher operating frequency compared to SMt they suffer from lovblocking stress
levelabove which magnetifield-induced strains are completely suppreg&&gl

5



In FSMA a strong coupling exsbeween the structure and magnetic momewtsch
modifies the relative stability of austenitic and martensitic mhabBkee application of
field stabilizes phses having higher magnetismThis lead to dependence of MT
temperature on the applied field and eleging on the whethéhe martensitic has higher
or lower magnetization thahe austenitic phaseitherthe forward oithe reverse MT is
promoted by application of fieldThis condition is expressed by ClausfDipeyron
equation.This leads to magnetguperelasticity in FSMA where large strain is achieved
by applying magnetic field that induces MT and on removal of field reverse transition
takes place with recovery of straiBimilarly reverse magnetic superelasticity is also
observed when field induceaistenitic tansformation, this is more commonly known as
metamagnetic shape mem¢iy]. The metamagnetic behavior is found in several Ni
Mn-Z alloys, while the NiMn-Ga system showsiagnetic superelasticifi{t9]. The Ni-

Mn-In [15] and NiMn-Sn[20] system generally shows metamagnetic shape memory.

1.3.2Structure of Ni-Mn based alloy

[110]

® e [100]
o) i &) E g
(110]
[ ]
O—O—@—>[170] By i
© 9 2
@ O|@ s ® @
oo’ > O fp 10
- 9
® Y N
.
R
.
D2
. - p

(i) R ()

Figure 1.3 (i) The L2 structure for NAIMnZ in austenitic phaseii) Austeniteand martensite structure
in case of NiMnGa. Grey: Ni, lack: Mn, B white: Z (a) The L2 structure showing the relationghi
with the tetragonal unit celhich is also shown in part (b). (c) The tetragonal unit cell viewed from
top and (d) the 5Mor 10M) and (e) 7M(or 14M) modulated structures obtaineg &hearing the
tetragonal cell[15].

The alloy system wevestigated belongs to famibf full Heusler alloyWe will referto
6



it asHeusler alloyfurther on.Thus we have given a brief overview of crystal structure of
the Heusler alloyIn stoichiometric composition Heusler alloys hdkie general formula
X2YZ, here X(Ni) and Y (Mn) are transitiormetal elements and @I, Ga, In, Sn and
Sb)is an sp group elementThe austenitic phase is in general higher symmetric phase
with L2; structurehaving space groug-m-3m This structure has four interpenetrating
face centered cubic (fcc) suattices. The sulattices with Wyckoff coordinates (0, 0)
and(1/2,1/2,1/2) are occupied by X atoms, while the datiiceswith coordinates (1/4,
1/4,1/4) and (3/43/4,3/4) are occupied bihe Y and Z ators) respectivly. The L2 cell
for NiMnZ is shown inFigure 1.3 (i). When the position(1/4, 1/4, 1/4) and (3/4,3/4,
3/4) are randomly occupied by Y and Z the systeduces to B2 type structure and when
X, Y and Zatomsoccipy all the coordinatesandomly then the system is redudedA2
type.

x (at%)

20 10 0 20 10 0
1200 (v 0 p o

Ni, Mn,, Sn I . I Ni-Mn-Ga

)(g”Nﬁn<0_‘Sb\

1000

200 L Cubic Cubic
<z PM PM
600 —
&~ :
A »I-l :
400 - I, ¢ :
-y ° H
M
200 - I, FM ’\g e
M :
oL R WL T,
7.5 8o | 8.0 8.5
2 3 40+7fold

Figure 1.4 The magnaistructuralphase diagram of NMni Z Heusler albys with Z as (a) Sn, (b) In
(c) Gaand (d) as SbThe trangles and the circles correspond to the magnetic and marte
transformation temperatures respectively. The regions corresponding to the different structu
separated by discontinuous lines. Small solid circles in (c) correspond to the premiauti@msition
temperaturgl5,24]

When temperature is reductdte system undergo@4T to lower symmetric martensitic
phase an@cquires a number oftructures. In generéhe Ni-Mn-Z system crystiéizes in
martensiticphase into tetragonal, orthorhombic and monoclinic or into their modulated
phass like modulated tetragonafc.[21i 23]. For lower concentration of Z it transforms

to the LY tetragonal structure, which also happens to be its ground state structure for its
7



parent compound Bin,. Modulatedstrudures aregfound at higher concentration of Z
and are commonly in 5M or 7hodulatiors. Martensitic structurén generalis formed

by thediffusionlesstetragonal distortion of initial cubic lattice as shown infngure1.3

(i @ and the tetragonal structure is shown separatelfygare 1.3 (ii b) (part of Figure

1.3 was taken fronfil5]). From the Xray it was further confirmed thdlhe martensitic
has monoclinic unit cell constructed of several layafratomic planealong a particular
direction. M refers to the modulatiorand the number refers to the periodicity of
shuffling. Example of 5M (or 10 M) and 7 M (or 14 Mareshownin theFigure 1.3 (ii

d) and (ii e), unit celis viewed form the top.

While the NiMn-Ga system undergoes MT in stoichiometric compositiba,systers
with Z = Al, In, Sn,and Sb undergo MT at efftoichiometric compositisdepending on
the Zatom In theFigure 1.4 (extractedfrom Ref.[15,24]) we see the evolution of
various martensitic structuiseand theredependence on the concentration and valence
electron concentration per atom e/a. The data for Z aSismnd In are for NioMnsgxZx
wheras in Gasystem it was taken for all possible compos#ioiVe see that in all the
samples alow e/g system is in 10 M structur@nd transforms to 14 Nb L1, at higher
concentration for Z = Ga, In and SnFor Ni-Mn-Sb system we observe that structure
changes tanixture of 40 four fold orthorhombic) and 7 fold orthorhombic at lower e/a
and becomes lglat higher e/a. 10M modulated phase has also been observed in certain
compositios of Sb based allgyinstead of 4Q25]. It is also seen that presence of
various Z elemestaffectsthe width of the variousnodulated structure Thus e/a ratio
and Z element both play important i@ deermining the structure of NVin-based

alloys.

1.3.3Magnetism in Ni-Mn based alloys

The magnem in the NiMn-Z system andcoupling of it to the martensitic
transformatiorplay a key role in properties dhese alloysin austenitic phase the system
is predeninantly in the ferromagneti¢FM) state. The magnetism in the systésn
believed to comdérom the Mn ators as in case of most of Mn based sys{é6j. The

moment of Mn is close tord hereand is localized. As seen in the sectioB.2the Mn

8



atornrs are not in direct contact, the interaction is indirect among the Mn meraedtis
sensitve to both distance and percentagfeX (Mn) and Z elemest The initial analysis

of the inelastic neutron scattering by Noda and Ishikawa and Tadiuah on the
NioMnSn, PdMnSn and CpMnAl showed that interaction was long ranged and
oscillatory in natee[27,28] The ferromagnetismarises due to the RudermKittel-
KasuyaYoshida (RKKY) exchange interactipmvhile the origin of antiferromagnetic
(AFM) interactions in Heusler alloys with excess Mnstill elusive[29i 31]. The study
with Monte Carlo simulation shows thtte antiferromagnetism isutcomeof RKKY
interactions between Mn atorf0]. Alternatively somefirst principles study propose
superexchange interactions arising due to hybridizebetween Ni 3d and Mn 3d bands
as the origin of antiferromagnetic interacti¢as,32]

In austenitic phase the interaction among theN#min regulr Mn site is ferromagnetic
and the interaction is weakly antiferromagnetic between thé/Mmatons in Mn site and

Mn in the Z site. The antiferromagnetic interaction is sensitive to distance and it is
enhanced at shorter distarj@8,34] The structural transformatiot® martensitic phase
shorters the lattice parameter in one dimension so that thevWrdistance becomes less,
(Cmar= Caud @ BYsthe AFM interaction among MNn atom in Mn site and Mn in the Z
site is enhanceddowever,in anotherdimension the MyMin distances increased (g=

a 2,@, thus preservinghe ferromagnetic charactérhe resultingmagnetic state of the
martensitic phse hascompeting FM-AFM interaction leading to observation of
properties like spin glass and exchange leifisct[24,35 38].

The magnetic staseof the autenitic and martensitic phase agown as the function of
e/a in Figure 1.4, where”Y and Y are the Curie temperatwef austenitic and
martensitic phase. ThEc (will mean”Y unlessotherwisementioned)for each Z shows
little variation, though it falls with increasing e/@he fall occurs because of increase in
probability of Mn occupyinghe Z site, where the Mn interacts antiferromagnetically.
Also with increase in e/a the Mvin distance decreases which strengthens the AFM
interaction[15]. One also observes thkt increases as the Z changes form In to Sn to Sb,

showing that FM is enhanced. The of martensitic phastalls much more rapidly with



increasing e/a (eept of Z = Ga), which shows that AFM strengthens as sample
composition moves closer to Nin, which is ARVl with Neel tempeature of 1200 K.

These systemishow a variety of features in thermomagnetization curve depending on
measurement protocol. The temperature dependent magnetization measie(ignt
carried out for NiMn1 3¢Sy 32Al .32 Sample is shown iRigure1.5. All Ni-Mn-Z sampls
show almost similar behavior eyt for the Ni-Mn-Ga systemThe magnetization falls
suddenly when sample undergoes MT around 240 TKis sudden changen
magnetization gives rise to mannteresting properties in the sample like large

magnetocaloric effect (MCE) and giant magnetoresistance (MR) at MT.
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Figure 1.5 Shows thermomagnetization curveneasured in zero field cooled (ZFC), field cooled (F
and field cooled heating (FH) protosah the dc magnetic field of 100 Oe.

1.3.4Role of magnetismand ordering on martensitic transformation

The NiMn-Z FSMA alloys in the austenitic phase exist in the E2uctue. At high
temperature the structureas B2 structure which pon cooling transforms to L2
structure. he transformation td_2; phase from B2 phase fsst order transformation.
The B2L2; transition takes place at different termgaeres for different Zatoms [39i 43].
Upon quenching form high temperature (above theLBptransition temperatujethe

B2 phase may coexist with Lphase as theooling does not take place at equilibrium.
The B2 phase as discussed earlier is disordered phase stiw@ure where the Mn and

Z sites are randomly occupied. Thus more of Mn asaucupythe Z sits which results

in more AFM interaction. The presenceRB2 phase thus reduces the overall magnetism

of the austenitic phase. The-Min-Al systemhas lowest B2.2; transition temperature
10



thus leading to formation of B2 predominantly, thus resulting in austenitic phase with
higher AFM interactionV . S §-Alardosetz al. performed systematic aging b
Mn-In and NiMn-Ga samplesstarting from temperature beloB2-L2; transition
temperature of system till high temperat{#4,45] They slowed that the MT
temperature andclare influenced by aging. While the MT temperature changed only for
the system in which one of the phases ferromagnetic, the system which transformed
from a paramagnetic phase to another paramagnetieghdsiot diplay such ashift.

The neutron diffraction study showed thaith increasing aging temperatutiee L2;
fractionin the sample increases. Aamples become more ordeil@gher percentage of
Mn atom occupies the Mn site, which in turn results in the ermect of
ferromagnetism of the sampl&he change in magnetism of the sample influences the
Gibbs free energy of the syster@epending on which phase has higher saturation
magnetization the transformation temperatsinewsnegative or positive shift. Ovdla

the structure with higher magnetization gets stabilized with increase in ordering.

1.3.5Influence of various substitution

FSMA displaysa wide variety of properties most of which occur in the vicinity of MT.
The transformation is very sensitive to change/a which can be as high as 270 K per
0.1 e/a for Sb system (0.1 e/a correspand? at. % of Sb)15] andis also sensitive to
the composition. Apart from these the magnetizatiminboth austenitic and martensiti
phass are sensitive toboth e/aand composition. Thus an alloy with better functional
capabilities mayhave an operating temperature eithev tow or too high tha room
temperatur@t which most of the devices work

The transformation temperature camdhanged by changing compositiwhich leads to
change in e/a ratio of the sampésulting in above effecUsually with increase in e/a
ratio the transformation temperature also red{it®&s Also the substitutiomf different
elemens can bring about the change in the lattice paramefahe system which effects
the magnetism thus effecting the stability of ph44és15] The substitution ga also
create chemical hydrostatic pressureich can also bring change in the transformation

temperaturg¢35]. Various substitutioshavebeen tried withthe aim of both enhancing
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the functional capabilities and to bring the transformation temperature close to room
temperature. These substitutions also help in understanding the origin of magnetism and
MT in these samples.

In the NiMn-Z system (where Z = Al, Ga, In, Sn and Sb) the Z element has been
replaced with element like Ge, B, &nd partially with other Z eleemts[46i 51]. In
general the substitution of Z with element having small radii resnltscrease in
transformation temperature even if e/a ratio of theesydall, because in most ohss

the chemical pressure effect dominaisron was introduced in NVIn-Sn system which
occupied interstitial site and deto increase in MT, though ils® introduceda foreign

Mn,B phasein the system at higit concentration thus reducing magnetocaloric
effect[46].

There are also studies where Ni and Mavebeen replaced by ferromagnetic elements
like Co and Fe ahwith elements like Cr and Ciihe addition ofstrongferromagnetic

(Co and Fe) element in the NIn-Z system breaks therystallographic symmetrin

t hese Ssystems thereby acting as t he Af er
antiferromagnetically ex@ngecoupled Mn moments between the Mn in regular site and

in Z site into the ferromagnetically exchangeupled onef52]. The addion of Co

doped samples show large change in magnetization at the MT even at room
temperaturg¢l8,53] These samples also shows nearlyfgetrmagnetic field induced
shape memory effect and the work output stress in these systems is at least one order of
magnitude higher than the conventionalNih-Ga[18,53 55]. The additim of Co results

in the metamagnetic shape memory effect iiMirCo-Z (where Z is Al, Ga, In, Sn, and

Sb) system[52,55 58]. The replacement of th€r with Mn in NFMn-Sb resulted in
enhancement of the MF interaction and suppression AFM interaction though the

replacement also leads to drop in values of [898.

1.4 Motivation of the work
The Ni-Mn-Z (where Z = Sn, Sb and Irgystemof alloys though shows a lot of

interestingproperties as idcussed earlierits main draw backwards brittleness The
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system with Al was proposed as an alternative as the system is more effective for

mechanical devices. But Al based system hag sloming of its owr{60].
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Figure 1.6 (Left) The phase diagram for MinSn system showing the B2, transition temperature
(here Hphase is the B2 phag@P]. (Right) The B2L2; transfomation determined by the DS(
measurements for the MMn-In alloys conpared with those for the BMn-Al and NpMn-Ga
alloys[40].

The NiMn-Al systemhas a B2 to L2ordering temperature in the range of 600 K to 800
K [61]. Thus when NMnAI system is quenched form high temperature they tend to
remain in B2 phaseAs said, he main problem with the presence of B2 phaséhat it
brings more of AFM in the system thus upon structural transformation the change in
magnetism is not much.arge values oproperties likemagnetocaloric effectnagnete
resistance, magnetic field indutstainare usually obtained in the vicinity of structural
transformation temperature, where they are driven by large difference in the Zeeman
energy of austenitic and martensitic phigd. As the change in magnetism is not large
the valus of these functional propees aremuch smallein Ni-Mn-Al system compared
to otherNi-Mn-Z (where Z = Sn, Sb and 1{§3,64] It was argued that if more of ordered
L2, phase could be stabilized in the-Mn-Al system then there functional capabilities
could be enhancd@4]. Careful and long heat treatments are requiredvaed thanB2
to L2; ordering temperatuyetemperature to stabilize larger fraction ofilfzhase as
kinetic of system is very low64,65].
Thepresence of Z elemesincrease the B22; transition temperature andetlsystem with
Z as Sn, In and Ga display much higB&-L2; transition temperatusscompared to Ni
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Mn-Al system[40,61,66]as shown irthe Figure 1.6 (figures were taken frorRef. [39]
and [40] ). We see frontigure 1.6 that replacement @lement like Sn and Iwith Al can
possiblykeepthe B2L2; transition temperature of the systéigh. Thus obtaining the L2
phase will become easieven at higher Al contenwhich in turn maylead to better

functional capabilities.
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The NiMn-Z (for Z as Sn, Sb and In) systeshows martensiti¢ransfornation in the

narrow range of compositiprin which at least one of the phadeas a long range
interaction present. THeigure1.7 which is modification of figure taken form the RE7]

shows the shaded region of composition in which at least one phase has long range
magnetic interactianVe see that 8 and Sksystems display lowest change in martensitic
transformation temperature withhange irnZ concentratiorand the region in which sample
underwent martensitic transformation to magnetic austenitic or martensitic phase is much
broader compared to ti,MnIn system. Based dfigurel.7 we selected the composition

of NioMn1.34Z064(Z is Sn, Sb and In) for the substitution with Al in place of Z as shown
14



with bold line. As mentioned earlier the substitution aéreent with having smaller radii
increases the transformation tearmgture even when the e/a ratiecrease With the
replacement of Al in the Z position we expedittthetransformation will move to higher
temperatureand thus we selected the system wdtl 0.64as it has lowest martensitic
transformation temperature with both austenitic and martensitic phase being magnetic.
We have prepared three different series of alloys where we substituted Al in the Z
position inNi>Mn; 34xZx Where Z being Sn,I5and In and x was varied from 0.24 to 0.40

in the step of 0.04The samples were characterized using the experimental techniques
discussed in th&€hapter 2 Thdr detailed characterization and magnetic properties are
discussedin details in the Chapter 3 The functional properties of system like
magnetocaloric effe@nd the exchange bias effect wdigcussed in details in tli&hapter

4. The presence of mixed FM/AFM ar&action in the martensitic phase of these system
leads to frustration and freezing at low temperature. We have studied the dynamics of these
frozen states using ac and dc magnetic measurement techaigiehe effect various
substitution has on the dymé&s of the system was studied in @leapter 5The NiMn-Al

system showed better functional capabilities when low temperature heat treatment was
performed to enhance the jLfaction in the sampléAs our systermhad large peentage

of Al we have performed similar heat treatment study on the selected sgstbath low

and high temperatuse The effect of heat treatment on the magnetism of the system,
magnetocaloric effect and freezing at low temperature was studied amgarted in the
Chapter 6 Finally we have compared two of tkelectedsystem with the composition
NioMn1 36Shy.40Al0.24and NpMny 36Sky 40Al0.24 @S they had identical lattice paramstand
concentratios of magnetic Mn atos) and thus tried to look into the origin of magnetism

in these systems @hapter 7

15



Chapter 2

Experimental Techniques

In this chapter we shall explore in details the typé instrumerd usel for preparing
sampls and their chamacterizatiors. We shall also explain various experimental
techniques developed to characterize the samples and also study their properties. To
measureac susceptibility and study the relaxation phenomenon in the FSMA weasetup
susceptometeA four proberesistivity setup was made to study the transport properties.
Apart from these,a cryostat was made which facilitated the measureseuit
susceptibility and resistivitfrom 80 K to 400 K. All the above setwasautomated to
perform measurement with tihelp of GPIB interface usingab-VIEW 10™. We shall
also describe various other existing experimentathniques used to perform
measuremest like differential scanning calorimeter, -Ray diffraction, Energy
dispersive Xray analysis, SQUID and magnetoigance
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2.1 Preparation

The samples were prepared in ingot form by melting the high purity constituent edement
in Tri-Arc Furnacaunderargon atmosphere. The furnace is of Centorr/Vacuum Industries
Model 5TA (shown inFigure2.1). The furnace is capable of reaching 30@0and more

for melting of metallic alloys with the three arcs working together with the passage of
total maximum current up to 400 Ahe furnace consists of mainly two parts: (i) a hearth
with a aup of one electrical polarity and (ii) electrodes with opposite polarity. Elements to
be melted are placed in a cspaped copper hearémd the electrodes are used to strike

the arc for melting the material

Electrode

Figure 2.1 Tri-Arc Furnaceused in sample preparation (left) and arc in the furnace during sa
preparation (right)

The hearthwith materials for meltingvas theninserted into trapped bottom of furnace
and clamped into position. The bottom and top of the furmae water cooled. These
two partswere separated bg pyrex glass tubdor viewing purpose The bottom part
cooled the hearth and top part cedithe thee copper stinger rods which carry equally
placedtungsten electrodes. Each rod wasuntedinto a swivel ball which allowed
angular as well asertical movement. The furnace wimen purged by a vacuum pump
from Vacuum Techniquektd.™, followed by backfling with inert gas argon. These
processe®f purging and backfilling were repeated sevénalesto make sure that no
other gasvaspresent in chamber. The argon @lasving was thercontinuel throughout
the melting processll sample and chamber ceaoldown to room temperature to prevent

oxidation. Sample waselted by striking the aron the sample with the tungsten tip of
17



the rod. The currenwasinitially kept at zero andvasgradually increased. After sample
hadmelted the stingenweremoved aroud and above the sample to obtain a uniform and
homogeneous melt. Then curremas then gradually lowered and then twahoff. The
sample was turned over after cooling and remelted severa ttmesure homogeneity.
Throughoutthe processthe current irthe furnacevasnever exceeded total of 120 A.

Thesample materidghtad a maximum weight &5 g.

2.2 Annealing

The aspreparedngots of the samp$ewere cleaned to remove the layer of oxide from
surface Then thesamples wereltrasonicated in alcohol dator cleaning The samples
were then sealed in evacuated quartz uBeior to sealing the tube was purged with
vacuum pump anflushedwith argon gas several times gt sample didhot oxidize
during annealingThe samples were then annealed at variemperaturesThe initial
annealing performed in mosamples was between1073 K and 1273 K and then
guenched in ice water. The main objective of annealing wasfold 1) the
homogenization of the sampgl&) formation of high temperatusinglephasg68,69] In
order to arrest the high temperature phase the samplepidl quenched as mentioned
above. The quencheshmple waghen cut with a low speed diamond sasoMet™,
Buehler, USA) into various shapes and sizes according to the need of the experiments. In
few experimerd the samples were annealed for second time to study the effect of heat
treatmemh and ordering on the low temperature freeang other functional propes of

the alloy. To do so the small piescaf sample were again sealed in quartz tube following

the above mentioned procedure and then quenched or cooled as per experimental needs.

2.3 Characterization
The samples were characteed using various methodSompositions of the samples were
determined using energy dispersiveay (EDAX) analysis. @ystal structurgof the alloys
were determined with Xray diffraction (XRD) performed on the poweersamples. To
measure thérst order structural transformatiaf the samplese did differential scanning
calorimetric (DSC) measurementn this section we shall describe these characterization
technique in brief along with the other experimental technidaesloped andsed.
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2.3.1X-Ray Diffraction

—e ® ® ® o

Figure 2.2 X-raydiffraction from lattice planes with spacing d. The diffraction maximappears at ar
angleq whenever the path differene sing n/ .

X-Ray Diffraction (XRD), first observed in 1912 ira crystal, isthe first step in
determiningthe phase of the alloy. The interaction cfa§ of suitable wavelength with
the crystal, results in elastic and inelastic scattering of rddiation. The periodic
arrangement foatoms in crystal leads to definitghase relation between radiations
scatterecklasticallyfrom the atomJeading to constructivand destructiventerferencs,
giving rise todiffraction pattern.Although each atom acts asscattering center, the
patten can beexplained by assuming thaplare of atom acts as scatterisgurce. If the
plares are separated kaydistance d, then theonstructive interference takes place only
when the angle ahcidence ) of the incident radiation of wavelengthis sich that it
satifies the relation 2d Sir=n |, where n is integral (the process is shown inRigere
2.2). This iscalledBragg EBw. Thedistance between plasiand the lattice parameter of
a crystalcan be btained by using Bragg's law on the diffraction patttained from a

diffractometer.

Figure 2.3 Crystal structurs of Heusler alloy(a) orderedL2;structuresand atomically disordered
structuresif) B2 and (¥ A2 are also shown
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The X-Ray diffraction measurements were dohere with a RIGAKU MiniFlex"
diffractometer. The XRay tube with Cu targgiroducingCu K, (I =0.154 nm) was used
to chaacterize the sample3he prepared sam@everecrushed in mortar and pestle to
form powder. The powder was kept in sample holder and YRiernwasobtained with
scan rate of Imin and step size 00.02. The obtained data weranalyzed using
Fullprof software. Profile fitting was performed on each XR@tternand then the
Rietveld refinement was doifié0,71].

As discussed earlier in the secti@r8.2 in fully ordered arrangement Heusler alloy
(X2YZ) crystallize in thefcc L2; structurein austenitic phasas shown irFigure2.3 (a).
This structure has four interpenetratifegge catered cbic (fcc) sublattices A (X), B
(2), C (X) and D (Y) atom a0, 0, 0), (3/4, 3/4, 3/4), (1/2,1/2,1/2) and(1/4,1/4,1/4)
respectively When the positios(1/4, 1/4,1/4) and (3/4,3/4, 3/4) are randomly occupied
by Y and Z therthe systemreduces t@ bccB2 type structuréFigure2.3 (b)) and when
all the ators (X, Y and Z) occupy all the coordinatesandomly then the system is
reducedto simple cubicA2 type as shown inFigure 2.3 (c). For L2 structure the
structure amplituce(F)aregiven as

() h,k, lallodd, FL11] =4(fg T fp)

(i) h, k, lalleven and (h + k + 1)/2=2n + 1, ED O] = 4 (2fa -(fg + fp))

(i)  h,k,lallevenand (h+k+B=2n,FR20] =4 (2fr + fg + fp)

Reflections with (h + k + 1) = 4n are the prindipeflections, which remainnaffected by
the ordering the syste[ii2]. The structure factor amplitude for the case where h, k, | are
all odd and (h + k + 1) = 4n + 2, known as sdpttice reflection, is sensitive to ordering
and site disorder affects the intensities of these. For a total disorder in site B and D, L2
structure will reduce to B2 structure (degure2.3 (b)) and superlattie reflectionwhere

h, k, lare all odd (e.g., [1 1 L hre absent altogether. Furthermore, ebhemsuperlattice
diffraction lines (h + k + 1) = 4n + Re.g., R 0 0]) vanish when there isYZ disordering
(A2 structure) Thus by looking at the diffracin pattern and indexing the peadcoperly

one can gednidea about the ordering in these systén3s.
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2.3.2Energy dispersive xray analysis

1.00 2.00 3.00 4.00 500 6.00 7.00 8.00 9.00 keVv

Figure 2.4 EDAX measurementerformed on &i-Mn-Sb-Al sample.

A Scanning electron microscog&EM) is widely usedin imaging and composition
analysis technigueain material sciencdt works by usinga beam of electronemanating
from an electran gun in vacuumand is accelerated by a high potential difference and
collimated. The beam is focused onto samplgh the help of electrostatidield.
Sufficiently high energy electraninteractwith aninnermost K level electron of matom

in themateral, ejecing it form the shell andreating a vacancyAnother éectron in higher
energy level fills this vacancy thereby emitting electromagnetic radiation equal to
difference of the two energy legewhich is mostly in region of Xay[74]. For imagng
purposesecondaryand lackscattered electrons are coomy used Each element ens its
own characteristic Xay, thus by measuring the number ofa photons and the energy
of X-ray by using energydispersive X-ray (EDAX) detector placed inside theEB
chamberone can determineomposition of sampl@ondestructively A typical EDAX
curve for arNi-Mn-Sb-Al sample is shown in thEigure2.4.

2.3.3Differential Scanning calorimetry (DSC)

The martensitictransformatia is a first order structural transformation and hetnse
FSMA system while undergoing reversible transformation reteasd absorbs latent
heat. The heat of transformatjotransformationtemperaturesand the specific heat
capacity of different phase$ a materialare commonly determined usisC[75]. It is

widely usedo study theransformation oFSMAs. There are basically twoategoies of
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DSC one is calledhe power compensation DSC and other called the heat flux &SC
shown in theFigure2.5 [76].

Temperature
S R Sensors
" R
e AT _‘_m_'_

Single heat source Individual heaters
Figure 2.5 (left) Heat flux DSC; (right poweil compensatioSC.

In our measuremesitve have used commercially available Thermal AnalysisZD00"
instrument forDSC measurement, which waslon the principle of heat flux DSCThe

heat flux DSC useasingle furnace connected by a low resistance heat flow path to both
the sample and reference. The temperature difference is measured, which is related to the
change in heat capacity of the samg@kative to the reference. The value of enthalpy is
calculated from the calibration curw&/e haveused finned Air Cooling Systeno allow

us to operate from ambient moore than 1000 Kusing flowing high purity nitrogen gas

as the coolantThe DSC measement was done down 0 K, usingliquid nitrogen

cooling systemattachment, with flowing helium gas as the cooldie instrument had
temperature accuracyf + 0.1K, calorimetric precision (indium metabf £ 0.05 %,
dynamic measurementrange >+ 500/randas ensi ti vity of 0.2 & W.
We have also used tpeirpose builDSC byJ. Marcoset al.[77] to measure the entrgp
change in our sample undapplication of large magtie field. This devicewas an
upgraded version of that described in Ré7], which enables operation at tperature

range 80450K. Figure 2.6 shows (a) side and (b) top cross sections of the calorimeter.
The differentially connected sensavsre batteries of thermocouples (Ferrotec TE 9502/
031/012 M). Oe of the faces of the sensors wagsontact with the calorimetric copper

block, and sample and inert referensere directly placed in contact with the opposite
faces, tightly kept in place by Teflon tape. The temperature of the calorimedsr
monitored by a P100 resistor embeddedtinthe block. The calorimeter wasaced on

top of a closed aluminum container through which a cryogenic fluid circulBtestluid
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temperature and flow we controlled by a LaudBroline™ thermal bath. The ensemble
of the calorimeter and container walaced into a Dewar flask which weated inb the
bore (100mm diameter) of a 6T Cryogéree Magnet from Cryamic Ltd. Height and
centering wee adjusted so that the sample stays in the region whefielthproduced by
the magnet wa<alibrated ad constant. The calorimeter hden calibrated usg
standard procedures amehtureda good sensitivity. Ihad also been checked that the

sensitivity does not depend on maga field for fields up to 6T.

(b)

W}

R

(a) ‘ (c)
Figure 2.6 () Side andb) top view cross sections of the calorimet@).Copper spool(2) sensors(3)
sample,(4) reference,5) carbonglas resistor,and (6) cover. The magnetic field, B, is along tt
symmetry axis of thealorimeterj(c) detail showing the heat flow Q for an exothermal transitraf.

2.3.4AC susceptibility setupand measurement

Magretic susceptibility measurementaspowerfu) nondestructiveand establishetbol

for the study of magnetic state of a materialhe susceptibility measurement can be
performed by eithedc magnetometdicy) or an ac susceptometéc,c), both technique
give slightly different information about the magdiwe character ofthe sample The
measurement ofy. requires a dc biasing field'he c;c measurementan be performed
under very small oscillating magnetic fieMdith or without an external dc biasing field

In the ac measurement, the moment of thepdarmhanges in response to an applied ac
field, allowingdynamics of the magnetic system to be studilkid providea wide variety

of informaion about its magnetic properties likbe phase transition and relaxation
phenomea. The ability to measurigher harmonics as a function of both temperature

and frequency help in distinguishing various ldraf interaction taking place ithe
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system. This technique becomes especially more usefsstem where dynamics are

slower like in spin glassr superparangnet

2.3.4.1Theory

The magnetic susceptibilityg, of an isotropic substance is definedths intensity of
magnetization acquired by an infinitely thin bar placed lengthwise in aromiield of
unit magnetic forceThin bar ensur®no demagnetizing force isresent. For a sample
placed in the uniform magnetic field H with magnetic moment per unit voMmihe
magnetic susceptibility is defined as
u (-1
Usually cis measured using above relatiory, &pplying static magnetic fielti and
measuring corresponding magnetizatMnn the sampl¢78,79] However this method
fails when M is not directly proptional H, the susceptibility is then measured usatg
susceptibilitytechniqie. In order to measure ac susceptibjlithe sample is generally
driven with an applied ac magnetic field,c. The magnetic moment of the sample
follows the applied field cycle. As a resudt,is due to the changinghoment of the
sample as it responds tioe ac field and not to the moment itself as in dc techniGioe.
¢ in this case is gien as
0.
TTTh (2-2)
Thus, thecy is actually the slopedM/dH) of the magnetization curveM(versusH
curve) in the limit of small ac fields, and this wehy sometimes referred to as a
differential susceptibility.
Consider a sample placed in the magnetic filld= Hgc +Hac having the static
componentHq. and ac componerti,;c characterized by thfrequency = and the
amplitudeH, given by
( ( AT X0h (2-3)
In general using equatiolf2-2) the acsusceptibility of a material with magnetizatidv)(

can be expanded power series of oscillating magnetic field)(as
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b o BO Jhedr o Q¥i @y o (2-4)
The real and imaginary component of susceptibiifyand .’ are determined directly

from M(t) through the relationship

O 6 OEd] @1 o
(2-5)
o ui"o b oAT O &® o

Here n=1 denotes the fundamentlsceptibility while n=23,4¢é et c are the

order harmonics associated withonlinear terms ine. .. and ..].'Trepresent the

fundamental real and imaginary compomseassociated with the dispersive magnetic

response and adsorptive dissipatassociated within the sample respectiyés;79].

For simplicity, we usé ¢’ and 'cinstead of " and..™ in the later parts of the thesis.

2.3.4.2Set up

To lock-in-amplifier ———=—

Primary coil

Secondary coils

Sample

Figure 2.7 The schematicof ac susceptibilityprimary and secondary coilfleft) and the ac
susceptibilitysystem used in measuremenglft side).

A typical acsusceptometer for measuring the magnetic susceptibsinally worksby

using the mutual inductance principi®]. The sample is excited lanac field produced

by the primary coil, which produces magnetization. This is detected using a system of
secomary coik which usually consists of two coils, inductively coupled to primary as
shown in theFigure 2.7. The detection coils arconnected in differential mode and

balanced so that the signahsnimumwhen no sample is present.
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Temperature controller
LakeShore 340

Lock-in-amplifier

. '\ PerkinElmer 7265

Lock-in-amplifier
SR 830

Power Amplifier
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Figure 2.8 Schematic of the experimental setup used for ac susceptibility measurement.

Two coils were made to measure the susceptibility effectively at low and high frequency.
Coils were made om Borosil™ tubeasit does not interfere ith measuremestbeing
nontconducting andrery weaklydiamagneticThe coil used in measurement is shown in
the Figure 2.7. The secondary coilsyhich act as detection csjlwere wound first in
opposition with egal number of turns in identical manner. These two coils were
connected in series in differential mode and output across it was dechtssformer type
preamplifier Sandford Research SE54™. The output form preamplifier was
connected in parallel togfkin Elmer DSF7265 ™ andSR-830™ lock-in-amplifiers. The
primary coil was wandabove the secondary unifolyrin sucha waythat both detection
coils were at its centePrimary coil was drien by & source consisting oft&nford
Research Syster®S-360™ Ultra Low Distortion Function Generator followed by a
power amplifier.The schemigc of the setup is given in thieigure 2.8. The details of
number of turns foprimary and secondary coil for both low and highgtrency

susceptibility measurement are givarmable2-1.

Table 2-1 coil specification

Caoll Primary turn s Secondary turns
Low frequency system 1235 1000
High frequency system 1000 400
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Heater Pt-100 Quartz rod ‘

Figure 2.9 Cryostat set p.flor ac susceptibility measurement in temerature rang& oo The

enlarged region showsedhmagnified view of the sample area heater and thermometer.
A cryostat was also made perform measuremenwithin temperatureof 80 K to 400
K. The design and picture of the cryostat is giverFigure 2.9. Sample wakept on
sample holder made gfuartz (t is also very weaklyiamagnetic and ia good thermal
conductor).A calibrated ®100 thermometer was placed on sample holder such that
sample could be placed in contact wtthThe quartz holder weattached t@ Borosil rod
at one end to prade thermalisolation. To heat thesampleassembly deater wire was
woundat the other end of the sample holdeantiparallel arrangement tforevent any
magnetic field from generating rubber cork was attached on tBerosil rod as shown
in the Figure 2.9, wires were taken out taonnectthe thermometer and heater veireith
LakeShore 340" temperature controllép measure and control the temperatiiee rod
assembly was then inserted inBarosil tube which had a pumping valve to create
vacuum usinga rotatory vacuum pump.The real and imaginary past of liner
susceptibilitywere measured bthe DSP 7265 lock-in-amplifier and higher harmonics
were mostly measured usiagR-830lock-in-amplifier.
The entiresetup was connected to computer using GRl automated usingvisual
programming language from National InstrumeritabVIEW™ 2010. Program was
desigred to make compensation for the -G#t voltage in the secondary coil using DSP

7265lock-in-amplifier. The daa weretaken at a interval of two secorglandgenerally
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at a ramping rate of 1.5 K/minute. The snapshot of the block diagndnthe front panel
of the progranareshown inFigure2.10.
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Figure 2.10 Top is the front panel of the program use to measure ac susceptlblllty and bottom
block diagram of the same.

2.3.4.3Calibration of the ac susceptibility setup

The coil set up was calibrated before performing measuremerdrder to checkor the
frequency response of the gothe amplitude ofvoltage acrossecondary coil was
measured by varying frequen®f current in primary db. The measurements were
performedat room temperature arat working temperaturef coil i.e. 77 K and are
summarized in théigure 2.11 (a). Measuremerston this coilwere performed mostly
below 5 KHz androm thegraph it is clear thahe response of the cailas linear in that

region at both room temperature and at liquid nitrogen temperaturecof was well
suited tofor the measurement below 5 KHz.

28



2 C
-~ @) (b)
= =
3 Es
21 ho]
o Q
e i
< 0— 300K 4t —O0— 1 A current
—0— 77K
0 1x1¢ 2x1F O 2 4 6 8 10
f (Hz) Depth (cm)

Figure 2.11 (a) Frequency response afoltage measured across tkecondary coil of taroom
temperature and at liquiditrogen temperature. (Wlagnetic field inside the coil as the function «
depth of the coil when the current of 1 A was passed thrdétafroom temperature

The magnetic field inside the coilas measured asfunction of depth of the coil (kept in
vertical position).A current of 1A dc was passed through the primasgil and the
resultant magnetic field was measured veitdall probeas shown in th&igure2.11 (b).
The manetic field initially increasg with increase in theepth and then attaingdiateau
value at depth of 3 cm and thesllfagain afte 7 cm. The secondary coils lietimostin
the region otheflat plateauvensuringthat magnetic field wasgniform in thatregion. The
cryostat was positiedin a manner such that the sample aredWwehin the lower coil

of the secondargystem This arangement ensuretb field gradient was present at the

sample

1.5 ——22Hz
34 o 300K Iy
. . ——55Hz
liner fit — eoHz
. 1.0 —— 77 Hz
= N —— 88 Hz
é [3) —— 111 Hz
—— 211 Hz
T L7 0.5 ——311Hz
— 511 Hz

—— 611 Hz b

(@) —— 1000 Hz (b)

0.0
0.00 0.25 0.50 100 200 300
| (Amp) T (K)

Figure 2.12 (a) Maximum magnetic field inside the coil as the current was varied in the prooaryf
ac susceptibility coil(b) Imaginary part¢”) of ac susceptibility measured a standard FM sampé
various frequeries

To further determine the value of the field at which meament was performedve
measured the maximum field inside ta@l by varyingcurrent through the primary coil

up to 0.5 Adc as shown in thé&igure2.12 (a). The field in the coil increaselthearly
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with the incrase in the currenfThe liner fitting was performed on the data and the field
at which most of our measurement was performed was foundatimiost40 Oe.

A standard=M Fe-Ni-Cr sample was placed in the sample holderrapdsuremenwas
performed orstating from 11 Hz till 2000 Hz, imaginary part’) of ac susceptibility
measurementfor few frequenciess shown in therigure 2.12 (b). Similar curves were
obtained for the real part of ac susceptibility. The iis¢he c’ as the temperature is
lowered is due to paramagnetic to ferromagnetic transifiba.Tc at all frequencies was

found to agree with thealibratedvalues.

2.3.5DC magnetization measurement

Thestudy of magnetic properties of materiakdps in thestudy ofelectronic behavior in
condensed matteA wide range of materials likalloys of transition metajshe electrons
showa highly correlatedbehaviorwhich resuls in magnetism, superconductivity, métal
insulator transitionsheavyfermiors etc. These different types déehavior aremainly
outcome of the differenstrengtls of Coulomb and exchange interactioasnong
electrons.The study of these interactiomequires magnetic measurementvatious
temperatures andifferentmagnetic fields.

We have useda commercialvibrating sample magnetometer (VSMand a Quantum
DesignMagnetic Property Measurement System (MPMS)}KY magnetometer. Their

working principlesaredescribed below.

2.3.5.1Vibr ating Sample Magnetometer (VSM)

Vibrating Sample MagnetometV/SM) systems are used to measure the magnetic
properties of materials as a function of magnetic field, temperature and time

A magnetic momenin is induced in the sample when it is placed un#&§orm magnetic
field H. In a VSM, a sample is placed withsaitably placed sensing coisder constant
magnetic field(generated byan electromagnef)andthe sample igjiven a sinusoidal
mechanicabscillation witha fixed frequency. Altanging magnetic field will produce an
electric field given by Fadayd &w of induction,thus inducinga voltage in the sensing
coils that is proportional to the magnetic moment of the sariple.schematic of the

VSM and detailed configuration near the pigk coil is given inFigure2.13[80,81] To
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eliminate errors due to variation in amplitude and frequency of vibration, a nulling
technique issmployed which usea vibrating capacitoto generating a reference signal
that varies withmoment, vibration amplitude and frequency in the same manner as the

signal from the pickup coils.

Sample Holder

Sample

Electromagnet

Figure 2.13 Schematic of vibrating sample magnetometer (V$30).

The magnetic measurement of the samples was performed in a LakeCgyatrenics
make 7400 Serié¥ VSM. The maximum magnetic field generaiadt was 156 T.The
field produced hadhomogeneityof +0.1% overa 5 cm diameter circle The low
temperaturemeasurementvas performed usindlodel 74018 variable temperature
cryostat which allowsmeasurements from 80to 400 K. For the measuremest high
tempeature Model 74034 high temperature overas used. It couldo form 300 K to
1273 K. Noise level of 1.25memu (RMSvalue) in moment measurement coudd

achieved.

2.3.5.2Superconducting Quantum Interference Device (SQUID)

Magnetometer

SQUID magnetometers are thmst sensitive magnetometers ever made. Its sensitivity is

~ 10T, which is at least two orders of magnitude higher than that of a conventional
VSM. This extreme sensitivity comes from its ability to measure a single quantum of
magnetic flux, called fk oi d and i s gi ven Bythatas passing/ 2 e
through a superconducting ring. It works by measuring the changes across a Josephson
junction (Jj) in terms of frequency (rf SQUID) or voltage (dc SQUID). Jj is basically a

pair of superconductsrseparated by a thin layer of insulator. The Cooper pairs are able
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to tunnel through this barrier and maintain phase coherence in overall superconducting
wave function. In dc Jj effect, a current proportional to the phase difference of the wave

functionson both sides flow into the junction, even in the absen@xinally applied

vol tage. Il n ac Jj, the junction can oscil|
when a voltage 1¢V is applied across the |
Signal
Sample B

++

g Sample Position

Magnetic Field ;
>

Detection Coils
SQUID

Figure 2.14 A sketch of the SQUID, showing the detection coil and the superconducting quantum

interface device.
A schematic is shown ifFigure 2.14 for the constructio of a magnetomet¢82]. A
measurement is performed by moving a sample through the superconducting detection
coils which are located outside the sample chamber, and at the center of the magnet. The
magnetic moment of the sample induces an electrieguin the detection coils, the
variations in the current in the detection coils produce corresponding variations in the
SQUID output voltage which are proportional to the magnetic moment of the sample.
Thus a properly calibrated system provides a higidgurate measurement of the

sample's magnetic moment.

The detection coil is configured as a seconder gradiometer, it provides a high level of
noise immunity compared to the fistder gradiometers. The upper coil is a single turn
wound clockwise, tb center coil comprises of two turns wound couoteckwise, and

the bottom coil is a single turn wound clockwise. In ideal condition the flux change in the
two-turn center coil will be exactly cancelled by the flux change in the stoghetop

and botton coils. The magnetic moment of a sample is measured by moving the sample

through the two turns of countelockwise portion of detection coil83].
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2.3.6Resistivity setup and measurement

Resistivity measurement can be used to ascertain a pfaassition like martensitic
transition which is accompanied with a large changel@ctron scattering and hence
show aarge change in resistivityhe alloys usually haview resistancéhus the voltage

drop across the sample becomes less when low current is passes theosgimple.

Thus low resistance measurement are subjected to additional error sources, including lead
resistance, neohmic contacts and thermoelectric eff@t]. The problem of
thermoelectric effect can be avoided using the ac resistance measurement te¢heique.
ac resistance measuremiealong with phase sensitive detection technicpfelock-in
amplifier, offers advantage o¥ery high signal to noise ratioaking measurement more
reliable To overcome problems due to lead and contact resistances, this four probe

arrangement is univealy usedas shown in th&igure2.15[84].

O

Oscillator

Lock-in-amplifier
SR 830

Lock-in-amplifier
PerkinElmer 7265

Standard resistance

Sample

Figure 2.15 Schematic showinthe technique used to measure the resistivity of the samples

The expemental setup is shown figure2.15. The currenfrom ac sourcgin this case

the oscillator of lockin-amplifier, with a constant resistande serieswasforced through

outer set of leasl The voltagedrop across the sample wdeen measured through the
second sebf innerleadscalled sense leadusing a lock-in-amplifier in phase locked
mode The current Ibwing through the sense leads wasgligible consequently the
resistance is determined more accuratdlyis also called theKelvin method. The
resistance of sample wags/en bythe ratio of voltge drop acrosthe sense leaglito the

current passing through the series resistance. To avoid any error due to drift at any

momentthe current though series resistancelitainedsimultaneouslypy measuring the
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voltage drop across the series resistarsteganother lockock-in-amplifier. In order to
minimize the effect due to neshmic contact, the contacts were prepared just before the
measurement.

The entire setip was connected to computer using GRH automated usingsual
programming languagedm National InstrumentsabVIEW 2010. The data wetaken

at an interval of two secom@nd at a ramping rate of 1.5 K/minute. The snapshot of the
block diagram and the front panel of the program is shov#gire2.16.

The resistance measurenmswere mostly carried out in@mmercially available pulsed
tube cryocoler. The magnetoresistance measmnents were carried out in commercially

availablel0 T and 15 T iyogenfree magnet systemfsom Cryogenic Limited
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Figure 2.16 Block diagram of the LabVIEW program ustxdmeasure of ac resistivity.
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Chapter 3
Investigations onNi-Mn-Z-Al (Z = Sn, Sb and In)system

In this chapter we shall investigate in details the effecub$t#ution of Al in the NMn-Z
type of systera with Z on the lattice parameter, structural transformation temperature,
magnetidransition and magnetization tie system. We have replaced Z gradually with Al
in the NpMny 342064 System for Z = SrSband In Even after replacing the Z with Al at
higher perentage the system still displaytte ferromagnetic shape memory effatte
replacement in general shiftethe structural transition temperature towards room
temperatureThe presence of elemsmsuchSn, Sb and In is expected to stabilize the L2
structure.ln Ni-Mn-Sn system the replacementAiyat higher percentage introdedmore
undesirable B2 phase which leads to detation of magnetism in the sample atie
transition temperature was found to increase gradually with incrga&incontent. h Ni-
Mn-Sb system the transition temperatustabilized around roomtemperatue with
increasing Al content The replacement byAl in In system shdéd the transition
temperature almost close to the magnetic transition temperature thus deteriorating the
magnetic property.
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3.1 Ni-Mn-Sn-Al system

3.1.1X-ray diffraction (XRD)
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Figure 3.1 X-ray diffraction pattern of NMny 3¢S s4xAlx Sample (left) and enlarged view of the pe

from 40 to 100 degrefight).
The alloys of composition NiMn; xSy eaxAlx (Wherex = 0.24, 0.28, 0.32 and 0.36)
were preparedby usingthe Tri-arc furnace as described in sectihf. To homogenize,
samples were sealed in evacuated quartzstabe annealed at 12K for 72 hours and
then quenched in ice water as mentioned in se@i@hnEDAX analysiswas used to
confirmthe composition of the alloys.
In Figure3.1 XRD patterns at 300 Kbtainedwith Cu K, radiationare shown for the
alloys. In the first step of analyzing the XRD result we determined the profile shape
function background and cell parameter using profile matching tool in Fullprof
program[71]. With profile fitting we indexed allpeakson the XRD curvesThe presence
of super lattice peak[l 1 1] and[3 1 1] along with the principle peak the sample
confirmed that sample was in | 3tructure(space groupFm-3m) [72,73] All peaks
were indexed successfulfpr systens with x = 0.24, 0.28 and 0.32howing that no
other site disorder was pregen the systens whereas inthe case of x =0.36, a small
peak corresponding td3 3 2] was presen{shown in magnified view imight side of
Figure3.1). As discussed iBection2.3.1peaks with h, k, I all odd or all even, only have
nonzero intensity in stoichiometric L&tructure.This shows thathe site disorder was

present irx = 0.36alloys. The pattern shoed that all the compositions were ardered
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structure in austenitic phase at room temperaj@een thougfa slight site disorder was

present in x = 0.36 sample
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Figure 3.2 a) The XRD pattern forNi,Mny 3¢Sy 4Al .04 Sample along with th®ietveld refinement
curve and residue. b) Shows the magnified view of the 111 peak which correspongdetdering in
the system. c) Shows the lattice parameter of the system and fittingtetheavr d 6 s | a w.

was taken form Ref49].

As discussed previously @hapter 1the B2 to L2 ordering temperaturis much higher
in NioMnSn comparedo NioMnAl, thus it is expected thahe presence ofeven small
amount ofZ will stabilize L2; phasan Al rich systen35]. The pesence of LZphasdn

all samples even after quenching form high temperatondéirms this ideaThe profile
fitted XRD peaks wereaefinedu s i ng F Riétdelg teobrfigesA good fit was
obtained as shown ifrigure 3.2 (a) for NbMny 3eSn40Alo2s Similar fittings were
obtained for other composition (not shown hefd)e calculated lattice paramegeare
shown inTable3-1 and itcan be seethat asAl contentincreasedihe lattice parametes

of the austenitic phase decreasihis can beattributed to the fact thaonic radii of Al
aresmaller tharthose ofSn[49]. In metallurgysubstitution is often examined in terfs
anempirical rule called/ e g a r dvihieh statedivata linear relation exists, at constant
temperature, between the lattiparameter of an alloy andconcentrations of the
constituent elemen{85,86] The lattice parameter was fitted withe gar déas | aw

shown in theFigure 3.2 (c), excellent fit wvasobtainedthus implying a good substitution.
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Degree of L2 order canbe characterized from the ratio of thetensity of superlattice
peals with theintensity offundamental reflectioh[1 1 1]/ I[2 2 0] [87]. The[1 1 1] peak

was normalized with spect to the corresponding [2 283 shown in thenagnified view

in theFigure 3.2 (b). It was found that with increase in Al concentration [thé& 1] peak
corresponding to the L2hase remained almost the same for x= 0.24 and 0.28 and then
decreased for x= 0.32 and 0.36, relativg2@ 0] peak coresponding to the B2 and {.2
phase The result shows that with increase in Al concentration beyond x=tle2gstem
moved to disordered B2 type struau This is expectedor the system wa now

becoming richer in Al
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Figure 3.3 DSC curve obtained foMNi,Mn; 3¢S s4xAlx Sample during heating and cooling sun

Differential scanning calorieter measurementvere carried in order to determine the
structural as well magnetic transition temperagufide obtned DSC thermograms for
all compositiors are shown irFigure 3.3 for x = 0.24, 28, 0.32 and 36 samplesThe
sample showedsmall change in base lirbove 300 K in both heating and cooling run
with no thermal hysteresisyhich is associated witsecond ordemagnetic transition
from paramagneticto ferromagnetic austenitic phase The magnetic tnasition

temperature i.e. Curie temperature Was determined from magnetic measurenads
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As the sample wadurther cooledand heated baclarge exothermiand endothermic

peals were observed below 300 K during austenitic to martensitiand reverse
transformatiors respectively The transformation peakshow the typich thermal
hysteresis inherent inhe first order nature of the martensitic transformatidhe
transformation temperatures were derived by drawing tangents to the start and end
regions of tle transformation peakand the baseline of the heating and cooling curves.
Characteristic transition temperatsir@re defined from the thermogram dads:
martensitic startMg martensitic finish,As: austenitic startand Ag: austertic finish
temperature Theseare markedn Figure3.3. The obtained transforation temperatures

are given infable3-1 and summarized in tHegure3.4.

It was found that theVir of the present samples increased as the concentration of x
increased whereascTTemained almost constarithe M0 8f the sample lied between

those of NiMny 365 64 (110K) [49] and NioMng 36Alp64 (~ 415K)[88]. As discussed in

the Section1.3, Mg of NioMn-Z type of FSMA dep@ds strongly on the e/a ratio and
lattice parametelt decreases with decrease in e/a ratio and increases due to compression
of lattice parameter upon substitution of element with smaller [#@l89,90] In the
present alloy systerthe Mg increases copared toNioMn1 3¢S e4 €ven when the e/a

ratio decreaseds becauseof the effect of compression dominated over former.
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Figure 3.4 Characteristic transition temperatsrenartensitic start (M, martensitic finish (M),
austenitic start (4 and austenitic finish (A as a function of concentration fiSli;Mn 3¢Sy gaxAlx.

3.1.3AC suscenptibility

AC susceptibility measurementwere performed at a heating rate of 1.5 K/min in

temperature range of 80 K to 40Q Figure 35 s h o ws ' df hcesuseeptibility
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measuremestperformedon varioussamplesat frequency of 111 Hduring heating and
cooling runs. As the temperature fell below 350 K, tHein all samples showed fops
with no hysteresis, correspondingttee Tc of the austenitic phaseShe TcO0 s o bt ai nec
are given inTable3-1 and theyagreel with the DSC values within experimental errdts.
can be seen that even though M€ temperature showlsrgevariationwith increase in
Al content Tc remains almost constanfis sample wascooled below 300 K the
martensitic transformation begah Ms andd decreasedintil it reachedhe temperature
Mg, where the martensitic transformation complefhe ¢ fell with the onset of MT, as
discussed earliein the NpMn-Z system interaction between the Nn atoms what
waspredominantlyFM in austenitic phsebecameAFM upon MT because of change in
inter-atomic distanceSimilarly when reverse transformation occurred, ¢éhstartedto
rise at As andincreasd till A where the martensitic to austenitic transformaticas
completel. The distinct thermomagneét hysteresiswas observed in all samae this

effectwas hencassociatedavith structural changeis the system

¢’ (a. u.)

80 160 240 320 80 160 240 320
T (K)

Figure 3.5 Real part ¢’) of ac susceptibility cungemeasured for NMn; 3¢Sy g4xAlx Samples at the

frequency of 111 Hz.

As sample wascooled below M, the ¢ fell with a step likefeature This fall was
investigated in more details in latter chapad occured most probably due tbreezing
of magnetic spinf36,49,91] The step like anomallgecame lessrpminent for x = 0.36

sample.It was observed that in austenitic phase, belowahd above A thed fell as
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temperature wasowered The ac susceptibilitys a dynamic measurement where the
response of magnetic material is measured under the influence of oscillating magnetic
field. In austenitic phaskoth FM and AFM interactiswere presentbut FM interaction
dominate over AFM interaction. With lowering of temperature the strength of AFM
increasd [33] and it pimedthe FM region thus the response to driving field dectase
leading to fall in thed within the austenitic phase.tas further observed that the fall in
d increaseds the Al contenincreasedThis may happen due to increasing disorder with
increasing Al contentThe increase in disorderausediarger number of Mn atosito
occupySn and Alsites, which interact with Mn in regulavin site antiferromagnetically
Thusthe amount of AFM irgraction increases thi increase in Al contenAs x = 0.36
was more disordereand had higher AFM conterthe fall was more pronounced in this

case.
3.1.4DC magnetization

3.1.4.1Thermomagnetic measurement
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Figure 3.6 Thermomagnetization curve measured in ZFC, FC and FH prstiocwISM in a field of
100 Oe

Temperature dependent magnetization measuremesre perbrmedunder aconstant
magnetic fieldof 100 Oeas shown in th&igure3.6. In zerofield-cooled (ZFC)protocol

measuremestwereperformed till400 K in heating cycle with a constant dc field, after
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cooling the seple in zero field tahe lowest temperature (80 of measuremest The
field-cooled (FC)curves weremeasured in same field from 400 K t0 & in cooling
cycle andfield-heated (FH)curve was measured in the warming cycle with the same
field. These cums agree with the dynamic dameasurement of the previous sectitmn.
the low temperature region below:Nh the martensitic phasbe pesence of FMAFM
interaction lel to bifurcation in ZFE&FC curve[49,91] The AFM part pinnedthe FM
matrix inone configuation when sample wdseated after cooling in ZFC and in another
when it was heated after coolingp presence of field (FH), which gavese to the
irreversibility observed at low temperature.

The bifurcation wasalso observed in the austenitic phaseveen ZFC and FC curve
below Tc, showing that AFM interaction miglexist in the austenitic phasdso. The
bifurcation increased@s Al content increade showing that antiferromagnetism in the
sample increaskin austenitic phase with increasing Al.

Thesemeasuremestcan further give information about the strength of competing AFM
FM interaction.It can further be een from theM (T) curve of the x = 0.36 samplthat
the magnetizatiomf the martensitic phaseéelow M: in FC and FH protocol increased
much more rapidly in comparisoto other samples, whereas FC and FH cumeee
almost temperature independent ather samples This happenedbecause of weaker
AFM interaction(even hough it has higher AFM contgnh x = 0.36wasnot able to pin
the FM regims, as a result of it the FM regionalign in the direction of field with
lowering of temperaturas inthe case of superparamagneiving rise to large rise in FC

and FH curve at lower temperat(ie2,93].

Table 3-1 Various parameters obtained are given hereThe Curie Temperature (T¢) martensitic
start (M g), martensitic finish (Mg), austenitic start (As) and austenitic finish (A:), lattice parameter
(a) innm and cell volume (v)in nm? for Ni,Mn 1 365N saxAl .

X Tc(K) Ms(K) Me(K)  As(K)  A(K)  a@m) v(md)

0.24 326 171 158 168 196 0593 0.2085
0.28 324 217 207 219 236 0592 0.205/
0.32 330 237 215 224 252 0.1  0.2064
0.36 332 264 226 236 270 0590 0.20%4
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3.1.4.2Isothermal magnetic measuremasts

Magnetic hysteresis curvestbe samples were measured uptmaximum field of 1.5 T.
The magnetic isothermal curved¢H) obtained at300 K areshown inFigure 3.7 (a).
The hysteresis curgeof allsamples diplays typical behavior & soft ferromagnetvith
narrow loogs. Furtherit can be seen that magnetizataid not saturate till the field of 1.5
T, which can possibly be due to the preserfo&FM interactiors in theaustenitic phase
The value of magnetationat 1.5 T field increasesdlightly when xwas changed from
0.24 (1.60m/ f.u.) to 0.28 (1.61/ f.u.) and then fell for 0.32 (1.5%/ f.u.) and 0.36
(1.50 mp/ f.u.) sampleWe also see that with increasing Al content tieéd at which
magnetization reackdanaximum value increase@hich can possiblye due to increase

in magnetic anisotropy.
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0.5 1.0
H (T) H (T)
Figure 3.7 Isothermal magnetizath measurements up toreximum field of 1.5 T ata) 300 Kand
(b) at 80 K. Insets show magnified view around the Zided.
The drop in magnetization with increasing Al content can be explameerms of
ordering. As mentioned earlién Section3.1.1 with the increase in Al content in the
system the amourtf B2 phase ineased. The amount of B2 phase was almost $ame
x = 0.24 and 0.28 anidicreasd for x > 0.28as inferred from XRD datdahe B2 phase
being disordeed phase with increasing Al content the fraction of AFM in the sample
increasd leading b drop in magnetization. Thealueof magnetizationncrease slightly
when x changed from 0.24 to 0.28, which can be attributed to the fadhinaghthe B2
fraction remains almost santbge latticeparameter of x = 0.24 sample waightly larger

than x = 0.28 samplevhich mightincrease the strength of FM interaction in latidre
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inset shows the magnified view of hysteresis csiareund zero field. It can be seenttha
coercivity remainedlmost constant for samples till x = 0.32 and thahfér x = 0.36
sample. At 300 K as we saw the thermomagnetic curve the bifation of ZFC and FC
curve became small, exceit case of x = 0.36 sample. This shows that in austenitic
phase AFM interaction is stronger in x = 0.36 sanagleompared to other saies.

The M-H curves were also obtained for the martenspicase at 80 K and are shown in
Figure 3.7 (b). It can be seen that in theamensitic phase sample wagagnetically
harder than austenitic phaSée magetization at martensc phase for x = 0.28 sample
was slightly lower than x = 0.32 sarig so overall the magnetization fells the Al
conten increasedThe inset inFigure 3.7 (b) shows amagnifiedview at low field. The
coercivity increasedvith Al content, thus the strength of AFM couplidgcreasd in
martensitic phaseThus we see that thoughetloverall AFM fraction increased\FM
coupling strength decreasesith increasing Al contenin the martensitic phas The
AFM interaction which was strongest in the austenite phase in0.32 upon MT

becomes weakest among all the alloys of series.

3.1.5Resistivity
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Figure 3.8 Resistivity measurememnperformed till 80 Kin NioMny 3¢S s4xAlx Systems
Resistivty measurements provide anothenl to detect both structural and magnetic
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transitions.Temperatve depadentresistance measuremsmiere carried on the samples
at the rate of 1 K/min in theetmperature range of 80 to 400 K and the da¢ashown in
Figure 3.8. The transition temperatures obtainednirache DX are marked init.
Resistance measurement could not be carried out for sample x = 0.36 as sample broke
into smaller pieces when it was cooled below room temperatdeetried performing
measurement at very slow rate but still sample broke when it was takdow
temperature.
In all samples around 330 K change inpdowvasobserved which correspondéal the
para to ferromagnetic transition of the austenitic phEse.steepening of slopasthe T
can be attributed to the disappearance etdctronmagnon scattering94,95] As
temperaturavasfurtherlowered theesistivity of x = 0.24 samplexhibiteda sharp jump
with hysteresiglue to forwardand reverse MTThe electrial resistivity in FM systenis
mostly dominated by thdemperature dependent fadolike lattice and magnetic
contributiors, caused by the electrgghonon scatteringand due to electromimagnon
scatteringrespectively.In the Heusler compouinthe AFM interaction undergoes sharp
change at phase transition. Taetiferromagnet haa magnetic periodicitythat can be
different from the crystallographiperiodicity. This leads to creation of new Brillouin
zoneboundaries (superzone boundarigis)ng rise togaps on the Fermi surfacehe gap
at Fermi surface leads to anomalous increase in resistivity as the conduction electron has
to now overcomehis gap[96]. There is also a temperature independemtributiondue
to lattice defects and chmcal disorder called residual resistivity So the esistivity
increasedas a combined effect AFM spin-correlations below MT andiue to the
electronphonon scattering resultifigpm the increased interfacial scatteringm various
orientations of maensitic variantsat the twin boundaries and the change in lattice
symmetry as these alloys underwemartensitic transformatiof®9,96 98].
The resistivity ofthe x = 0.28 and 0.32 alloyiddnot show sharp rise in resistivitypon
MT as in case of x = 0.24 samplEhe fsistivity of the sample changdéargely in the
vicinity of the structural nsformation. In case af= 0.28alloy the resistivityincreased
belowM¢etill 110 K and the hysteresis contirdigll 80 K. Similar behavior waseenfor
x = 0.32 alloywhere resistivity increases beyond: MIl 125 K and the hysteresis
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continuedtill 100 K. V K Sharma etal reported similar behavior in MVIn-Sn sample,
butin that case susceptibility measurement showed irreversibility till lowest temperature
of measurement whereas this case susceptibility showed irreversibility beyond the
structual transformation temperatuf@9,100}] Thus we think that the increase in
resistivity keyond MT in x = 0.28 and 0.32 coulze occurring due to the increase in
electronmagnon scattering. As themperaturewas lowered AFM increasedwvhich
might lead to increase oRFM spin-correlations enhancing electron scattering. The
irreversibility observed below énMT couldbe due to difference orientat®mf AFM-

FM interfacesduring heating and cooling.

3.2 Ni-Mn-Sb-Al System

3.2.1XRD
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Figure 3.9 XRD patterns(Y Obg of Ni;Mn; 3¢Shy s4xAlx Sample along with the calculated pattem
(Y Cal), differencs between the observed patteand calculated pattesifY Obsi Y Cal) and peak
positiors fitted (vertical bar)Insets show magnified views of the main peaks.

Samples were prepared usithg same procedure as mentioned forNW-Sn-Al system,

with compositios NioMnj 36Sky e4xAlx (Where x= 0.24, 0.28, 0.320.36 and 0.40.
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Annealing was carried out at 1173 K in evacuated quarts amdethen quenched in ice
water[101]. Composition was confirmed using BR. The sample x = 0.28 wasot
homogeneouthus nomoremeasurement were performed on it.

The XRD valuesobtained at room temperature for x = 0.24, 0336 and 0.40 are
shown inFigure 3.9. The data wereanalyzed using profile matching tool of FullProf
program. Observed patter(Y Obs), calculated pattrs (Y Cal), difference between the
observedand calculated pattesitY Obsi Y Cal) and peak position are markedHigure
3.9 for all samples. The x= 0.24 sample was indexed to jLphase at room
temperatur¢l00] and the lattice parametgrobtained are given inrable 3-2. The
superlattice peakl1 1 1] and[3 1 1] were present showinipat presence of Al did not
bring significant amount of B2 phase in the syst&sithe Al content increasddwards

x = 0.32 Xray pattern showed additional peak aroundpthiecipal [2 2 0] satellite peak
of L2; phase, as shows in insetrifjure3.9. These araveak reflectios corresponding to
the martensitic phas@his shows that botimartensitic and austenitic phases coexist in
the sampleat 300 K The curve was fitted with the L2structure but the peak
correspondig to the martensitic phase wageak and fitting for it could not be
performed.

The sampls with x = 0.3 and 0.40 were indexed at room temperature to be in
martensitic phaseThe peaks were fitted with thgrofile for orthorhombic structure.
Initially orthorhombic 4 layered structu¢4O), with space grou?Pmma was considered
for fitted butit could not acount for all peaks observel7,102] All peaks were
accounted for wheadditional orthorhomlai group with seven fold modulation, having
space grou’nnm was included in the fittinf4,103] This shows that the martensitic
phase was mixture of two types of orthorhombic structuse The magnified view oftte

main peak and fitted curve asbown in the inset of the respectivigure3.9.

All lattice parameterobtainedaregiven inTable 3-2. The cellvolumes for the smallest
cells are also given. It can be em that withincrease inAl content the L2 lattice
parametes fell. The cell volume felbs the Al content increasebut it increasedbr the

sample with compositn x = 0.40
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Table 3-2 The structure type and lattice parameters(nm) along with the lattice volumes for the
NizMn 1.398tb_54XA| x system.

X Structure a (nm) b (nm) c(nm) v (nmd)
0.24 L2, 0.593 0.593 0.593 0.2086
0.28 - - - - i
0.32 L2, + martensite 0592 0592 0592 0.206
0.36 40+7M 0433 0558 0.858 0.203

0437 3.877 0.855 1.4490
0.40 40+7M 0438 0557 0.858 0.2093
0436 3.875 0.854 1.4430
3.2.2DSC
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Figure 3.10 DSC curve obtained for NiMn1 36Shy 64xAlx Sampla during heating and cooling ran

Differential scanning calorimetric measurensentere performed in the same way as

mentioned in th&ection3.1.2andthe obtained curves are shown in thigure3.10. All
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samples showed exothermic and endothermic gpdaking cooling and heating cysle
confirming that samples underwenstructural transformation. The obtained
transformation temperatwgare given inTable3-3 andaremarked in therigure3.10 by
vertical arrows The Curie temperatusgTc) could not be determined from the DSC
curve as the change in slopensgnetic transitiomvassmallhere We have also marked

Tcs which wereobtained fronmagnetioneasuremest
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Figure 3.11 The daracteristic transitio temperature, martensitic stéMs), martensitic finish (),
austenitic start (4 and austenitic finish (A as afunction of Al concentratiorfor NioMny 365k 645Al «.

The tlansformation temperatweobtained are also plotted against the Al content in
Figure3.11. It can be seen that trsiormation temperatusancreasedy more than 100

K when Al content increasdrom 0.24 to 0.32but theséell slightly with theincreasing

Al content This can happen due to competing effbettweendecreasing e/a ratio
(decreases MT temperatug@)dthe cell contractioifincreases MT temperaturdiitially

the decreasing lattice parameteffect dominates over the e/a effect, thus the
transformation temperature incredsghen concentration increadfrom 0.24 to 0.32
The fall in MT temperature with increasing x contentdray0.32 wasnost probably due

to domination of heeffect ofe/a ratio ovetheeffect of cell contraction

3.2.3AC susceptibility
Susceptibility measuremenitvere performed on the samglgom 370 K to 80 K at a
frequency of 111 Hz, théata areshown in theigure3.12. Thebehaviorof the x= 0.24

system wassimilar to the system mentioned Bection3.1.3 In all samples thec/
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increasedbruptly around 350 K, th&cs of the systers, whichare given inTable3-3. It
can be seen that uké Ni-Mn-Sn-Al system the variation in thecwith concentration is

large and random.
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Figure 3.12 Real part ¢') of ac susceptibility measurement performed at 111 Hz during heating
cooling runs foNi,Mn1 3sShy s4xAlx. The structural transformation temperatures are marked. Inset:
= 0.32 and 0.36 show magnified views around the transformations.

The transitiortemperatures obtained from the DSC csmeemarkedin the Figure3.12.

It can be seethatas temperature wdswered thec’ droppedat the M for all sample.
The ¢’ rose for sampls with x = 0.36 and 0.4(efore martensitic transition was
complete. Similar behavior has been reportelligMni 4N 36 System99]. Martensitc
and austenitic phasénavedifferent lattice parameterand different symmetrieslso the
magnetic charger of the martensitic phase wdsferent from the austenitic phase as
discussed in th&ection1.3.3 So theTc in both phass are differen{15,104] As the
sample wasooled below the M it startedto transform to the marteitis phasewith
lower magnetization resulting in drop in magnetizatié\s temperature was further
lowered the martensitic phase underwepéramagnetic to ferromagnetic transition,
which resultedin increaseof the ¢/, as with decreasing temperature more tbie
martensitic phase transformamiferromanetic martensitic. This resultéulincrease irc’

before the MT wasompleted. As sampleswere further cooled below M ¢’ showed
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peak like feature which wagsresentn all sampleexcept x = 0.24. The peak appeaied
both cooling and heating cysleat same temperature, thus ruling qagssibility of
intermartensitic transformatiorf105]. Also DSC curve showed no change ihe
temperatureregion corresponding to the peak @ Thus thepeak appearednost
probably due to freezing of magnetic monseot AFM transition. Tiedetail of theorigin
of peakhas been discusséu a latter chapter While heating the sample tfoé startedto
rise at A, this hapenedbecause austermtphase wapredominantly ferromagnetic in
nature, so as sample transforniedaustenitic phase the ferromagnetimge increased

thusc’ increase.
3.2.4DC magnetic measurement

3.2.4.1Temperature depender dc magnetic measurement

0
100 200 T (K)SOO 400 100 200 (K) 300 400

Figure 3.13 M-T curves measured in ZFC, FC and FH protocol in VSM in the field of 100irO¢
NioMn; 36Sky 64xAl x.

DC magnetization measurementsre carried outising the same protocol as mentioned
in the Sectior8.1.4from 80 K to 400 K in the applied field of 100 @e shown irFigure
3.13. The curve obtained havebehavios similar to the ¢/ measuremestof the
corresponding samples. In the low temperature region belgvsamples displaad
irreversibility which shows that the various magnetic momémtthe sample got
pinned down in different configatiors depending on how sample whsatel or

cooled in presence of magnetic fi¢ld6].
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3.2.4.2Isothermal magnetic measuremerd
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Figure 3.14 (a) Isothemal magnetization measuremefds NioMn; 3¢Sk g4, Al till maximum field of
1.5 T at 80 K, (bjnagnified view around the zeroefd.

The kothermal magnetization measurements peréormed on the sampat 80 K, till

the field of 1.5 T as shown in tHeigure 3.14 (a). We find that magnetization of the
martensitic pase at 80 K initially increaseshen xwaschangd from 0.24 to 0.36 and
then fellfor the x = 0.40 sample. THegure 3.14 (b) shows the magnified view of the
hyseeresis curve in the low field region. We see that theecavity in the sample
increaseds the Alcontent in the sample increasddhis shows that AR interaction in

the sample becamgeaker with increasing Al content. Similar comparison could not be
performed for the austenitic phase as thetémperature was close t@,Tthus there was

no common temperature at whictwe could be certain thall samples were fullyn
austenitic phase.
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Figure 3.15 (a) Isothermal magnetic curgameasured at various temperasiti#t the field of 1.5 T, (b)
magnified view near zero field.

Isothermal MH curves were also measured at various temperattmeall four samples

the curve obtained for sample with x = 0.36 is shown irFtgare3.15 (a). Similar curve
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were also obtained for other composidout are noshown hereMagnetiation of the
austenitic phaset high field waslower than the martensitic phase at low temperature.
Across the MT the magnetizationlfenitially for the martensitic phaseFigure3.15 (b)
shows the magnified view in low field regigrnwe seethat martensitic phase is harder
magnetically than the austenitic phase.

Table 3-3 Various parameters obtained are given hereThe martensitic start (Ms), martensitic finish

(ME), austenitic start (Ag), ausenitic finish (Ag) and Curie Temperature (Tc) for NioMn 1 36Shy g4,Al
systems.

X Ms (K) Me (K) As (K) Ar (K) Tc (K)
0.24 189 154 158 207 355
0.32 315 300 304 319 348
0.36 297 278 287 303 360
0.40 295 273 281 299 342

3.3 Ni-Mn-In-Al system

3.3.1XRD and DSC
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Figure 3.16 (a) XRD pattern obtained at 300 K alonith calculated pattern, residue and pe
position (b) DSC curve of the sample in heating and cooling runs.

A sample with composition MMn1 3dng 40Alo24 Was prepared as mentionbdforeand
annealing was carried out at 1173 K in the evacuated quartz tubbesanduenched in
ice water XRD was measuredt aoom temperature on the powdersaimple, bserved

patern (Y Obs) is shown in thEigure3.16 (a). The observed pattern was fitted wih
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pattern fororthorhombicl4 M structure withP2/mspace groujpl07,108] Thecalculated
pattern (Y Cal), difference between the observed pattern and calculated patterni(Y Obs
Y Cal) and peak mition are marked ifrigure 3.16 (a). The lattice parameters obtained
after refinement were a =428 nm, b = 0580 nm, ¢ = 0.300 nm andb = 930°. The
values agrewith the previous measuremson the In based systea1,109]

Figure3.16 (b) shows DSC measurement performed on the sampias found thathe
sample hadMs, Mg, Asand A:transtions at 350 K, 339 K, 345 K and 356 K respectively
and small peaks werebserved just above 300 K which came most probably form the
intermartensitic transitiasin the sampleThe peak corresponding to the intermartensitic
phase was very small, thus shogi very small fraction of sample underwent
intermartensitic transitionn a sample with compositiolNioMn; 3dng 4 the martensitic
transformation occurredt 265 K (martensitic start temperatuf®)0,111] thus showing
that the substitution of Al in place of In has resulted in the emmaent of the structural

transformation temperatwgas in case of Sn and Sb system

3.3.2AC susceptibility

The real part ¢/) ac susceptibility measuremengerformed on the sample is shown in
Figure 3.17 (a). As temperature wakweredc’ increasd at 320 K,which was most
probably the Curie temperature ahtermartensitic phase dahe system.Below Tc
hysteresis is observed whidkcursdue tointermartensitiadransformatiorin the system.

As the temperature was lowered the peak, fehich shows that upon subsequent
martensitic transition the sample transformed to paramagnetic nsitide To further
confirm that above peak occurs due to intermartensitic transformation temperature
depended XRD has to be performéd.the low temperature region a large peak is
observed inc’ measurement. Similar peak has been observed imdhsusceptibility
measurement iioMn1 4dng g0 SamMple, where it was shown to be outcome of competing
FM/AFM interaction and was natf spin glass in natufd12]. There are also reports on
the In based system where tygpearancef similar peak has been observed and it has

been associated with the spin glass freegid@]. We were not able to determine the
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intermartensitidransformation temperatiséom thec’ or DSCmeasurements ahange
in nature of curve was very small

111 Hz (a) —~
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Figure 3.17 a) shows the real part of ac susceptibility measurement rpexfb on the

Ni-Mny adNng.40Al0.04 SamMple in heating and cooling cycle at the frequency of 111 Hz. b) shows
harmonic of ac susceptibility obtained during same run.

We have Bo performed third harmonic measurement of on the sample and its magnitude
(c3) is shown in the shown thieigure 3.17 (b). We see that the nature of the curve is
similar to thec’. In between 200 K and 240 K a dhfaump is observed in both heating

and cooling curve of cz which can possibly be due tmmpletion of intermartensitic
structural transformation.

3.3.3DC magnetization
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Figure 3.18 (a) ZFC, FC and FH measurement performed on In syatefanction of temperature i

the field of 100 Oe. (b)sothermal magnetic curve measured at various tempesdillréhe field of
1.5T.

Thermomagnetization measurengentere performed on the sample as shown in the

Figure 3.18 (a). The curvesare similar tothe ac susceptibility measuremeiihermal
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hysteresisvas observed just belowdof intermartensitic transitiomwhich confirms first

order nature ofransition The magnetizationddow the T of intermartensitic transition

was very small which can possibly be due to small fractions of remnant intermartensitic
phase. As temperature was lowered further we see that magnetizatidin?fel K in the

FC curve which was most probabliget temperature at which intermartensitic phase
transformed to martensitic phase completely. Afterwards, it rose in the ZFC and FH
curves ataround 265 Kwhich was most probably the temperature at which reverse
intermartensitic transformation took place. Ake sample was warmed up the
magnetization began to fall at ®f intermartensitic phase before the transformation was
complete, thus we were not able to determine other two temperatures of intermartensitic
phase. Furthermore, as the sample was weeklyneti@garound the intermartensitic
transformation the proper estimation of transformation temperature is only possible from
DSC measurement, but very small peak prevents us from estimating them. In the low
temperature region magnetization rose 280 K which is Tc of the martensitic
phasg110,114] As temperature was further lowered the ZIFC curves bifurcated
which has been attributed to the mixed FM/AFM interaction and has been discussed in a
greater detail in the latter chapters.

Isothermal MH measurements were performed on the samipthe temperatuseof 80

K, 260 K and 300 Kas shown in th&igure3.18 (b). At 80 K sample displayedtypical
behavior of ferromagnetic sampliye M-H loop did not saturate even at higher field
showing that AFMinteraction waslso present in the sample. Aettemperature of 260

K sample wadn the paramagnetic state asen in theM (T) curve and it displayed
behavior typicalof it. While at 300 K sample wasiost probably inintermartensitic
phase, with wealEM character and dominating paramagnetic behavior as evident from

M-H curve.

3.4 Discussion
We have replaced Al in the three mainMin-Z based FSMAsystems with Z as Sn, Sb
and In We see that the even when Z weglacedwith a large percentagd Al, sampls

still displayedthe FSMAproperties
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The substitubn of Al in Sn based systemdeo increase iundesirableB2 phasewith
increase in Al content, while the lattice parametethe austenitic phase decreased
obeyingV e g a r d oOf subdtitatom. The sbstitution also shiftedhe transformation
temperature towards the room temperature with increasing Al content. The substitution
also has profound effect on the magnetism of the austenitic phase of the sample. The
magnetization of thesample was found tolecrease with increasing Al content. AC
susceptibility measurement and dc thermomagnetization measurement showed that with
increase in Al content in the sample tAFM interaction also increasebhis is expected
trendas the B2 phase in the system insedahe disorder increadeandmore and more

of Mn atom occupiethe Z site leading to increase in the fraction of AFM phase.

The substitubn of Al in Sb based system initialghifted the structural transformation
temperature towards room temperaturef kthe effectwas levelled offat higher
concentration of Al anthe transition temperature dmbt show much shif The effect of
substitution orthe lattice parameter and magnetism of the austenitic phase could not be
determined dué¢o limitation of XRD ®tup and the narrow range at which the austenitic
phase exists at higher Al concentration.

The substitution of Al in In based system was done only for x = 0.24 of Al. The structural
transformation temperatures were found to dimve room temperature. Theveak
magnetic transition in the sample occarsund room temperature most probably due to
intermartensitidransformation

In next chapter we shall look into the functional properties of these systednalso
explore the way to overcontke unwanted Bphase in the Sn based system at higher Al

content.
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Chapter 4
Functional properties of Ni-Mn-Sn and N+Mn-Sb alloy

In this chapter we shall explore the functional capabilities of th&tesns we have
prepared. We shallnalyze the effecthe substitution has mw the propeties like
magnetocaloric effecind exchange bias efft. The possibilities afeveloping a single
system which can serve multiple purposes are of interest in this chsitde the
magnetocaloric effect holds promiseatleaner, safer and are compactefrigerant,
properties likeexchangebias effect holgpossibility in applications in many spintronic
devices such as spin valves, read heads and nonvolatile memory.
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The main force driving the study of fNin based FSMA istheir ability to show
multifunctional properties in one systertike large inverse magnetocaloric effect
barocaloric effectand large mgnetoresistance to name a f86,37,115117]. These
properties aréhe outcome of strong couplingbetweencrystal structure and magnetism.
The system further becomes interesting because of the fact that the tempénahich a
they display thesemultifunctional capabilities can be easily varied and controlled by
changing the compositioas discussed in thehapter 1 These systems are also known
to display exchange bias effect (EB) in the low temperature region whmhtcome of
competing AFM/FM interactiofil18]. These systemhold promise of being capable of
delivering more ecofriendly and energy efficient solid stegf&igerant along with
possibility of industrial applications in magnetoresistive reading heads and similar
elements.We shall explore in detailthe propeiies like MCE and EBeffect in the

present chapter, while the MR while be discussed in the latter chapter.

4.1 Magnetocaloric effect(MCE)

When the magnetization of any magnetic materga changed isothermally under
application of a magnetic field, heat is exchanged with the surroundinipe change
was performed adiabaticallythe temperaturavill change. This is the magoealoric
effect which provides the basis of the adiabatic demagnetization cooling
techniqug119,120]

A conventionalrefrigeratorworks on vapor compression cycldt is one of the most
common refrigerating techniquesailable because of its advantages like high efficiency,
low toxicity, low cost and simple mechanical embodimenitsit it suffers from
disadvantage dfeing norenvironmental friendly

Magnetic refrigeratiomased on theMCE, has recently received increased attention as an
alternative tahese Magnetic materials contain twamergy reservoirs; the usual phonon
excitations connected to lattice degrees of freedom and magnetic excitations connected to
spin degrees of freedofh21,122] In FSMA these Wwo reservoirs arstrongly coupled

due to enhancespin lattce couplingwhereby a magnetic field can induce a change in

magnetic and lattice entropies simultaneousgulting inalarge magnetocaloric effect.

59



from /
magnetic

spin

alignment

« |5 %%‘ﬁ

+

O

MCE from
structural
transition

!

Net MCE

RV

Figure 4.1 Magnetic dignmentdueadiabatic magnetization results in the sample heating up (top r
whereas simultaneowsructural transitiotio higher magnetic austenitic phasem low-magnetization
and twinned marteit&c phaseleads to a very large coolingfect (middle row).Addition of these
opposite contributions results in a net cooling of gmagle (bottom row)122].

In Ni-Mn basedFSMA the change irmagnetization fromower magneticmartensitic
phase to th@igher mageticaustenitic phase brings about chasigesntropyresulting in
heating of the magnetic materidlhis isshownschematicallyin the Figure4.1. On the
other hand the structural transformation from a-foagneization twinned martensitic
phase to high magnetization and hgyimmetryaustenitic phase leads to heat absorption
which exceeds magnetic heat released layge amount, giving rise to net cooling effect.
As the sample cools whehis magnetizedthis is referred as inverse magnetocaloric
effect[123].

The MCE can be measured directly as teeperaturehangeDT . T)py 0of samplewhen
magnetic field is applied adiabatically. Temperature is measured initially in the zero field
(H, = 0) on a demagrtized sample and agaafter application of a field (H= H). The
difference in temperature gives the value of temperature changayifeen field change
(DH = Hi- Hp). The MCE can also be measureaddirecty asDT,(T)pq Or as isothermal
magnetic entropy chandgsu(T)on from the heat capacity measurement as a function of
temperature and field or form theothermal magnetiecneasuremestperformed at

different temperatuseas a function of field.DT4((T)pn and DSy(T)pn are both measure
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of MCE and are related to total entropy of the system as shown Fighee4.2 (a). It is

thuspossible to calculate one from dher with certain given paramesg¢i24,125]

He > H, S(H) 60} x=0.28 226 K
S (Hp)
- DT =3 K
w
< . 223 K
£ £ g
& g 3
< 5
S
Se(Hg) T
; (b)
Temperature, T OO 05 10 15 20
Temperature, T H (T)

Figure 4.2 a) Magnetocaloric effect as the adiabatic temperatureDigg(T,)DH , and the magnetic
entropy changd)Sy(T,)DH shown for a givelinitial temperature Tand a given magnetiteld change
DH=H-H, in a ferromagnetic material. The inset displays MCE typical for a ferromagnet as a ful
of temperature[124]. b) Magnetization (M) 8. magnetic field (H) curves at constant temperature
(223 K) and THDT (226 K) measured foNi,Mn; 3¢Sy 35 Al g.0g aCross martensitic transitiomhe area
between the two curves divided by the temperature differBiicestimates the isothermal magnet
DSy at (T + %DT) according teequation(4-3).

The modified Maxwell relation for the magnetic system is giverjid9,124]
1Y “Yio T 0 "HO ﬁ
T 0 Ty
which shows the relation between magnetization (M), magfietet strength (H) and

(4-1)

absolute temperature (THor isothermkisobaric procesthis yields

o T o

Yy —., Q'@ 4-2
For magnetizatiol measured isotherally at discreteaemperaturantervals,the above
eguation can be approximately written as

Y p

Y Y — ==, b Y YYQr O "YQ'Ch 4-3
y c Ty yyQo 0 ah (4-3)

thus DSy can be calculated for any T by numerically integrating the experimentally
measured magnetizatieas the function fotemperature andagneticfield. The use of

above equation is equivalent to evaluating the area enclosed between two magnetic
isotherns measured at close temperature interaal shown inFigure 4.2 (b), and after

dividing by the temperature change.
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In Heusler alloys thefirst order phase transitioin general showsa magnetic
irreversibility because of the presence of mixed magnetic phase. Since Maxwell relation
can be used only under equilibrium conditions,nestion ofDSy from isothermal MH
curves can thairesult in erroneous estimateis thus important that one performs direct
measuremesto properly estimate the MCE in tRSMA.

We have performed direct measurement of entropy change in one of thassysitega
purposebuilt high sensitivity differentiakcanning calorimetemunderzero andapplied
magnetic fieldas described in sectidh3.3andRef. [77]. The entropy change calculated
from the calorimetric measurement as a function of temperature in the constant magnetic
field provides the complete characterizationMEE in solid magnetic materialShe
entropy of the transformation hasdnm calculated from the measured calorimetric curves
at constant field, after a proper baseline correction, using the following expression

p QO ,

Y'ORY N Oy Q'Y (4-4)

wheredQ/dT = (dQ/dt)/(dT/dt)with dQ/dt beinga measure of headlux and To is the
martensite start and austenite start temperatures for cooling and heating runs,
respectivel(f126i 128]. The entropy changaccounting forMCE, when the magnetic
field increases from O tH at a constant temperatusethen given by

Y3 4R 3 4R 34 m8 (4-5)

4.1.1IMCE in Ni-Mn-Sn-Al system

The Ni-Mn-Sn system shows giant magnetocaloric effect. The parent composition of
Ni>Mn; 3¢Shy.6s sSample showed maximum valizSy of 5 J Kg'K™ in the field of 2

T [129]. When he Sn in the system was replaceith Ge it was found that ME in the
system coulde tuned130].There are also study of the effect of the replacgréthe

Ni and Mn in the system with Fe, Cu and [@81i 133]. The substitution of Co in Mn
position offered the highest MCE in the system with the vali@Sgfof 22.9 J KgK ™ in

the field of 2 T[133]. We herestudy the effect of Al replacement on the MCE in the Ni

Mn-Sn system.
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Figure 4.3 M-H curves at the temperature interval of 3K in the heating sequémce¢he samfes
NioMn 3¢Sy e4xAlx. TO make comparison of different samples easier, we have kept the M and H
same in all the graphs and marked lowest and highest temperatures of measurement.

The isothermal magnetizations {N) were measured at various temperataresind MT
upto afield of 1.5 T,as shown in th€&igure4.3. These measurements were performed in
the heating sequence, starting from temperatoe®w austenitic start temperatsrd o
avoid influence of any austenitic phasample were cooled in zero field below their
martensitic finish temperatuse It was found that in all cases the sarspi@gagnetization
increased abruptharound MT as the sampte were heated. Tis happened because
sample transformed from the weak magnetic martensitic phase to predominantly
ferromagnetic astenitic phasdt can be seen from thégure4.3 that as tk Al content in
sample increasethe magnetization of higlemperature phase (austenitic) fedhich is

in agreement with the previous measuremeetformed in theChapter 3Further it can

be seen that with increase in the Al the change in magnetiZ&Mh acrossMT also
decreased andccurredless abruptly presumably due to disorder driven broadening of
the first order phase transiti¢@3,134]}

The MCE in the NiMn based Heusler alloys originates from two maintabutions: (i)

the coupling controlled byhigh uniaxial magnetic anisotropy of the martensititase,

which takes place at mesoscopength scale of martensite variants and magnetic
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domaing and (ii) the intrinsic microscopic coupling related to the change of magnetic
moment induced by the change of symmetry which occurs at the traf$8ia85] The

change in anisotropy anthrge DM across martensitic transitioresultsin a large
magnetocaloric effect in thiystem.

_bl=0=05T x=0.24 10 x=0.28
o |=e=1T I
o
X |=e=15T, ~
. = (b)
R o
Qg Ao
150 160__ 170 180 210 220 230 24(
T (K) T(K)
3
8 x=0.32| _ x=0.36
o 4
s ~ d)
) | 2 (
0 0f

230 240 250 260 270 240 250 260 270
T (K) T (K)

Figure 4.4 Showsthe DSy evaluated for 0.5 T, 1 T and 1.5 T ftine various values of x in
Ni-Mn+ -:Sm aa Al

The value of DSy, was obtained using equation(4-3) on the magnetization datandare
shown inFigure4.4. TheDSy was evaluated for 0.5 T, 1 T and 1.30F various values
of X in NioMny 36Sny s4xAlx. The low field DSy measuremestshowedhatin all samples
magnetic anisotropghange, occurring dudo twin formation and reorientan process
across the MT leadingp inverseMCE. As the field increask the inverse MCE also
increased in albamplesThe increaseni MCE at higher fieldstermedfrom the Zeeman

energy resulting due to difference in saturation magnetization of the tmraisfophase.

o]

DS, (JK'Kg™)
s

Figure 4.5 Entropy changedue to application of field of 1.5 T in M#in; 3¢Shy g4x Alx Samples.

TheFigure4.5 showsDSy, in the field of 1.5 T for all four systesnThe maximum value
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of MCE was found to be 5.6, 10.2, 8.2 and 2.4 ki respectively, for x= 0.24 to 0.36
sampls. So sbstitution of Al not only enhanced the MCE initially, but also moved the
maximum vale of DSy towards room temperature. Another important parameter to
evaluate the magnetocaloric material is its refrigerant capacity (RC). RC is the amount of
heat transferred in a single thermodynamic cycle from the cold end@tfie hot end at

T, and t is calculated by integratin@Syi T curve over the full width at half maxima

using the relatioRC = r’jz DS, (T),, dT. Obtained values of RC for the field of 1.5 T are

25.2, 24.6, 20.5 and 12.9 Jkeespectively, for x= 0.24 to 0.36. It can be seen ¢han

though the maximum odDSy increased first and then dropped, the RC decreased with
increase in X. It has been shown that a large adiabatic temperature change is obtained in
these materials when tH8M is large across the structural transformation Ttje DM

was found to be 19.5 emu/g, 20 emu/g, 15.5 emu/g and 14 emu/g for x= 0.24 to 0.36
samples following trend similar to theDSy. The reason for the drop in MCE across
transformationwith the increase in Alcontentis probably due to the amount of
antiferromagnetic B2 increasing into the system at the expense of ferromagnetas L2

inferred from the XRCandmagnetizatioomeasuremenh the Section3.1

1.0
H (T)
Figure 4.6 M-H measurement performed at the temperature interval of 1 K around MT to observ
inducal austenitic transformatioim NioMny 3¢S 35Al g 3.

We observd in Figure4.3 that magnetization changed abruptly at MT. It s&=eper in

case of x = 0.28 and 0.32 system, whire changes wer20 emu/g andl5.5 emu/g
respectively in the temperature window of 3 Kefdis goossibility that at intermediate

temperature, the systemmay undergometamagnetic transformatiprfrom lower
65



magnetic martensitic phase to higher magnetic austenitic [F&486,137] Thus we
performed MH measuement for x = 0.32 sample atemperature interval of 1K in both
magnetizing and demagnetizirgycles as shown in Figure 4.6. We see hat as the
temperature increasdgeyord 241 K the hysteresis increasedthe sample becoming
maximum for MH at 244 K where sample underwemtetamagnetic transition to
austenitic phas After that hysteresisagain decreasedas temperature was further
increasedSuch phase coexistencalléo large hysteresis at transformation which may
lead to overestimation @Sy, when Maxwell relation is usgd04,138 140]. However,
there are also reports where the MCE measured from magnetization measurement agrees
with calorimetric measurements23,126,127] The large sudden jump inDSy at the
transition can also come from overestimatdrentropy change form magnetization data.
Thus to crosscheck theDSy estimated from the magnetization measurement we

performed calometric measurement to estim&8y directly in x = 0.32 sample.

Figure 4.7 Calorimetric curves recorded on cooling (left panels) and heating (pginiels) runs at
selected values of the magnetic figldNi,Mn1 365 3Al g 32

Isofield calorimetric measurementgere performed on the sample in the zero field and

fields of 1, 1.5 and 6 T in both heating and coolingsrim the vicinity of structural
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