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Chapter iIntroduction

Chapter 1 Introduction

This introductory Ghapter consist®of a basicprinciple of the
magnetocaloric effect and its related thermodynaMiesprovide
ashort literaturesurveyof the development of new and superior
materials and the study of their various physical and application
related propertiesThis chapter also includes the motivatitam

the work undertaken in the thesis.




Chapter iIntroduction

1 Introduction

1.1 Preface

Energyfunctional materials have always been a consideiatdeest tathe fundamental and
material sciencegs well agengineeringommunitydue to their various physical properties and
applications imna large scaleFrom bulk to nanotsucture their evolution has growrapidly.
Generally these kinds ofmaterialsexhibit some specific function by external stimsilich a
temperature, magnetic field, mechanical force, electric current, stress ancdAsoonigithem
magnetic materials play a vital rad@ improving the efficiency and performance of dewice
magnetic power geration,conversionconditioring, and transportationThe use of energy
in different section likehe commercial sector, refrigeratandair conditioner accouns for a
huge fraction of electricity us@.herefore, e total consumption of electricity by the entire
world population is pproximately 16.38 trillion k\Wh [1]. For instance, rast refrigeration
systemsand air conditioners stilisethe global warming volatile or ozone depletingyuid
refrigerant materialsThese refrigerants contaimazardous gases like chlorofluorocarbon
(CFCs), hydrochlorofluorocarbasm(HCFCs) that are suspected to deplete the ozone layer of
the atmospherR]. Thesegreenhousgases havglobal warming potential thousands of times
greater than C®

Therefore this issue can be mitigatéfdcaloric effect in solid materiad are entirely
utilisedin renewable energy resources as welhagchnologiesRenewable energy resources
are related to the conversion of solar energy, wind, hydropower, biomass, anergeabth

energy into electric pow¢t,3i 6].

Magnetic refrigerationvhich works on the principle aihagnetocaloric effect (MCE)
has tremendous potent@erthe conventionavapor compressaefrigeratas. Conventional
vapor compressarefrigeratas are heavypulky, energy inefficientand being echeharmful
system whereasmagnetic refrigeratios expected to bpotentiallyapplicable in soliestate
based modern refrigeration deviakse to its environmerftiendly nature[7i 10]. The energy
efficiency of a magneticefrigerator is enhanced up to 30% higher than that of convention gas

compressorefrigerator{1,7].
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The study of magnetic refrigeration based on MCE, wasdissioverecon 1881 by German
physicist Enil Warburg who observed themperature change Fe under the application of
magnetic field11]. In 1905 Langevin predicted that a paramagnet can change its temperature
when being magnetized and demagnetizatker, Weiss and Piccardbservedexperimentally
athermal responsef Ni around its Curie temperatu¢€c) undermagnetic fieldn 1917[12].
SubsequentlyPebye in 192613], and Giauque in 192[44], independently proposedeth
methodusingadiabatiademagnetization to reach a uttoav temperaturgsing this approach,

in 1933 Giauque and MacDugatkrried out an experiment on paramagnetig(&th)sz sH-0O

salt as a magnetic refrigerardtheyattainedto reach anillikelvin temperature, 0.25 KL5].
Indeed,Giauquer ecei ved HAThe No boed949 Brrhis zoatribution inGhee mi s t
AConcerning the behaviour of TBharesmiesiooeforat e x
roomtemperature (RTinagnetic refrigeratiomorking was reached bBrown, in 1976[16].

After that Gd, a benchmark materialith outstanding propertiesvas discoveredsthe most
active magnetiaefrigerant at RT magnetic refrigemati[17]. As breakthrough occurred in
1997,Pecharsky and Gschneidner discovered traitgVICE of Gds(Si2Ge») alloy wastwo

times largr than Gd18]. Since thenlot of investigation has beeperformedby several
researcher groupn various raresarthtbased materiald9,20,29 34,21 28]. Although the
rareearth elementwith large saturation magnetizatibilave been investigated intensively as
large magnetocalorimateriat, theexpensiveof the raw materialand theiravailability arethe
mainkey issuegor the commercial applations In this contextfransition metabased alloys

have been explored aspromising magnetic refrigerant material wigrant magnetocaloric
properties near room temperature to make the magnetic refrigeratiesffective[35,36,45

54,37 44].

1.2 Thermodynamics of magnetocaloric effect

The change in temperature ofveagnetic materialipon application or removal @hagnetic

field is known as MCH?7,9]. The magnitude of MCE is usuallyharacterizeds adiabatic
temperat ur ea) @idaisothemaltlneednet i c entr @pyhe chang
magnetocaloric material which exliis large temperature change undezlatively small

magnetic field is the most crucial requirement for a Magnetic Refrigeration dsA@Ee is an

intrinsic propertyto all magnetic material Magnetic material has two sources of internal
energiesOne isthe phonon excitatiawhich areconnected to th&attice degree of freedom

andanother ighe magnetic excitatigmelated with spin degrees of freedom. These two degrees

-3-
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of freedom ag coupled to each other by sgattice couplinghatregulatefree energyransfer

within mili-second time scale

Adiabatic S =Su], + Sl

Field on

o7
o
o

LV+L

g

T-AT
:IIIIIIII

Field of

—o> —o>
—o> —o>
—> —o>

—o> —o>
—o> —0>

ET

Figure 1.1: Schematic of a simple Magnetic Refrigeration cytlere whitegrey, orange, and blue

S =Sy + S, Adiabatic

colors depict the material in ambient, high and low temperature region, respectively.

The fundamental principle of MCE antagnetic refrigeration cyclie schematedin Fig. 1.1,

in which the magnetic moment thfe material is initiallyoriented inarandom way.

The total entropy ofhe magnetiomaterialat constant pressuigas a function of both

magnetic field (H) and absolute temperature (T) arkessed as follows5],
"YYHO Y 'O Y Y Y Y 1.9
where,"Y “YiO is concerned tdhe magnetic entropy caused by the ordering of magnetic

spin.”Y Y is the lattice entropy, originates from the vibration of crystal lattice™andY is

el ectronic entropy of the material s free el

Whenthematerial is gbjected adiabatically to external magnetic fielde tothe alignment of
magnetic spins in the direction of the magnetic fieldgnetic entropy reduces as the entropy
isameasure of disorder of a thermodynamic system; a higherisrééted to a lowr entropy

and vice versaAs the process isonductedadiabatially, the total entropy of thenaterial
remainsconstant. Therefore, to compensate the reduction in magnetic entropy, the lattice

-4-
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entropy increasesesuling in anincrea® intemperature of the materidlhis heat is expelled
from the material to thenvironmenthrough heat transfein a similar maner, upon removal
of thefield, due to the spifiuctuation magnetic entropy riseading to the decrease in the
materiab s t e m.preen, ddatufrone thenvironmenis absorbed by the material to come

back totheinitial temperature through heat transfer medium.

Thetotal entropy &T diagram) of a ferromagnetic matenaith increasing temperature for
two constant magnetic fieldsi(= O, Hoand H 0, Hj) is illustrated inFig. 1.2 Based on the
figure to understand the thermodynamics of MQ&o relevant processes are shown in the
diagram.One,the application o magnetic fieldunder adiabatic conditiocauseseating of
the material byY'Y "Yo'O “Y "Y, which is indicated as the horizontal lirfgeondly,
when the magnetic field is applied in an isothermal condiffon ¢onstant), the total entropy
decreasedue to decrease in magnetic contribution. Theretbesothermalmagnetic entropy
changeis marked as the vertical line arn befound asy'Y "Yw'O Y "Y;O

"Y "Y{O . BothY'Y andY'Y are function of initial temperatu(@o) and the magnetic field
changg30 O "0O).

T —

Figure 1.2: Schematidllustration of the total entropy as a function of temperature for a ferromagnetic
sample under zero and a Aperomagneticfield. Isothermal magnetic entropy change and adiabatic

temperature change are indicated.
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1.2.1 Maxwell relation for MCE

If we consider the ferromagtic sample as a thermodynamic systdran the total Gibbs free
energy(G) as a function offolume V, magnetic field Handpressure Rt temperature Tan
be written as
KO @i ™Y * KO (1.2)
where M," are magnetization of the material and permeability in the free space, respectively.

Thus, the entropy and magnetization can be evaluated from the above equation as,

Y — AT @A — — (1.3)

A R
If we take the partial differentiation & with respect taH and of M with respect tdl, the

equality gives the following Maxwell relation,

- = (14)

h h

Let usconsiderto the isobaric case, i.e., P = constdit, TSThe entropy is a function af

and’Q the differential form of entropy can beitten as,

AY — AY — Ao (15)

h h

First, we consider thisothermal proces®'Y Tmand using the equation.p)

AY — Ko * — Ko (16)

h h

The total isothermal magnetic entrogiyanges due to magnetic field changes fion® TO,

takes the form:

yY "Wo *_ — _AO (1.7)

h
Secondan adiabatic processince there is no heat exchange between system and surrounding
(1 0 1 8Hence, he total entropy of the system is constanti¥. — Tt Thereforefrom

equation {.5) we get,

) A — — Ko (18)

h h

We introduce thé&eat capacityd) of the samm@ under constant magnetic figld
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5 — Y— 1.
(O 8 (1.9

Therefore, the equatiod.f) modifies as,
Ay — = AO (1.10)
R

The total adiabatic temperature changes due to field change¥¥ronfiO , takes the form:

Y'Y "WO © — — Ao (1.11)

Equations{.7)and 1.11) ar e wel | known .&mem thNeabothvgedtion® s e qu
(1.7) and (L.11), the magnetocaloric propertigaamelyy"Y andY"Y of any magnetic material
can be estimateexperimentallyfrom temperature dependent magnetization measurement in

different magnetic field.

1.2.2 Criteriafor getting large MCE parameters

Thecriteriafor achiewng largerMCE parameterss requiredto explorebettermagnetocaloric
systemsandstandardize therfurtherfor potential applicationsThe CurrieWeiss law under
the high temperaturand low magnetic fieldonditionis taken intoconsideration, where M
will be uniform throughouthe entire material and hence, gwsceptibility is givery [56],

h

(1.12)

The symbolsp it RMAQ & & TY stand for number of magnetic atoms per unit volume,
gyromagnetic ratio, Bohr magneton, total angular momentum quantum number, atomic weight,

Boltzmann constant and Currie temperature respectively.
Differentiating the above equation, we get

h

(1.13)

Using the equationl(13), the equation(7) and (.11) take form as,
Y'Y "YW( . ——00 (1.14)
Y "W( _ Q0 (1.15)
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From the above two equationk.14) and (.15), it is clear to state thahe materials should

have largey"Y andY’Y when — s largeandspecific heabf the materials small at the

same temperatur@ his condition is true for paramagnetic sampéar zero Kelvin where,
magnetic susceptibility diverse a6d™iO approaches zer®econd the materials having
large 0 value will be desirableas both MCEparametersare proportional tou. Another
important aspect is to maximize thermal condugtivif the materia] as ths ensure
remarkable temperature change and quick heat exchengddition, br room temperature

application purpose3,c of the materiakhould be closed to the working temperatu

1.2.3 Conventional and Inverse MCE

From theabove discussi@y it can be understood th#he maximum magnitude of MCE
parameters of a materials can be expected in the temperaturewlegehase transition
occursand isassociated with the strong change in magnetic statbas, épending on the
phase transition, MCE can generallyclassified irio two regions conventionabr directMCE
and inverse MCEA schematic of the magnetization versus temperatur@aptbpossibility of

getting maximum MCE effect across the transitibboth typeis depctedin Fig. 1.3

Conventional MCE is generally served in both first and seccodder magneticphase
transition materialsi-or simplicity, we providethe M-T plot in Fig. 1.3a) for secondorder
materials When magnetic field is appliethe moment aligns to some extethiat leads to a
decreasen the magnetic entropfas discussed in sectidn2). This decrease in magnetic
entropyY"Y is measured under isothermal conditiowhenthe process is conducted under
adiabatic condition, i.e., tdtantropy is constarand then, this decrease in magnetic entropy is
compensated by the increase in the lattice entrofiyerefore, the external magnetic field

results in a heating of the matetigl Y'Y .
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Figure 1.3 Schematiof M-T illustrating (a) the direct (conventional) MCE &tf-arder transition and
(b) inverse MCE at *torder transition in the magnetic material, respectively. At high tempesature
material has cubic austenite phase, which changes to low symmetry martemsiee gthlow

temperaturg [T represents transiticiemperaturef the respective materidls

Inverse MCE is observed in the fistder phase transition systefike antiferro-ferro
transitions andany structural phase transitidn. the inverse case, low temperature phase
consideredhs antiferromagneticAFM) or weak magnetiwith lower symmetrythan that in
the high temperaturerromagnetic (FMphase As in this casedue to spin orderingf the
materia] when placed in an external magnetic fiattlabatically magnetic entropy decreases
but total magnetic momendue to antiparallel orientatiotlecreased, which dominatever
thetotal spin orderingThereforeY"Y israised As this occurreéh theadiabatic environment,
that meanses =0, hence lattice entromlecreases, resulting to th@veringin the temperature
of the materialln another way, one can sagiyerse MCE originates from a structural transition
from AFM marensitic to FM austenite phasBecauseduring structural transition, a large
amount of heat is absorbed and theatare much greater than that of heateasd coming

from the change of magnetic subsystem.

There are various kind of magnetic materialshwither seconarder or firstorder, which are
usedfor magnedcaloriccooling The materiahavingfirst-order transformatiohave several
advantagesof exhibiting giant MCE properties associated with theagnetestructural

transition
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1.3 Thermodynamic cycle of magnetic cooling

The refrigeration cycle of magnetic refrigeratalike to theconventional vapotompression
cycle. The only majordifference inthe use of external stimuli to the working matergl
hydrostatic pressurtor gas refrigerationwhereasmagnetic refrigeratousesthe magnetic
field. In generalmagnetic refrigeratooperates using combination of various thermodynamic
processes sudas adiabatic, isothermal and isofield magnetiza#anong thethermodynamic
cycles BraytonandEricsson, cycle are usednoom temperatureefrigeration[57,58]

1.3.1 Magnetic Ericsson cycle

The Ericsson cycleomprisedour thermodynamic processes; tisothermalnd twoisofield,
which is shown by a-B diagram in Figl.4@). The working principle oEricsson cyclés as

follows:

(1) Isothermal  magnetization  (A-B): When magnetic field is applied fromdHo Hz in
the materialat the temperaturend: in isothermal conditionthenit rejectsheat andthereject
heatis transferredo theregeneratofiuid.

(2) Iso field heat expelling  (B-C): Next, the regenerator absorbs heat from the material
under H anddrops dowrthe materials temperatu(@coid).

(3) Isothermal demagnetization (C-D): In this procesf the demagnetizatioffrom
Hi to Ho) underisothermalcondition materialabsorbs heat from the load to maintain its

previoustemperature.

(4) Iso field heat absorption (D-A): Finally, regeneratofluid absorbs heat from the

environment.Therefore, lis is the cyclic procedure to cool the load.

Indeed, the amunt of absorbed and reject hsatot equal. That is why, this cycle is considered
as the irreversible process.

1.3.2 Brayton cycle

An additional advantage &rayton cycleis the presence of twadiabaticprocess instead of
two isothermalprocess It consists of the two adiabatic and two isotherm@cessesA

schematic T-S diagranof Brayton cyclds plottedin Fig. 1.4({).

(1) Adiabatic magnetization (A-B): The magnetienaterialis subjected to a constant

magnetic fieldH1) adiabaticallyandits temperature risésom initial temperature to Ty +&eT.

-10-
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(2) Isomagnetic heat expelling (B-C): This heatis released to the sinthrough the

refrigerant fluid.And the fluid come back tag initial temperature.

(3) Adiabatic demagnetization (C-D): The adiabatic demagnetization causes a
reduction ofmaterials temperatur@: -ael). Then the MCE materials absorbs heat from the

refrigerant fluid

(4) Isomagnetic heat absorption (D-A): Lastly, theMCE material takesip heat from
the load andomes backo the initial temperaturé;.

(a) H, H, | () H, H,
= B
(T,+AT)
T, B A H,>H, H, > H,
hot y T ___________________________
T C 1 A
cold D
/ (Ii=AT)
Ericssoncycle Brayton cycle
S$ — § —

Figure 1.4 T-S diagram ofhermodynamica) Ericsonand(b) brayton cycldor magnetic refrigeration.

1.4 Experimental technique to obtain MCE

Based on the determination procedure of magnetocaloric parantietensagnitude of MCE

of materialis evaluatedisingdirect and indirect metids [34,57,59 61].
1.4.1 Direct MCE

In direct method, the adiabatic temperature change of a magnetic material can be
measured34]. Foraccurate measuremettie samplenustbesituated undeproperadiabatic
condition Thus,Y'Y "Y¥( would bemeasured as a function of starting temperg@#es 2

65]. Noted thathethermalconductivityof the sample should thegherthan that of the thermal
conductivity of the sample holder for thaccurate measurement of the instantaneous

temperature change due to field changes.

-11-
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1.4.2 Indirect MCE

Anothereasy and common technique for MCE measurement is indiretttod In indirect

method, the magnetocaloric parameters are determined followingpvoaches.

Firstly, the specific heat of the material is measured as a function of temperature in
absence and presence of applied magnetic field. Thus, the total entropy of the material can be
written in zero field and in nerero field ag59],

Y'Yt —QUy Y (1.16)

"Y"YO 0"y "yrfio (1.17)

where,"Y1imt and"YTHiO are the entropy in zero field and npero field at absolute zero and
both are same for a condensed system. Hence, subtraction of eqLadrirom equation
(1.17) results,

vy Yoo | —0 Povy (1.18)

¢

In other way, indirectlyy"Y can becalculatedby measuring the magnetization data
isothermdly at different temperatures across the transition temperature within a small
temperature intervab{'yf and using the numerical approximation of equatio6) as,

I Yy

YY "Y8'0 * B 7 YO (1.19)

This method isvalid for seconebrder phase transition materiaBut, for first-order phase
transition (FOPT)materials, theaise of the above equatiomay give rise overestimate value
of the entropy change ammieates apurious peako theYY  "Ycurveacross the transition
becaus of fieldinduced metamagnetic natuidthough the spikerelated problem has been
solved bydifferentexperimental measurement technig|[&6].

1.4.3 Relative cooling power

Relative cooling power (RCP) is an important key parameter to quantify the efficiency of
magnetic refrigeratorRCP is defined as the amount of hdednsfer between hot and cold
reservoir during a complete refrigeration cyafalit can be calculated numericakyg the area
undertheY"Y  “"Ycurveusing the followingormulaas[57],

2#0 Y'Y Y'Y (1.20)

-12-
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where, Y'Y  is the peak value o¥Y of ¥'Y "Ycurve and¥Y'Y stands for the
temperature span of full width at half maxima¥¥ of Y'Y  “Ycurve. Apotential MCE
material shold have large RCP valu&or this the material haa largepeak Y'Y valueas

well asY"Y  “Ycurveshould be in a broad temperatwiadow.
1.5 Magnetocaloric  Materials : Status of the research

Over the last four decades, the magnetocaloric propertie@aradus systems have been
intensively investigateds efficient magnetocaloric materialMainly, two series of those
systems plag majorrole as much at the fundamental level as in the prd@malicationsOne

is rare arth-based materialhat are associated wildrge saturation magnetizationginaing

from localised 4f electronand are found to exhibit large MCE across the magnetic transition
near room temperaturBut, due to their hiy cost research interest on MCE started to shift
towardstransitionmetd-basedsystemswvhich aremorecosteffective than othefirst one In

the following section, we haverovideda brief review on the investigated magnetocaloric
materials so far based on the literature suraeg evaluated thetemperature dependence

magnetic entropy change terms ofa graphical point of viewn Fig. 1.5.
1.5.1 Rare -earth based materials

Rareearth naterialsshowhigh values of saturation magnetizatipeoming from the strongly
localised 4f electronsFrom the pure lanthanide elements, (Fdg) is considered as a
benchmark material for roormemperature magnetic refrigeratjothat exhibits large
magnetocaloric effect with"Y ~ 10Jkg’K ™ at T ~ 294 K due to the field changes¥D=
50 kOe[34]. Hence roomtemperaturgiantMCE has beeinvestigated irGdsGeSi: (Y'Y

¢ 1 kgt Ktat 276 K, Gds(Si1-x, G&)a materials The most promising characteristiakthese
materials is that they undergo a first order structural and magnetic phase trahasitigive
rises giant MCE.The variation of Si:Geratio in these compousdetains the giant MCE
propertiesover awide tunability in thetemperature range dhe FOPT (from 20 K~280
K) [31,67] There are several reports showing giant M@Bther rare eartbased materials
such asLaves phasefRCo(R=Dy, Ho, and Er)compounds La(FeSi)s-basedmaterials
ThCrSk-type compounds, ferromagnetic Lanthanum manganite and other RE containing
compoundsghown inFig. 1.5 [24i 26,34,57,61,68]

-13-
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B Gaysi, Ge),
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I:l Ni-Mn-based Heusler alloys
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Figure 1.5: A statistical graphidiagramof the maximum peak value ofagnetic entropy change a
function of temperaturdue to the field change 5fér different class of magnetic materiglslere RE,
M 6 gnd Xreferto the rare earth, transition element, and p block elefnents

1.52MnM6 X M6 =Ni Fe, CoSiacompoud ds Ge,

From the material cost point of viewgre eartibased materialarehighly expensivethat is
unfavourable for commercial applications. Along with this, the mechanical properties and
chemical stability is alsof utmost importancen this regardlow-costtransition metabased
compounds are best optiolm recent yearsa hexagonaintermetallic conpoundsMnM &
M6 =Ni Fe, C 9 hawe hakn iensivel\Gstudiel it possesses maximufield-
induced entropy changemong otherpromising systemsThe general formulaf MnM &;

whereM &tands for transition metal aixdis carbon oborongroup elemenjs

In stoichiometricform, these materials exhibit a first order structural transformation
from low-temperature orthorhombic TiNiBype structure (Space group: Pn6f to high
temperature hexagonal JNi-type structure (Space group:s3ABmc) in the PM phase on
heating [69i 74]. In orderto make thessystens into desireMCE material some significant
changes need to be introduced. FiF€®DPTshould occur alc to establishmagnetostructural
transition (MST) which is aresult of coupling of two transitions. Secongdecessary
modification is that MSTsould be lowered in a controllable fashion to rie@r

-14-
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To achieethis, £veral strategies such as element substitutiorstoithiometry, isostructural
substitution, heat treatment, or an application of external stimulus like hydrostatic pressure are

proposed in order to obtain coupletbT.

- aanjesadwa]

Temperature

> P —
FFM 3l1t / ntent -
(;o ot

5

i

(M\n‘ﬁ{éi,

Figure 1.6: A schematic picturef alloy design o{Mn, Fe)Ni (Ge, Si) hexagonakystem represented
by structural and magnetic phase diagrfere, orange and green shaded area represents parent
hexagonal phase and light piakd blue are@ the orthorhombic martensitic phasedi t Quse

temperaturevindow (CTW), respetively [75].

The structural and magnetic evolution of these hexagonal sysdesiaborated irFig. 1.6
MnNiGe- and MnF&e based systems are extensively studied to obtain MST successfully
using theabovementionedprinciple as theircoupledmagnetic and structural transitias
obtained in CTWegion Stoichiometric MNNiG¢76] exhibits a magnetic transition at a Neel
temperature Tn) of about 346 K and a structural transition Bt ~470 K, whereas
stoichiometric MNnCoG§77] undergoes a magnetic transition at Theof about 355 K and
structural transitions affm ~ 650 K. Fang et a[78] reported that oftoichiometric
MnCoo.9sGer 14 exhibits first ordeMST with a largesy'Ys 6.4 J kgt K for YO 10 kOe

at peak temperatur€ = 331 K. In addition tothe stoichiometric MnNiSi compounf®5]
exhibits agiant CTW, in which a highly tunable MST is realizetherefore, MnNiSsystem

is taken as our base system.
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1.6 Heusler alloys & its structural properties

Our work is devoted to the certain class of multifunctional mateoals of them idHeusler

alloy. This Heusleralloy, a longstanding research topiis namedn 1903after the German
metallurgist Friedrich Heusler whaosynthesiseda ferromagnetic CueMnAl alloy using
nonmagneticconstituent$79]. The generaformula of full and halfHeusler compounds

XoYZ, XYZ respectivelywhere, X and Y stand forthe transition metadnd Z Il1A -VA group
elemens [79,80] From the reutron diffraction measamentsmagnetisms found to originate
mainly from X and/or Y elements due the special crystallographic structure. Later,one

hand theydisplay wide range ofarious physicgbhenomenauch as magnetic shape memory
effect, exchange bias effect, half metalliatyd on the other hantheyplay an important role

in potential applicatiors relatedto the properties like magnetocaloric effe@lastocaloric
effect,giant magnetoresistanagtc. To understanttow crystal structure of full Heusler alloys

can affect the magnetic exchange interaction and how the interplay between them influences
the magnetic properties exhibited in Heusler alloys, we need to study in the light of structural
properties.Experimentally, it is observed théuet characteristics of full Hisler alloys strongly

influencedby the atomic disorder, which can be controlled by heat treatment.

(a) L21structure

Full-Heusler allog usually crystallize in theubic L2 type structure (space group: Bm)
around RTdisplayedn Fig. 1.7(a). Theunit cell consists of four interpenetrating facentred
cubic sublatticeswhereX atomsoccupieshe Wyckoff positionsA(0, 0, 0) andC(¥2, ¥%2,%2),
Y takesB (¥4, ¥4, ¥4) site, and dre located dD (%4, ¥4, ¥4) positionThe disorder parameteris
defined aghe fraction of either Y or Z atoms whose position in the sublattice isonct.In
this case, is zerq that means it is completely order structlires generally foundn NioMnZ
(Z=In, Sn, and Shifeusler familiesin these Heusler families thature of magnetic coupling
is strongly depends on the exchange interaetinang magnetic ion$he longrange magnetic
ordering is describelly localized magnetic moments from Mitoms,mediatedvia RKKY
indirect exchange interactig@l1]. Because Mn magnetic moment is neafly d4while X atom

(Ni, Fe) contributes from 0.2 to 0.4 [82 84]. Therefore for L2:1 structure, the typical

interatomic distance between the Mr{@h(D) siteis l, wheae a is the lattice parameter

favoursFM coupling.
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Theatomic disorder in Heusler alloys is pretty common thihgs$ hasa strong impact othe
electronics structure and physical properfidgere are various kind of atomic disorder related
to the L2 structure, which can be controlled by heat treatm@fet.nave described few of
thembriefly.

(b) XA Inverse Heusler structure
Anotherimportantprototype of Heusler compounsd inverse XA Heusler structure (space
group: R om; CuHgTi-type structurepgrawn in Fig.1.7(b). In this casethe atom at C site
getsinterchangeavith the atom with B sitef the full Heusler alloyDepending on thatomic
occupancy rulea systencrystallisesin the regular or inverse Heusler structurevdfance
electron of Y atom is higher than tieatom, Y atom occupying th€ site and consequently,
X is allotted at the B sitghen the system crystalligetheinverseHeuslerstructure[85i 87].

(c) B2 structure

Another importandisorder state i82-type cubic structure(space groupPmom; CsCltype
structurg where X atom are fixeth their A positionbut Y and Z are randombjistributedand
is shownin Fig. 1.7(c). The disorder parameter 0.5indicatescompletedisorderoccurring
in this type ofstructurelt is generally found in ofstochiometric ternary compounds,MnZ6
(Z6= Ga, Al, and Ti).In Ni-Mn-based Heusler alloys, the electronic band structtiFermi
level (EF) is altered due to strongd orbital hybridizationbetweenX andZ atomsthat gives
rise to martensitictransition (MT). In the B2 structure, MTcan beinitiated by d-d orbital
hybridization betweeX andZ atomsbecause is randomlypositionedn Y andZ atomsite.

Therefore, in comparison to L&trucure, the interatomic distance between the Mr{&)(D)

is —, which issmaller and exhibitenergetically favourable A% magnetic ordering.

(d) A2 structure

Lastlyin Fig. 1.7(d), a completely disordestructureis recognised as AB/pe structurgspace
group: Imom) whereX, Y, and Z atoms are randomly sitieading to a bcc lattice with reduced

symmetry.

-17-



Chapter 1introduction

@ x
Qv
@:z

* ” E 3 P 4 . 2
r s ” s o . X 2 p P
Y/z o X/Y/Z
, Y
I —
2. v w 2 2 ) 0 )
I - ” b ” ”
v ! = 4 ,'\ J
? T
g 7
2.7 > AP o, > o/
” r e p ” v 2
() (d)

Figure 1.7: Different crystallographic structure of full Heusler all¢g) order L2 structure(b) inverse
XA Heusler structuréc) B2-type partially disorder structureand(d) A2-type disordestructure[88].

1.6.1 Martensite transformation in Heusler alloy

Martensitic transformatio(MT) is the firstorderdiffusive ordiffusionlesssolid to solid phase
transformationin which atomic movement is ledhan their interatomicdistancg89]. The
diffusionless nature of the transformation generaltegges in latticen the unit cell, resulting

a lattice distortion in the systenthe studies on the antensitic transformationvas first

observed by Adolf Martens at the end of th& &8nturyon the microstructure of stedB0].

The low temperature plseis named af t er @amtmechigatempératusemttagen s i t e
baustenited is named aAustem.A sciiématl repeesantaGam afn d | e r
temperaturalependent magnetization cuniesthe vicinity of MT of Ni-Mn-based Heusler

alloy is shown irFig. 1.8.

In this Fig. 1.8 austenite phase is represented as Cubic lattice and the martensite as
monocliniclattice originaing from the distortion of austenitéf.the austenite phase is cooled
rapidly from the thermodynamic equilibrium temperature, then after a critical temperature
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martensitic phase start to form. This critical temperature is known as martensitic start
temperature (M. Next, their formation firshes afteron reaching their martensitic finish
temperature (M [91]. Once,the sample is heated in the martensite phasstenitestars to
occurat austenite start temperatyfes) andfinish at austenite finish temperaturs)( MT
temperature is defined asy E (MstMs )/2 and the reverse transition temperature is defined
as, Ta=(As +Ay)/2. Thedifferencebetween & and Tv is considered athe hysteresis width

( aak). All the characteristic transitionemperaturearesignedin the figureFig. 1.8.

Monoclinic

Cubic B2

Austenite

Figure 1.8: Temperature variation of magnetization in the vicinity martensitic transition-&friNTi

all-d-metal Heusler alloy.

In off-stoichiometry Heusler alloyshit transformation plays a vital raba the change
of crystallographic viewpoint and conducts the physical mechaofsime phase transitions.
During martensitic transformation, the matersalransforned from a high temperature, high
symmetry austenitephase to a low temperature, low symmaetmartensiticphase with a
significant change in crystal structurfieherefore, tis mismatchn the crystalattice between
two structure can cause thlargeelasticstrain Hence thegrowth and nucleatiomechanism

arerequired to reducthis strain
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Varioussuccessfumodek based orthe deformatiorduring MT are describedusing
different mechanisnand elaboratd that an invariant plane strain occurred in MWhich
possess an invariant interfagmown as habit planidat is undistorted and unrotatdmbtween
the two phasef£onsideringhe elastic strain energyne deformation of martensite is explained
on the basis of geometrical ndinear theory of marteitsc transformationin 1987 This
theory can be used in the construction of microstruatireartensiteand this microstructure
would be result of strain energyinimizationand kinetic compatibilityln addition, this theory
can also resolved thein relationship between martensitic \amtis, volume distortionand the
lattice mismatch (~hysteresis) between two phas#éh the help of crystallographic

calculations[92i 95].

Martensite ,,1
variant-A , 'AB
Martensite
variant-B

(©) (d)

Figure 1.9 (a) lllustration of different twin variants of martensite that forms during transformation.
Here red lattice represent austenite phase and other resisdbievariants of martensite phase. (b) In

this two-dimensional projections, a triple junction is formed by austenite and other two martensite
variants. (c) The transition layer separates the austenite phase from different shape of martensite

variantg[95]. (d) The final laminated twin martensite microstructure meets at the austenite[gddion

According to the nodinear theory of martensitic, if each pair of twin variants of
martensite can form a laminated microstructure in the vicinity of transition, then it meets

austenite at a low elastic energy transition lay@6]. In this theory, the deformation of
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martensite is considered as F which is composed of two parts: one is unique stretch distortion

U anda subsequent pure rigid rotation R. Hence, the deformation gradient can be written as;
F=RU

This U is a 3x3 homogeneous deformation matrix and it is also known as bain distortion matrix.
The determination of U implies the volume change between two phalsesefore, the
geometrical compatibility condition of the material undergoing martensitic transformation is

the U = 1 and itd middle eigen value @&

Figure 19 illustrates thestarting point of this theorto considerthe Bravais lattice of both
austenie and martensite phasesssume, austenite phase has higher symmetry than the
martensiteDue to the different in symmetry between two phases, there are multiple number
of variants in the martensitic phase over which different representation of point groups are
exist. So, the martensitic transformation is occurred when the point group of ttemsiia

phase is the sub group of the point group in austenite phfi&&sienotes the point grougf
austeite phase an&™ stands for the point group of martensite phase, themumber of
possible variants of martensitesis determined byhe nunber ofpossiblerotatiorsoft h & E
divided by the number of possible rotaanf ™ akd can be written as;

For example, number of possible rotasam the point groumf cubicphase has 24, whereas
that in the tetragonahartensite is 8 as well as monoclinic martensite has 2 possible rstation
in the point group. Therefore, the cubic to tetragon(@onoclinic)transformatiorresults 3

(12) variants of marteate, which must have the same eigen valudence, a thorough
investigation of crystallographic analysisthe microstructural in NMn-based Heusler alloys

is necessary, which can provide the fundameantatmationof these materialand can help

to design the shape memory Heusler aloging firstordermartensitic phase transformations.
1.6.2 Exchange bias in Heusler alloy

In 1956,Meiklejohn and Bean discoverdide phenomenon of magnetic exchange anisotropy
and a shift of magnetic hysterefig-coH) loop along the field axisalled exchange bias (EB)
while studyingCo particlessurrounded by AFMCoOoxide[56,57] Whena material is cooled
throughits Neel temperatunender magnetic fieldhis unidirectional anisotropyfms an easy

magnetization axis that arises due to direct exchange cowgilthg FM/AFM interface.A
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signatureof exchange biagphenomenons schematicallyshown inFig. 1.10. Since its
discovery, EBis an important chapter of advance magnetic device with potential application
such asread headsn recording device, spin valve basedgnetoresistivelevices high-

densitymagnetic recording medimagnetoresistive random access memory and so on.

To eléborateon the shift of M-goH loop, a phenomenological model has been taken into
consideratiorfor FM/AFM interface.The necessary criteria for the existence of EBheTc
of FM phaseshould be higher than th& of the AFM phase Tc >Tn.
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Figure 1.10.The schematic diagram exhibits the phenomenological model of spin configuration for
FM/AFM phasegSource: Internet)

Whenthe field is applied in theemperature rangby <T<Tc (seelevel 1), FM spins align with
thedirection of the appliethagnetic field whe AFM spinsremainrandomly oriented-urther
cooling T<Tn (level 2), due to the interaction at the interface, AFM spins align
ferromagnetically at the interface and other AFM spins layer follow AFM order as so produce
zero net magnetizian. Once the fieldotatesdback in the opposite directiglevel 3), FM spins

startto orient themselvealong the field directiomut AFM remains unchanged due to their
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larger anisotropy energy as well as AFM s@htheir interfacepplyamacroscopic torquen

the FM spis to remain themunchangedAs FM has one single stable direction (i.e.,
unidirectional anisotropy)ptovercome this torque an extra amount of field is requireotate

FM spins completelyAs a result, a largeoercivefield (Hc) is obtained(level 4). As we
reverted back to positive field directigrevel 5, FM spins rotate back at a smaller field
thereby give rises laorizontalshifting of hysteresis loofrom the origin is known as exchange
bias field(Hegs). The shift along the field axis is generally negative for positive cooling field
and it is positive for negative field cooled condition.

The Hes and H: field is defned as
Hee= SO 092 (1.22)
Hc=sO 0492 (1.22)

where, O, O are the left and right cidff field respectivelyat whichmagnetization becomes

zera

EB is generally observed in the system which is containing AMinterfaces such as in

small coategbarticle, inhomogeneous material and thin film

1.6.2.1 Training effect

There are many interestipgopertiesaappearing from experiments thyatld various challenges
for the exchange bias mechanis@ne class of these experiments is rotational hysteresis as a
function ofthenumbes of cycles A gradual degradation éfeg field is observed upon cycling
through consecutive hysteresis lodmown as training effectThe trainingeffect is an
important intrinsic property of EB systesnThe change of the shape of hysts loopandthe
correspondinglecrease of loop shifipon consecutive field cycling after field coolifay a
particular temperaturis called training effectit was discovered in 1966, by Paccard ehal
three systems, namely @O, NiFe-NiFeMn, and NiFeCr.0Oz systemsexhibiting FM and
AFM coupling[98]. They proposed that the decreaséigt with increasing loop index can
be satisfied by the following equation,

O O ° pME (1.23)
here, nabelsthe loop index number

The possible reason of this effect is ttieg reconfiguration of spior of the domain of the

AFM duringconsecutive cyclingresultingin fluctuation in the FM/AFM couplingt has been
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observed in various magnetic systeranging from polycrystallinddFM pinning layersto
AFM/FM thin film heterolayers to FM nano domaiesbedded in an AFM matr{99,100]

1.6.3 Magnetoresistance in Heusler alloy

A largechange in resistivity upon application of external field is termed as magnetoresistance.
After the discovery of colossal and giant MR at the end Bfchtury, ithas beemsed in a

vast application area such as magnetic daieage, reading head of Hadisc, andmagnetic
sensor applicationRecently, Heusleslloyshave drawn increasing attean in basic condense
matter physicslue to their fundamental physical phenomeimoterms ofmagnetaransport
properties, topological propertiand so onln these materialghe electrical resistivity arises

from two importantreasonsOne ighescattering otlectronby phonon andhe scatteringrom

the interaction wittspin systemsThe electrical resistivity of magnetic material is expressed in

the following form,
” "Y ” ” "Y ” "Y ” "Y

The term” |, residual resistivity, is the temperature independent, origitisdedthe impurity

and defect in the latticE. Y contributes the scattering of electrons from the lattice phonon
and” "Y is the electrormagnon scattering contribution in the magnetic statelast term,

” “Y denotes the contribution frothe electrorelectron scatteringNow, thetemperature

dependencé Y termcan be defined b§ & ©'0ibE Q Qilax s

~ Y 0
” Y 0O —Qw 8
For simple metalat low temperature’YL — s = 5 T° for pure electrosphonon scattering

ands = 2T for the case of electron scattering from vibrating impurities.

In magnetic material the conduction electron scattering to the magnetic moment also
contribute to the total resistivitythe simplest model afuch scatteng is goverred from the
exchange interaction between free electrons and localised magnetic mdheetiheory of
such magnetic scattering was first observed by Kasuya, in which the conduction étettteon

s bands scattered by thecalisedd-electrons[101]. In FM materialsat T>Tc the contribution

of ” “Y on temperature is independdmit at T< Tc, it decreases with temperature due to
reduction of spirdisorder scattering due to formation of magnetic oftiet,102] However,

MR can be calculated using the following formula,
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0'Y pmimb 8

where,” 1 and” * O is the electrical resistivity under zero and fr@mo magnetic
field.
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Figure 1.11: Temperature dependemdectrical resistivity for OT andT of Ni(Co)}MnTi all-d-Heusler

alloy.

TheFig. 1.11 shows the temperatutependenelectrical resistivity of thall-d-metalNi(Co)-
Mn-Ti Heusler alloy under zero and raaro magnetiield. The magnetoresistance effect in
all-d-metal Heusler alloy first studied in 2015 by Wei. ef03]. Neverthelessfew researcher
caried out the effort with an aim to enhance the magnitude of magnetoresistamnweger,on
cooling, he transformation from parent austenite phaseth® product martensite phase
accompanies a significant increase in eieal resistivity The FOPTcauses largemagnetie
field-inducedreverse phase transitiomder the application of external magnetic fiegtving
rise large negative MRcross the transitionin presentthesis we aimed to understarite

basic originand improve magnettransport properties in NMn-Ti-based Heusler compounds.
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1.7 Motivation and Objective of the Thesis

We have delivered a brief review ebme refrigerant materiais the subsectiod.5,
among thema fewsystemsuch as5&SiGe: [18], La(Fe,Si)s-based alloy$25,104],andNi-
Mn-based Heusler alloyj405] are found as promisingcandidateAll these materials exhibit
a field-induced structural transition from AFM or PM to FM phaseurringto aMST which
isaccompaniewvith boththechange irunit cell volume and sharp magnetizatahrangeacross
the phase transitiotowever, many fundamental issues of thesaerialdargely restrict the
developmentm avast technological applicatioRor examplethesignificantamount ofattice
mismatchn the crystal structure across Mawuses large hysteresis thedtricts in the potential
applicationsIn addition, the brittleneggroperties during cyclingperationopposesheir long
term uses in technological applicatioAsother important issus the broadening of MT width
which addresse strong drawbackn the effective use of the materialdence the elated
investigations are grdgtrequiredand of significanceBased on such a backgrounalr work
emphasizes on novel material design and enhances the magnitude of multifunctional properties,
such as MCE, magnetoresistance, and exchange bias from the viewpoint of competition
between ferromagnetic and other magnetieraxttions, structural, and electronic properties in

strongly correlatetransitionmetal based alloys.

This thesiswork is orientedo carry outdetail investigation®n magneteresponsive
properties across thie structural transition in  MnNiSi-based intemetallic
compoundg72,74,106Jand NiMn-Ti all-d-metal Heusler alloy§103,107,108]

1.8 Organization of the Thesis

The present thesis contains 8 chaptnsoverview ofall thechaptesis summarizeds below;

Chapter 1 presentshe basic introduction dhe theory ofmnagnetocaloric effect and its
importance on solidtate cooling refrigeration with thermodynamic cyclBEse development
of new and superior caloric materials namely, Heusler alloy$/snM & -based intermetallic
compoundsand the study of theivarious physical and applicatioelated properties are
discussed. The outline of the thesis has been summataegiwiththe motivatiorof the work

undertaken in the thesis

Chapter 2 describedthe sample preparation, characterization and measurement

technique used in the present thesis.
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In Chapter 3, we delivered an accurate and preferred measurement protocol to
determine the MCE response using Maxwell relatioMimNiSi-basedsystems.We have
systematically explored MCE of (MnNiSiFeCoGaymateridwith x = 0.165 across its MST
(~265 K) from various measurement protocols; namely Clausius Clapeyron relation,
transformation fraction method, and Maxwell equation. The overall outcomes conclude that
the use of Maxwell equation from isothermal magnetization ureaeent during discontinuous
coolingandfield increasing modeould be the preferred protocol to determim&gnetocaloric
response of these similar types of materials accurately

In Chapter 4, we designed new caloric material usirigw-cost nontoxic, and rareearth

free element$or roomtemperature solidtatebased MR technologyGiant magnetocaloric
performances offFeNiGa) (x = 0.16,0.17,and 0.B) dopedn (MnNiSi)1x Systemis studied

Here, a coupled magnetic and structural transition fromanpagnetic hexagonal to
ferromagnetic orthorhombic structure at room temperature is observed, leading to a giant
magnetocaloric effect. The alldgr x = 0.17 is found to exhibit a giant isothermal magnetic

entropy change ~63.2 Jkig* at 305 K due to application of 5T magnetic field.

Chapter 5 deals with theeffect of simultaneous substitutioof Fe-Coin Ni site on
magnetic, structural, magnetocaloric, and magtr@tosport propertiegn all-d-metal Niso
x(FeCo)YMnas7Tiz (X = 16, 18,and 20)Heusler alloyslt is interesting to observe that the peak
values ofmagnetic entropy changemain almost insensitive in a wide temperature regime
around the room temperature of all the present abbogsthe same reflects in the results of

magneteresistance.

Chapter 6is based on theeversible magnetocaloric effect and magnetoresistance by
improving crystallographic compatibility condition in Ni(GM)n-Ti all-d-metal Heusler
alloys across their finrsorderMST upon field cycling In the investigating systenthe small
hysteresis ( 4. 7 K) of t hemagnetieentrody ohangesti 0 n
17.78 JkgK 1, which represents ~91% of the total magnetic entropy change of 19:18 kg
obtained at the first magnetic field ramphe manipulation of thermal hysteresis through
chemical composition tuning, minor hysteresis loop, and crystallographic compatilaity

beendemonstrateélaboratelyin order to get reversibl@agnetefunctionalproperties.

Chapter 7 deals withthe phenomenon oéxchange bias effeah Ni-Mn-Ti all-d-
metal Heusler allayThe observation of giangéxchange bigss attributedto the unidirectional
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anisotropyoriginated die to the FM and AFMinteraction at their interfacevhich hasalso
beenjustified by time dependence of thermoremanent magnetizationpagdetic memory

effect

Chapter 8 involvesthe overall summeryof the thesis andoossible future works in

the related field are discussed.
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Chapter 2 Experimental Details

We discuss here a genepabcedure of sample preparation and
characterization andarious measurement techniques. Sample
preparation in the present thesis is done using Electrie arc
furnace (EAF). Crystallographic phase of these samples has been
confirmal by X-ray diffraction (XRD) using SmartLab9kW,
Rigaku with CuKa radiation The actual compositions are
verified by energy dispersiveray (EDX, Quanta FEG 250 To
measure physical properti€&ifferential scanning calorimetry
(DSC, TA Instrument, Q2000) isised. Magnetic and magneto
transport properties have been measurechoysical property
measurement system (PPMS, Quantum Design) using the
vibrating sample magnetometer (VSM) artectricaltransport
option(ETO).
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2 Experimental Details

2.1 Sample Preparation

2.1.1 Electric Arc -melting Furnace

Sample in the form of ingot is prepared by melting of high purity raw elements-arcTri
electric melting furnace (EAF) under argon atmospkireThe whole furnace chamber
assembles tarc furnace (Centorr Vacuum industries, ModEAj, dc power supply, rotary

pump, chiller and vacuum pump unit. The furnace has two main parts; (i) a copper hearth with
positive electrical polarity situated in the bottom section and (ii) in the top section, three
electrodes with negative polarity, a&presented ifig. 2.1 The watercooled top and bottom

parts of the furnace is separated by Pyrex glass tube for visualization purpose. Each electrode
is made of copper stringer with tungsten attached at the end of it. In addition to that, each rod
is mouwnted with swivel ball which helps angular and vertical gesture. A maximum temperature

300C°C and corresponding current ~ 120 A is achieved in this system.

During sample preparationirdt each raw element is mounted on the copper hearth. Then
furnace is wacuated by vacuum pump and purged with inert gas argon (Ar). About 5 times
roughing and purging is required for having good quality of inert atmosphere. Noted that the
Ar gas flow is carried on with the melting process to prevent oxidation until saneplgration

is finish. Before beginning the melting, titanium is melted by striking the arc to reduce any
presence of oxygen inside the chamber. After melting the elements in the form of round block,
current is gradually increased and the electrode are nemeethd and above the sample to
improve homogeneity. The sample is capsized after cooling and remelted 5 to 6 times to ensure
homogeneity2].
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i
A
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3 ott(;gln‘séctio

Figure 2.1: An image of electrieArc melting furnace (Centorr Vacuum Industries model 5TA).

2.1.2 Annealing

The asprepared ingot is ultrasonicated in alcohol bath for cleaning and sealed with tantalum
foilsin Fig. 2.2(a) to further prevent from oxidation in a evacuated quartz tube. Before sealing,
the tube is roughed and parged with Ar for several times so that sample do not oxidise. Then
the sample is annealed on their respective temperature for 4 days. Past 4 daytscait hnesgt,

the ingot is quenched into ice water in order to arrest high temperature phase of the sample.
The sample is then cut into various shape using low speed saw (BuehlerYycameording

to their need in the different experiment. The image oftquabe, box furnace and cutter

machine is shown iRig.2.2
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Figure 2.2: Tube furnace (a), a sampigth four peace of tantalum foilaside a quartampoule, and

(c) Buehler low speed saw cutter machine.

2.2 Structural characterization

2.2.1 X-ray Diffractometer (XRD)

X-ray diffractometer (XRD) is used to determine the crystallographic structure of a material.
It allows us to study crystal structure, phase, preferred crystallographic direction of plane and
other crystal information about latticeastr, average grain siZ8]. A block diagram of the X

ray diffractometer is schemagd in Fig. 2.3(a), where a monochromatic beam ofray from

the X-ray tube experience on the surface of crystalline material. The electrons from different
crystal planes of the materialastically scattered the incident beam, forming outgoing
spherical waves. In a few specific angular directions, these scattered waves interfere

constructively that are d&dtermined by foll ow
2d Sind = na 2.7)
Where d is interplanar spacing in the crystea

of the incident beam, and n is aneiger (order of diffraction). The diffracted intensity of X
rays is captured by the detector in different directions. The experimental diffraction peak is
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identified by comparing its diffraction pattern with standard reference patterns of the Joint

Commitiee on Powder Diffraction Standards (JCPDS).

There arghree different experimental method for diffraction studyL@y method: d i s f i X ¢

and @& i s Rot@atng Grystal-enetho¢ i ia)) i s fi xed, where d var
variation of singlecrystal. (iii) Powder method like the second one. Noted in this thesis we

have used @vder diffracton technique because of our polycrystalline sample.

However, pwder diffractometecomes into two basic sectiorbd sy st €md aryds t € m.

tdh etegd both the Xay sourceand the detectaroncurrentlymove, but the sample
s yXsraysonrce remains fixed arlde detector
rotati ofds pgesd eonf ot

Il n
holder is fixed On the other hand, fok2 d

moves at speed twice the

Panalytical Xray diffractometer is used Figure 2.3(b) shows XRD pattern of

(NiMnSi)o.sFeCoGay.17 polycrystallinesample

(b) sl s
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Figure 2.3:((a) Schematic of X-ray diffractometer. (b) RooftemperatureXRD pattern of

(NIMnSi)o.s{FeCoGa).17 hexagonakystem.

2.2.2 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) I's wi del
compositionanalysis in material science as well as engineering field. In SEM, a branch of
electrors beam is generated from an electron gun either by therrmailbnior cold field
emission5,6], aselaborated ifrig. 24(a). An electrostatic fieldccelerat¢heseelectrons and

maintaired a very high voltage between the source of the electron (cathode) and the anode
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plate. Then thee accelerateclectrors beamgonethrough electromagnetic lensesich is
made ofinsulated copper witeand deflected by the magnetic field and take a circular path
while passing through the lens&&M usuallyworks in a voltage range of2kV with a beam

diameter ranging between 5aBum.

When thisaccelerated electron interacts with the sample surface, due to inelastic collision
between electrons beam and sample, the incident electrons deaccelerated through energy
dissipation. As a result, varies of signals such asecondary electrons, auger attens,
characteristic Xrays, backscattered electronand cathodoluminescencare governed
Depending upon their energgecondary and backscattered electrons are collected and
distinguishedy the detectotHence SEM image®f the sample are formed.

(b)

Electron Electron Gun

Scanning TR
| _ (c)

Electron ay |||| 4
e = 4B Second
1 o ' econdary
\\\\'ly/ £a ‘\Elect ron
/ Detector

Aage specimen

Figure 2.4: (a) Block diagram of an SEM unit. [source from interné) and (c) SEM micrograph of
the Ni(Co}Mn-Ti all-d-metal system.
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2.2.3 Energy dispersive analysis of X ray (EDAX)

Energy dispersive analysis of-rdy (EDAX) is often used tanicroanalysis like chemical
composition of a bulk to nano partigld. When a material is bombard by high energetic
electron beams, the electron from inner shell is ejected from atom of the material. For instance,
emission of Kshell electron quits the atom in an excited state. This creates a vacancy in a
particular electronic shell and thus an electron from highemggngrell jumps into vacant
energy shell. Therefore, the energy difference between these two shells is emitted as a
characteristic Xay from the material. In EDAX, Si or Li detector is generally used as energy
dispersive spectrometer that can measure theuat of energy and count the number of
emitted Xray. A typical Xray spectrum is explained Kig 2.5(a). In Fig. 2.5(b), a branch of

X-ray photos is counted over the binding energyorder to get compositional analysihe

width of characteristic Xray is calculated from the following equation
0 v®QgOo 8 (2.2)

Where N is electronic noise of the system, F is the Fano factor (0.11 f@r tBB,energy to

produce an electron hole pair (3.8 eV) and E is thrayline energy.

M'S]l(‘ll Elem Wt % At % K-Ratio z A F

TiK 1e.45 12.97 ©.1e83 1.0012 ©.9617 1.0760

MnK 36.65 37.21 0.3712 0.9827 0.,9748 1.0574

FeK 8.07 8.06 ©0.0847 1.0021 ©.9836 1.0643

CoK 8.53 8.07 ©.0784 0©.9829 ©,9352 1.0000

NiK 36.30 34.57 0.3478 1.0196 ©0.9396 1.0000
Total 160.00 100.00

Energy (keV)

Figure 2.5: (a) Schematic of EDAX principle. (b) EDAX spectra for-(fieCo}Mn-Ti all-d-metal

Heusler alloy.
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2.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analy®i$ which measures physical
properties like melting, boiling, glass transition and corresponding enthalpies of a nfiterial

10]. DSCdetermineghe difference of heat flow between sample and references as a function
of time and temperature under heating, cooling, or isothermal condition. DSC is first
commercially introduced in 1970, and able to provide easily quantitative as well as qualitative
data overall reaction kinetics with relative speed. DSC is divided into two tyass: heat

flux DSC and power compensation DSC. In our measurement, we used a commercially
available Q2000 instrument, which works on the principle of hélak DSC, schematedin

Fig. 26(a).

In the heafflux DSC, the sample and reference eaomnected through a low resistance heat
flow path and heated by a single heater. When the heater is heated at a constant heat rate, its
internal energy also changes. A temperature difference between sample and reddirenee (

Tr) is governed that is propg@nal to their differential heatflowratég by t he Newt on o ¢

of cooling;— "@¥'Y where Wis the factoryinstalled calibration factor.

Heater Gas purge inlet

@ / s ®)

@
o Reference pan Sample ® Q
® ® =&
o ® =
0 ® =
o) o
° . o =
. hro'he[ .

dise /

Chromel4vire Alumel wire

Figure 2.6: (a) Schematic diagram of hefix DSC. (b) Heat flow DSC curve vs temperature

exhibiting structural transition temperature of Ni(@®)-Ti all-d-metal Heusler alloy.

Figure 2.6(b) shows DSC heat flow curve exhibiting the first order phase transitiorvingol
hysteresis between exothermic and endotheomige ofNi(Co)-Mn-Ti all-d-metal Heusler
alloy. Generally,we detect the characteristics temperatures ohthetensitic transformation

at a constant heat rate 10°C/min from DSC heat flow curve. The ketat) enthalpy, specific
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heat, and entropy associated with the transitiome haen calculated from the analysis of DSC

curve.

2.4 Quantum design Physical Properties measurement
System (PPMS)

Quantum designods Physical pr opequigpedewsth ane as ur
temperature control system and superconducting magnet, and allows the measurement of
magnetization and electrical resistivity in the temperature range ed0D.& with the

maximum magnetic field of 9 T. The minimum pressure reached irsytbiem is about
0.01mTorr.

2.4.1 Vibrating Sample Magnetometer (VSM)

The temperature and field dependent dc magnetization measurements are performed using a
vibrating sample magnetometer (VSM) module in a 9T DynadeBMS, Quantum
Design[11]. The VSM module of PPM$n Fig. 2.7(a), conssts of agradiometepick-up coil

detecting the response, a coil set puck for detection, a linear transport motor for vibrating the
sample, and electronics set up for operating linear motor. The basic principle of VSM is
established y t h e F a riaddcion,@ecording to whoch induced voltage in the pick

up coil is proportional to the time derivative of magnetic flux through the coil. The induced
voltage is given by

Qe Qe Qaq

Q0 Qa Qo

= CmAYSin(~yt)

Where, C is the calibration nstant which is used to calibrate the response, m is the magnetic
moment of the sampl e, A i s tfhfas the gguency afd e of
oscillation of the sampleElectromagnetic field is generated byperconducting solenoid

which has a vertical field. The output of the gradiometer pickup coil is connected to the
preamplifier and VSM module is connected to a totlamplifier providing phase sensitive
detection. Uder a certain magnetic field, the moment is induced inside the material. A vertical
sinusoidal mechanical oscillation is provided to the sample so that magnetic flux is enclosed
with the help of pickup coil as a function of time. The moment is measureal fasction of

time, magnetic field, and temperature.
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Figure 2.7: (a) Image of VSM module parts of PPMS and sample holder with attached sample for the
magnetic properties measurement. {binperaturelependenmagnetic momerdat different rateand
(c) Field dependent momeat MnNiSi-based hexagonal system.

For the measurement, the investigating sample is usually rapped in a Teflon tape and attached
in a noamagnetic quartz paddkample holder and then sample holder is mounted inside the
chamber. Chaber is purged several times after the sample insertion process. Then the
optimum position of the sample is set by scs
position. Once the sample position is optimised, setup is ready for the measuremegt. Duri
the measurement, sample vibrates vertically through theupidoil in steeps with the help of

linear motor. Change in the sample position modifies the flux attached with thapudl

and demonstrates in the change of current flowing in the dmtecticuit. The magnetic
moment is determineds the unit oemu by induced voltage with respect to the sinusoidal
vibration. Figure 2.7(b) and (c) is associated with the temperature and field dependent
magnetization data of oumvestigating MnNiSibasedsystem

2.4.2 Electrical transport properties measurement

The electrical resistivity and magnetoresistance of the samples is measured in ac mode by
standard fouprobe method, illustrated frig. 2.8(a) [12]. First, samplés pasted on the mica

sheet using GE varnish (good thermal conductor but bad electrical insutakog) 2.38(b).
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Four electrical contacts are made on top of the samples using thin copper wire (diameter ~ 120
em) and conduc tand 4 tersindls\act as a eupreanixsgurce it which current

is allowed to flow as well as voltage is measured betw&&sm2 3 probes. The ac resistivity

of the samples is measured using the electrical transport option (fE1@)abovementioned

system A consant sinusoidal current of proper amplitude and of frequency 33.5 Hz was
allowed to flow through the current leads and the ac voltage was measured across the voltage
leads and amplified through a legkamplifier. And noise reduction is done using the lotk
amplifier and data averaging. The temperatiependent electrical resistivity of the samples

was recorded by PPMS Multiview software on a computer. The typical values of current for
the electrical transport measurements were about 5 mA. The electrical i st i vity ()

samples have been evaluated by using the following formula:
” 'Y_ ’

Wheredis the separation between the two voltage lead$asdthe crossectional area of the
samples. Temperature dependent resistivity curves under OT and 5T is repredagt2@(n)

for all-d-metal Ni(Co}Mn-Ti system.

Current | Volt

(a)

Ni Co Mn_ Ti
36 14 34.5 15

5

—-— 0T
- ST

(b)

Figure 2.8: (a) Schematic of four probe setup for electrical resistivity measurethg@orresponding
photograph of puck used for mounting sample, and (c) Temperature dependent electrical resistivity of

Ni(Co)-Mn-Ti all-d-metal Heusler alloy.
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Chapter 3 Measurement Protocols dependent
giant m agnetocaloric  Effect in

MnNiSi -based system

Magnetothermal history is a crucial parameter for fiostler
phase transition material. If we determine the magnetocaloric
properties by different procedure and compare together, they
should not be same due to their bigt dependence. In this
chapter, we have established an accurate and preferred
measurement protocoto determine magnetocaloric effect
precisely across the firsbrder phase transition in
(MnNiSi) 0.s3dFeCoGapies hexagonal system.Moreover,
estimated magnetic entropy changaising the Clausius
Clapeyron equatioriviaxwell equationthe analysis of universal
scaling behavi orwm dath and dalerimatra| cul a

study of magnetocaloric effect justifies the observations

Content of this chapter has been published in: S. Ghosh, S. Samanta, J. Sinha, and
Mandal, " Measurement Protocols Dependent Giant Magnetocaloric Effect in MnNiSi -

based system,” Appl. Phys. Lett, 119, 183901(2021)
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3 Measurement  Protocol dependent
giant magnetocaloric effect in  MnNiISiI -
based system

3.1 Preface

Recent magnetic matersalvith combined structural and magnetic transition (known as
magnetostructural transition, MST) from paramagnetic (PM) parent phase to feratimagn
(FM) martensitic phase hagained enormous interest due to their magnetoresponsive
propertieq1i 7]. Therefore, searching such mateni@h MST near room temperature (RT) is

an intensive research topic for magnetic refrigeration techn¢8gy

Recently, a family belongingp the MVl & (M &= Ni, Co, andX = Si, Ge) intermetallic
compounds have grabbed significant attentmthe scientific community as these materials
exhibitMST nearRT accompanied with a large unit cell volume changes as well as a jump in
magnetization across the transition that results into a large MCE regpoh&g In general,
MnM & compounds in their stoichiometrform display a secondrder magnetic transition
followed by a firstorder structural transformation from a ldemperature orthorhombic phase
to a hightemperature hexagonal phase ia BM state without having a substantial change in
magnetization. To make these materials useful for RT refrigeration technology, magnetic and
structural transitions can be coupled at the same temperature which can lead tordefirst
coupled MST associatl with a sizeable change in magnetization across that transition.
Becauseof cost of raw materials, MnNiSi system compared with the redteahaterials of
MnM & family and other transitioimetatbased magnetocaloric alloys is extremely -cost
effective. The stoichiometric MnNiSi compound undergé&s to PM transition at Curie
temperatureTc) D 622 K and above that temperature, a structural change from a TSI
orthorhombic structure to a Nin-type hexagonal structure B D 1210 K[12]. Therefoe, to
concurrently occumagnetic and structural transitian the vicinity of RT in MnNiSi
compoundstwo or more elemental substitut®fi3,14] and alloying with binary or ternary
compounds such as F&e[15], FeCoGd10], FeNiGe[9], FeCoGd11], and MnFeG¢16]

are found to be an effective method.
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Generally, the use of Maxwell relation is a wedttablished method to explore the MCE
response for these similar types of materials though the incorrect application of this relation
overestimates the obtained magnetocaloric pararfie®5,7] It is known that the Maxwell
relation is based on treguilibrium thermodynamic, i.e., magnetization and entropy are single
valued function of state. This ke appropriatereatment for thenaterials having a second
order magnetic transition (SOMTut forthe firstorder MST, this analysis technique goves
overestimation problemue tothe magnetic and thermal hysteresis. This enables the existence
of metastable along with the naquilibrium state. Therefore, it is important to have correct
and more reliable MCE parameters in such giant magnetocalotciats across their MST,

an erroffree and reliable measurement protocol should be considered.

In this chapter, we have explored the MCE responses of (Mn¥i§heCoGa).165
alloy using various measurement protocols. From our earlier studies, the MnNiSi system is
observed to exhibit a MST in a walgulated temperature regime2#4K 1 342 Kwhen it is
alloyed with FeCoGa for the composition(dinNiSi)1x(FeCdsa) (x=0.150.17) alloyq11].
The present investigated sgst withx = 0.165 shows MST at about 265 K. MCE response of
the system is deduced using the Maxwell equation from the measured isotherms in the vicinity
of MST obeying discontinuous heating and cooling protocol. Further, the ClaCisipsyron
equation isused to evaluate the MCE parameters from the isofield magnetization data.
Moreover, the universal scaling behavior of the obtained data of the MCE parameter is
analyzed to understand the effective method of measuring MCE response. The overall
outcomes suggst that the discontinuous cooling mode is the preferred protocol to determine

the MCE response of these similar types of materials accuratelythsiMgxwell relation.

-B53-



Chapter 3: Measurement protocol dependent MCE in MnNiSi hexagonal system

3.2 Experimental

(MnNiSi)o.s3f{FeCoGaj.1s5alloy of approximately 2 gs prepared byonventionahrc melting
technique under a 4 N purity Argon atmosphere using high purity constituent eléraents
Sigma Aldrich The sample is renelted five to six times to ensure the homogenization. The
ascast sample is wrapped with a tantalum &witlsealedn aquartz tube unddrigh vacuum

and annealed at 1173 K. Past 4 days of heat treatthergamplas quenched into ice wer.

X-ray diffraction (XRD) pattern of the samplis investigated using SmartLab9kW, Rigaku

with Cu-Kg radiation. Magnetizdion measurements are performed in Vibrating Sample
Magnetometer (SM) using a physical property measurement system (PPMS, Quantum
design).Temperature dependence of magnetization is carried out at a temperature ramp rate of
2 K/min. Differential scanningalorimetry (DSC) is performed to measure the heat flow curve

of the sample with a heating/cooling.

3.3 Results and discussions

3.3.1 Temperature dependent Structura | characterization

Figure 3.1 depicts the temperature dependent XRD pattern for (MngN$gifFreCoGay.165

alloy. The sample at room temperature shows a purely hexagonal structure and no traces of
orthorhombic structure is observed which indicates that the structural transformation
temperature has been shifted to beRilifrom about 1210 K for thparent MnNiSi compound.

The lattice parameters in the hexagonal phasanate 4. 00 &= 5ab 80 .- Tempe
dependent XRD pattern of this compound confirms the structural transformation of this sample
from NizIn-type hexagonal to TiNiSiype ortltorhombic structure. The reduction of hexagonal
distortion €n/an ratio) from about 1.636 for the parent MnNiSi compo{iid to 1.294 for the

studied alloy stabilizes the hexagonal phase towards the lower temperature. At low
temperaturg the sample crystallizes in a dominating orthorhombic phase, and the presence of
few traces othexagonal phase is attributed to inhibition of entire structural transformation

which arises from the grinded sample.
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Figure 3.1: X-ray diffraction pattern for (MnNiSiks{FeCoGayiesalloy atdifferent temperatuse

3.3.2 Mag netic properties analysis

Figure 3.2(a) represents the temperatutependent magnetizatiaurve (MT) under alow
magnetic field of 0.05 TM-T data are recorded on heating and subsequent cooling mode in
presence of an applied field after cooling the sample to the desired temperature in zero fields
cooled (ZFC) conditiont is seen thatte alloy undergoes a MST from a hitgmperature PM
hexagmal phase to a lowemperature FM orthorhombic phaselat 265 K during cooling.

The presence of thermal hysterdsiaayk) of around 14 K during heating and cooling confirms

the coupling of PM to FM transition and hexagonal to orthorhombic structansition at the

same temperature which leads to coupled-irder MST. The reverse transition takes place
during heating af; about 279 K. FurtheM-T measurements are carried out at various applied
magnetic fields following the aboweentioned way wich are shown irFig. 3.2(b). The
magnetic field usually favors to stabilize the magnetic phase with a higher magnetic moment

and here it is the ferromagnetic orthorhombic phase.
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Figure 3.2: (a) M-T curve in presence of a low magnetic field of 0.0BnEet: dM /dT vs. T plots to
deduce the structural transformation temperature during both heating and coolingT (blinves at

the different applied magnetic field of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 T (¢) MST temperatures as a function
of applied fieldfor (MnNiSi)o.sa FeCoGay1esalloy.

Hence, a shift of botfi; and T; is observed towards higher temperature with enhancing the
app!l i e dalrhosteemains coastant with enhancing applied field. MST temperatures are
plotted as a function of the applied field upon heating on coolingn Fig. 3.2(c). The
sensitivity of transition temperature to the applied field is characterisedlifgusgH and
dT:/duoH which are +1.42 K/T and +1.48 K/T respectively. The obtained results is quite a weak
field dependence of MST compared to other4ingter magnetocaloric materials such as +4.9
K/T for GSiGe [18], +4.4 K/T for LaFe1.6Si1.4[19], -8.5 K/T for FasRhs1 [20], +2.1 K/T

for MnFeR s5As0.45[21], and-6.9 K/T for Nisg.dVinssolnis.2[22].

3.3.3 Thermal properties analysis

To detectthe firstorder structural transitiohy measuring the associated latent heat,
DSC heat flow measurement is a powerful technigigure 3.3(a) carried out DSC hedtow
curve of thesample in heating as well as in cooling mode with a ramp raf&/dif£15 K/min.
On cooling, the transition takes placeTat- 264.6 K where the peak of heat flow changes
occurred during the transformation. The reverse transformation follows during heafing at
about 279.6 K. The presence of thermal hysteresis betweendgaatl cooling modeonfirms
the transition is firsbrder in nature. We calculate the latent heat or the enthalpy change after
the baseline correction and found to be about 10.62 J/g on cooling and ~13.21 J/g on heating.

The change in total entropy thie structural transition is estimated following the equation,

yYy | — — -Q7Y (3.1
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where, d)/dt is the heat flow changes of the sampleand Tr are the starting and finiginy
tempeatures offrsor der phase transit i &nsfousdsopeabdut vel y.
45.24 and ~ 47.36 JK&* during cooling and heating mode respectively.

0.14{(a) — T,=264.6 K 0.24(b) dT/df = 10 K/min
n
58 (), - \_J\_,_/% 0.0-
z
§r0.l i -0.2- —zn:: cycle —s5th cycle
' — 3" eyele 6th cycle
0.2 ~ T, =279.6 K 04 ___4th cycle —_qoth evele
165 220 275 330 160 200 240 280 320 360
T (K) T (K)

Figure 3.3 DSC heat flow curve fothe investigatinggample(a) at a heating/cooling rate of 5 K/min

(b) several run up to 7th cycle at a heating/cooling rate of 10 K/min

These types of materiadgxhibit remarkablstructural changes during the thermal cycle
across the MST which results in crack formation tabié& sample and effectivelgducethe
mechanical stability of the sampldowever the physical properties remaimchangedfter
various thermal cyck which hae beenexaminedoy measuring several DSC hdhiw run
across the MST and is shownHig. 3.3(b). Thisresultindicatesthatdespiteof change in its
mechanical properties due to repeated thermal cycles, the valueti@si@rmation entropy
changehas no changéNoted thathe MSTtemperatureand thewidth of thermal hysteresis

alsoalmostremainthe same.

3.3.4 Field -dependent magnetization using heating and

cooling protocol

IsothermaM-poH curves are measured upon heatimgfeat a temperature interval of
2 K in the vicinity of T for a maximum field change of® T which is shown irFig. 3.4(a).
Isotherms arg¢akenfollowing discontinuous heating mode&here the sample is cooled to a
reset temperature of 175 fpure martensitic regionp record eaciM-HoH measurement.
Surprisingy, M-oH curves during heating do not exhibit any fiehdluced hysteresis which
signifies that no firsbrder transition takes place on heating both in magnetic field increasing
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and decreasing mode and it is unusual compared with the results obtainéd-ffatarves
where the material shows clear thermal hysteresis across the trartdédren5 T magnetic
fields are not sufficient to induce fieldduced metamagnetic transition upon heating and
hence, a very high magnetic field is necessary for that.

-
-
-
-

0o 1 2 3 4
ol (T) poH (T)

Figure 34: IsothermalM-poH curves for (MnNiSi}.sss (FeCoGay.ies alloy following (a) heating and

(b) cooling mode.

Besides, isothermaM-poH curves are measured following cooling mode in the
temperature regime of 280460 K at 2 K interva each in the vicinity of: which is shown
in Fig. 3.4b). To erase the field history effect of the sample, loop process mg#®)dg]are
used to measure the isotherms. Here, measurgpnotocol is as followed 850 KY T1(M-
toH) Y 350 KY T2(M-poH) where T andT; are the first temperature (for example 280 K for
cooling mode), anthe next target temperature higher than by 2 K of the previousloise.
seen thaM-poH curvesexhibit field-induced hysteresis in the vicinity of transition temperature
which is a signature of fielthduced structural transition from PM to FM phase. Here, it can
be noted that fieldhduced structural transition is realized during the field incngasiode

only.
3.3.5 Isothermal magnetic entropy change

| sot her mal ma g n e $v) isa criciat parangeter tacghaatiyghe MCEze
response which provides an evidence of the viability of the sample as a magnetic refrigerant

and is calculated using Maxll equation from the measured isotheriajioH curves a$25],
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Y "Wo Q0 (3.2

The cal Suwaluees duthg [@eth heating and cooling protocol (field increasing and
decreasing mode) are shownFhig. 3.5(a)and3.5(b). On cool i ngSurpaclesa c o |
maximum value of about 29.8 J k& during the field increasing mode. On the other hand,

aSv is calculated on heating protocol which shows a maximum value of about 428Jkg

due to a field change of 5 T for fields increasing mode. Here, we can shetigatcurves on

cooling mode are pronounced to exhibit figdduced PM to FMransition in the vicinity of

MST whereas, such kind of transition is not observed during heating protocol. The sample, in
this case, resides either in FM/PM or in the mipddse of FMPM throughout the isotherms
measurements. Hence, temperature evolutibthe FM phase give rises the unphysical
overestSuwatlt eed en heat i Syalupsrareimoch larger cemparedeto e

t he v a8uuestimatetl froee field increasing during cooling protocol. Moreover, field
induced MST can be observed onlyritg field increasing of cooling protocol, which is shown
inFig.35@by drawing a | ine thr oug%vfoctierdiffezentt i ng t
field changes.
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Figure 35: Magnetce nt r opy change (&SM) as a f usoteetmalon of
M-H curves using Maxwell equation for (a) cooling and field increasing modeefi)ngand field

increasing modessSy as a function of temperature estimated frivhT curves following Clausius

Clapeyron equation during)( heating mode andooi ng mode. [ The vpetaek v al ue

different field variations are connected by a line]

Therefore, t hSe from snagnetization dunmng tbef fieldancreasing of cooling

protocol is a correct experimental protocol to obtain the MCE resmdrieese similar types
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of materials. A large change in magnetization across the MST originates from the lattice and

magnetic structure changes, governs a giant MCE response in this system.

In order to further evidence the reliable protocol to use Mdxealation for the
e st i ma tSJ, magnetx £ntr@py change has been estimated using the Gl&lemeyron
equation (CCE) which is appropriate for the fiostler MST. The total magnetic entropy

change can be estimated %8 YO ——  whereYd is the change in magnetization

between FM and PM phases for a certain applied field. ¥¥alis found to be ~42.25Jkg
IK-1by adopting h e v aM abaut 60 ému/geandrgddH ~ 1.42 K/T during heating across
MST, due to field changesdim H; ~ 50 mT toH: ~ 3 T. Hence the obtained magnitude/of

using Maxwell equation from the magnetization during cooling and field increasing protocol

is in the limit of total magnetic entropy change.

Further, the following equation based on the gfammation fraction (TFCCE) has
been empl oy &dvalies frooh esafieldel-& measurements for the different field

changes on both heating and cooling mi@tg,

Y'Y Yoy — (3.3
w h e rfés the @éhange of phase fraction induced by the change of magnetic field that can be
def i n&TdaHp=d(T, &) - f(T, Hi).* H; and' Hys, the initial and final applied magnetic

field. The phase volume fraction is assumepraportional to the total magnetization and thus,

the phase fraction of the ferromagnetic orthorhombic phase can be estim2®@d as

QY — (3.9

where,Mc1 (T) andMur (T) represent the magnetization of the {teamnperature phase (here,
FM orthorhombic) and higkemperature phase (PM hexeanal) respectively.

a&5Sv has been calculated using equati8r8)(during both heating and cooling mode
which is plotted irFig. 3.5(c) Dur i ng heatSuistpundtobec-8097 ME T, &
! due to field changes fromi ~50 mTtoHi~ 3 T  w8h is sbhseaved tode around 19.65
Jkg'K*during cooling mode due to the sé&me fiel
during heating and cooling mode usitmgnsformation fractiofCCE equation are consistent
wi t h t he Suvalagessing Masdwelbequation in the field increasing of cooling mode
only which sugge s tSuusilgdMaxwell lequatiendrom thre ssotherodMd o f e
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H curves during field increasing and cooling mode provide the accurate results in this similar

type d systems.

45
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Figure36:Compari son of the maximum value of @&SM est.i

equation is abbreviated as ME and Clausilepeyron equation is abbreviated as CCE).

The de &uvales frome different measurement protocols are summarizEayir8.6.

a&5v values obtained from FECE mat c h  @uevhlde, obtained froree Maxwell
equation during cooling and field in&reasin
values shows a saturated tendency with the applied magnetic field and within the limit of
transformation entropy charg&om DSC heat iw measurement. In contrast, during heating

mo d &y inceeases almost linearly with magnetic field and is supposed to exceed the limit of

transformation entropy changevhich is unphysical.

3.3.6 Universal Curve Fitting of MCE

Franco and Conde proposed a mddetheck the nate of magnetic phase transition
by the evolution ofMCE. According to this modelfor 2" iorder phase transition all
temperéure-dependence entropy curves under different $ieddould colipseinto a single
universalcurve[27]. In Fig. 3.7, the phenomenological universal graphs are plotted during
both heating and cooling protocol (fivel d in
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using their respective peak ¥fY , defined a®"Yj ¥'Y  and by rescaling the temperature

(= usingthe following equation
— — (3.9
whereToki s defined as t he t e mp BurisobtaineddYisvedlestede t h e

as a temperature wheYeY "Y m@® Y'Y above the peak temperature.

1.04(2) © cooling mode| 1.0-(b) ¢ heating mode
S - 08 ¢ W ST (8- ' m ST
% " ® 4T . @ 4T
< 0.64 v v 3T 0.6- A 3T
= . v 2T v 2T
9 04- “ iT| 0.4 Poe
v
024 4 ¥ I 0.2+ .
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Figure 3.7: Universal curve for (MnNiSis:{FeCoGayesalloy during (a)cooling and (b)heatng

protocol.

During the cooling mode dfig 3.7(@), all the normalized data are not well distributed but
ratherscattered in respect of rescaling temperatures which cannot be fitted in a single master
curve and hence, the breakdown of the universal behavior is a signature-oifdrstype
transition. In contrast, fdneating protocoin Fig 3.7(b), the normalizediata for the different

field variations are found to be well distributed and can be fitted in a single master curve which
revealed the universal behavior of the alloy and the universality sgttigetransition is of a
secondorder typeHence, cooling and fielthcreasing mode only shows fistder MST and

the determination of MCE parameter will be trustworthy iisitmeasured following the

mentioned protocol.
3.4 Conclusion

In summary, the magnetocaloric response of (MnNisdFeCoGa) 165 alloy has been
evaluated across the magnetostructtreaisformation from a higtemperature paramagnetic

hexagonal structure to a les@mperature ferromagneticthorhombic structure. The material
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showsmp & as large as about 29.8 Jg* due to aikld change of 5 T onlygp & has been
estimated using different measurement procedures and the use of Maxwell equation following
discontinuous cooling protocol is found to be an effective method to determine the MCE
response correctly. The estimated vabfeqp & using transformation Clausik@lapeyron
equation, calorimetry study of MCEnd the breakdown of universal scaling behavior support

the statement.
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Chapter 4 Giant room temperature

magnetocaloric response in a
(MnNiSi) 1 x(FeNiGa) x system

We design a new room temperature giant MCE material of
(FeNiGa) doped(MnNiSi)1x systemwhich yields a coupled
magnetostructural transition (MST)The explicit dependence of
the MST shiftswith alloying has also been discussed. Through
an optimum composition with x = 0.17, a giant MCE has been

found in this Chapter.

Content of this chapter has been published in: S.Ghosh, S. Samanta, J. S Mohanty, J.
Sinha, and K. Mandal, "Giant room temperature magnetocaloric response in a

(MNnNiSi) 1 1 (FeNiGa) system" J. Appl. Phys. 132, 045001 (2022)

-67-



Chapter 4: Giant RT-MCE in MnNiSi hexagonal system

4 Giant room temperature
magnetocaloric response In a
( Mn Ni S k(fFeNiGa) x system

4.1 Preface

To prevent global warming and energy crisissergy-efficient and ecdriendly technologies

have attracted significant research interest in recent times.-Satebased magnetic
refrigeration based on magnetocaloric effect (MCE) has massive potential to replace the
conventional gas refrigeration $gm in cooling technologgiue toits variousadvantages such

as higher energy conversion rate, environaigandly, and the use of solid magnetic materials

as magnetic refrigerafiti 3]. For an efficient and wide range of application landscape,
magnetocaloric material should hakarge value of magnetic entropy chang&y) in a low
magnetic field Thereforethesearch ohigh potential magnetocaloric materials, following the
observatio of giant MCE response in 68i:Ge: [4], several classes of materials such as
La(Fe, Si)s-based alloy$5i 7], Mn-As-based alloy$6,8], Mn-Fe-based compound§], and
Ni-Mn-based Heusler alloy$,9 12] has beemxplicitly explored which are largely associated

with a firstorder magnetostructural transition (MST) near room temperature regime where
both magnetic and structural transitions coincide at a particular temperature. However, the
finding of such magnetocaloric materialentaining low-cost and noitoxic elements rad
yielding large MCE response in a relatively lower applied magnetic field is a réognt
research topid-rom the fundamental view point, it is known that tikange in the unit cell
volume YwiVo is related to théransformation entropy chan@¥’Y that can be expressed
asYY YY VYY Y'Y , where,Y'Y , Y'Y ,andY’Y are the lattice, magnetic

and electronic contribution, respectively. Across the tramsitiarge YoIVo leads to the
strongerY"Y (and hencé”Y ). Thus, a large magnetocaloric effect can be achiexreste

simultaneousinit cell volume changand magnetization change is observed.

Recently, MM & (M &= Ni, Co, andX = Si, Ge) intermetallic compounds have grabbed
significant attention due to thetoupledMST near room temperaturghich isaccompanied

with a large change in unit cell voluraeda jump in magnetization across the transifbsi
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15]. Generally, stoichiometric M & compoundsusually display a secondrder magnetic
transition followed by a firsbrder structural transition from a letl@mperature TiNiStype
orthorhombic to a higtemperature Nin-type hexagonal phase the paramagnetic (PM)
state. Therefore, to use these materialgdfnigerationtechnology, magnetic and structural
transitions can be coupled near room temperature whidiutherlead to a firstorder coupled
MST associated with Erge change in maggtization. Inview of the cost of raw materials,
MnNiSi system is extremely cosffective compared to rest NhiX-based materials.
However, the stoichiometric MnNiSi compounddisplays a ferromagnetic (FM) to PM
transition at Curie temperaturéc) D 622 K and subsequently, a structural transformation at
Tm D 1210 K[16]. Hence, using two or more element substitigiorMnNiSi system, MST is
successfullynduced in the vicinity ofoom temperature which eventually shows giditE
response around the transitid3i 15,17 19].

In the previous chapterchapter 3) we investigated that isostructural alloy doping in
this MnNiSi systemis an effective tool to achieve coupled MST around\R&.observed, that
the use ofMaxwell equationfrom isothermalM-goH measurementluring discontinuous
cooling and field increasing modehere the fieleinduced structural transition can be realized,
provides only accurate results of MCE response in these materials. In all other cases, the
continuous heating mode/ discontinuous heating mode, or discontinuous cooling and field

decreasing modaevitablyresult in the overestimaticsf measured MCE parameters.

In the present work, a coupled magnetostructural transgicgalisedin (MnNiSi)1.x
system near room temperature through chemichdfyingwith (FeNiGa) for x = 0.16, 0.17
and 0.18We have optimised = 0.16,and0.17 compositions where coupled MST is found.
The structural transformation reoticedto shift at 317 K and 298 K for = 0.16, and 0.17
respectively from W ~1210 K of the parent MnNiSi compound. MST is observed to be
accompanied with a significant jump ianit cell volume and a sizeable change in
magnetizationTherefore,@ i ant MCE r \eofgbaun26.2anch~s63.2e3ki§™ for
the alloys withx = 0.16 and 0.17 respectivalyobtaineddue to a magnetic field change of 50
kOe onlyusing the abovenméioned measurement protocdhese materials containing lew
cost and nottoxic elemend are potential candidates for roedemperature solidtatebased

MR technology.
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4.2 Experimental

MnNiSi)1.x(FeNiGa) (x = 0.16,0.17, and 0.18) polycrystalline samples @epared by arc

melting technique under a 4 N purity Argon atmosphere using high purity constituent elements
from Sigma Aldrich. The sammarere-melted five to six times to ensure homogenization.

The ascast samplés wrapped with a tantalum foil and sealed in a quartz tube wndigth

vacuum and annealed at 1173 K. Past 4 days of heat treatment, the sample is quenched into ice
water. Xray diffraction (XRD) pattersiof the samplgareinvestigated using SmartLab9kW,

Rigaku with CuKg radiation. Magneti measurements are performedainibrating sample
magnetometer (VSM) using physical property measurement system (PRSI8u@ design).
Differential scanning calorimetry (DSC) is performed to measure the heat flow @iutive

sample with @&onstanteating/cooling rate df0 K/min.

4.3 Results

4.3.1 Comp osition optimization from magnetic measurement

Magnetization vs. temperatu(®-T) curves are recorded during zero field cooled
(ZFC) and FC conditianin presence of 500 Oe magnetic field and plotteBign 4.1 for all
the prepared samples. The presence of thermal hyste®sjg between heating and cooling
curve, confirms the coupling of magnetic and structural transitions along with a sharp change
in magnetization frorfkM to PM which leads to a firgirder MST. One can see that on cooling,
the MST occurs from PM hexagonal to FMhorhombic phase daty~ 317 K and 298 K
respectively fox = 0.16 and 0.17 alloys and the reverse transition takes place during heating
at”Y ~ 339 K and 315 K for the alloys witt= 0.16 and 0.17 respectively. On the other hand,
from M-T curve thaunlike other sampleg,= 0.18 does not experience coupled MST, rather
exhibits a structural transitiofiY~ 201 K followed by a magnetic transition ~220 K on
temperature decreasing. On the other hand, 5 T magnetic field ps@dweak MST foix =
0.18, as shown in the inset Big. 4.1 Thgeis observed to reduce from 22 K, 17 K, and 16 K
with increasing content from 0.16 to 0.18. Therefore, considering the advantage of MST, we

focus on particularlx = 0.16 and 0.17 saméor further measurement
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Figure 4.1: Temperaturelependentnagnetization curvender 500 Odor the present alloyginset
shows MTFcurve of 0.18 sample taken 5 T.

4.3.2 Structural characterization

XRD patterns are shown for (MnNiSi(FeNiGa) (x=0.16 and 0.17) samples at room
temperature which is shown iRig. 4.2(a). Both the samples exhibit a mixed phase of
orthorhombic and hexagonal structure which suggest that structural transition drastically
reduces from a high temperature of 1210 K fanN¥5i parent compound to around room
temperature with (FeNiGagloping. The increase of hexagonal phase volume fraction volume
with increase irx concentration indicatethe shifting of T towards lower temperature with
increasing (FeNiGa)percentageStructural refinement of the XRD dates doneusing the
Rietveldprofile refinemenmet hod i n AFULLPROFO software. Th
for x = 0.16 in the dominating orthorhombic phaseaortho = 5.821 A bortho = 3.666 A Cortho
= 6.962 A andri the hexagonal phase @igxa= 4.006 A ancthexa=5.207A whereas, for the
alloys withx = 0.17, the lattice parameters in the dominating hexagonal phasexare4.005
A andchexa= 5.197 A and in the orthorhombic phase @@, = 5802 A, borno = 3.661 A and
Cortho = 6.952 A,
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Figure 4.2: Rietveld profile refinement of XRD pattern of powder samples of (MnNigilFeNiGax

alloys with (a)x = 0.16 and (bx = 0.17 at room temperature (~ 300 K). [hexagonal and orthorhombic
phase are denét edsaecDihde layddendém XRDTpatterp atrvarioua r e
temperatures for the sample withe 0.17 recorded during cooling. (d) Lattice parametetsnatd

from Rietveld profile refinement, as a function of temperatures.

From the crystallographic relation between hexagonal and orthorhombic phase, the
TiNiSi-type structure is considered as an orthorhombic distortion @h-lipe hexagonal
structure. Knce, the reduction in the degree of hexagonal distortion (c/a ratio of hexagonal
phase) with the increasexmontent stabilizes the hexagonal phase towards lower temperature.

The similar justification is found well iMn M é-basedccompounds.

We have bso carried out the temperatidependent XRD pattern of= 0.17 alloy
during cooling for various temperatures as showirign 4.2(b) and corresponding lattice
parameters of both phases as a function of temperature are pldttgd4r®(c). It is seen that
the structuratransition from a high temperature dominating hexagonal to a low temperature
orthorhombic structurs associated with a significant chang@@and ko Therefore, a large

unit cell volume chang.6%is observed fox = 0.17. A little trace of hexagonal phase in

-72-



Chapter 4: Giant RT-MCE in MnNiSi hexagonal system

orthorhombic phase can be attributed due to the inhibition of entire structural transformation

originating from thegroundsample.
4.3.3 Realization coupled MST from DSC and MT curve

M-T curves for all the optimised alloys are recorded in presence of 5 T magnetic field, shown
in Fig. 4.3(a). Usually, magnetic field stabilizes the magnetic phase with higher magnetic
ordering. Here the FM orthorhombic phase stabilizes with increase in ntdggidtand hence,

a shifting of "'Ycan be observed toward higher temperature with a rde’M2 "O= 1.4 K/T

for both alloys. FromFig. 4.3(a) one can notice thatduring MST that a big change in
magnetization of about 63.9 and 73.15 emu/x010.16 and 0.17 is observed. Moreover, the
saturation magnetizatiog) of the samples enhances with the doping content which can be

due tothe reduction of hexagonal distortion with FeNiGa doping

S 0.4
100- H =50 kOe (a) (b) x=0.16
<~ =017
_~80- 0.2 4
tep %
= 60 =
= E 0.0
40 E —
= 3
20 0.2
0.
v : . : . . -0.4 v r : : y
280 300 320 340 360 380 240 280 320 360 400
T (K) T (K)

Figure 4.3: Temperaturalependentnagnetization curvender 500 Odor the present alloyginset

shows MT-curve of 0.18 sample taken 5 T].

DSC heat flow curveof the samples are carried out during heating and cooling cycles as shown

in Fig. 4.3(b). The structural transition is realized during coolingat 317 K and 299 K for

the alloys withx = 0.16 and 0.17 respectively (well consistent iRTMurve), where the
maximum heat flow changes occur and the reverse transition takes place during fbatin
associated latent heat during structural transition and the presence of thermal hysteresis
signifies the fi ryofthese alldysacross érétdensteuctord! travsiBion. &S

during cooling are measured following the equation,

o

Yy | — — -Q7Y 4.1
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where d/dt refers tothe heat flow changes of the sampleand Tt are the starting and
finishing temperatures of firgirder phase transition respectivelhe calculateds, is found
to be about 45.7 and66.9 Jkg'K ™ for the alloys withx = 0.16 and 0.17 respectively.

4.3.4 Magnetocaloric properties

4.3.4.1 Magnetic entropy change

Isothermal magnetization vs. magnetic fi@MleoH) curves are carried out at different
temperatures in the vicinity of; Tor the samples witlkk = 0.16 and 0.17 following the loop
process method and plottedkiy. 4.4(a) and4.4(b). The protocol, alreaddescribed in the
chapter 3, is used to record each isotherrivileoH measurement. The presence of magnetic
hysteresis in th#1-goH plot confirms the field induced firgirder MST from PM to FM phase
during field increasing mode.

80 100
(a) x=0.16 32K (b) x=0.17 296 K

80

o~ 60
=
= 601
540- AT =2 K| " .
E 40
20-
20
338K
316 K
0 ; ; ; ; ; 0 . ; ; : .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
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~ 251 —@—40kOe| 601 —@—40 kOe
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-~ 207 —9—20kOe| 451 —9—20 kOe
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Figure 4.4: IsothermaM-goH curvesacrossT for the alloys with (ax=0.16, and (b= 0.17, recorded

during discontinuous cool i ngu)vpteroperatareofor the dfferenn et i ¢

field variations for the alloys with (&)= 0.16 and (dx= 0.17.
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To know the viability of the investigated materials as a magnefrigerant,isothermal

magnet i c e n tSH) s poynputed wsinggvaxweéllaequation from isotheriviat oH

h

curves asy'Y "WoO ‘ _ 'Q"OaSy has been estimated from isotherrivad

eoH curves measured during cooling and field increasing protocol and plotted as a function of
temperatures for the different field variation as showRkigqm 4.4(c) and4.4(d). T Bves e
found to be as large as about 28kg'K* at a peak temperature Bf ~ 323 K and ~ 63.2 Jkg

K1 at T, ~ 305 K due to application of 5 T magnetic field. Moreover, these materials show

| arge MCE response in relatiSvigdboutlD.Dand~2%p2p | i e d
JkgK for the field changes of 2.TThus, this giant MCE originates at magnetostructural
transition that modifies the magnetic exchange interactions through the change in the lattice
parametersTable 4.1 compares the peak value @By at 5 T of (MnNiSi)1x(FeNiGa) (x =

0.16 and 0.17) and other related promising syste#s.of the present system is the highest
value among the reported other promising systébasnpared to the othévinM & -based
magnetocaloric compounds such as MnG@i@sed systems, NieGe-based systemsand
NiCoGebased systemsyur investigatedInNiSi systems contain Geeeelement and consist

of a relative lower concentration of Gavhich make the present systems much more cost
effectiveand suitable for magnetic refrigeration teclogyl

Table 4.1: Comparison ofes&5y at 5 T and their reggtive transition temperatured (MnNiSi).-
x(FeNiGa) compound, and other related compounds and alloys.

Materials 2 18 b= References

(3 kg 'K ()

LaFer11Siis 25 188 [20]
LaFe11.2C00.7Si1.1 12.5 274

LaFe11.6xCrxSii.a [21]
x=0 23.5 191
x=0.12 22 189
x=0.21 21.5 185
x=0.35 17.5 178
LaFe11.55i.5Ho.9 16.9 272
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LaFe11.5Si15H1.3 17 288 [22]
LaFe115Si.5H15 16.8 312
La(Feo.o™n0.0911.7Si1.3 15.9 287
Hd 17.7 312 [23]
La(Feo.90ViN0.02)11.7Si1.3
Had
La(Feo.92Si0.08)11.9 Si1.1 15.6 301 [24]
MnFePo.4sAsoss 18 308 [25]
(MnNiSi) 1.x(FeCoGay
x =0.15 25 323
x =0.16 31.1 281 [26]
x =0.17 23.8 313
NisoMn37Smu3 18 299 [27]
Ni4oMn 10Mn 40So 14.9 288 [28]
(MnNiSi)1-x(FeCoGak
x =0.16 26.2 323 Present work
x =0.17 63.2 305

4.3.4.2 Relative cooling power

Apart Si retatme amoling power (RCP) is another key parameter to evaluate
MCE response of the investigated materials that defines the cooling efficiency as a magnetic
refrigerant and it can bealculated from the temperatulee p e n &epiot folleaing the

equdion as,
Y60 VY Y'Y (4.2)

where,3-3 representshe peak value ap & from theqp ®-T curve(in Fig. 4.4(c)(d)) and

34 is the temperature regn of the full width at half maxima (FWHM) of the same curve.
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The materials withx = 0.16 and 0.17 have large RCP of about 268.8 and ~ 357.1 J/kg
respectively upon 5 T whereas, for the field changes of 2 T the values of RCP are 107.1 and
122.4 J/kgorder toevaluate the utility of these materials in refrigeration technology, average
magnetic hysteresis loss (HL) during field sweeping is need to be subtracted from the
calculated RCP value to obtain their net RCP as magnetic refrigerant. HL is estimated as a
function of temperature from the isothermisl-H curves using the equatic@0

A 0 0 ‘Q "Owhich is shown below. Integrating over the FWHM

of the HLTT plot, dmasenmageHaigied télde 48 and 98.8/kgai ne d .
for the alloys withx = 0.16 and 0.17 respectively which in turn providerieeRCPas220.1

and 264.5Jkg respectively

4.3.4.3 Adiabatic temperature change
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i
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Figure 4.5: Specific heat capacity) as a function of temperature under zero field for the alloy with

x=0.17 recorded during cooling mode.

Further, for the alloy withx = 0.17, we have estimated another straightforward parameter of
MCE, adi abati c t eag pfethe anatarial endirectly ahmoggh méasaiiling

temperature dependent specific heat capagifydllowing the equationy”Y — Yv.

Cp has been recorded zero field condition using modulated DSC technique as showigin

4.5 The peak o’Y is estimatedrom the deduced"Y using peak value of zero fielg =

1448 JkgtKt at 298 K where the field dependencycpfs neglected and found to be about ~

13 K due to a magnetic field change of 5 T which is certainly a large value compared to the

other reported materials in literature.
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4.4 Conclusions

In summary, magnetostructural transition from high tempergtaramagnetic hexagonal to

low temperature ferromagnetic orthorhombic phase is established in (FekiGa).16 and

0.17) doped(MnNiSi)1.x compound The structural transition is shifted withdoping around

room temperature from a very high temperature~ 1210 K of the parent MnNiSi sy$tem.
studiedow-costmaterials exhibit giant isothermal magnetic entropy changé.@fand ~ 63.2
JkgiK1, associate with a large relative cooling power of ~ 268.8 and ~ 357.1 J/kg respectively
in the vicinity of room temperature due to field change of 5 T only which enable them potential

candidates for room temperature magnetic refrigeration technology.

-78-



Chapter 4: Giant RT-MCE in MnNiSi hexagonal system

References:

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

K. A. GschneidnerJr, V. K. Pecharsky, and A. O. TsoR#gcent Developments in
Magnetocaloric MaterialsReports Prog. Phy68, 1479 (2005).

O. Gutfleisch, M. A. Willard, E. Briuck, C. H. Chen, S. G. Sankar, and J. fMiaignetic
Materials and Devices for the 21st Century: Stronger, Lighter, and More Energy
Efficient Adv. Mater.23, 821 (2011).

T. Gottschall, K. P. Skokov, M. Fries, A. Ulzgel, I. Radulov, F. Scheibel, D. Benke, S.
Riegg, and O. GutfleisciMaking a Cool Choice: The Materials Library of Magnetic
Refrigeration Adv. Energy Mater9, (2019).

V. K. Pecharsky and K. A. Gschneidner, JGjant Magnetocaloric Effect in
Gd5(SkGe2) Phys. Rev. Let{78, 4494 (1997).

L. Jia, J. R. Sun, J. Shen, Q. Y. Dong, J. D. Zou, B. Gao, T. Y. Zhao, H. W. Zhang, F.
X. Hu, and B. G. Shemagnetocaloric Effects in the La (Fe,Si) 13 Intermetallics Doped
by Different Elementsl. Appl. Phys105 7 (2009).

V. Franco, J. S. Blazquez, J. J. Ipus, J. Y. Law, L. M. MoiRamirez, and A. Conde,
Magnetocaloric Effect: From Materials Research to Refrigeration Deyitery. Mater.
Sci.93, 112 (2018).

O. Gutfleisch, T. Gottschall, M. Fries, D. Benke, |. Radulov, K. P. Skokov, H. Wende,
M. Gruner, M. Acet, P. Entel, and M. FarMastering Hysteresis in Magnetocaloric
Materials Philos. Trans. R. Soc. 374, 20150308 (2016).

H. Wada and Y. Tanab&jant Magnetocaloric Effect of MNnAs4Sbx Appl. Phys. Lett.
79, 3302 (2001).

T. Krenke, E. Duman, M. Acet, E. F. Wassermann, X. Moya, L. Manosa, and A. Planes,
Inverse Magnetocaloric Effect in FerromagneticMin-Sn Alloys Nat. Mater4, 450
(2005).

A. Ghosh and K. Mandal,.arge Magnetic Entropy Change and Magnetoresistance
Associated with a Martensitic Transition of ARich Mn50.5XNi41Sn 8.5+x AlloysJ.
Phys. D. Appl. Physi6, (2013).

A. K. Nayak, K. G. Suresh, and A. K. Nigafaiant Invese Magnetocaloric Effect near

-79-



Chapter 4: Giant RT-MCE in MnNiSi hexagonal system

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Room Temperature in Co Substituted NiMnSb Heusler AllbyBhys. D. Appl. Phys.
42, 035009 (2009).

S. Ghosh, P. Sen, and K. Mandaffect of Si Doping on Magnetic and Magnetocaloric
Properties of NiCoi Mni Sn Alloys IEEE Trans. Magnb4, 1 (2018).

C. L. Zhang, D. H. Wang, Z. D. Han, B. Qian, H. F. Shi, C. Zhu, J. Chen, and T. Z.
Wang, The Tunable Magnetostructural Transition in MnNiF&iNiGe SystemAppl.
Phys. Lett103 132411 (2013).

T. Samanta, P. Lloveraé. Us Saleheen, D. L. Lepkowski, E. Kramer, I. Dubenko, P.

W. Adams, D. P. Young, M. Barrio, J. L. Tamarit, N. Ali, and S. Sta@arpcaloric

and Magnetocal oric Eff ect,Appl Phys(Letnll Si ) 1
021907 (2018).

S. Ghosh, AGhosh, P. Sen, and K. Mandalant RoorTemperature Magnetocaloric
Effect Across the Magnetostructural Transition in (MnNiSijEeCoGa)x AlloysPhys.
Rev. Appl.14, 014016 (2020).

V. Johnson and C. G. Frederid®kagnetic and Crystallographic Prapties of Ternary
Manganese Silicides with Ordered Co2P StructiMeys. Status Solidi0, 331 (1973).

J. Chen, H. G. Zhang, E. K. Liu, M. Yue, Q. M. Lu, W. H. Wang, G. H. Wu, and J. X.
Zhang,Wide Temperature Window of Magnetostructural Transitidmé\@d in Mn 0.4

Fe 0.6 Ni Si 1StepIsdStauctral AlgyingaProcesstP Adv. 6, 056220
(2016).

S. Ghosh, P. Sen, and K. Mandd@fagnetostructural Transition and Large
Magnetocal oric Effect I n TQ.O08)nAllaysHI- Bdapn. 4 ) Ni Si
Magn. Mater500, 166345 (2020).

C. L. Zhang, H. F. Shi, E. J. Ye, Y. G. Nie, Z. D. Han, B. Qian, and D. H. Wang,
Magnetostructural Transition and Magnetocaloric Effect in MnNi&8i2 Ge System
Appl. Phys. Lett107, 212403 (2015).

M. llyn, A. M. Tishin, F. X. Hu, J. Gao, J. R. Sun, and B. G. Sihdmgnetocaloric
Properties of the LaFell.7Si1.3 and LaFel1.2C00.7Sil.1 Sysieriagn. Magn.
Mater.290-291 PA 712 (2005).

L. M. MorenoRamirez, C. RomefMuiiiz, J. Y. Law, V.Franco, A. Conde, |. A.

-80-



Chapter 4: Giant RT-MCE in MnNiSi hexagonal system

Radulov, F. Maccari, K. P. Skokov, and O. Gutfleistlimable First Order Transition
in La(Fe,Cr,Si)13 Compounds: Retaining Magnetocaloric Response despite a Magnetic
Moment ReductigriActa Mater175, 406 (2019).

[22] F. Wang, Y-F. Chen, G.J. Wang, and BG. ShenlLaFe 11 .7 Si 1. 3 Compound on
the Magnetic Properties and Magnetic Entropy Changesdinel, 11 (2003).

[23] B. G. Shen, J. R. Sun, F. X. Hu, H. W. Zhang, and Z. H. ChHeagent Progress in
Exploring Magnetocaloridaterials Adv. Mater.21, 4545 (2009).

[24] F. X. Hu, J. Gao, X. L. Qian, M. llyn, A. M. Tishin, J. R. Sun, and B. G. Shen,
Magnetocaloric Effect in Itinerant Electron Metamagnetic Systems La (F€d4 x)
11.9 Si 1.1J. Appl. Phys97, 1 (2005).

[25] O. Tegus, E. Brueck, K. H. J. Buschow, and F. R. de BGeemInform Abstract:
TransitionMetalBased Magnetic Refrigerants for Rodemperature Applications.
Cheminform33, no (2010).

[26] S. Ghosh, A. Ghosh, P. Sen, and K. Man@#nt RoomTemperature Mgnetocaloric
Effect across the Magnetostructural Transition in (MnNiSiYEeCoGa)x AlloysPhys.
Rev. Appl.14, 1 (2020).

[27] T. Krenke, E. Duman, M. Acet, E. F. Wassermann, X. Moya, L. Manosa, and A. Planes,
Inverse Magnetocaloric Effect in FerromagiceNi-Mn-Sn Alloys Nat. Mater.4, 450
(2005).

[28] L. Huang, D. Y. Cong, H. L. Suo, and Y. D. War@giant Magnetic Refrigeration
Capacity near Room Temperature in Ni 40Co10Mn40Sn10 Multifunctional Albpy.
Phys. Lett104 1 (2014).

-81-



Chapter 5: Tuning magnetofunctional properties all-d-metal Heusler alloys

Chapter 5 Tuning of magnetic and magneto -
functional properties in Fe -Co doped

Ni-Mn -Ti all -d-metal Heusler alloy

The limitation of the previous chapter has been solved by taking
Ni-Mn-Ti all-d-metal Heusler alloysdue to their excellent
mechanical properties this chapter. An extensive investigation

of the magnetocaloric and magnetansport properties of (Fe

Co) simultaneous doped irthe abowvanentioned all-d-metal

Heusler alloys is presented.

Content of this chapter has been published in: S. Samanta S. Ghosh, S. Chatterjeeand
K. Mandal, " Large magnetocaloric effect and magnetoresistanceéeCo doped Njox
(FeCoxMnz37Tigz all-d-metal Heusleralloys™ Journal of Alloys and Compounds 910

(2022) 164929
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5 Tuning of magnetic and magneto -
transport properties in Fe -Co doped all -
d-metal Heusler alloy

5.1 Preface

Recently, MiM 6 -Kexagonal compounds mentioned in previous two chaptkapier 3and

4) have widely studied due to their magnrétactional properties such as temperature induced
magnetostructural transition (MST), giamiagnetocaloric effect (GMCE), magnetic shape
memory effect (MSME), barrocaloric effect (BGEnd large magnetostriction effect around

low temperatur¢li 5]. The MST in these compoungscharacterized by huge volume change

as well as large magnetization change concurrently. However, after our investigation, we have
faced some hurdlesdahmay limit their utilization in long term basis. One is the brittleness
properties. Owing to the structural transition frompliNtype hexagonal to TiNiSiype
orthorhombic phase during cooling, a huge stress is induced which is enough to break the
sampé and hence, crack would formtanthe entire ingot. Another one, according to the
ClausiousClayperon relation, the giant entropy change greatly decreases the sensitivity of the
MST to the external magnetic field. Therefoaesery high magnetic field iseeded to get a
complete and reversible MST.

Considering these disadvantages inNb -Kexagonal compounds, we alternatively
focus orNi-Mn-based ferromagnetic shape memory alloys (FSNvsgh are thus promising
systems forrcommercial applications due to their various multifunctional properties such as
MSME [6], MCE[7110], and magneteresistance (MR]11i13], observed across the
magnetiefield inducedinverse martensitic transformatiohMT) [8,9]. On cooling, these
alloys undergo firsbrder MST from weak magnetic tetragomatthorhombic/monoclinic
martensite phase to ferromagnetic (FM) icubustenite phase due to their strong coupling
between crystal lattice and magnetic spin degrees of freedbis.feature makes them
potentially useful in diverse technological applicatioms the field of actuatorg14],
sensor$l5], and solidstate refrigerantgl6]. They provide better performandesome extent
like high sensitivity of MST and availability comparedMimM 6 ¥ompounds. However, they
pose challenges towards the commercializatiosotiti-staterefrigerationtechnologydue to
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theirpoormechanical stability and lardpgysteresis losses across fiostler MST Besides, it is
still a challenge to improve the manufacturing quadityhis Heusler system

Recently Wei et al. have proposed an interestingltrfunctionalmaterial that contains
all-transitionmetal basedNi-Mn-Ti Heusler alloy417]. These newly developed promising
alloys beingecaofriendly, nontoxic, and inexpensive materialsave attracted great atteon
due to theiexcellent mechanical stability antultifunctionalties such as large MCE.8,19],
colossal elastocaloric effef@0], giant barocaloric effe¢f1], giantexchange bias effef3],
and magnetstrain[22]. Wyckoff positionsof Heusler alloysare A (0,0,0), B ©,610), C
(e e Fe ), D (3 v I ) mentioned in théntroduction section.In Heusler alloysa strongp-
d hybridization bond between main group elements (D site) and transition elements (A/C site)
influences the magnetic properties and drives [@B] whereas, in the case of -aiimetal
Heusler alloysd-d hybridization between the transition elements watldr valance electrons
(D site) and transition elements with higher valance electrons (A/C site) plays a simitar role
the stabilization of parent austenite phase as well as provide an ordered stfi2€fure

However, in the stoichiometric form, NioMnTi alloy usually displays an
antiferromagnetic (AFMJike ordering at low temperature ~120 K in the austenite phase,
originating fr om Mihe &f)sioithiorhelrirNi-MnATt adlay @xhibits o n .
martensitic transitiorin the paramagnetic (PMstate with no such significant change in
magnetizationHence,the chemical compositions adjusting or alloying new elements is a
decisive toolo turn this AFM in to FM regiomandas a consequence, a coupled MST between
FM cubic B2type austenitespatid group Pmom) and aweakmagnetic monoclini¢spatial
group P2m) or tetragonal (spatial group [4/mmmwjll be developedl17]. However, doping
one element is usually insufficient to gbee aforementioned characteristicor instance
substitutingCo at Ni site and Ti at Mn site in Min-Ti alloys usually increases the
ferromagnetic coupling in parent phase anttanceZeeman energy across3V, giving rise
thelarge MCE [18]. On the other hand, it has also been reportedrttratiucing Co in Ni site
can downshift the 18T temperature but leadsfrget h e r ma | h yy$losses wheeh s ( T
can reduce theverall performancef the material as a refrigeraft7]. Similarly, Fe doping
at the different atomicsisd Ni or Co) i n the same gsosahem, n
extent yet additionally enhances the mechantoalghresst h r o 4plage foomation in all
d-metal Heusler alloy$24,25] Indeed in Ni-Mn-Ti(Co) systemd-d hybridizationis found to
lead higher mechanical toughness acrosSTMwhich is beneficial to its potential
application [18]. Therefore such experimental findings reveal that substituting two elements

-84-



Chapter 5: Tuning magnetofunctional properties all-d-metal Heusler alloys

for further study in ald-metal Heusler alloys would be of significance in the practical and

fundamental investigatian

In this chaptey we have tuned the MST bgo-substitution ofFe and Co in Nsite of
all-d-metal Ni-Mn-Ti Heusler alloy and investigated the effect of (Fe@o)substitution on
the structural, magneticnagnetocaloriand magneto transport properti€ae novelmaterial
NisoMnz7Ti13is chosen asarent sample which exhibi#smartensitic transformationathigh
temperature440 K[26]. Thepresent compositionsave been tailoreth sucha waythat the
alloys undergo a MST around the room temperature with tafgandlower hysteresis losses
acrosshe MT. Our experimental investigations indicate that the MCE performances and MR
over a wide temperature regime around the room temperature relmaist ansensitive to
(FeCoy contents variatiofrom 16 to 20 at.%of all the present alloyg.his result is expected

to make these alloys to be potential materials for multifunctional applications.
5.2 Experimental

The Niox(FeCo)}Mns7Tiz (X = 16, 18, and 204lloys of approximately 2 g eaele prepared

by arc melting technique under a 4 N purity Argon atmosphgireg high purity constituent
elementsEach ascast sample is wrapped with a tantalum foil ihigh vacuum quartz tube

and annea&d at 1173 K for ensuring the homogenization. Past 4 days of heat treatment, samples
are guenched into ice water. THhimal compositions are checked by enedigpersive
spectroscopy analysi-ray diffraction (XRD) patterns of the samples are investgjasing
SmartLab9kW, Rigakwith Cu-Kg radiation. Differential Scanning Calorimeter (DSC) heat
flow measuremesto f t he sampl es are carried oBO in a
K with a temperature ramp rate of 10 K/miagnetic measurements grerformed using
vibrating sample magnetometd&/§M) in a physical property measurement system (PPMS,
Quantum Design).The transport measurements are performed in a physical property
measurement system (PPMS, Quantum Design) using ttraraport optionFor both the
resistivity and MR measurements, the electrical contacts are made in thprdber

configuration using conducting silver epoxy and copper wires.
5.3 Results
5.3.1 Structural characterization

XRD patternsand the correspondindk i e t vrefihethénss for all the samples @tom

temperaturare depicted irfrig. 5.1. In this figure, B2, L3, and 5M denote cubic, tetragonal
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and fivemodulation monoclinic structure respectivelyie samplex = 16 showsa modulated
5M-martensitewith monoclinic structure gpae group P2/m) and nommodulated L3
martensite (structure tetragonal, spatial group 14/mmm) phak&h meansthe MST
occuring above RT.The samples witlx = 18 and 2thavea mixed phase of 5Mmartensite
and B2cubic pacegroupP mao m) respectively, signifying that tHdST is in the vicinity of
RT.
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Figure 5.1: Rietveld refinements of XRD patterns ofstN(Fe Co)Mns7Tiiz (x = 16, 18 and 20) alloys

at 300 K. Here, the Dblack |ine is the experiment

Therefore one can notice that with increas(g@Co) contens MST goes towards lower
temperaturéhrough the stabilization of austémphase§l7,22] The lattice parameters in their
respective phasessing the Rietveldrefinementmethodfor all the studied samples are
tabulatedin Table 5.1. In general, there is a relationship @f/stal orientation between 5M
martensite and B2 austenite phasel he unit cell volume changds s \b0) austenite and
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martensite phase across th&Mis obtainedas i@ & O  ®; Ucw v &, and
Cw @ [24]. With increasing(FeCo), a large decrease iff &Vi§ observed from

p& @ forx=18to p@ t for x =20 upon MT.This is because Heas smaller atomic

radius compared to the Ni.

Table 5.1: Lattice parameters of B2, 5M anddstructure for all composition transition alloys.

Sample a®) avA) bvwA) omA) Rv (°) aL1o CL10

A (A)
x=16 - 4.46 5.59 21.08 91.15 5.225 7.333
x=18 5.913 4.45 5.59 21.11 91.22 5.235 7.331

x=20 5.912 4.45 5.57 21.12 91.36 - -

5.3.2 Magnetic properties analysis

The temperaturelependence of magnetization {M curves for all the samplas
presence of an exteal magnetic field of 0.01 T under zé€field cooled (ZFC) anéield cooled
(FC) conditiondgs shown inFig. 5.2(a) All these samples show a PM to FM phase transition
at theircorrespondin@urie temperature Y) along withamartensitic transitiofrom a strong
FM austenite phase to a weak magnetic martensite jghasegg coolingThe presence @p Fys

in M-T curves ascertairMST to be a firsbrdernature

124 (a) A
s
pH=001T
—m—x =20

—a-x=18 § 2

M (A m’kg")

400
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Figure 5.2 (a) M-T curves for Niox(FeCo)Mns7Tiiz (x = 16, 18 and 20) alloyis presence of 0.01 T
and(b) 5 T magnetic field.

The characteristic trafmationtemperatures of the MST namely, austenite staif (
austenite finishd ), martensite to austenite phase transitidh ( 6 0 7¢), matensite
start 0 ), martensite finish0 , and austenite to martensite transition ( 0 0 7¢)
as well asY'Y "Y Y of all the alloys ar¢abulatedn Table 5.11.6 ,0 ,0 and0
aregiven in the table, whicks estimated from the intersection of the drawn baseline and the
tangent line as shown Kig. 5.2(a). It is seerthat with increasing contens, “Y and “Y shifts
towards lower temperatusevhereas’y is observed to shitiowards higher temperatures. In
general, the valance electron concentration (e/a) rati® directly proportional to
the"YT'Y [27i29]. Here,the calculated e/a ratio is found to be decreased (F&T0)

contents andY 'Y thusshifts to the lower temperature.

On the other hand, we givedetail explanation on the shifting ot Towards higher
temperature in our systemn. off stoichiometricNi-Mn-Ti system, the extra Matomsoccupy
Ti(D) sitesand resulAFM coupling with the nearesteighbour Mn(B) atoms in both austenite
and martensitic phasg7,18,30] In the present workhe cesubstitution o CoFéyx actsas a
AFM act i vswitckes Mn(BaMn() AFM into Mn(B)-Fe/Co(AC)Mn(D) FM
exchange couplinglt is also reported that compared to Fe, Co doping leads to a more
pronounced enhancement of FM exchange interaction but rises the hysteresis loss, whereas Fe
doping plays acontrastiverole in affecting hysteresis losg31,32] Therefore, F&o co
substitution would lead the higher FM exchange interaction and hence, results in increase of
“Y in the alld-metal Heusler alloy systenmindeed the enhanced indirect-d exchange
interaction between Co/Fe(A,Q)(D) in the austen& phase is also responsilfier the

increment of Y [33].

BesidesM-T curves of all the samples kig. 5.2(b) within the temperature range of
80 K < T <400 K are carried ounder5 T magnetic field5T magnetic field cashift the
“Y about 11 K, ~12 K and ~20 K towards low temperaturecaihculatedield sensitivity of'Y
to the change of magnetic field"%fA YO ~2.2K T 24K T? and 4 K T is observed
for x = 16, 18 and 20 alloys respectiveBctually, Y ¥¥A YO is quantified as sensitivity
of the MST or IMT to the magnetic fieldt is seen thathte value ofsensitivity in the present

work is higher than previously reported-Mn-Ti all-d-metal Heusler alloyg34i 36].
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Generally, the difference betweélN and "Y~('Y "Y) is directly related to the
sensitivity of Y to the change of magnetic field i.e., largéy ( “Y) give risehigher the
Y'¥fA YO [37]. According to the Clausius Clapeyron equatio"¥fA YO
=Y0 IY'Y, the sensitivity depends on botton the magnetization chang@l ) and
transformation entropy chang¥'¥) but in opposite mannd@]. It has been showin Ni-Mn-
Z (Z= In, Sn, Sb) Heusler alloyas wellthat Y'Y across the transition decreases with the
increase of Y "Y) [38i40]. These allog withx = 16, 18 and 2@xperience significant
jump in oM of ab o Wkgredpectively, BuBing/&STfrom FM dusteAit®
phase to weak magnetic martensite phase.
difference and stabilize the FM austenite phdses is also another consequence is fi¥at
shifts towards low temperature, and ghifts toward higher temperatur&@herefore, we can
expect that lowr Y'Y, large Y0 , and corresponding to the higsensitivity with the(FeC9

doping in alkd-metal Heusler alloys would be favourable for refrigeration applicgddn 2]

Table 5.11: Characteristic transition temperatures of fostler MST, pTys and Tc and of Niso
x(FeCo)}Mns7Tiiz (X = 16, 18 and 20) alloys.

Sample Characteristic transition temperatures @ hys
As At Ms Mt Ta (K) Twm (K) Tc (K) (K)
K) (K (K) K a3 -4d'»
x=16 | 315 325 323 303 321 313 330 8
x=18 285 304 294 260 295 278 346 14
x=20 244 275 258 219 260 239 369 18

5.3.3 Study of DSC heat -flow measurement

Figure 5.3 illustrates the DSC hedfliow measurement for all the alloyghereall samples
exhibit endothermic and exothermic peaks, associated Wih and MST, respectively.
During cooling, M5BT takes place at around 311 K, 277 K, 238 K andMiE occurs during
heating at around 320 K, 294 K, 259 K for 16, 18, and 20, respectively addition, the
presence ofp Tys between heating and cooling curve assures the phase transition to-be first
order in nature. With the addition gFeCo) contents, théY decreases considerably, in
agreement with thealance electron concentratiorig@atio where lower valance electron of

Fe and Co with respect to Ni3,44] Therefore, from the combination of magnetic, DSC and
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XRD study described above ssgbctions, we can conclude that the foser MST is occurred

around room temperature.

&
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~
1

Heat flow ( x 10° W kg™)
s s
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210 240 270 300 330 360
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Figure 5.3: DSC heat flow curvetaken uporheating and cooling at a ramp rate of 10 K/min for all the
samples
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5.3.4 Field dependent mag netic properties

Isothermal fielddependent magnetizatidiM-oH) curvesare measured durintpe
heating cycle in the vicinity diMT at 3 K interval due to a field change ob0r for all the
alloyswhich are shown irFig. 5.4. Theloop procesgrotocol[45,46]is used toeliminate the
field history effect of the sampfer measuing M-poH curves.In this protocol, the sample is
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cooled down to a temperature (©18) in thepure martensitic phase and then heated to the
desire temperature (for example 297 K %ot 16)to record isotheral M-poH curve After

that the sample is heated to pure austenite phase (37 f8), then cooled down to 150 K
under ZFC an@gain heated to a temperature, 3 K upper than the previoul$ isn@ticeable
that fieldinduced metamagnetic transiticinom FM austenite to weak/AFM magnetic
martensitic phases present for all theamplesvhich again confirms the firgirder naturef
MST. The saturation magnetizatiomcreaseswith (FeCo) content which signifies the
enhancement of FM interaction in the syst&nted that in thex = 16 and 18 samples, the
nonsaturated magnetization in thé-poH curvestell the presence of AFMphasein FM

region[47].

40] @x=16 ShK (b)x=18

JK

o = . : . ' 297K
0 1 2 3 4 5
p,H(T) pH (T) u,H (T)

Figure 5.4: 1sothermal MpoH curves during heating for ()= 16, (b)x = 18 and (ck = 20 samples.

Magnetocaloric properties of any magnetic material are solely depends on the nature of
phase transition. A key prediction of the order of MST isBheerjee criteridbased orArrott
plot (M?vs.‘ H/M). Figure 5.5 presentdere theArrott plot of all the sampls constructed
usingheatingmode Based orBanerjee criteria, the presence of negative slope on the Arrott
plot acrossphasetransitionindicatesthe firstorder phase transition and for the seconder
phase transition, the slope takes pwesivalueq48]. Clearly, the Sshaped curvenoticed
around the transition temperatuiescribesthe occurrence of magnetic fieldduced
transition[44]. Thereforefrom the Arott plot andBanerjee criteriawe can conclude thaur
systemexhibitsfirst-orderphase transition.
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Figure 5.5: Arrott (M?vs.* H/M) plots from isothermaM-poH curve for(a) x = 16, (b)x = 18, and
(c) x=20alloys.

5.3.5 Magnetocaloric properties

5.3.5.1 Magnetic entropy change

| sot her mal ma g n et icis detarmimedugng Maxwed thegmeodynampsS

relation (equationl.6) [49] from isothermalM-poH curvesduring field increasing mode and

plotted as a function of temperature for the different field changeigi%.6. Y'Y is foundto

be 13.8 JkgK?tat 316 K, ~12.7 Jk§K ! at 289 K and ~11.8 JKi * at 241 K due to field

change of 5T for the alloy with= 16, 18, and 20 respectiveljhe magnitude afp & enhance

with the increasing magnetield becaus¢ ar ge &M across MST is resp
It is striking to observe that the peak vafiofY'Y remain almost insensitivever a wide
temperature regime around the room temperathien the composition changes from 16 % to

20 % in the system
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Figure 5.6: Temperature dependenignetic entropy change under different magnetic field changes
for (a)x= 16, (b)x = 18 and (ck = 20 alloys
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5.3.5.2 Relative cooling power

Relative cooling power (RCP) is of crucial importance for the poteapialicaton to evaluate

the performance of thesstudied alloys for the potential application as magnetic refrigerant
materials.RCP can be calculated frothe temperaturdependentp® curve using the

following equation.
Y6 O YY Y'Y (5.2)

where,3-3 presentshe peak value ap & from theqp &-T curve(in Fig. 5.6) and34

is the temperature regm of the full width at half maxima (FWHM) of the same curve. The
calculated RCP values at87, 146 and 215 J/kdor x = 16, 18 and 20 samples respectively
upon5 T magnetic field change

¥ 200 -+
@ (bﬁoﬂ =5T Q
» _ 1804
= =
'sn
L
‘[ = 160 4
¢ S
[~ 9
j é-" 140 4
[+ ]
1204 Q@
1 L 1 1 1 L] ] 1 1
210 245 280 315 350 16 17 18 19 20
T X Fe-Co(at%)

Figure 5.7: (a) Magnetic hysteresis loss temperature anfb) doping contents dependegffective

refrigerant capacity of all the samples.

Remember, the caloric responses are solely calculated in our system across the first
order MST which includes hysteresiated things. Therefore, to make useddlthese
materials in refrigeration technology, average magnetic hysteresis loss (HL) during field
sweeping is need tsubtractfrom the calculated RCP valge that we can geheir effective

refrigerant capacityRCer) as magnetic refrigerant. Hin Fig. 5.7a) is calculatedfrom the
isothermal MuoH curves using the equatio@0 0 0 ‘Q"OThe

average HL is found to be 31.6, 33.7 and 26.3 J/kg for the alloysxwitli6, 18 and 20
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respectively Henceforth, he RCest in Fig. 5.70) is found to bel19.9, 126.18 and 194.4 J/kg
for x =16, 18 and 2@espectively.

5.3.6 Resistivity and Magnetoresistance

Figure 5.8(a)-(c) illustratesthetemperaturelependentesistivity § ) for the alloys with
x =16, 18 and 20 which is recorded under thermal @tfdeand 5T. From the ploat0 T, one
can see that in the martensite phasg, shows aincreasingtendency withdecreasing
temperature, exhibiting a seronductotlike behaviouf50]. Further rising temperature,
especially across the MT, an abundant of martensitic fractions is transformed into austenite
phase ands a conseant,a rapid decrease of resistivity isaurred[51i 53]. On the contrary,
} is observed to show a slightly increasingdency with temperaturie@ the austenite phase,
exhibiting metallielike behaviour. Thehase @nsformation temperature, fieldduced shift,
ando hysas obtained from-T curveagrees well with the resudbtten from thddSC and M

T curves
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Figure 5.8: | -T curvesfor (a)x = 16, (b)x = 18 and (ck = 20 alloys under 0 and 5 T. [The left inset
of (a), (b), and (c) exhibits temperatutependent MR for the present alloys].

In Heusler alloysthe weak magnetic martensitic phase is generally characterised by
AFM or PM phase. The AFM spins have magnegciodicity that can be different from the
crystal periodicity of lattice. Therefore, it can govern new Brillouin zone boundary leading to
a gap (known as superzone gap) on the fermi sufbddeThissuperzone boundary gegsults
in the enhanement of resistivity due to thelectronspin scattering52,55] In addition,
temperaturendependen contribution known as residual resistivity, occurred from lattice

defect and chemical impuritigdays an important role on the increase of resistivity in the
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martensitic phase. Therefore, the combined effects of both AFMcepatation and electren
phanon scattering resulting from the increased interfacial scattering from various twin
boundary are responsible in the increase of resistivity with decreasing temperature in the
martensitic phasét can also be noticed thabf the martensite phase decreases with increasing
(FeCoy contentwhich can beassignediue to thesyppress of spin fluctuatiom the martensite

phase withmagnetiadoping contenf32].

Oncethe 5 T of magnetic field is applied, the alloys exhibititar behaviourof § but

MT temperatures shifted towards lower temperatuvesich signifies thefield-induced
metamagnetidMST [56]. However the} of both phases is decreasadder magnetic field
which can be attributedue totheZeeman energy dominag over the sd shatterind24]. The
insets ofFig. 5.8(a)-(c) exhibit the temperature dependence of MR under a magnetic field
change of 5T and is calculateffom equationl.24 of chapter 1. A maximum MR values of

¢ & bPforx=16, ¢ ® Pforx=18,and ¢ & Pfor x= 20 on the coolingand ~¢ @ b
forx=16, ¢ & Pforx=18,and ¢ ® Pfor x =20 on the heating are observed across the
MST across théMT under 5T, respectivelylt is observedn our systenthatwith increasing
(FeCoyx contents, the AFM in the mansitic phase is reduced which lead to decreased
MR [32]. Moreover the difference in the magnitude of MR in the heating and cooling branch
is due to thalifferentfraction of coexistence austenite and martensitic phase during the MT
and RMT in the sampl7]. It is worth noticing that the MR argh & show almost identical
trend withincreasingFeCo) contentghroughout the measuremsnt
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Figure 5.9. The fielddependent of MR across their respective martensite phase, magnetaral
transition temperature and austenite phase, respectivel) for (L6, p) x =18 and €) x =20 samples.

The arrow shows the field ascending and descending path of the two field cycles.

The observation of large MR in the present system is further supported by isothermal

field-dependent resistivityneasurementat each pure phasesiéthe transitioiemperature.
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Before the measurement, the sample is first cooled down austenite statéo a fully
martensitic phase (~100K) and then heated back to the respective temperatures and across the
MT, two-loop field cycling processes are &k for the samples and the corresponding
calculated MRhas beetighlightedin Fig. 5.9(a)- (c). Clearly,in thefully martensitic region
i.e., 150 K forx = 16, 150 K forx = 18, andL5(K for x = 20,asmall MR is observedrheMR
at martensitic transition i.e., 317 K far= 16 increasesalmost linearlywith the field and
reaches a maximum valo¢ ¢ & Pat 5 T.Ondescending thield from 5T to OT, the MR
coud not reach back to its initial positipmdicating that the sample locked in a state with
lower resistivityevenafter thefield reduced to zero. Thsdomehowmplies thafew percentage
of austenite would become a kinetically arrested austenite phase througMihand it
persists for sukequent field cycling[58,59] On the other handor x = 18 and forx = 20
samples, at MT region, i.e<,295 K and 248 K, the MR increases almost linearly for the field
up to 3 T and 3.5 Tespectively beyond that its raisedslightly andreaches p & P and

¢ T kat5 T.Becausehe additional Zeeman energy overcomes the friction of twin boundary
motion andhencea portion of martensite transforms into austenite phase, resulting tge la
MR [60]. In addition, the MR in the pure austenite regi@n, 350 K forx = 16, 18, and 20
alloys, is very small as the samples are already inrtheraustenite phasd@herefore, for the
behaviour of fieldinduced locked state, the alloys can be potential candidate for magnetic

memory applications.
5.4 Conclusion

The influencesof varying Fe and Co with same ratio in Ni site on crystal structure,
magnetocaloric and transport properties beeninvestigatedn Nisox(FeCoyMn37Ti1z all-d-
metal Heusler alloyg=irst part of the study is centred tre establismentof a FM to AFM
magnetostructural transition from an PM MS3fTis found thatwith the doping from 16%o
20% of FeCo"Y is observedo shift toward lower temperatuiand”Y of austenites fourd

to shift to higher temperaturelie tothe increaseof d-d hybridization betweefre/Co@/C)
site and Mn(D) siteAlong with theshifting of Y, an abrupt change in magnetization from
weak magnetic martensite phase to strong FM ausiswoiteurred This magnetization change
across MSTgives largep & of about~p @, ~p & and p @ Jkg'K? associated with large
RCett of aboutp p&y ~p ¢&and v wa& J/kgis observedor the alloysx = 16, 18 and 20
respectively, upompplication of 5 T magnetic fieldn addition, maximum values of large
MR~ ¢ @ Pforx=16, ¢ & Pbforx=18,and ¢ ® bfor x= 20 areobtainel in the field
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of 5 T. Therefore these materials with largdCE responses) a widetemperature window
around room temperature as well as large negativewdRId beconsidered as potential

candidates fomultifunctional application.
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Chapter o Design of reversible magneto -
functional properties around RT in

Ni(Co) -Mn -Ti all -d-metal Heusler
alloys

The problem of thermand magnetichysteresis in first order
magnetostructural transition was pointed out before. In this
Chapter6, the topic has been discussed in detail and sbivsetl
ongeometric compatibility condition betweggrent and product
phasesand minor hysteresis loofis effect on the reversibility of
MCE and MR across the MST under field cycling has also been

described.

Content of this chapter has been published in: S. Samanta S. Chatterjee, S. Ghoshand
K. Mandal, "Large reversible magnetocaloric effect and magnetoresistance ly
improving improving crystallographic compatibility condition in Ni(Co) -Mn-Ti all-d-

metal Heusler alloys"” Physical Review Material, 6,094411(202p
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6 Design of reversible magnetofunctional
properties around RT in Ni(Co) -Mn -Ti all -
d-metal Heusler alloys

6.1 Preface

Energy functional materiakith first-order magnetostructural transitions (MST) argrime
element 6 solid-statebasedcooling applicationsvhich has enormous potential to replace the
conventional gas compressibased technologybecause of high efficient and environment
benign naturg¢l]. Among themyroomtemperature (RT)magneticrefrigerationhas attracted
amuch interesas a green, reliable, and significant energy conversion technatogfterthe
discovery of RT giant magnetocaloric effect (MCE) across MST ins5G@Ge) these
system[2]. Recently, a number of materiakuch asL a ( F e sb a S& ¥ s £[ é5n]
Mn Ni ( Ge, SITNiMRXs ( XmSa, | n, Sn) mef &niargneti c
evolvedn ot only duMCEflail4 et ralgs@anmul ti fumsti ona
magnetic shape memosffect[15], elastocaloric effedtl6], magneteresistance (MR)171
19], and so on, ithe vicinity oftheir respectivéIST.

The firstorder nature of MST, usually, involves the intrinsic hysteresis that causes the
MCE irreversible during the subsequent field cycling operatiSosfar, two common technique
of dealing withhysteresiseither finding way to obliterate it or reducing it as small as possible.
Thus, much effort is devoted fothe reduction of hysteresisased onthe geometrical
compatibility condition between the austenite and marteqpitese$20i 24]. In addition,
another wayto reduce the hysteresis in sigeHeusler familyis modifying the chemical
compositions, physical pressure, annealing conditions, minor loops, and measurement
protocols[25i 27]. For the commercial utilization, the material must be machinable in to desire
shape without a reduction of MCE performances for oper#tiogsands of cyclesiowever,
in those systems, large hysteresis, andtitdenessnature upon magnetic field cycliragts
as an obstacle the field ftechnological applications.
Recently a noveNi-Mn-Ti all-d-metal Heuslealloy systems providestrong evidence on the
mechanical stability by considerinigd hybridization between transition metals insteag-of
d hybridization between main group and transition metal of conventional Heusler

alloys[28,29] However, instoichiometric form, NibMn2sTi2s alloy has amantiferromagnetic
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(AFM) ground state with Neel temperat@tel 20 K in the austenite phasenhis may originate
from antiparallel coupling betweekin(B) and Mn(D) site As already discussed in the
previous section, by changing Mn/Ti ratio MST canobserved in the AFM region for this
Ni-Mn-Ti systemFurther studieturnedthis AFM interaction into a strong ferromagnetic (FM)
Mn( B)T1 Co/ Fe ( A, C)cauplimybylpartialeCo/Eehsabatituton in Ni sitelence
a MST is establishedrom a high temprature FM cubic B2ype austenitespatial group
Pmom) to a low temperature weakagneticor AFM monoclinic (spatial group P2/m) or
tetragonal (spatial group 14/mmm) martensite pa8g
Therefore, hese systems have received enormous interest due to their ragrogitinalities
governed at theagnetic fieldinduced inverse martensitic transformatitMT). For instance,
l arge magnet i c veB8IkdgK Ydriventbyaregadively lesSagnetic field
of 2 T across the MST of BiCo1sMnz4Ti1e alloy is reported by Taubeital [30]. Recently,
we report a giant conventional exchange bias field of 3.68 kOeallind-metal
Niso(FeCo)}MnzsTizo Heusler alloy[31]. In addition, a colossal adtocaloric effect with a large
reversible adi abati ca) e rnop 8Ir5a K uis eachieved ain g e (
(NisoMn31.5Ti18.5)99.8B0.2 bulk polycrystalline systerfi6]. Subsequently, Aznetal. obtained
a giant barrocal ori c "&flfinghe samevdystefd2]l.a | ar ge @S

So far, several attempts have been reported how the MST can be tuned to RT, across
which large functional properties is achieved. In the previous chapter, weablerto enhance
& & by simultaneous Fe and Co doping in Ni site. But there is one issue with hysteresis which
start to increase with FEo doping. And another is the broadening of the MST that has a
notable impact in affecting the entire magnitoctioral properties. Considering all this facts
and above experimental findings, we notice that tuning a small amount of Co topirgjte
of Ni(Co)-Mn-Ti can rule out the abovementioned problems. Moreaver, effect of field
cycling on the reversible MChas not yet been addressed in this system, which is important
for technological applications.

From theClausius Clapeyron relatiadio get acomplete and reversible fieldduced
IMT andits corresponding MCEaminimum fieldis obtained

o

y«o =YY YY ITYOIYY (6.1)

(YU is thechange irmagnetization betweeaustenite and martensite pha¥ey , Y'Y , are

the thermal hysteresis, transformation intelval Y"¥ stands for théransformation entropy

changeespectivelyacross the transitionlt is seen fronabove Eq.§.1), thereversiblefield-
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induced functional propertiesan be achieved irour systems for thesmaller¥Y'Y , Y'Y,

narrowerY"Y as well as large¥0 . FurthermoreY0 7YY is closely related to the distance
betweerlc and inverse MT temperaturéq “¥) [33i 35]. Hence, we can understand that it is
easyto tuneYD Y'Y bythevarying™¢ "Xin order toachievethe reversiblenultifunctional

propertiesunder subsequent field cycling in-dlkNi-(Co)}-Mn-Ti systems.

In this chapterwe investigatedhe reversile# behaviorof MCE and MR effects across
the field-induced IMT in all-d-Niz7.xCor3:xMnsssTi155 Heusler systems. Motivating by the
work of Taubeletal. [30], our parentmaterial is Né7C013Mn3a4.5Ti155 which exhibits smaller
Y'Y (5.5K), andY’Y (11.7 K On the other hanthe presence of largé’Y (~30 Jkg'K'Y)

and weak sensitivity@YFQ O x  p&UX'Y hinders them in technological application.
Thus, we substituted a small amount of Co intd\theCo013Mn34.5Ti15.5 aiming to improve the
reversible behaviourassociated with the magnetostructural transformation. Furthermore, we
established an geometricampatibility condition for the origin of low hysteresiswhich is

calculated using the lattice parameters between austenite and martensi{8,gBz3@}
6.2 Experimental

Niz7xCoizxMnaasTitss(x= 0, 1, and 2) popyepygseadl byner ca
furnace under a 4 N purity Argon atmosphere
Sigma Alhckriirclpuri ties are given as fohkaws; N
2N), and The(for hac® Ntviame puamdeda Ti was mel t e
process in order to remove oxygren tferdoni itvhee tc
ti mes on each side We feancseaud ea hpmolgleenm ztalh @ o n
during mel twen ga g aa md-mstliheinnegd ursé ng extra 6% M
compensate Mihevmaelbtraediomgots were wrapped w
in a quartz tube under a hi g6 kafoulsam tantdr eantn
the swamsplgeuenched into ice water. The actual
verified by emaygyEDX)ypeiml-dhdepyaerdrgprdryaaduirf¥ r act
( XRD) poaft ttehrenspowder sampl eSrtarst lbbaekkehkw,a hRii geadl

CuKgr adi ati on. Magnetic measurements are pertf
(VSM) using physical property meaSuraméenot als
phase twasledck ®nf bgrenti al scanningumahby i m

Q2000) with a constant heating/ cool Chgisate
measured byD3C moadwHmmiteeuwde using a stamdard sa

-108-



Chapter 6: Large reversible magnetdfunctional properties all-d-metal Heusler alloys

Theagntet ansport measurements pao@epeyf onemsdr

system (PPMS, Quant-umabsepogh)opsiog.the ac

6.3 Results a nd Discussions

6.3.1 Composition optimization from calorimetric Study

We substituted 1 to 2% of Co in Ni site to tune MST for optimization MCE paramEtigrs.
6.1 illustratesDSC heatflow curves and their characteristransition temperaturestated as
austenite startd(), austenite finish d ), martensite startd( ), martensite finish 0
determined by the tangent method from the DSC curves and corresp@uditgite to
martensite transition{ 0 0 7¢) and martensite to austenite phase transitign (
6 06 Tg¢),and 'Y “Y "Y ofall the samples are tabulaiedrable 6.1. The parent
sample is plotted in black in the inset léfy. 6.1. Data confirms that alkamples exhibit
endothermigeaks during heatingnd exothermipeaks during coolingassociated withMT
and MT, respectivelyThe o Tys subsisted betweemeatingand cooling curveonfirms the

first-order phase transition.

0.10 e
— T:L xX= Cooling
x=2 s‘; - _A;
_ S ueTri:fg
10,05 1 S0.09
=Y
3 260 280 300 320
; T(K)
S _ " Cooling
S 0.00 — -,
5 Heating
=
-0.05 -
-0.10

1 1 1 1
240 270 300 330 360
T (K)

Figure 6.1: DSC heafflow curve taken at 10K/min for all the investigated samples.

From the figure one can notice thidetransformation temperatures decrease clanably Co
doping in Ni sitewhich is inwell agreement with the decrease in e/a ratio of Co with respect

to that Ni[37]. Further, due to the interaction between structural and magnetic contribution to
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the total transformatioentropy changeY'¥ acr os-er ddérmr sstructur al tr
heating is measured following the equation,
Y . — — -QvY 6.2

wher@d dtdis the heat flToawhnTHhalh &ngease cft atrhie ngam
temperatures of first ordeae pPHémenetiansihtei cn
i speci flableal.Cl eax=l Y, s hows pWeandmo sl ra @4 kkompared

to other samples.

Table 6.1: Transition temperatures (K) and transformation entropy change obtained from DSC
curves 0fNiz7.x CorzxMnazs sTi15 sall-d-metalHeusler alloys.
Alloys Ms M As At Twm Ta Pt Phs PO
(I/kg.K)

x=0 283.2 2743 286.1 2923 278.6 289.2 8.9 10.6 225
x=1 286.1 2749 2785 290.1 2805 2852 11.2 4.7 19.89
X=2 250.3 235.3 2446 261.1 2428 2529 15 10.1  18.89

6.3.2 Tuning MST from temperature dependence

magnetization
Figure 6.2 showsthe temperaturdependent magnetizationeasured under 0.05 and 5or
all the samples. All sample exhibits a fistler MST from FM austenite to weak magnetic
martensite below the Curie temperatyii:), on cooling The characteristic transition
tempeaturesand Tc of all the samples are tabulatedTable 6.11. It is seen that upothe
magnetic field change from 0.05 T to 5the “Y is shifted byabout 9 K, ~12 K, and ~16 K
towards low temperature and correspondinthéoshift of 'Y about 8 K, ~10 K, and15 K for
x =0, 1 and 2 alloysHence, the sensitivity of transition temperatures to the magnetic field
obtained from the linear fitting dffv vs. field isshownin the inset ofFig. 6.2(b) and6.2(c)
and their magnitudeare gathered ifrable 6.1l. This dependence produces a complete
transition by applying of 5 T far = 1 and 2 samples because the shift i is larger than
hysteresis. Although thevalue of ‘QY¥Q O is small compared to the NWn-In
alloys[8,36,38]but higher than théNi-Mn-Ti all-d-metal Heusler alloyg39], andMnNiGe-
based systerj#0].
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Figure 6.2: Temperature dependence magnetization in presence of 0.01T and 5 T magneti¢djeld of
x=0, (b)x=1, and (ck = 2 sample oNi(Co)}>Mn-Ti all-d-metal Heusler alloy.

As discussed in the introduction section thret sensitivity not only depends &% but also

Y™Y [14]. On the other hand, a clear correlation betw¥aaand ("¢ "¥) is plotted inFig.

6.3 It is shown that with the increasifio¢ "¥) theY"¥ acrosgheIMT decreases because the
distance of("¢ “¥) enhances the degree of chemical ordering which subsequently enhance
the magnetic order of both phasekich leads to a largeR’yY ¥ "O (and thus reversible
MCE) [33i 35]. Therefore, using this afomentioned strategy, comparing the M(T) and DSC
curves, one can séleat the sample witk = 1 possess relatively smMlY , Y'Y and large

Y0 , which is more favorable for the furthesversible MCE studies.
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Figure 6.3: The change ofdtal entropy at the martensitic transformation as a function of the distance

between Curie temperature and martensitic transition temperature.
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Table 6. II: Transition temperatures (K) and magnetic sensitivity obtained from MT curyéisQf
CowxMnaa sTiss sall-d-metalHeusler alloys.

Alloys  Ta(K) T (K) Tc(K) @TRys(K) T (K)

Xx=0 284 275 349 9 14 1.9
x=1 284 276 352 6 11 2.8
X=2 254 242 362 12 12 3.2

6.3.2.1 Minor hysteresis loop during heating and cooling

Some points need to be considered for reversibility study is that the transformation characters
in the minor loop is quite different from that a complete transition from martensite to austenite
and vice versa. To study this behavior in our system we pegfbtemperaturdependent

minor loop measuremeduring heating and cooling sequenéasx = 1 sampleas plotted in

Fig. 6.4. These minor loops are strongly dependent on the size and shape of complete thermal
hysteresis loop in different system. In this figure, pink dash line curves are the magnetization
of complete phase transition and rests are the magnetization at diifkéeevdl temperature.

(b) uH=1T

=
n

M (emu g')
W
=

15

0_ - —_-—-= S - -

200 225 250 275 300 220 240 260 280 300 320
T (K) T (K)

Figure 6.4: Minor hysteresis loop is measured during (a) heating and (b) cooling in presence of 1T

applied magnetic field fax= 1 sample

For measuring the minor hysteresis loop, sample is first cooled at a low temperatur)(~150
in the pure martensitic region and heating branch are recorded at a certain reversal temperature,
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for example 280 K. At each reversal temperature, the heating is stopped and sample cooled
down to 150 K to erase the memory of the sample. Same proceddome for cooling
sequences. Seven different magnetization curves of minor hysteresis loop are shown in the

aboveFig. 6.4

It is well known that the first order martensitic transition in Heusler alloys is driven by
nucleation and growth of forming a ngliase and both processes contribute to the hysteresis
loss. Thep Tysis associated the energy barrier between austenite and martensite phases. Minor
hysteresis loop is one of the key factor that can dominate the energy barrier which is associated

with the thermal hysteresis.

During heating and cooling in the minor loops, the sample undergoes a steep increase and
decrease in magnetization respectively. From the graph, it is observed that in the vicinity of
middle of the transition, for example, 280 K for heating and 277 lKdoling, the sample has

a fraction of martensite ~ 52% and ~ 45% austenite phase respediivelsesidual phase in

the minor loop influences theg Tys of forward and reverse MST as wpllli 43]. Because,

when we proceed a minor loop cycle instead of a major one, a certain amount of residual parent
phase (austenite) is present in the product phase (sigeddrefore to the sample transforming

back completely. This residual phase acts as naokkthen the required nucleation energy is
conservedOn the other hand, in major loop, there needs more energy for a nuclei formation.
Therefore, the energy barrief transformation can be reduced by following minor hysteresis
loop. Hence, from our result it is observed that a large fraction ~ 52% of martensite upon
heating mode is involved to contribute in reducing the hysteresis. Thus, we assume that due to
the snaller hysteresis of minor loop, a large reversible magnetocaloric effect can be achieved

in Niz4Co14Mnaz4 sTiss s all-d-metal Heusler alloy.

6.3.3 Geometric compatibility condition from structural

analysis
In magnetic shape memory alloys (SMAs), the thermal hysteeggisconsequently, an
irreversible properties at the IM$ strongly related to the austenite and martensite phase and
their interface$22,23,44 46]. This interface is known as habit plane which is undistorted and
unrotated. During phase transformation, an elastic transition layer is governed at the meeting
region insted of exact interface. For the MST and IMT, energy is associated with the formation
of interface produce in hysteresis. Recerggometrical compatibility condition between both

phasesprovides an evidenctor the formation ofsmalker hysteresisand also sharpness of
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transformation interval and hence, is established a certain conditiorj20r22] The afore
mentioned mathematical condition is characterised by the deformation of martensite which is
calculated using lattice parameters of both phageshematically,the determinant othe
transformation stretch matrlt definingas ahomogeneou8x3 deformation matrixshould be
one That signifies the no volume change between two phases. Second critéhniaraiddle
eigen valuel of U p, wherel ] 1 are the order eigenvalues bf yields the

existence of an invariant plane between both phases.

To determineU for our systemstructuralinformation is needed. e temperature
dependent powder XRD experimdras been carried ofdr x = 1 sample as depicted ig.
6.5(b). During heatingthe sample@ive rise IMTthe transition from martensitic phase with
5-modulated (5M) monoclinic structure to a cubic austenite pladeed,a small fraction of
martensite at 300 ks founddue to the residual stress generated during the grinding the ingot
into powde{47]. FromFig. 6.5a) the refined lattice parameters, at 277 K where both phases
coexist, aredy T T B ® LB p BPw ¢ @Bt o UByandr wBU and®
V8o ¢ pBdor martensite and austenite phases, respectiVaboretically for occurringcubic
to monoclinic transformation, there are 12 correspondence variants for modulated monoclinic
structure of martensite phaas already mentioned in the Chapter hie§e vaants have the
same eigenvalue, eigenenergy and volume chdBgesTheU of one of the corresponding
variants of martensite phase is given by

T, T

u= , " m 07

T TO

where the deformations are given by

| g ri "QéTcBéifL1

T PR
G | I ¢ 1 i Q&t
I clrleTIwSI‘;.] s
C | I ¢ r it Qef
' J h P
gl 1T qriQEl
and ) [— eBQ
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with | a ,andr 1 [45,48] & is the lattice parameter of cubic austenite phase and

®w,0,n, and the angle b denote the MNowthei ce p:

transformation matrix afhex = 1 sample is

P8I C wardtp @ p T
U= m@ipopp8tpgt m
] L1 T8O o p P

The eigenvalues of the above matrix are 1.0353, 1.0065, and 0.93&hdeisedhat thel

is very closed to 1 and hen@, 1 s$=0.0065 with the deviation of 0.65% from the unity

assuring the geometric compatibility between the two phases beensignificantly

improved[21,45,48,49] Consequentlya small hysteresis i®und in all-d- Ni-Co-Mn-Ti

Heusler alloys.
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Figure 6.5: (a) Rietveld profile refinement of XRD pattern [gfz;C014Mns4 sTi1s 5 alloy atthe inverse
martensitic transformation temperatufie) Temperaturelependent XRraphfor the same sample

recordedn the heating modgCubic and monoclinic phase aredened as 0B26 and 6 M6
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6.3.4 Reversible Magnetocaloric performances

As discussed abovesx = 1 sample showsmallY'Y +Y'Y and largeY0 and hence, we
expected to achieve a magndteld-induced complete and reversible during magnetic field
cycling. Forthis, we have takensothermal magnetization {oH curves during cyclically
magnetic field sweepinigp the vicinity of transition regiobetween 265 Kand283 K with an
interval of 3 K,illustratedin Fig. 6.6(a). The measurement procedure of the first field cycle is
done as follows3 0 0 KY 15 0 KY TpoH Y 1 § OR+2)(K) (M- poH) é .[50,51] In
thesecond field cycle, th®l-poH curveat the same temperatunas beemneasured just after
the first cycle of field sweeping@he hysteresis between field increasing and decreasing branch
of M-HoH curve is observedxhibiting a strong metamagnetic behavior between 268 K and
283 K, confirming magnetic fieldinduced IMT from weak magnetic martensite to FM
austenitephase At the austenite statemperature (~268 K), MioH curves of both cycles
overlapwith each othersuggesting a fully reversibfesld-inducedIM T take place. Once, we
found that towards the transition fra2@l K to 283 K, the low field magnetization in-pH
curves of the second cycle is higher tharfitts¢ one and MuoH curves The similar behavior
like second cyclés observedluring the third and following field cycleékatcoincide with the
second field cycle. Thiobservation signifiesa good reversibility of magnetostructural
transition after thdirst field cycle.No martensite phase theM-uoH curveis recovered after
the first cycleat 283 K which implies thafield-induced inverse martensitic transformation
does not occur after 283 dhder thdield cycling[52,53]

Now we quantitativelglaboratéhe above results based on the reversible effect in i
Mn-Ti systemOncethe magnetidield of 5 T is applied above #for instance, from 268 K to
280 K, since FM states energetically favourable with the magnetic fjelde fieldinduced

IMT with large magnetic hysteresis arises with the first fireddeasingf 5 T.Upon decreasing

the magnetic field from 5 T, as a resultnofigneticy”Y , the induced austenite cannot fully
go back to martensite and consequently, residual austenitengereed. So, this residual
austenite takepartin the increase in magnetization of the second chelsause oits FM
nature.On the other handiuring the second cycle with smalhgneticY’Y , a portion of the
sample can transform back and forthwestn martensite and austenite during second and all
sequent field cycling. Therefore, this portion cogjoverna reversible and reproducible

magnetocaloric effect.
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Figure 6.6: (a) Temperature dependelt-poH hysteresis measured during the (sstlid circle) and

2nd (hollow circle) cycle of field sweeping at 268 K, 271 K, 274 K, 277 K, and 280 K during heating.
(b) Comp anvs.g duning firét field Bycle at 5 T determinfdm the various methodssing
Maxwell relation (Maxwell M(j4H)), Clausius Clapeyron relation (CC_M(T), and transformation
fraction met hod VsFT bMTFHV(H)). durifgefipst affdisexondefield cyclescof

=1 sample, and (d) of= 2 sample

6.3.4.1 Reversible magnetic entropy change

Isothermal magnetic entropy chamgfethe samplex = 1 and 2 icomputed acrosa
using Maxwellthermodynamiaelation (equation 1.4). A maximummagnitudeof (& ~
19.78 Jk4tK'! at 281.5 K is obtained for= 1 due to a magnetic field change of 5I Fig.
6.6(b) the magnitude ofp & is in well agreemenwith Y'Y as determined from the DSC curve
in Table 6.1.

To understand the reversible propertiespdh in better way  t S as lseerleduced using
different methods. ClausitSlapeyron equation using transformation fraction method is
suitablefor the firstorderIMT and has been uséd obtainasy values from iseield M(T)

measurements for the different field chanfey.
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yY Yo J— (6.4
w h e rfes the deange phase fraction of austenite inducedtbgmagnetic fieldchangehat
can be dfdT sioatd)e=d (T,adsls) 1&(T, €oHi). €oHi, ande oHs are the initial and final
applied magnetic fieldespectivelyAs theaustenite phadeactionis proportional to the total

magnetization andhence, austenite phadeaction can becalculated as[54] "Q"Y
, Where Mum (T) andMa(T) arethe magnetization of the lotemperature phase and

hight e mper at ur e phase r eSyforehe tieid ehanges fromdT~-B0emTma x i mu
to Hr ~5 T is 1966 Jkg 'K, as showrin Fig. 6.6(b). Thetemperature dependent magnetic

entropy changebtained from bottMaxwell relation and CC equation confirms that e

are reliablg55].

Furthermore, to achieve reversible and reproducible MCE, the transformation fraction method
based orM-loH curveis a feasible and reliable proceddioe the first order phase transition
system[10]. The phase #&ction of austenite is determined from eauoH curve of both cycles

at the respective temperatures using the following equation
0 @ —— (6.5

where,Mwm (H) andMa(H) stand forthe magnetization of the martensite and austenite phase
which can benotedby the extrapolating d¥l-LioH curve at 250 K and 300 K of pure martensite
and austenite phase, respectijél§]. Figure 6.6(b) illustratest h & vatuevs.temperature

due to field change of 5 based on the various methods during the first field cycle fod
sample.lt is clearly shown thathe magnitudeo f Sv &stimated from THAM(poH) is almost
consistent with the CC_M(T) and Maxwell equatids statedin theIntroductionpart of this
chapter the fieldinduced transformation is reversible during second and subsequent field
cycles in the temperature rargetweer265K and2 8 0 K, we Swausing THVEuOLH) d e
method for both cycles anudottedin Fig. 6.6(c). One can noticéhat themaximummagnitude

of Y'Y duringsecond cycle is quite close to that of the first méch ascribeso thegood
reversible MCE at the IMT. Since a large fraction of magnetic fieldduced MST is
contributed to the MCEa large reversiblé/"Y of 17.78Jkd *K'* over a broad temperature

window ~ 12 K is achieved upon 5fdr x = 1 sample.

For comparisorx = 2 samplewith x = 1, similar measurements aperformedand theY"Y

valueat 243Kobtained from TFM(uoH) method for first and second cycles are 1K@ K’
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L and 16.72)kd *K'* respectivelydepicted inFig. 66(d). The graph clearly shows theY

value of second field cycle is about 11% smaller than the first.cJhkereduction o¥"Y in
thesecond field cyclés caused due tie large residual field induced austemienedduring

first field decreasing cycle does not take part in the transformation during the following field
cycle. Thereforex = 1 samplaive riselarge reversible entropy change which represent nearly
90% of total magnetic entropy change obtained at the first field djudenave compared the
magnitude of reversibl¥"Y with the highest value reported in the other related promising
systems (showm Table 6.1I1). Thus, the present system consists of low cost materials with
large reversible MCEwhich will be highly attractive forroom temperature magnetic

refrigeration

Table 6.11l: Comparison of reversibl& at 5 T and the peak value of theispective transition
temperatureslI{y) of all-d Niz7z«Coi3:xMnsasTi1s sHeusler alloys, and other related promising systems.

Materials 2 e 18 Ta References
(J kg'lK D) (K)
Gd 10.2 294 [57]
Gs(SiGe) 185 278 2]
Nig.6C01.2Mn33 dN155 14.6 235 [58]
Ni2sC0sMnzalnya 16.5 268 [38]
Nis0.V0.3MN33.4N15.6 18.9 276 [59]
Nis1.5C00 2Mn3zGawalns 3 11 - [60]
Nia1Ti2CooMnaeSmio 18.7 287 [10]
Ni1.oPb.sMn1.4Noe 12 262 [61]
Mn1.87Cro.135k .95G&p.05 5.2 280 [62]
Niz7x CO13+xMnN3zasTi155 17.8 277
x=1 Present work
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6.3.4.2 Adiabatic temperature change
Y'Y is another importartharacteristiparameter to quantify the MCE.is reported that the
reversibleYY is roughly estimated using the measuring temperatependent specific heat

capacityfollowing the equation,

Y'Y R A (6.6)
Cp has been recorded in zero field condition using modulated DSC technique as shown as a
function of temperafre inFig. 6.7(a). The reversibl&”Y is deduced from the reversitfey
data inFig. 6.6(c) and theC, valuesshownin Fig. 6.7(a). Figure 6.7(b) represents th¥'Y
as a function of temperature. A maximum reversi¥l¥ ~6.7 K is obtained in alt-
NizsC014Mnz4.5Ti155 alloys and this magnitude large andcomparable to other NIn-X
Heusler alloy410,38,40,53,63]
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Figure 6.7: (a) Temperature dependesgecific heat capacity(c,) under zerdield for the

NizsC04Mna4 sTiss s alloy recorded during heating mode. (b) ReversiSié vs T(K) under 5 T.

6.3.5 Cyclical stability from DSC measurement

Cyclic stability of phase transformation plays a significant role on the functional fatigue
behaviour of the MCE material&ig. 6.8a) displays thethermal cycling DSC hedtow
measurementsip to 3% cycles for the x = 1 alloy and their respectiveharaterizes
temperatures vs. cycle are presente&igq 6.8b). It is clear from the figure thahe peak
positions and heightf the DSC heating cooling curvesmain almost unchanged and no

significant shift of the characteristics temperatures is observed 35 thermal cycles.
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Therefore, this observatiaonfirmsthatthe phase transition posses good reversibility and
stability in our system.

0.14- (@) —1° teycle —pm 35M cycle 29()
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Figure 6.8: (a) DSCheat flow vs temperatuiirvesmeasurediuring heating and cooling, and (b) the
trangormationtemperaturefor x = 1 sample.

6.3.6 Magnetoresistance

To evaluate the reversible magnetoresistance (MR) properties of the psgstm the
temperature and magnetic field dependent electrical resistivity are meaBige®.9(a)
illustrates the temeraturedependent resistivity “Y under the magnetic field of 0 Tand 5 T,
measured using the same protocol as befotarge drop in resistivity is observadlound the
MST. This isascribed tdhe change in the electronic density of stttheFermilevel dueto

the lattice distortiorduring thephase transformatidié4]. Under5 T, 0sis reduced by 11 K
with 'QYFQ '0-2.2 K/T. From the CC equatiom certain temperature gap between the
resistivity curveat 259.6 K(0s) upon 5 T ta277.3 K(0 ) under 0 T, whictsuggests to get a

partial reversible behaviour of MiR the abovementioned temperature range.
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Figure 69: (a) Temperatural e pendent e |l e c-T) curvesaneasuresl fi=4 sampleé t y (|
upon heating and cooling, with 0 and 5 T. Inset shows the corresponding their temperature dependence
of MR. (b) Field dusHat varbesemeerature gponsheating mdde acrosy the
transition temperatures under 35 thermal cycleg fofl sample and (c) corresponding MR. The green

hollow circle and star represerif2 y c {Hat 277 K after $cycle of magnetic field.

The temperature dependence of MR under a magnetic field charigéOaluring

heating is obtained from the following equatesplotted intie inset ofig. 6.9a).
0Y —— pmnmhb (6.7

Where,’Y * 'O and’Y 1t arethe electrical resistece undet "Oand zero fieldrespectively

A maximum MR value of o & Pacross théMT isfounddue to the field change 6T which

is comparable to other Niln-based Heusler alloy65i 67]. This large negative MR is because

the electrical resistance in the austenite state is much lower than that the martensite phase.
When magnetic fielgproducethe fieldinduced transformation from martensitic stedethe

cubicaustenite state, leading teetlarge negative MR.

Figure 6.9(b) shows feld dependenresistivity taken in the vicinity of IMTand the
corresponding field dependence MReighibitedin 6.9(c), respectively. It is observed that at
300 K, the sample is in the fulpustenite phase witho significant change ithe MR when a
field is applied.Towardsthe transitionon heatingfor example, at 265, 270, and 277 K, the
field-inducedIMT is induced by the fieldit is interesting to note th#éhe peak value of MR
increases with the measuréemperaturerange due tdhe enhancement of the martensite
volume fraction by the application of magnetic field of &fen the sample goes at the middle
of the transitionUpon removal of the fielfom 5 T, the MR does not reverse entirely into the
initial state As a resultareducedeversible MR of about 14%ut of 32.6%s obtained at 277

-122-
































































































