Large Magnetocaloric Effect in Low -Cost
Transition Metal Based Alloys for
Magnetic Refrigeration

Thesis submitted for the degree of
Doctor of Philosophy (Science)
in

Physics (Experimental)

by
Subrata Ghosh

Department of Physics
Jadavpur University
2020






s r ~ ’ ~



Abstract

Energy-efficient and ecofriendly magnetic refrigeration technology based on
magnetocaloric effect (MCE), which hasnormous potential to replace the conventional
vapor compression technology, is expected to be applicable the solid-state based
modern refrigeration devices. The crucial requirement of a magnetic refrigerator is
giant magnetocaloric materials consist otransition metal (TM) based, less expensive,
earth-abundant, and nontoxic elements for commercial application.In this thesis, we
have investigated the MCHEesponse of certain cost-effective TM based alloys such as
MnNiSkbased intermetallic compoundsand NiMn-based Heusler alloysvhich are found
to exhibit large isothermal magnetic entropy change $u), an important parameter to
guantify MCE of a material, associated witkarge relative cooling power(RCP)around

room temperature (RT).

Magnetic and structural transitions are observed to coincide at aroun®Tin TM
based (Mno.sFen 4)NiSiixAlx (X = 0.06, 0.07)alloys and (MnNiSi)1.y(FeCoGa)(yE T8 p v
0.17) alloys which lead to a coupled first order magnetostructural transition (MST)
from paramagnetic (PM) hexagonal to ferromagnetic (FM) orthorhombic structure and
as a result giant MCE is observed in these alloyén these doped MnNiSi compounds, a
remarkable shifting of structural transition temperature from about 1210 K for MnNiSi
compound, to lowerthan 300 Kis observed.3Sv as large as about20.6 Jkg?! K1 with
large RCP~ 249.2 J/kgis found for the alloy with x = 0.07 due to amagnetic field
changeof 3H ~ 50 kOe.A giantvalue of3-Sy about 31.1 Jkg! K1 at 281 K with a large
RCP of ~209.6 J/kgare observed fory = 0.16 alloy due to3H ~ 50 kOe.We have also
discussed that isotherms should be measured during cooling to estimate the

magnetocaloric parameter accurately for thesesimilar types of materials.

We havefurther investigated the effect of hydrostaticpressure (P) on MCE and
the exchange bias(EB) effect in a Co dopedNisssCoeMnszsSmis Heusler alloy. At
ambient P, the martensitic transition temperature (Tm) shifts to a lower temperature

with a rate of dTw/dpoH ~ 3.29 K/T whereas Tm increases rapidly to a higher
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temperature with a shift rate of dTw/d P~ 31.90 K/GPa whenP is applied. Hence, first
order MST of similar materials can be tuned by applying both the pressure and
magnetic field as they influencelv oppositely. 351 and RCP do not change significantly
with applied pressure. EB effect is found to improve with applied pressure. However,
the addition of a small amount of Co wbstituting Ni in NiMnSn-based Heusler alloys
enhancesY & value but the appearame of fieldinduced hysteresis acrossMST reduces
the net RCP of that material in higher doping concentrations. Therefore to prove the
inverse MCEof Heusler alloys, we have to reduce the hysteresis logdL) significantly
to make their real use asa refrigerant. For that purpose, wehave doped Si in
NisgCo.sMn3sSnissxSk (X = 0,1, 2, and4) Heusler alloysand observed thataverage HL
reduces drastically from 49.7 to 8.6 J/kg with increase ii%i substitution from x = 0 tox
= 4.Twm reduces with Sicontent whereasthe Curie temperature (Tc) is insensitive to the
doping content 3-Su is found to reduce with Si content. A maximum net RCP of about
141.8 J/kgdue to3H ~ 50 kOeis observed forx = 2 alloy. The results indicate that a few
amounts of Sisubstituting main group (p-block) element is an effective way to reduce
HL significantly which in turn enhances he effective efficiency of these similar typesf

materials.

Besides inverse MCE,to improve the conventional MCE of NiMnSrbased
Heusler alloys across second order magnetic transitiofSOMT) we have exploredVICE
responseand critical exponents inMnagxFeNis1Sni1 (x = 8.5, 10.5) Hoys across second
order FM to PM transition at Tc These alloys exhibitonly SOMT andno MSTs are
observed.Increase of Fesubstituting Mn reducesMn-Mn antiferromagnetic interaction
resulting only austenite phase fox]! WY8uv 8 3 AAT 1T A, bding doAtiduol@BAT OEOE
not associated withany thermal and field induced hysteresisA reversible 3Sv of about
1.02 J lg1 K1 with moderate RCP ~ 40.2 J/kds obtained at 305 Kfor x = 8.5, due tosH
of 14 kOe only.The less consumption of energy in the applicability of MCE acroSEMT
in these materials canrmake them a good candidate for emagnetic refrigerant. Rurther,
the critical exponents are estimated for both the samples and found to exhibit long

range FMordering in their austenite phase.
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Chapter 1| introduction

This chapter hHghlights the basic introduction of magnetocaloric effect and its related
thermodynamics. Various thermodynamicscycles of Magnetic refrigerationbased on
magnetocaloric effect are discussed in the present chapter. The motivation behind the
present studies of magnetocaloric effect and the general propertiesf our preferred
magnetocaloric materials are presented. Ahort literature review of magnetocaloric
materials based on past research work is represented. This chapter also includes a brief

overview of the thesis.



Chapter 1

1.1 Preamble

The depletion of natural energy resources and climate changes with urgdictable
consequences are two major concerns of the presenfy scientific society. Nowadays, a
significant part of the research activitiesis concentrated on overcoming these two
challenges. Therefore, in the present scenario, it is important to conducgésearch on
renewable energy resources as well as on technologiethat can reduce energy
consumption significantly compared to the existing one. Renewable energy resources
are related to the conversion of solar energy, wind, hydropower, biomass, and

geothermal energy into electric power[1Z5].

The total conuumption of electricity by the entire world population is
approximately 16.38 trillion kWh [5]. A major portion of the electricity is consumed in
using cooling devicen a regular basis such aafreezer to store food in a supermarket
and home, the air conditioning in private and publidbuildings, in industrial fields for
liquefaction of different kinds of gasses and also in certain medical fields. Conventional
vapor compression refrigerators are used for the cooling technology whicks bulky,
energy inefficient, and contain hazardous gases likechlorofluorocarbon (CFC),
hydrochlorofluorocarbon (HCFC) as refrigerant materials that are suspected to deplete
the ozone layer of the atmospher¢6]. Though in recent time the previous usage of
hazardous gas is replaced by harmless hydrofluorocarbons (HFQas, the lower
efficiency of conventional gas refrigeration and also the potentidior global warming
are still concerns. Magnetic r&igeration, one of such energyefficient and ecofriendly
cooling technology based on magnetocaloric effect (MCE), hasrtrendous potential to
replace the conventional gas refrigerators and is expected to be applicable in selid
state-based modern refrigeration deviceg§7z10]. The energy efficiency of a magnetic
refrigerator is predicted to be enhanced up to 30% higher than that o conventional

gas refrigerator [5,7].

The study of magnetic refrigeration based on MCE was first initiatech 1881 by
German physicist E. Warburg who observed the heat evolutiomiFe under the

application of magnetic field[11]. In 1918, Weiss and Piccard measured experimentally
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a temperature change in Ni around its Curie temperature due t@a change inthe
magnetic field[12]. The frst breakthrough happened in the late 1920s when two
scientists Debye in 192g13] and Giauque in 192714], independently proposed the
processes of adiabatic cooling under field variation. Experimentally, Giauque and
MacDougall were the first to demonstraie magnetic cooling in 1933 and they achieved
to reach a subKelvin temperature, 0.25 K, by using paramagnetic Gd(9@.8H.0 salt as
a magnetic refrigerant[15]. In 1976, Brown first designed nagnetic refrigeration in a
room temperature range[l16]. Two breakthroughs occurred in 1997. First, Ames
Laboratory in collaboration with the Astronautics Corporation demonstrated a
magnetic refrigeration unit which can be operated in room temperature region and is
competitive with the vapor compression refrigerators[17]. Another is the discovery of
giant MCE in GeSi:Ge) alloy by Pecharsky and Gschneidndi8]. Since, to find
suitable magnetic refrigerant, the MCE properties of varias rare earth based materials
are investigated[19z34]. Though the rare earth elements associated with large
saturation magnetization are found to exhibit excent magnetocaloric properties, the
high cost of the raw materials is the major limitation for the commercial appliance.
Subsequentlyin recent times, the research on magnetocaloric materials is shifted to the
transition metal based alloys to find the pronmsing magnetic refrigerant material with
large magnetocaloric properties near room temperature to make the magnetic

refrigeration cost-effective [35z54].

In this chapter, we have discussethe basics of the magnetocaloric effect and its
related thermodynamics. The advantages & room temperature magnetic refrigerator
based onthe magnetocaloric effect over the conventional gas refrigerator in cooling
technology are described here. A short litetre review of magnetocaloric materials
based on past research works is presented. The general properties of our investigated
materials, Heusler alloy and MitX (T= Ni, Coand X = Si, Ge) intermetallic compounds
and their effectiveness asa magnetic refrigerant are described. This chapter also

includes the motivation of the present studies and a brief overview of the thesis.
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1.2 Magnetocaloric effect and its thermodynamics

Magnetocaloric effect (MCE) is a magnetihermodynamic phenomenonthat refers to a

i ACT AGEA 1 AOGAOEAT 80 OEAOI Al OA Othd magnktic x E A1
field [7,9]. It is quantified as reversible temperature changeY’Y when the magnetic
field is applied to the material adiabatically and if the magnetic field is applied to the
material in isothermal condition, it is defined as reversible magnetic entropy
change Y'Y . MCE can be used in refrigeration technology. The magfocaloric
material which exhibits temperature change under varying magnetic field is the most
crucial requirement for a Magnetic Refrigeration device. It is worth noting that MCE is
an intrinsic property of any magnetic material. However, any magnetic nterial has two
sources of internal energies, the phonon excitation associated with the lattice degree of
freedom and the magnetic excitation which is relatedio spin degrees of freedom. These

two degrees of freedom are coupled to each other by spin lattio®upling.

When a ferromagnetic(FM) material is subjected toan external magnetic field
adiabatically, it impacts the spin degrees of freedom which resulis the alignment of
magnetic spins in the direction of the magnetic field. Due to this spin ordemy, the
magnetic part of entropy reduces as the entropy i@ measure ofthe disorder of a
thermodynamic system; a higher ordelis related to lower entropy and viceversa. If the
process is adiabatic, the total entropy of the system is constant. Thereforé
compensatefor the reduction in magnetic entropy, the lattice entropy increases so that
the total entropy of the system remainsconstant. As a result, the temperature of the
material increases. The more will be the strength of the magnetic field; the ahge in
temperature will be large. Similarly, upon removal of the external magnetic fieldthe
material releases heat. The use of this effect in a magnetic refrigeration cycle is

presented schematically inFig 1.1.
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Figure 1.1: Schematic representation of a simple Magnetic Refrigeration cycle. At firs,
magnetic field is applied adiabatically resulting,in an increasein the temperature of the
material (refrigerant). Heat is removed to the hot eservoir. Magnetic field is removed
adiabatically causing a reduction of temperature of the refrigerant material. Heat is added to
the material from that has to be cooled (cold reservoir).

The total entropy of a magnetic material can be expressed as folle [55],
"YYHO Y "WO Y'Y Y'Y (1.1)

where, "Y "YiO represents the magnetic part of the entropywhich is caused by the
ordering of magnetic spin.”Y “Y is the lattice part of the entropy, originates from the
vibration of the crystal lattice and”Y 'Y EO Al AAOOI T EA A1 OOI1 pU
electrons.T and H are the temperature and the external magnetic field respectively. The
lattice and electranic entropy are assumed to depend only on the temperature and
independent of the applied magnetic field whereas; the magnetic entropy depends

significantly on the magnetic field as well as temperature.
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T —>

Figure 1.2: Schematic representation of the total entropy as a function of temperature for a
ferromagnetic sample under zero fld and a nonzero field. Isothermal line shows he decrease
of magnetic entropy by 3-S due to field change ofaH = H;MH, and adiabatic magnetization
shows an increase of temperature bg- 7.

Figure 1.2 depicts the thermal response of the total entropy $ T diagram) of a
ferromagnetic material in presence of zero and noazero magnetic field. Two relevant
processes are shown in the diagram to understand the thermodynamics of MCE. Firstly
when a magnetic field is applied adiabatically (There is no change in entropy i.eSet 0)
in a reversible process, temperature increases which can be visualized from the figure
asY’Y "Yw'O Y "Y. Secondly, when the magnetic field is applied in an isothermal
condition (T = constant), the total entropy reduces due tca decrease in magetic
contribution. Therefore the magnetic entropy change can be found &Y "Yw O
YYEO  "Y'Y;O . Both the quantities area function of initial temperature and the

magnetic field change'©O O 08

1.2.1 Thermodynamic relation

If we consider the ferromagnetic sample as a thermodynamic system and the magnetic

field is incorporated into the system through the performed magnetic work, the change
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in internal energy (AY) can be written using the differential form ofthe first law of

thermodynamics as,
AY 0 fQw' OO (1.2)

where the total external work performed on the system @ is the sum of mechanical
and the magnetic work (&0 N Qw* 08 , 0, the heat flux,f, the pressure andw,

the volume of the sample’Q the applied magnetic field; , the magnetic permeability of
free space and) is the magnetization of the sample. denotes that heat flux and work
are not state functions. For an infinitesimal reverdile process, 0 "WY(where T, S

are the temperature and entropy respectively), equation1.2) can be expressed as,
AY "™MY fQwn’ "0 (1.3)

where, “Yis the function of Yo, andd ;7Y Y "Yoo) 8Generally, the experiments are
carried out in constant pressure while changing the temperature and magnetic field

which leads to Gibbs free energy as,
OYMHO Y Y'Yno 0O (1.4)
Using the equation {.3), the total differential of "'O”"Yr|RO can be obtained as
AO ™Y A * 0AO (1.5)
Thus, the entropy and magnetization can be evaluated from the above equation as,

Y — AT&R - — (1.6)

If we take the partial differentiation of Swith respect to H and of M with respect to T,

the equality gives the following Maxwell relation,

— C = (1.7)
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If we consider the entropy is a function oflf and’Q, the differential form of entropy at

constant pressure can be expressed as,

AY — Ky — Ao (1.8)

h h

For an iothermal process, A'Y  mtand using the equation {.7)

AY — Ao * — RO (1.9)

The total isothermal magnetic entropy changes due to magnetic field changes
from 'O O TO, takes the form:

yy Wo *+_  — RO (1.10)

h

For an adiabatic process, the total entropy of the system is constant i.&Y Tt

Therefore from equation (1.8), we get,

Y = — Ao (1.11)

The heat capacity §) of the sample is defined as,

0§ — Y — 1.12
; . . (112)

Therefore, the equation (.11) modifies as,

Ay + — — KO (1.13)

The total adiabatic temperature changes due to a magnetic field changes frémO TO,

takes the form:

Y'Y WO © — — RO (1.14)
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Equations (1.10) and (1.14) are used to measure the magnetocaloric properties of any
i AcCT AGEA | AOCAOEAT AgpAOEI AT OATT U AT A AOA

determine magnetocaloric parametersy"Y A1 XY numerically.

1.2.2 Criteria to obtain the large magnetocaloric effect

Magnetocaloric effect, in spite of being an intrinsic property of any magnetic material,
we should find out the necessary criteria to achieve large magnetocaloric parameters
which may help to select the investigated material and to tne the MCE response

further. To find the criteria, we use the Cue-Weiss law for an FM material under the

low magnetic field and high temperature condition56],

(1.15)

where, 0 it RMHAQ QO Ystand for a number of magnetic atoms per unit volume,
gyromagnetic ratio, Bohr magneton, total angular momentum quantum number, atomic

weight, Boltzmann constantand Cuie temperature respectively.

Differentiating the above equation, we get

i S (1.16)

Using the equation (.16), the equation (L.10) and (1.14) take form as,

Y'Y "WY( . ————0Q0 (1.17)

yY "W( _ Q0 (1.18)

From the above two equations 1.17) and (1.18), both the magnetocaloric
parameters; isothermal magnetic entropy changeY'Y and the adiabatic temperature

change,Y’Y varies proportionally to Dandpf “Y “Y . Therefore, the parameters of
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magnetic material are the maximum near itSci.e the region close to a phase transitign
and also thematerials having large0 value will be desirable. In this contextrare earth
materials are a great choice though their cost is very high. For room temperaturéRT)
application purposes, the phase transition temperature is preferred to be aroun®T.

Additionally, the specific heat othe material should be low to achievea large adiabatic

temperate change of the material. Also, both the parameters depend on a term-

which signifies that its maximum appears when there is an abrupt change in
magnetization. Therefore phase transitions, either of first order or second order type,
are desirable which accompaniesa significant change in magnetization. Further, from
the suseptibility versus temperature curve of a paramagnet (PM) or a soft FM

material [56], susceptibility decreases withan increase in temperature at a constant

fieldi.e. — 1L If we insert this into equation (1.10) and (1.14), we seeY'Y 11 &

Y'Y  mtwhich is consistent with Fig. 1.1.

1.2.3 Conventional and Inverse Magnetocaloric effect
Depending on the sign convention of the magnetocaloric parameters, MCE can be
classified into two types; conventional MCE, and inverse MCE. Duririge phase

transition, if the magnetization decreases withan increase in temperature the change
in magnetization with respect to temperature — becomes negative (shown irFig.

1.3(a)). Thus, Y'Y is negative andY"Y is positive. Therefore, when the magnetic is
applied adiabatically, the temperature of the material increases. Thiss known as
conventional MCE Generally, this type of MCE can be observed across the Curie
temperature of FM to PMtransition, Neel temperature “Y of an antiferromagnetic

(AFM) to PM transition of a magnetic material.

On the other hand, during a phas&ansition if the magnetization increases with
increasing temperature across the transition temperaturé&— becomes positive

(represented in Fig. 1.3(b)). Thus,Y"Y is positive andY"Y is negative. This means the

material releases heat when it isubjected toan external magnetic field in an adiabatic
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condition. This is recognized as Inverse MCE. Usuallthe materials showing a
structural transformation from a weak magnetic structure to a magnetically more

favorable structure exhibit Inverse MCE eross the transition temperature.

(b)

OMIOT —

TH

Figure 1.3: Schematic representation of- C 4urve showing (a) a magnetic phase transition
where M decreases with increase inT and corresponding= 47 4 4| curve and (b) a phase
transition where M increases with increase inf| and its corresponding: 47 4| 4| curve.

1.2.4 Thermodynamic cycles

In the working principle of a magnetic refrigerator (MR), a magnetocaloric material is
used as a refrigerant material which absorbs the heat from the load; the cold hot
exchanger and rejects the heat to the heat sink; hot exchanger. Due to the cyclic
repetition of this process, the load is cooled. MR is very alike to conventional gas
refrigeration and the only major distinction is the use of external stimuli to the working
material; in the case of gas refrigerationit is hydrostatic pressure whereas inthe case

of MR it is the magnetic field. In general, MR consists of a refrigerant (magnetocaloric
material), a variable magnetic field generator system, a heaind cold heat exchangers,

a heat transfer system (maybe fluid or a gas depending on the operating tempéaree).
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Additionally, a regenerator, a thermal device, can be used to the device that may
transfer the heat between the different parts of the cycle. MR operates usirg
combination of various thermodynamic processes such as adiabatic, isothermaind
isofield magnetization. There are four main thermodynamic cycles including Carnot,
Brayton, Ericsson, Cascade magnetic cycland Active Magnetic Regenerator cycle
which are used in MR57,58].

1.1.1.1 Carnot Cycle

In MR cycles,the Carnot cyck is considered as a reference cycle as it involves the
magnitude of the magnetocaloric parameters. It ishe most efficient thermodynamic
cycle between two theémal sources. In general, itconsists of two adiabatic and two
isothermal processes whichare schematically represented by aT-S diagram in Fig.
1.4(a). Let us consider the temperature of the magnetocaloric material in absenceaof
applied magnetic field isTcow. Firstly, inthe process (A to B), a partial magnetic field is
applied to the magnetocéoric material under the adiabatic condition which resultsin
an increase of temperature fromTcoid t0 Thot. Next, inthe process (B to C), the magnetic
field is further applied to magnetize the material completely in isothermal conditios
maintaining the temperature Thot Of the material. In this process the magnetic
refrigerant exchanges heat with the high temperature sink. After that, in process (C to
D) magnetic field is reduced which decreases the temperature of the material frofot
to Teow. At last, inthe process (D to A) the magnetic field is reduced further to its initial
value under isothermal condition maintaining the temperatureTcoq Of the material. In
this process the magnetic refrigerant material absorbs heat from the lowtemperature
load to compensatefor the energy loss during demagnetization. In this cyclic way, the

low temperature load is cooled.

1.1.1.2 Brayton Cycle

Figure 1.4(b) depicts the schematic representation ofthe Brayton cycle through a
simple T-Sdiagram. It conssts of four thermodynamic processes; two adiabatic and two
isofield processes. Unlikehe Carnot cycle, here a constant magnetic field is applied. It

can be assumed that the temperature dhe working material is Ty at the starting point
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A while there is o application of a magnetic field. In process (A to B) when a constant

magnetic field is subjected to the material adiabaticallythe temperature of the material

enhances fromTito Ti1C348 .1 xh ET OEA EOI £ZEAT A POT AAOGO
heat to the heat sink through heat transfer fluid which lowers the temperature td:. In

addition, further cooling can be achieved using a regenerator though it is
unnecessary[57]. Next, in the process (C to D), the adiabatic demagnetizatioauses a

reduction of temperature of the material toT:toT1-348 )1 OEA 1 AOO EOI E£EE.
A), the material takes heat from the low temperature load and reaches the initial

temperature T1. Following this cyclic processes, the load is cooled.

1.1.1.3 Ericsson cycle

The Ericsson cycle is consisted of two isothermal and two isofield thermodynamic
processes whichare shown by aT-Sdiagram in Fig. 1.4(c). In this cycle regeneration is
required. As depicted in the figure, for the process (A to B), the magnetic field is applied
to the material in isothermal condition, which reject the heat to the heat sink retaining
OEA 1 AGAOEAI 80 O Aijuwp WextAid thedshfield prdce@O(B itoCr), the
regenerator absorbs heat from the material and the temperature falls tGhot t0 Tcold.
Subsequently, in the next process (C to D) the demagnetization in isothermal condition
absorbs heat from the load to maintain its temperture. Finally, in the process (D to A)
regenerator releases heat to the material resultingan increase of its temperature to its

initial temperature Thot. This is the cyclic procedure to cool the load.

1.1.1.4 Cascade Magnetic cycle

In general, the magnetocalog material exhibits maximum MCE to a peak temperature
and at the deviation of that peak temperature, MCE reduces. For a large operation
temperature window of magnetic refrigeration, the efficiency reduces, as the peak of
MCE decreases. To overcome this s#tion cascaded magnetic cycle can be used where
two or more thermodynamic cycle is cascaded and each cycle accompanies a different
refrigerant material with a maximum MCE value at respective peak temperature. InTa

S diagram, the cascade of two Ericssortyclesis shown schematically inFig. 1.4(d).
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Here cooling power of cycle (i) is used to absorb the energy rejected by cycle (ii). The
total work performed in the cascade cycle is the sum of the area covered by these two
cycles. As the magnetocaloric matal is solid, the same fluid can be transferred to

these two cycles. Hence there is no neddr heat exchangers between the two sources

unlike the conventional one.

T (a) Carnot Cycle H, &T H,
(B)
= H>H
Thot ________ ( _C) (B) 1 0 H1> HO
Tcold —————————
(D) (A)
(D) (b) Brayton Cycle
s —> s —>
T | T H,>H, H',
= (®) 0 | HH Hy (8))
Thot ————————— (A) H1> HO Tth _________________ (i) ,(Al)
] U By /) (A)
cold |——————— 11 C (Dl)
© (D) T | (ii) <)
(Cy) (D)
() Ericsson Cycle (d) Cascade Magnetic Cycle

S —> s —

Figure 1.4: T-S diagram of thermodynamic (a) Carnot cyclg(b) Brayton cycle, (c) Ericsson
cycle, and (d) Cascade magnetic cycle (based on Ericsson cycle) used in Magnetic refrigerator.

1.1.1.5 Active Magnetic Regenerator Cycle

Active magnetic regenerator (AMR) cycle was firsntroduced by Steyert in 1978[59].
With the exception of the Carnot cycle, it is consideredas the most efficient
thermodynamic cycle for magnetic refrigeration whenthe operating temperature is at
room temperature. Here, magnetocaloric material works both as refrigerant and

regenerator. AMR cycle consists of two adiabatic and two isofield processes. As the
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refrigerant material is solid, a heat transfer fluid is neded which will connect the
refrigerant with the hot and cold heat exchangersand the refrigerant material is
immersed into the fluid. The material is made in contact between the two extreme ends
of cold and hot heat exchangers with a temperature gradienAt first, due to adiabatic
magnetization, the temperature of the magnetocaloric regenerator material increases
which releases heat to the heat transfer fluid inthe regenerator and increases its
temperature. Now, in the isofield processes, the heat traresf fluid in the regenerator
with the fluid coming from the cold heat exchangers absorbs the heat and releasesaat
higher temperature than that of a heat sink in the hot heat exchangers. Next, in
adiabatic demagnetization processeghe temperature of the magnetocaloric material
reduces and it absorbs the heat from the heat transfer fluid and lowers its temperature
than that of the cold load. At last, in the isofield process, the fluid in the cold heat
exchangers takes the heat from the load and increasets itemperature to its initial

temperature. Thus, the cooling of the load occurs.

1.3 Experimental techniques to measuréhe magnetocaloric effect

Based on the determination procedure of magnetocaloric parameters, the
characterization of MCEis categorized asa direct and indirect method which are
described indetail as follows[26,57,60762].

1.3.1 Direct technique

In the direct method, the adiabatic temperature change of a magnetic material, the
utmost straight-forward parameter of MCE can baneasured and hence, no further
estimation is required to realize the MCE of a magnetic materif26]. For that, the
adiabatic condition of the system is maintained by isolating the material from the
surroundings and by using a temperature sensor, in contact with the material, the
temperature change can be recorded when the material is subjected to a magnetic field
sweeping. Thus, Y'Y "YW( would be measured as a function of starting

temperature [63z67]. In this technique, the thermal mass of the sample should be
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larger than that of the thermal mass of the sample hder for the accurate measurement

of the instantaneous temperature change due to field changes.

1.3.2 Indirect technique

The magnetocaloric parameterY"Y , is less straightforward compared to Y'Y but easy
to determine. As the temperature changes of the materiare owing to the change irthe
order of magnetic spin, it can be expected that if thE"Y becomes largey”Y would be
large. Inan indirect method, the magnetocaloric parameters are detenined following

two approaches.

Firstly, the specific heat of the material is measured as a function of temperature
in the absence and presence ain applied magnetic field. Thus, the total entropy of the

material can be written in zero field and nonzero field as[60],
Y'Y . —10QUY "Yrn (1.19)

"Y"YiO b_qy "yrio (1.20)

where, "Y1t and "YTHHO are the entropy in zero field and nonzero field at absolute
zero and both arethe same for a condensed system. Hencsybtraction of equation
(1.19) from equation (1.20) results,

Y Yoo | —n gy (1.21)

= xi

In another way, indirectly Y'Y can be estimated by measuring the isothermal
magnetization data at different temperatures across the transition temperature within
a small temperature interval Y'Y and using the numerical approximation of equation
(1.10) as

|«
=x

YY "Y80 * B . YO (1.22)
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Indirectly, Y'Y can be evaluated using the field dependent specific heat adlY data

as,

[
0%

[
0%

Y Y80 * B — . YO (1.22)

This method is suitable to measure the magnetocaloric parameters for a continuous
phase transition. Generally the materials exhibiting the first order phase transition
(FOPT) are associated with large entropy change compared to the materials showing
the secondorder phase transition (SOPT). Irthe case of FOPTthe use of these above
equation provides an unphysical spike to th&Y “Ycurve. In order to get the
appropriate results of magnetocaloric parameters, the scalled loop processes are
followed to measue the isotherms where during every measurement oM-H curve, the
material is heated or cooled to the weak magnetic region to remove the field history
effect of the sampld68].

1.3.3 Relative Cooling Power

In order to follow the indirect method to explore the MCE of a magnetic material, there

is a need of evaluation of another important factor which is referredto as Relative
Cooling Power (RCP). RCP is defined as the amount of heat transfer between hot and
cold heat reservoirs and it can be calculated numerically using the following equation
as[57],

2#0 YY YV (1.23)

where, Y'Y  is the peak value ofY"Y of Y'Y “Ycurve andY'Y  stands for the
temperature span of full width at half maxima ofY"Y of YY  "Ycurve. A promising
magnetocaloric material should havea large RCP value, provided the material lsa
sizeable magnetocaloric parameters. Usually, thenaterial associated with FOPT
exhibits large magnetic hysteresis losses upon application and removal of an applied

magnetic field which will heatup the material. As the purpose is to use the material for
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cooling, the hysteresis losses are needed to subttafrom the RCP value to obtain its net
RCH10].

1.4 Magnetocaloric Materials

During the last four decades, the magnetocaloric properties of the various types of
materials are extensively investigated in search of efficient mgnetocaloric material for
room temperature magnetic refrigeration. Primarily, the focus was on the rare earth
based materials as they are associated with large saturation magnetization and are
found to exhibit large MCE across the magnetic transition near room temperature but
the cost of the raw materials are high. In order to make the magnetic refrigeration cest
effective, the focus is shifted to the transition metal based alloys which are legost
materials. In the following section, we have presented a brief reviewfahe investigated
magnetocaloric materials so far based on the literature survey. We have also compared

the magnetocaloric properties of different types of materials irFig. 1.5.

1.4.1 Rare Earth Containing Materials

Rare earth (RE) metals with localized magnetic moment on rare earth ions hawse
significantly large value of saturation magnetization. From the pure lanthanide
elements, Gd is the only pure RE metal to exhikitlarge magnetocaloriceffect with Y°Y
about 10 J kg K1 near room temperature atT ~ 294 K due to the field changes o¥"O=
50 kOe[26]. A certain amount of Nb or Fe addition to Gd enhances considerable MCE
response of Gd[57]. Room temperature MCE is also investigated in other dsed
binary compounds with general formula GdM such asGdss5Yo.15, G@.s5Tbo.15[69].
Several RE containing materials which can be consideres promising magnetocaloric
materials are Laves phases materials, La(FeShbased compounds, GfSi,Ge)
compounds, ThCSk-type compounds, ferromagnetic Lanthanum manganitend other
RE containing compounds ghown in Fig. 1.5) [26,30z32,57,62]. For instance; In 1997,
Pecharsky and Gschneidner reported the giant magnetocaloric effect in §&d Sk with
magnetocaloric parameters suchas Y'Y ¢ mJ kgt K1, ¥Y ~ 15 K at peak

temperature T = 276 K due to a field change of 50 kOe which is associated with a first
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order magnetostructural transition [18]. The intermetallic compound LaFe 4Sh.e,
reported by Hu et al.in 2001 [70], exhibits giant MCE withY'Y ¢ 10 kgt K at 208 K
for YO= 50 kOe which is associated with first order itinerant electron metamagnetic
transition where a change in unit cell volume about 1% does not change the crystal

symmetry .

1.4.2 Transition Metal Based Materials

Considering the cost of the raw materials, RE elements are very highst materials
though they are very effective as magnetocaloric materials. Therefore, to make the
magnetic refrigerant costeffective, researches are focused on lowcost transition
metal (TM) based alloys. In this regard, Mibased compounds arghe best option, as it
possesses maximum magnetization among other TM elements. The MCE response of
several Mncontaining materials including NitMn-based Heusler alloys, M+Fe-based
compounds are exploredfor OE EO B O OB 53]AThese mdtevials exhibitfirst
order magneto-structural transition with a significant change in magnetization which

results in a large MCE response.

1.4.3 Others Materials and Overall Comparison

Besides, theabove-mentioned magnetocaloric materials, the MCE response af few
transition metal based amorphous magnetic material§67,71z74] are investigated in
search of promising refrigerant material. An overview of the MCE respons# various
type of magnetocaloric materialsis presented inFig. 1.5, by plotting the absolute value
of magnetic entropy changes obtained as a function of the peak temperature where the

magnetic entropy change is a maximum.
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Figure 1.5: Magnetic entropy change vs peak tempetare due to field change of 50 kOe for (a)
rare earth containing magnetocaloric alloys (b) various transition metal based magnetocaloric
materials.

From Fig. 1.5(a), one can observe that Gd based materials exhibit giant magnetocaloric
properties around room temperature. Their working temperature ranges from just
below the room temperature (~ 300 K) to the lower temperatue. The magnetocaloric
materials belong to La(FeSi)iz-family are also potential candidates for magnetic
refrigerant as they exhibit large magnetocaloric properties at and around room
temperature. However, the high cost of the raw materials is a limitation fathe usage of
these materials ina commercial application. Inthe case of other rare earth containing
magnetocaloric materials, either their peak value of MCE parameter is low or the
operating temperature is at very low temperature.Form figure 1.5(b), it can be noticed
that Heusler alloy and Mn(CoNi)Ge-based materials of M X (T = Ni, Coand X= Si, Ge)
family have the potentid to be a suitable refrigerant material as they exhibit giant MCE
at and around room temperature. Heusler alloys are also cheap in cost and their
transition temperature can be tuned easily around room temperature by changing the
AT AT AT 06 O O A/Gikgielelenfent Bubshitiitionl OnAhe other hand, Ge contain
in Mn(Co,Ni)Gebased material will make ita little expensive for magnetic refrigeration.
Other materials such as MnAsand MnFe(5s,P)} based materials also showarge MCE

but these materials catain toxic O! @ement. Considering all the abowenentioned
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facts, we have preferred lowcost transition metal based NiMnSrbased Heusler alloys
and MnNiSt based intermetallic compounds from the M X (T = Ni, Coand X = Si, Ge)
family to study their magnetocaloric properties in-detail and to tune their MCE further
to establish them as a promising refrigerant material for room temperature magnetic
refrigeration technology. The basic properties of Heusler alloys and MnNiBased

intermetallic compounds are described in the following section.

1.5 Heusler Alloys

Heusler alloys are an interesting class of magnetocaloric material. These are ordered
intermetallic compounds with general formula XYZ, where three components occupy
the crystallographic nonequivalent positions of an L2 structure. X and Y are the
transition metal elements and Z is lIlIAVA group elemen{75,76]. These materials show
magnetism mainly due to X and/or Y elements. The Heusler alloy is named after the
German mining engineer and chemist Friedrich Heusler who reported that it is possible
to produce a ferromagnetic alby without using any ferromagnetic constituents and

CwMnSn alloy was first reported Heusler alloy in 190375].

Heusler alloy has a cubic L2type structure (space group:Odod ) which consists
of four interpenetrating face centered cubi subrlattices, shown inFig. 1.6(a). In the
unit cell formed, X atoms take the positions (0, 0, 0) and (Y2, Y2, %), Y takes (Y4, Y4, Ya4)
site, and Z occupies (%, ¥, %) position. When one site, (¥, Y%, %) is vacant, it is
recognized as half Heusler alloy whicthas C}% crystal structure and is also shown in
Fig. 1.6(b). The atoms occupy X sites to Z sites depending on the number of valence
electrons present in the atom. The atom containing @ny numbersof valence electrors
occupies the X sites, followinghe Y ard Z positions accordingly. The Heusler alloys in
stoichiometric composition show ferromagnetic order. Most of the ofktoichiometric
Heusler alloys in a broad composition range and few in stoichiometric ratio undergoes
a structural transformation from parent austenite phase (Cubic LY to a product
martensitic phase (tetragonal or modulated 5M and 7M, where M indicates the

monoclinicity arising from the distortion associated with the modulation) during
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cooling[62]. Generally, the suctural transformation is the first order phase transition
which is associated with a thermal hysteresis. The application afmagnetic field to this
structural transformation results in significant magnetization changes across the
transition. Hence, a lage MCE is observed in these alloys and MCE reaches its maximum
value when the structural transformation temperature and magnetic transition

temperature are close to each other.

Figure 1.6: Schematic diagram of (a) full Heusler alloy and of (b) half Heusler alloy

1.5.1 Martensitic transformation in Heusler alloy

Martensitic transformations are the first order diffusionless crystallographic phase
transformations which are dominated by the strainenergy arising from the share like
displacement[77]. During transformation, the atoms move less thatheir interatomic
distances by maintaining their local neighborhood, hence there is no long range
movement of the atoms. The diffusionless nature of the transformation generates a
lattice change in the unit cell, resultingin a lattice distortion in the system. This
transformation is induced in the system by mechanical procegs or by temperature
changes duringthe cooling process.The martensitic transformation was first observed

in quenched steel by Adolf Martens at the end of the T9century and the bw
temperature phase was named aftethe T AT A A0 Oi AOOAT OEOAGS
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Generally, Heusler alloys in ofktoichiometry are found to exhibit martensitic
transformation from cubic austenite to a tetragonal martensite phase which is a first

order phase transition.

One of the characteristic features of the martensitic transformation is the
transformation hysteresis. A schematic representation of temperature dependent
magnetization curves in a NitMn-based Heusler alloy which undergoes a martensitic
transformation is shown in Fig. 1.7. Austenite phase is represented as Cubic lattice and
the martensite as tetragonal lattice originated from the distortion of austenite. The
martensitic transformation from austenite to martensite phase starts at a temperature
0 and finishes atb whereas, the reverse transformation from martensite to austenite
occurs between ®© and06 . The martensitic transition temperature is defined as,
Y 0 0 7T¢ and the reverse transtion temperature is defined as,”Y

0 0 7¥c¢. The separation betweeriY and”Y represents the hysteresis width. All the

characteristic transitions are labeled in the figure.

Cubic L2I

 ¢°@¢°
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Figure 1.7: Temperature dependent magnetization curve of NMn-Sn based Heusler alloys
exhibiting martensitic transformation
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1.5.2 Exchange Bias effect in Heusler alloy

Apart from magnetocaloric properties, Heusler alloys are also found toxhibit an
exchange bias (EB) effect in the martensite phase due to the presence of
inhomogeneous magnetic phases. The macroscopic observationtbé EB effect is the
shifting of the magnetization curve from the center of origin. This effect was discovered
in fine Cobalt particles coated with cobalt oxide by Meiklejohn and Bean in
1956 [78,79]. EB arises due to the unidirectional anisotropy which develops because of
exchange interaction at the common interface of a FM/AFM bilayeA schematic
representation of exchange bias behaor is shown in Fig. 1.8. It can be considered, @a
FM layer is in close contact to an AFM layer and their critical temperature must satisfy
the criteria, 'Y  "Y. At a temperature, in betweeriY and Y, FM spins will be aligned in
the direction of the applied magnetic field whereas, AFM spins remains randomly
oriented in the PM state. Next, the magnetic field is applied high enough so that FM
moments saturate and in maintaining the constant high magnetic field, the temperature

is reduced to a finitetemperature which is lower than™Y.

During field cooled processes, because of exchange interaction at the interfaces,
the first monolayer of AFM spins orients ferromagnetically following the FM layeiThe
next monolayer of antiferromagnet spins will aign in the opposite order ofthe previous
layer to complete the AFM arrangement and so on. As the AFM spins are
uncompensated, there is a net magnetization of this monolayer. It can be assumed that
both the monolayers are ina single domain state and willremain in that during
remagnetization processes. Now, during reversing the field, the FM spins will rotate
oppositely but having coupled with AFM layer, a stronger reversing field is needed to
overcome the coupling and to rotate FM spins completely in th@pposite direction. As a
result, the first coercive field at”Y Y is higher than that of at’yY "Y. Similarly, on the
way back from negative saturation to positive saturation, a smaller external field is
necessary to rotate the FM spins iheir original direction. Therefore, a shifting ofthe
hysteresis loop is observed in the negative direction, and the displacement of the center

of the hysteresis loop is defined as the exchange bias field.
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Figure 1.8: Schematic representation othe exchange bias effect which exhibits the shiftingfo
the magnetic hysteresis loop

EB is generally observed in the system which is containing AFFM interfaces
such as in small coated particle inhomogeneous materigland thin film. For NiMn-
based Heusler alloys, EB is observed in the martensite phase of8%z83]. EB property
has many applications in technological devices including permanent magnets, magnetic

recording media, sensors, read heads, and maother devices[84].
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1.6 MnTX (T =Ni, Co andX = Si, Ge) Compounds

The intermetallic compounds with the general formula, MnTX (T = Ni, Coand X = Si,
Ge), are another important class of magnetocaloric materials. In stoichiometric
composition, these materials exhibit a second order magnetic transition followed by a
first order structural transformation from low -temperature orthorhombic TiNiSi-type
structure (Space group: Pnma) to highemperature hexagonal Niln-type structure
(Space group: Pgmmc) on heating in the paramagnetic regiornf46,85z89]. Structural
transformation being first order transition, one can expect that there will be a large
magnetocaloric effect acrossthe transition temperature but the transformation is
occurring in the paramagnetic state, with no significant change in magnetization. It is
well known that magnetoresponsive properties including MCE are solely associated
with the change in magnetization. Therefore, to make these materials useful for
magnetocaloric purposes, the tuning of structural transformation in the ferromagnetic
region or coupling it with the magnetic transition atthe same temperature near room
temperature is the excellent choice. &/eral strategies such as element substitution, off
stoichiometry, isostructural substitution, heat treatment, or an application of external
stimulus like hydrostatic pressure are proposed to obtain coupled magnetostructural
transition (MST). Generally, M3 is associated with thermal hysteresis which signifies,

it is a first order phase transition.

MnNiGe and MnCoGe based systems from the above group of intermetallic
compounds are extensively studied to obtain MST successfully using the abeve
mentioned techniques as their closeness of magnetic and structural transition.
Stoichiometric MnNiGe[89] exhibits a magnetic transition at a Neel temperatureT) of
about 346 K and a structural transition atTw ~ 470 K, whereas stoichiometric
MnCoG€86] undergoes a magnetic transition at the Curie temperatureTg) of about
355 K and structural transitions at Tw ~ 650 K. Fanget al.[90] reported that off-
stoichiometric MNCo.gsGa .14 exhibits a first order magnetostructural transition with a
large Y'Ys 6.4 J kd K1 for YO 10 kOe at peak temperaturel = 331 K. Trunget
al. [46] discovered the coupled MST and giant MCE near room temperature by addition

of few percent interstitials of boron atoms in MnCoGeBalloy and they obtained the
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optimum &'Ys 47.3 J kg K1due toYO 50 kOe atT = 287 K for the alloy withx =
0.02. Moreover, by substituting a few percent of V, Cr or Cu in place of Mn, MST with
giant MCE is reported for this alloy near room temperaturg86,91,92]. In off
stoichiometry Mn, s NixGe[93], the structural transition reduces to the lower
temperature than that of Curie temperature o Niln phase and shows an optima¥"Y

~27 J kgt K1 due toYO 50 kOe at abat T = 238 K forx = 0.85 which is ascribed to a
first order metamagnetic structural transformation from AFM TiNiSi type to FM Nin
type structure. By isostructural alloying MnNiGe system with CoNiGe system, a coupled
MST with giant MCE /'Y's 40 J kgt K1 due to YO 50 kOe atT = 238 K) was
reported by Liu et al[94].

FM TiNiS1 type Ni In type
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Figure 1.9: Schematic representation of Magnetization vs. Temperature curve of MnNiSi
compound exhibiting magnetic transition from FM to PM afTc ~ 672 K and a structural
transformation from TiNiSi type orthorhombic structure to NizIn type hexagonal structure at
around ~1210 K on heating.
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In addition to the above mention system, stoichiometric MNNiSi compounj®5]
also exhibit a second order FM to PM transition afic ~ 622 K and, beyond that
temperature, a first order structural transformation from TiNiSi type orthorhombic to
Niz2ln-type hexagonal structure at a highr temperature of aboutTy~ 1210 K on heating

as presented schematically irFig. 1.9. The lattice parameters of two crystal phaseare

~ o~

related as®@ @O @handw Mo which leads to the unit cell volume relation
aswy cw8 (AOAh 018 AT A OES OADPOAOGAT O 1 OO0E
respectively. As both the transition temperatures are at higher temperature, it is
difficult to obtain MST for this system near room temperature. Considering the cost of
the raw materials,this material will be very costeffective for magnetic refrigeration. Li,
et al. [88] reported that with the substitution of Co (Fe) in MaNiSi, both the magnetic
and structural transition decreases significantly towad room temperature but even
after x = 0.5, the structural transformation temperature is in the paramagnetic region
and far from the room temperature. Therefore, unlike the above system, in MnNiSi
system single element substitution may not be possible to hieve MST. However, by
alloying (MnNiSi)1x with binary compound Fe:Ge[96], or with aternary compound like
FeNiGe97] or FeCoG¢98] the MST is successfully obtained near room temperature
which results in a giant MCE for this system. For= 0.35 of FeGe doping, the maximum

value of Y'Y s is 36.9 J kg K1 due toY'O 50 kOe at peak temperaturel = 248 K.

1.7 Motivation of Thesis

If the efficiency of energy conversion can be enhanced by a very small percentage in
cooling technology, it wil save a huge amount of energy globally and hence, a large
commercial ard environmental savings. Energyefficient and environmental friendly
magnetic refrigerator based on magnetocaloric effect has enormous potential to replace
the conventional gas refrigerator in cooling technology. The parameter which defines
the magnetocaloric properties of a material is the isothermal magnetic entropy change
or an adiabatic temperature change due to an application @& magnetic field. As the
temperature change of the raterials is due to change irthe order of magnetic moments

under the application of magnetic field, it is usual that the material exhibiting large
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magnetic entropy change with a wide temperature span across FM to PM transition or
at the field induced metanagnetic transition from AFM to FM state with low thermal
hysteresis and having low specific heat capacity will be the suitable refrigerant material
for a magnetic refrigerator. MCE of a material can be large across a first orddiST
where both magnetic andstructural transitions coincide at the same temperature. For
room temperature application of magnetic refrigeration, the temperature span of MCE
must be around room temperature. However, to make magnetic refrigerators
commercially costeffective, it essemially requires low-cost earth-abundant materials

with giant magnetocaloric properties around room temperature as a refrigerant.

The materials such as G&bGe [18], La(Fe,Si)s-based alloys[32], Mn-Fe-based
compounds[10], and NiMn-based Heusler alloy§57] are already established as
promising refrigerant material because of their excellent MCEs around room
temperature. All these alloys exhibit a magnetic field induced structural transitiofirom
AFM or PM to FM phase leading to MSTwhich is associated with a significant change
in unit cell volume and a sharp change in magnetization across the phase transition.
Now, it is a great challenge to discover such giant magnetocaloric materials twit
transition metal based, less expensive, nontoxic elements which also exhibits negligible

magnetic hysteresis effect.

This thesis focuses mainly on exploring the magnetocaloric properties of
transition metal based lowcost alloys made of eartrabundant dements and to tune
their MCE further to make them suitable for room temperature magnetic refrigeration.
For that purpose, we prefer NiMn-Sn off stoichiometric Heusler alloy§99z101] and
MnNiSkbased intermetallic compoundg102,103].
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1.8 Organization of thesis

This thesis is divided into 8 charterers. An overview of these chapters is summarized as

follows:

In Chapter 1, a brief introduction of the magnetocaloric effect with ts
thermodynamics and magnetic refrigeration and its importance in cooling technology
are described. A literature review of magnetocaloric materials is presented. The general
properties of Heusler alloys and MnNiSbased intermetallic compounds and their
effectiveness as magnetic refrigerant materials are discussed. The chapter also includes

the motivation of the thesis andthe organization of the thesis.

In Chapter 2, we have discussed about the sample preparation, characterization

and measurement techniges used in the present studies.

Chapter 3 is devoted to the magnetic and magnetocaloric properties of Al doped
(Mno eFen.4)NiSiixAlx (x = 0.06, 0.07) alloys. On doping Al in place of Si, the structural
transition temperature is observed to shift to around room temperature (~272 K forx =
0.07) from a high temperature of ~1210 K for MnNiSi system. Here magnetic transition
and the structural transition are found to couple into a single first order
magnetostructural transition which results in a giant magnetocaloric effect in these

alloys.

Chapter 4 is based on indetail study of magnetocaloric properties in transition
metal based (MnNiSi)j«(FeCoGa) (x = 0.15 and 0.16) alloys. Here magnetic and
structural transitions are observed to coincide at around room temperature in these
alloys which leads to a coupled first order magnetostructural transition from
paramagnetic hexagonal to ferromagnet orthorhombic structure and as a result giant
magnetocaloric effect is observed in these alloys. These transition based materials show
excellent magnetocaloric effects in a board and tunable temperature region. The alloy
with x=0.16 is found to exhibitisothermal magnetic entropy change as large as31.1 J

kg1lK1at 281 K due to field change of 50 kOe. This investigated series of matesiaill
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be a potential magnetic refrigerant for room temperature magnetic refrigeration

technology.

Chapter 5 presents the effect of hydrostatic pressure on magnetic, exchange
bias, and magnetocaloric properties of NissCaeMns7sSnis Heusler alloy. The alloy is
found to exhibit a large magnetocaloric effect. We have observed that magnetic field
and hydrostatic pressure influence first order magneto structural transition
temperature oppositely and hence, fine control of operating temperature in these
similar materials is possible for magnetic refrigeration by applying both magnetic field

and hydrostatic pressure at a time

In Chapter 6, we have investigated the magnetic, exchange bias, and
magnetocaloric properties of polycrystalline NigCosMnzsSnisy xSk (X = 0, 1, 2, and 4)
Heusler alloys. A few percentageof Si doping in place of post transition element is
observedas an effective way to reduce thermal as well as magnetic hysteresis of these

alloys.

In Chapter 7, we have focused onthe study of reversible magnetocaloric
properties and analysis of critical exponents around second order magnetic transition
in MnagxFeNis1Sni1 (x = 8.5, 10.5) Heusler alloys. A moderate magnetic entropy change
with large relative cooling power is observed at around room temperature. The
evaluated critical exponents suggest that the presence of long range ferromagnetic

ordering in their ferromagnetic austenite phase.

Finally, an overall conclusion based on the present studies is presented in

Chapter 8. This chapter also includes the scope of future work in this particular field.
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Chapter 2| Experimental details

This chapter describes the experimental technique employed to prepare the sample and

further characterization and measurement techniquesised in the present studies.



Chapter 2

2.1 Preamble

We have presented here an overview of the preparation of alloysand further
processing of the prepared alloys to make them ready for several characterizatisnand
measurement techniques. We have prepared the samples for the presehesis using

the conventional arcmelting technique. The crystallographic phase of thessamples
has been detected by performing the Xay diffraction (XRD) pattern using RIGAKU
MiniFlex Il, and0 ! . AT UOEAAI 860A00 00T 8 4EA EET AI
has been checked by Energy dispersive analysis ofray (EDAX Quanta FEG 250
Differential Scanning @lorimetry (DSC, TA instrument) is used forthe thermal
characterization of the samples. Magnetic measurements of these samples are carried
out using Vibrating Sample Magnetometer (VSM, Lake Shor€ryotronics), Physical
Property Measurement System (PPMS, Cryogenic L}JdPPMS (Quantum Designjnd
Superconducting Quantum Interference Devices (SQUID, MPMS, Quantum Design).
Pressure dependence of magnetic measuremenis performed in Quantum Design
PPMS equipped with CiBe clamptype pressure cellwith a maximum pressure of 1
Gpa. All the abovementioned techniques are described separately with their basic

principle of operation.

2.2 Sample Preparation

All the investigated samples to study their magnetocaloric properties for magnetic
refrigeration in this thesis are prepared using conventional argnelting technique
under 4N purity of the argon atmosphere[1z3]. The constituent raw elements of the
samples are purchased separately from Sigma Aldrich. Their foreind purity are as
follows: Nickel (Ni: foil, 99.98%), Cobalt (Co: granules, 99.995, Iron (Fe: granules,
99.98%), Manganese (Mn: chips, 99.9%), Tin (Sn: shots, 99.999%), Silicon (Si: pieces,
99.95%), Aluminum (Al: foil: 99.999%) andGallium (Ga: trace metal basis, 99.9995%).

A maximum current of about 100 A is used to prepare the aprepared samples.
Initially, a low current is used to melt the constituent elements of the sample which
form as a single lumpand subsequently, a high current is used to melt the lump so that

the elements diffuse to each otherandformed an alloy. The preared ingots are re
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melted seven to eight times to ensure the compositional homogeneity. It can be noted
that an extra few percentags (about ¢ BP6) of Mn is added to compensatdor the
weight loss due to its evaporation during melting while the prepared saple contains

Mn asthe main element.

The asprepared samples with a tantalum (Ta) foil are sealed in an evacuated
(10-3 bar) quartz tube. Afterward, the ampoule is annealed at 1173 K for 1 to 4 days. Ta
foil is used to protect the sample from being oxidized as it absorbs the oxygen easily
before the sample present in the sealed ampoule. After heat treatment for the requite
times, the ampoule is quenched into ice water. The annealed samples are then cut into
desired pieces usig Buehler make lov speed saw and then polished for
characterization, andmeasurements. An image of the sealed ampouleyhace used for

annealing and low speed saw are presented iffrig. 2.1

(a) Sealing (c) Low speed saw

(b) Furnace

Figure 2.1: An image of (a) he sample with tantalum foil in an evacuated quartz ampoule (b)
tube furnace used for annealing (c) Buehler make Low Speed Saw used to cut the sample into
the desired shape
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2.2.1 Electric Arc-Melting Furnace

Electric arcmelting furnace (EAF) is a sample preparation unit which is used here to
prepare the investigated sampts with a high degree of purity by melting constituent
elements of the alloy under argon atmospher@z6]. The furnace system consists of the
40EZ! OVAASON OAOEOOI O Aigh A s$8#8 bl xAO 00
to bring power, andwater to the furnace, a chiller to supply cold wateland pump for
circulation of water, and a vacuum unit to evacuate the chamber. In our FArc furnace

(Centorr Vacuum Industries, model: 5TA), the maximum output current of the power

supply is 450 A. A temperatureof AAT OO0 onnmni # AAT AA AAEEAC

apparatus is shown inFig. 2.2.

The furnace consists oh water-cooled top, andbottom sections sgarated by a
transparent Pyrex tube. The top section contains three electrodes with negative
polarity for striking the arcs. Three copper stringer rods carry the tungsten electrodes
and these are equally spaced around the top of the furnace. Each coppénger rod is
mounted into a swivel ball which allows the vertical as well athe angular movement of
the electrodes. Additionally, there is a relief valvéhat maintains the chamber pressure.
The bottom section contains a tapered opening copper hearth tmount the samples, an
inert gas inlet, and an outlet for roughing/purging of the chamber. The hearth provides
positive bias with respect to the negative electrodes. These two top and bottom sections

of the furnace are electrically isolated with the insulahg Pyrex tube.

Firstly, a titanium piece is kept inside in a smaller, separate cup in the base of the
furnace for additional atmosphere purification. Afterward, the materials are mounted
on a copper hearth. The chamber is evacuated and then argon gaspisrged into the
chamber. To maintain the good quality of inert atmosphere inde the furnace chamber
A AT O&timesMoughing and purging are required. When the electrodes (cathode) are
brought closer to the copper hearth (anode), an intense stream of eteons flows from
cathode to anode through ionized argon gas and it leads to an electric arc. The applied
current can be controlled from the power supply unit or using the paddle switch

attached with it. Before start to melt the materials,the titanium piece is melted by
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striking the arc to remove any presence of oxygen inside the furnace. Next, the electric
arc is applied to the materials to form an alloy. Three electrodes are used at a time and
the ingot is turned and re-melted several times to improve thehomogeneity of the

prepared samples.

Figure 2.2: An image of EAF assembly (Centorr Vacuum Industries, model: 5TA)

2.3 Sample characterization

Here we will present an overview of the techniques which aresed to characterize the
structural properties, elemental composition and thermal analysis of the sample.
Thermal measurement of the sample can provide important information about its
thermodynamic properties such as heat capacity, phase transition, cosponding latent

heat, and so on.

2.3.1 X-ray diffraction
X-ray diffraction (XRD) is an extensively used technique for the characterization of

crystalline materials[7]. It provides information about the crystal structures, plases,
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preferred crystal orientations, and other structural parameters such as average grain

size, lattice strain and crystal defects. Xay having wavelength similar to the distance
between atoms of the crystal, it is used to study the atomic structure. gchematic
presentation of Xray diffraction measurement is shown inFig. 2.3. The cathode ray

tube and associated electronics generate limited frequency ranges ofrays which are

filtered to produce monochromatic radiation. A crystalline material can beonsidered

as a periodic arrangement of atoms. When monochromaticrdys having a wavelength,

1, fall on to the crystalline sample, Xays are scattera elastically by the electronsof

atoms within the crystal plane and form outgoing spherical waves. These scattered
waves interfere constructively inaZEAx ODPAAEAZEA AEOAAOB], 1 O A&l

CQOET ¢ _ (2.1)
where, distheinterb1 AT AO OPAAET C ET OE factiBrOdndrOs\dnh [ h
integer (order of diffraction). In practicalityh | EO OEA Hhe A&ay\bkdmd AT
with respect to the sample which is varied for a wide range of angldor a small step,
and¢[ EO OEA AEAEOAAOQEIT 1 ithirkspectho the diredddn Afth© A £l A
incident beam. The diffracted beam of Xay is collected in all possible directions by a
detector. Subsequently, the conversions of diffraction peaks to the d spacing allow us to
identify the presence of elements in thesample with their crystalline nature. The peak
positions provide detailed information about the crystal plane. Experimental diffraction
peaks are identified by comparing the data with the Joint Committee on Powder
Diffraction Standard (JCPDS) database.

Cenerally, the XRD patternis performed in two types of systems. Inthe [ " ¢ [
system,the X-rays source is fixedandOEA OAI I A Ol OAOAO AO [1i 7
iTOAO AO dafef YT EIGODVPRAI h OEA OAI thd XkaySrdeCA E
andthA AAOAAOI O OI OAOGA OEiI 01 OAT AT 661 U AO Al
2)'1'+5 -ETE&IA® )) j["¢cJ] OUOOAIq Al-tay 0! ..
diffractometer using Cuk, OAAEAOEIT 1 E p8ut BQ & O E

investigated sample for the present studies.
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Detector

X-ray
Source

Figure 2.3: Schematic diagram of an Xay diffractometer

2.3.2 Energy dispersive analysis of Xay

Energy dispersive analysis of Xay (EDAX) is a useful technique to determinghe
elemental composition of a materia[9]. The atom of every element possessesunique
electronic structure with characteristic binding energies profile in different energy
levels. During EDAX, the material (sample) is bombarded by high energy electron
beams. When the bombarding electrons interact with the sample electrons, it can excite
electrons of the inner shell of the atoms tdiigher energy levels or can knock out some
of them during this process. Subsequentjythere is an electrons deficiency (holes) by
the ejected electrons in the inner shellsandeventually, it is filled by the electrons from
the high energy levels of the oter shell. However, the energy difference between these
two energy levels is emitted as an Xay from the material. In general, a Si (or Li)
detector is used as an energy dispersive spectrometer to measure the amount of energy
and to count the number of emitted X-rays. A schematic presentation of this
fundamental process is shown irFig. 2.4. Furthermore, during the transferring process,
the atom of each element releases-pays with unique amounts of energy. Therefore the
presence of elements in the samp can be identified by measuring the amounts of

energy present in the Xrays being released by a sample. An EDAX spectrum exhibits
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peaks corresponding to the energy levels for which the most-bays have been received.
Those peaks are unique to an atom antlence, for a single element. The relative
intensities of those peaks provide the atomic percentage of the elements present in the

sample.

The EDAX system performs as an integrated feature of a Scanning Electron Microscope
(SEM). Here for the presenstudies, we have used SEM with model no: QUANTA FEG

200 to characterize our samples.

€ beam

ejected electron

characteristic X-ray

Figure 2.4: Schematic presentation of the interaction of high energy electron beam with the
sample, andemission of xray from an atom.

2.3.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is one dhe most useful analytical technique
for thermal characterization of any solid and liquid sampl¢10]. DSC measures the
difference inthe heat flow of the sample with respect to an inert reference, as a function
of time and temperature while boththe sample and reference are subjected t@similar

atmosphere such as temperature, timeand pressure. It provides quantitative and
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gualitative characteristics such as phase transition and other heat related changes of
the sample occurs on endothermic (hat absorption) and exothermic (heat evolution)

processes.

A schematic diagram of DSC is shown iRkig. 2.5. The sample material is
encapsulated in a pan and an empty pan is used aseference pan. Both the sample and
reference pan are made athe same maerial having good thermal conductivity (usually
made of Al). Both pans are placed on the raised stage of a thermoelectric disk made of
constantan (CussNiss) alloy. The constantan disk is the essential wagyf heat transfer to
and from the sample material ad the reference. A chromel (NbCri0) wafer is there to
cover the underside of the raised platforms. Moreover, to measure the temperature
difference between the sample material and reference, two thermocouples junctions
made of chromel (NéoCrio) and alumd (NigsMn2Al.Si) wires are attached with the

chromel wafers.

During measurement, both the sample and the reference are kept the same
thermal environment and subjected to a linear temperature ramping rate and
eventually, the temperature differenceAAOx AAT OEA OAI b1 AT Al A OEA
the extra amount of heat is released or absorbed by the sample, measured by the

thermocouple is converted to the differential heat flow () as,
n —00 (2.2)

where R is the thermal resistance of the constantan disk. :Kand Ko stand for the
factory-set and userset calibration values. The existence of any phase transition that is

accompaniedby the thermal changes can be detected from the DS€at flow curve.

Our most of the studied samples are found to undergo a first order magnetic
field induced martensitic transformation. We have used the DSC heat flow curve,
performed at the temperature ramp rate of 10 K/min, to detect the characteristic
transition temperatures of martensitic transformation such as martensite start Nls),

martensite finish (Mr), austenite start (As), and austenite finish ¢) temperatures. The
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latent heat, enthalpy, and the total entropy changes associated with the phase tsition
can also be evaluated by analyzing the DSC curve. Morequee specific heat of the
sample can be evaluated as a function of temperature usiagnodulated DSC technique

where a sinusoidal or modulated heating rate is applied over the linear heatimgte.

Sample chamber
Gas purging inlet Thermoelectric disk
Lid

!

Reference pan  ©
N

7

S 1
ample pan

=

N

Chromel wafer

Chromel wafer

Heating block

. Alumel wir
Chromel wire umel wire

Figure 2.5: Schematic diagram of ®ifferential Scanning @lorimeter

2.4 Magnetic measurement technique

To estimate the magnetocaloric parameters usinghe Maxwell equation, we have
performed temperature dependence of magnetization M vs. T) and isothermal
magnetic field dependent magnetization M vs. H) curves. M-T measurements are
carried out in an external magnetic field up to 90 kOeM-H measurements are
performed for a maximum field of 50kOe. All the magnetic measurements are carried
out using Vibrating Sample Magnetometer (VSM, Lake Shofyotronics), Physical
Property Measurement System (PPMS, Cryogenic Ltd.), PPMS (Quantum Desmymg,
Superconducting Quantum Interference Devices (SQ) MPMS, Quantum Design).

Pressure dependence of magnetic measuremenis performed in Quantum Design
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PPMS equipped with CiBe clamptype pressure cell with a maximum pressure of 1

Gpa.

2.4.1 Vibrating Sample Magnetometer

The magnetic behavior of a magnetic material can be measured using a Vibrating
Sample Magnetometer (VSM). VSMasrery sensitive magnetometerthat can measure a

very low magnetic moment up tothe order of 105-10-¢ emu[11]. VSM operates based

IT &AOAAAUBO 1 Ax 1T &£ ET AOGAOETIT xEEAE OOAOAO

induced in a ©il if there is a change in magnetic flux linking with the coil.

The schematic diagram of a VSM is shown iRig. 2.6. In this magnetometer, an
electromagnet is used to apply a constant magnetic field to magnetize the sample. Two
identical but oppositely wound pick-up coils are mounted on the poles ofthe
electromagnet. The sample is placed #the centerin the region between the poles of the
electromagnet. A thin vertical nonmagnetic rod, usually made of plastic or quartz,
connects the sample holder to thetransducer assembly which is placed above the
magnet. The oscillator generates a sinusoidal signal that is converted by the transducer
assembly into a vertical vibration of the sample. An external dc magnetic field is set to a
constant value which magnetzes the sample and hence, any change in magnetic flux
density inside the sample will be due to the change in magnetization only. As the
OAi b1 A OEAOAOAO [T AAEATEAAT T UR AAAT OAET ¢ OIi

magnetic flux density that links wih pick-up coils will produce an emf as,
W — (2.3)

ith Acrésgsectiofal ave AN D E A E

?z

xEAOA B EO OEA | ACHADIE

number of turns,

o 06— (2.4)
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where B is the magnetic flux density. When the pickip coils are placed in a constant

magnetic field (H),
6 0 (2.5)

where, * is the permeability of free space. Now, if the sample is placed between pick
up coils in a constant magnetic field, the sample will be magnetized and have a

magnetization M. Hence, the magnetic flux density near the samplakes the form as,
6 ' 0O U (2.6)
Therefore, the corresponding change in magnetic flux density is given by,
V6 ¢ 0 (2.7)
The induced emf in the pickup coils can be expressed as,
wQo 0060 (2.8)

The output signal is proportional to the magnetization ofhe sample but independent of

an applied magnetic field in which the magnetization of the sample has to be
determined. This signal goes through the lockn amplifier as an input. The mechanical
OEAOAQOT 060 EOANOGAT AU E O-in@plfier @ielimhadthe@dis€A O A1
of the environment and to deluce the magnetic moment of the sample only. However,
though the induced emf signal in the pickup coils is proportional to the magnitude of

the moment of the sample, it also depends on other factors such as frequency and the
amplitude of the vibration. Thus, the magnetic moment estimation by measuring the
amplitude of the signal may generate an errorTo eliminate these issues, a vibrating
capacitor is used to generate the reference signal which varies with the vibrational

frequency and the amplitude inthe same mannerthe signal form in the pickup coils.
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Figure 2.6: Schematic diagram of a Vibrating Sample &gnetometer

2.4.2 SQUID Magnetometer

Superconducting Quantum Interference Devices (SQUID) is the maosensitive and
effective magnetic flux detector. It is capable of measuring any physical quantities
which can be converted to magnetic flux, such as magnetic field, magnetic field gradient,
magnetic moment, current, voltage, and magnetic susceptibiliff2]. Hence, the
application of SQUID is wide ranging. This device can deteah incredibly small

magnetic field,small enough to measure the magnetic fields in living organisnj$3].

The working principle of SQUID is based on two physical phenomefie2z15].
/ITA EO &£ O NOAT OEUAOEIT1T xEEAE [ AAT O OEA 1 Ac
quantized and exists only in multipleof £1 0@ N OA ¥ 1426 E 2.968x1015 Wb, 1
Wb/m2 =1 T). Eventually, the magnic field inside a ring with the area of 1 cmd can
only exit in discrete steps of 2.068x181 T. The other physical phenomenon ighe
Josephson effect. SQUID can be of two types. The first one is dc SQUID which is

consisted of two nearly identical Josephlan junctions connected in parallel in a
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superconducting loop and it is operated with a steady cvent bias. The other one igf
SQUID which utilizes a single Josephson junction interrupting the current flow around

the superconducting loop and it is operate with a radio frequency flux bias.

Josephson junction is a fundamental structure on which a SQUID works. When
two superconductors are separated by an insulating layer, a Josephson junction is
formed. When the insulator is thin enough, superconductinglectrons i.e cooper pair of
electrons (the electrons in the superconducting state form correlated pairs of electrons
with opposite spin and momentum called cooper pairs) are able to tunnel from one
superconductor to the other superconductor through the isulating layer barrier which
results the flow of resistance less current through the insulator. This is known as the
Josephson Effect. The applied current (I) flogithrough a Josephson junction depends
i1 OEA AEEEAOAT AA ET DE AoBAtthe jnsulting barie@ sk O x |
= lo3 E 1 Where b stands for the critical current which is the maximum supper current

the junction can sustain.

Typically, a dc SQUID can be considered as a superconducting loop with
inductance L, interrupted by two identical and symmetrically placed Josephson
junctions connected in parallel and a steady bias current source is applied, shown in
Fig. 2.7(a). A high quality Josephson junction exhibits hysteretic-V characteristic
(shown in Fig. 2.7(b)). As the currert is increased from zero value and less tharm |
value, the superconducting current flows through the junction without any voltage
drop. When the current is increased further beyondol the voltage stars to increase
abruptly and it returns to zero only when the current is reduced toa lower value than
lo. To eliminate the hysteresis on the-V characteristic, both the junction are shunted
with a shun resistance. Now, we assume that the bias current is increased from zerato
slightly higher value than thecritical current of the two junctions. In absence of any
external magnetic field, no current will be circulating around the superconducting loop
and hence, bias current will be divided equally to the two junctions. Subsequently,
when an external magneticlf O @ jed\) i€applied, there will be a screening current
around the superconducting loop 6=-87, q AO OEA OODPAWAT T A
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magnetic flux through it. This induced current will flow along the direction of bias

current of one junction and oppsite direction of the other junction and eventually, that

will increase or decrease the critical current of the junction depending on the direction

of the screening current. Hence, the voltage drop in the Josephson junction will change.

Now, during anincrease or decrease in applied flux, the voltage will change periodically

xEOE OEA DPAOEI A AAET Co Therdi@e, thedlic SQUID traBbfde@ NOAT

the magnetic flux that has been coupled to the SQUID loop to a measurable voltage.

(a) ) (b)

\Y% /

R R v |—
ID

v

Figure 2.7: (a) A schematic diagram of a dc SQUID (bM characteristic of alosephson junction.

A schematic setup othe used MPMS SQUID magnetometer detection system is
shown in Fig. 2.8. When the sample moveshrough the superconducting pickup coils, a
magnetic flux associated with the coil changes. Usually, SQUID detects the flux change
which is converted to a voltage Vou8 &1 O - 0-3h OEA OAiI PI A bi OE
position which is parallel to the appied external magnetic field. The output voltage
Vsouipis recorded as a function of the position x, which is also shown iRig. 2.8. To
suppress the influence of all kinds of external magnetic fields, the piakp coils are
configured as second order gradimeter. A linear regression algorithm of the MPMS
software fits the output data to a theoretical curve of an ideal dipole and extracts the

magnetic moment of the sample.
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Figure 2.8: Schematic setup of MPMS SQUID with second order gradiometer [Inset: the output
signal of SQUID as a function sample position].
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Magnetastructural transition

Chapter 3 and largemagnetocaloric effect
in (Mno.sF&.4)NiSii-xAlx alloys

This chapter describes the tuning of magnetostructural transition and the giant
magnetocaloric properties across that transition in earthabundant costeffective
transition metal based (Mno.sFen.4)NiSiixAlx (X = 0.06 - 0.08) alloys and the present
studies suggest that these materials can be very effective as magnetic refrigerant

materials.



Chapter 3

3.1 Preamble

Recently, studies of MiX (T = Co, Niand X = Ge, Si) intermetallic compounds have
drawn considerable attention to the researchersowing to their magnetoresponsive
multifunctional properties such as temperature induced magnetostructural transition
(MST), magnetic shape memory effec(MSME), giant magnetocaloric effect (MCE),
volume anomaliesaround room temperature [1712]. These stoichiometric intermetallic
compounds areobservedto undergo afirst order structural transformation, beyond the
second order magnetic transition temperature, from TiNiSi-type orthorhombic
structure to a Ni2In-type hexagonal structure in the paramagnetic (PM) region witlout
having a significant change in magnetizationand thus, it is not suitable for room
temperature magnetic refrigeration technology. Hence,it is desired to lower the
structural transition to around room temperature in the magnetically ordered
ferromagnetic (FM) state. Magnetoresponsive properties of these compounds are
related to change in magnetization across their phase transitions. Therefarié is crucial
to couple both the magnetic and structural transitiors at the same temperature to

achievealarge magnetaaloric responsein these alloys.

In order to obtain coupled MSTin these systems, several effortare made till
now such as by element substitution, changing of stoichiometry, isostructurally
substitution, or application of hydrostatic pressure[8,10,12z14]. For that purpose,
MnCoGe and MnNiGe frorthe MnTX system are extensively studied materialso farto
obtain MST and the correspoding giant MCE across MST havirtheir closeness of both
magnetc andstructural transition temperatures. MnCoG¢15] system in stoichiometric
composition exhibits a magnetic transition at Curie temperature,;Tc = 355 K and a
structural transition at Tv = 650 K whereasstoichiometric MnNiGe systen{16] shows
a magnetic transition temperature at Neel temperature,Tn = 346, followed by a
structural transformation at Tuw = 470 K.For instance; Fanget al.[3] reported that off
stoichiometric MnCa.0sGer .14 alloy exhibits a large magnetic entropychange &Y s
about 6.4 J kg K1 for magnetic field change o0 10 kOe at apeak temperature T =
331 K which is associated with first order MST. Trungt al.[17] discovered the coupled

MST andthe corresponding giant MCE near room temperature by addition of few
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percent interstitial of boron atoms in MnCoGeR alloy and they obtained an optimum
Y'Y sabout 47.3 J kgt K1 due to YO 50 kOe atT = 287 K for the alloy withx = 0.02.
Liu et al[8] reported a coupled MST with giant MCESY"Y' s 40 J kgt K1 due to YO
50 kOe atT = 238 K) in isostructural alloying MnNiGe system with CoNiGe system.

However, the stoichiometric MnNiSi[18] compound exhibits a magnetic
transition at Tc = 622 K and a first order structural transition at a high temperatureof
about 1210 K in the paramagnetic state Therefore, he large separation between the
magnetic and structural transition temperature and the occurrence of both transitions
at high temperatures make it very difficult to obtain MST near room temperature for
this system though it will be a very coseffective maerial for commercial usage.
Recently, Li et al[19] observed a significant decrease of structural transformation
temperature (Tm) due to the substitution d Fe andCo in place of Mrsite of MnNiSi
system. Zhang et a[20] chemically alloyed MnNiSi with binary compound FgGe and
studied the MCE properties across MST for different compositions of thailloy.
Moreover, by chemically alloying MnNiSi with an isostructurally ternary compound

such as FeNiGe or FeCoGe, giant MCEs are obtained near room temperglr@1].

In this chapter, we have investigated the tming of MSTand the magnetocaloric
properties across it by substituting Al in the place of Si site of (MmrFen.4)NiSi chosen as
parent alloy. The reported values of Tc and Tm of nearly similar composition,
(MnoessFen36)NiSI[19], very close to our parent alloy, are 529 K and 881 K respectively.
Interestingly, Twm value reduces to room temperature with Al doping and for a nominal
composition of (Mno.eFen.4)NiSio.03Al0.07, we have observed first order MST with a large
OA1 OA 1T £ 1 AcCl A OES) aldoiut ROt ® @ KFaE2BIKC Thesg tsansition

metal based low-cost alloys are suitable for commercial use.

3.2 Experimental
Conventional aremelting technique is used to prepare polycrystalline (MasFen.4)NiSii-
xAlx (x = 0.06, 0.07 and 0.08) samples under 4N purity argon atmosphere using high

purity constituent elements. To ensure compositional homogeneity, samples are-re
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melted five to six times. The agast samples are then sealed in an evacuated quartz
tube along with a tantalum foil and annealed for 100 aurs at 1173 K, followed by
guenching it into ice water. The Compositions of annealesamples are checked by
energy dispersive analysis of Xray (EDAX)and the analyzed compositions are found to

be very similar to the starting compositions. Xray diffraction (XRD) patterns of the
investigated samples are carried outusin@ ! . AT UOEAAI 8 &8K) Adiafion 0 O
i xAOAT AT COEh 1 E p8ut BQs 7A EAOA DPOADPAOA,
using a mortar and pa&tel for XRD measurement. Thermomagnetic datdT curve) and
isothermal magnetic measurements M-H curve) are performed using a Physical
Property Measurement §stem (PPMS, Cryogenic Limited) with a maximum applied
magnetic field of 50 kOeM-T measuremens are performed for a temperature region of

gn M tnnm + ET DOAOGAT AA 1T &£ AEEAAEAOAT O ADPDI |
(ZFC) and field cooled (FC) condition. In ZFC condition, the sample is cooled from room
temperature to a low temperature in preence of zero magnetic field and subsequently

the M-T data has been recorded with increasing temperature for the targeted region at

a small interval in presence of a constant applied magnetic field. In FC condition tkleT

data has been recorded when theasnple is subjected to the constant magnetic field and
the temperature is reduced toa targeted lower temperature at a small interval.M-H
measurements are carried out for a maximum applied magnetic field of 50 kOe and the
field sweeping is done as followsQ 50 kOe 0. Differential scanning calorimetry
(DSC) is performed to detect phase transition temperatures of the annealed samples

both in heating and cooling mode with a temperature ramp rate of 10 K/min.

3.3 Results and Discussion

Figure 3.1 shows the XRD patterns for all the samples at room temperaturdRT = ~

onn +Qq8 )1 OEA E£ECOOAh OES& AT Ain-QpedandA AT |
orthorhombic TiNiSi-type structures respectively. With enhancing Al content in Si sites

the structure changes from orthorhombic TiNiSitype (x = 0.06) to hexagonal Niln-type
(x=0.08) atRT, suggesting thafl: decreases to lower temperature with Al substitution.

For the alloy with x = 0.07, the structure is hexagonal and the estimated lattice
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parameters are © 0%y and @ u® ov. The calculated lattice parameters of
orthorhombic structure for the alloy with x = 0.06 arew LB W, od v
and ® e V.
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Figure 3.1: XRD patterns of (M sFe.4)NiSii-Alx (x = 0.06, 0.07 and 0.08) alloys at 300 K and
temperature dependent XRD patterns for the alloy witx= 0.07.

Further, the temperature dependenceof the XRD patternis performed for the
alloy with x = 0.07 andis shown in Fig. 3.1. At 240 K, dominatingthe orthorhombic
phase is observed along with som&aces of hexagonal phase as the MST is close to that
temperature. Onthe increasing temperature,the hexagonal phase dominates and it is
the only phase observed at 300 Krhe unit cell volume changes about 2.81 %uring the
structural transformation from the low temperature orthorhombic to high temperature
hexagonal phase. The lattice strain developed ihese materials is calculated usinghe
Williamson-Hall method[22]. The estimated lattice strain for the alloy withx = 0.07 at
240 K in the orthorhombic phase is 0.0038 wheras it is 0.0023 in the hexagonal phase
at 300 K. Therefor, the structural transformation of these materials is accompanietty

asignificant change in unit cell volume as well as in lattice strain.
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The temperature dependent magnetization curvesN-T curves) for the samples
(MnoeFen.4)NiSizxAlx (x = 0.06, 0.07and 0.08) are carried out in the presence of 500 Oe
interval of 5 K which are shown inFig. 3.2. Forx= 0.06 and 0.07, the sudden change in
magnetization during both heatng and cooling indicates the MST between low
temperature FM orthorhombic phase and high temperature PM hexagonal phase. The
presence of thermal hysteresissignifies the coupling of magnetic and structural
transition, leading to a coupled MST which is first order in nature. The magnete
structural transition temperature (T;), defined as the temperature wheréQ OF¥Q “¢hows
a maximum on heating, shifts towards lower temperature with higher substitution of Al
replacing Si. On further doping of Al in place of Si sites, the sampigh x = 0.08 cbes
not exhibit any first order MST in the temperature regid 1 £ Y1 OHK. Bencéx S
~ 0.07 is the maximum doping content of Al for this system to achieve coupled MST

suitable for room temperature magnetic refrigeration.

Further M-T measurements for the alloy withx = 0.07 is carried out forthe
various applied magnetic fieldof 10, 30 and 50 kOe for the temperature region of 100 K
S 4 S onm + AO Al ET OARYO3AI T:id feEnddo increaseianA E
272 K to 277 K with enhancing magnetic field from 500 Oe to 50 kOe that signifies the
field dependency of MST. As the low temperature FM orthorhombic phase is
magnetically more sensitive to the applied magnetic field than the high temperature PM
hexagonal phase, low temperature phase is preferred and stabilized to higher
temperature in the presence ofa magnetdh A£EAI A8 4EAO060O xEU
temperature towards higher temperature is observed with the magnetic field.
Moreover, a large change in magnetization about 50.3 emut gs observed during MST
from PM phase to FM phase due to an application of ¥®emagneticfield. In MST, the
magnetovolume effect changes the ferromagnetic interaction leading to a sharp change

in magnetization at PM to FM transition.
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[ x=0.0s8 oy Mmo.gFeo. NSt Al

100 150 200 250 300 350 400
T (K)

Figure 3.2: (a) M-T curves for (Mg sFen.4)NiSiixAlx (x = 0.06, 0.07 and 0.08) alloys in presence
of 500 Oe magnetic field.
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Figure 3.3: M-T curve for the alloywith x = 0.07in presence of different appliedmagnetic field
at a temperature interval ofl K.

In order to detect the phase transition temperatures of the investigated samples,
differential scanning alorimetry heat flow curves are measured for the samples witk

= 0.06 and 0.07 during both heating and cooling with a ramp rate of 10 K/min which
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are shown in Fig. 3.4. The observed exothermic/endothermic peak duringthe
cooling/heating cycle with large thermal hysteresis again signifies the first order nature
of MST. T: reduces with increasing Al substitution and its values calculated from the

endothermic peak of the curve are 339 K and 271.3 K far= 0.06 and 0.07 respectively.

0.3
- (Mn0.6F00.4)NiSi]—.‘Al.Y
0.2 1 x=0.06
o~ 1 ool x=0.07
oo S\ N
z 0.0
(=]
=
§ 019 heatin
= / #
-0.2 - T =339.0K
T =2713K
-0.3 . r , r . r , .
200 250 300 350 400

T (K)

Figure 3.4: DSC heat flow curves fox = 0.06 and 0.07 samples during heating and cooling
mode.

Isothermal field dependent magnetization M-H) curves ofx = 0.07 alloy for a
maximum field up to 50 kOe are measured around: at 3 K interval during heating
obeying discontinuous heating method23] which are shown inFig. 3.5(a). The heating
cycle does not exhibit any fieldinduced metamagnetic transition (FIMMT) which
suggests that any first order transition does not take place duringM to PM transition
and it is unusual the results obtained fom M-T curves. Hence, 50 kOe magnetic field is
not sufficient to produce first order MST during heating. For that, isothermaM-H
curves ofx = 0.07 alloy for a maximum field up to 50 kOe are measured around MST at
selected temperatures with 3 K intervas in cooling mode obeying discontinuous
cooling protocol[23] and are stown in Fig. 3.5(b). The protocol is used in order to

remove the field history effect of the sample. In this protocol, at firsthe sample is
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heated to a temperature (=300 K) in the paramagnetic region and then, under ZFC
condition the sample cooled to a alected temperature (~265 K) for isothermal M-H
measurement. Afterward the sample is heated to ~300 K and then under ZFC condition
cooled to a temperature, 3 K lowers than the previous one fdv-H measurement. This
procedure is followed for all theM-H curves measured within the temperature region of
265 K - 244 K at an interval of 3 K in cooling cycle. The presence of metamagnetic
transition in the M-H curves indicates the field induced magnetostructural transition
from the PM hexagonal phase to FM orthorhombic phase and the transition is first

order type in nature.

(a) _ x=007 248K o0l® =00 241 K

40
3K 3K
20
265 K|
282 K :
heating mode 0 cooling mode
0 Ll L) Al L Ll ¥ Al Ll Al Al T
0 10 20 30 40 50 0 10 20 30 40 50 60
H (kOe) H (kOe)

Figure 3.5: Isothermal M-H curve for (MnoeFen.s)NiSioesAloor alloy at selected temperatures
with 3 K interval due to application of 50 kOe magneti field during (a) heating modeand (b)
coolingmode

Magnetocaloric properties of any magnetic material are solely associated with
the nature of phase transition it undergoes. Therefore, to confirm the order oMST,
Arrott plots (M2 vs. H/M) are plotted for the alloy with x = 0.07 in heding as well as in
cooling modewhich are shown inFig. 3.6. Based on Banerjee criteria, the slope dlfie
Arrott plot across phase transition take positive values for a second order transition

whereas, for the first order phase transition, the slopeof the Arrott plot would take
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negative valies. The heating mode does not represent the first order nature of MST.
Instead, duringthe cooling mode, such an S$haped curve present across the transition
temperature indicates that the alloy undergoes a first order MST. Thereforthe cooling

mode should be followed forthe accurate measurement of magnetocaloric parameters

for these studied materials.

4.0 (a) heating mode —9—249K | 4. (b) cooling mode —p—244 K
- —»—252K —+—247K
Yo —0—255K [ ——250K
U304 T ——258 K | 3.0- f ——253K
= ——261K —*—256 K
S ., —®—264K | —e—259K
= ] —0— 267K | “] g —0—262 K
— —*—270K H H
Z 1.0 —=—273K| | . p:
«g 276 K g’
—w—279K ' ﬁ
0.0- 2 RPN I8 7 S —— 7%

00 10 20 30 40 50 00 1.0 2.0 .
H/M (kOe g emu’) H/M (kOe g emu’)

Figure 3.6: Arrott plot for (Mn ¢.6Fey.4)NiSio.93Al007alloy during (a) heating and (b) cooling mode

To checkthe viability of the investigated samples as magnetocaloric matéal,
magnetic entropy changes estimated from isothermalM-H curves during cooling and

field increasing modes using integrated Maxwell equatiof24],

yY "Wo - |

Q"0 (3.1)

where, ' is the permeability of free spaceM, T, and H are the magnetization of the
sample, instantaneous temperatureAT A OEA ADPDPI EAA | ACISANGEA A&
the alloy with x = 0.07 as a function of temperature is shown ifrig. 3.7 for a field
variaionof Ozvmm E/ A8 4EA AOOEISAMBAGR ®RRAE AAIKOA B G
due to the field change of 50 kOe whereagEl O OEA EEAI A AEAT CA T &

K1, The abrupt change in magnetization across MST from PM to FM phase letalsa
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I AOGCA CAEIOAOE ZO 2Al 1 Suiwdso ealculafed forAdatingnede, which

is shown in the inset of Fig. 3.78 4EA AOOEI| A Aiheatihd ndddis I £

I AOGAOOAA Ol 1K AhicMis m&lplarder tHaiCthe value estimated in cooling
mode. During isotherms measurements ircooling mode, a magnetic fielanduced PM to
FM transition occurs due tothe application of 50 kOe magnetic field in the vicinity of
the MST. Howvever, no such ield induced FM to PMransition takes place during heating
mode and the sample remains either ilFM/PM or in the mixed phase throughout the
isothermal M-H measurements andas a resulf the temperature evolution of the
ferromagnetic phase might lead to oveestimation of the magnetic entropy change
during heating. Hence, cooling mode is preferable to calculate an accurate magnetic

entropy change value for these similar materials.
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Figure 3.7:- ACT AOEA AT O 8 eBtichatell Bkl isGthernjald-H curve in cooling and
field increasing mode as a function of temperature for the different field variation of x = 0.07
AT 1 1T U8 Swa3 d fandtiGngpf temperature for x = 0.07 alloy estimatefiom isothermal M-H
curve in heating modég
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&OOOEAOh A /AShvaleeAddEelrivdstighte@ materials in a lower field
of 14 kOe is shown inFig. 3.88 Suis estimated from the isothermal M-H curve in
cooling and field increasing mode. These materials show larddCE responsesven at
thel T x 1 ACT A OE AS.réaEh&d aAraxin(ud GlidodbsutM 8 p AT A1 My 8 p
K-1for the alloys with x = 0.06 and 0.07 respectively due to field chang# 14 kOe only.
ForxE m8my Al 1T Uh B4l Bedverhiabcimparddito the BiideOtwos:
AT TTUO AO EO OET xO 111U [ AcCT AGE Ay f@®AJODE OET
alloy is comparable to other alloys with largeMCEfor the same field change of 50 kOe,
such as MnCoGeB> (~47.3 J kg! K1) [17], (MnNiSi)o.es(Fe2Gey.3s (~36.9 J kgt K-
1) [20], NissCoMnz7s5Sns (~13.67 J kgt K1) [25] and NissCaMnzgShiz ( ~34 J kgt K-
1) [26], NesCaisMnasTiis (~ 18 J kgt K1) [27].

H =14 kQOe

—a—x=0.06
—o—x=0.07

T T T T T v ] ' I
240 260 280 300 320
T (K)

Figure 3.8:- ACT AOEA A1 08 ebtichatell Bkl isgthernjalav-H curve in cooling and
field increasing mode as a function of temperature fox = 0.06 andx = 0.07 alloy due tothe
application of 14 kOe field.

Relative Cooling Power (RCP) is an important parameter in MCE studies that

provides an idea about the efficiency of the material as magnetic refrigerant. The
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relation 2 # 0 Y'Y 'Y is employed here to calculatethe RCP value of the
material. Here Y'Y isOEA DAAE SOAE GRT Hin& pldtted for a specific
field chanC A ATlewimstands for the temperature span of full width at half maxima of
YSu. The calculated value of RCP for the alloy with= 0.07 in cooling mode is plotted as
a function of an applied magneticfield which is shown inFig. 3.9. The maximumvalue
of RCP for 50 kOe magnetic field changes &bout 249.2 J/kg whereas, for 20 kOe
magnetic field changes it is 87.6 J/kg.

2504 x=0.07 o
1 cooling mode
200 4
=11}
=< 150
= 9
P 100 /
2 °
50 1 /
"
0 T ¥ T v I v T v 1
10 20 30 40 50

H (kOe)

Figure 3.9: Relative cooling power (RCP) as a function of magnetic field change for 0.07
alloy in cooling mode

3.4 Conclusion

In summary, we have systematically investigated the tuning of magnetostructural
transition from hexagonal Niln-type structure to an orthorhombic TiNiSi-type
structure near room temperature and the magnetocaloric properties across it by dping
of Fe in place of Mn sitand substituting Al for Si siteof MnNiSi alloy. Fora fixed doping

of Fe, enhancement of Al substitution reduces the structural transition temperature
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toward lower temperature. For a nominal composition ofx = 0.07, the material exhibits
the largest MCEresponse Y'Y about 20.6 kg1 K1 with large RCP~ 249.2 J/kgdue to a
magnetic field change of 50 kOe. Cooling mode is favorable to estimate the accurate
magnetic entropy changes of these similar types of material@ur results suggest that
the low-cost transition metal based alloy withx = 0.07 of this investigated series vith
remarkable MCE responsecan be considered as a promising candidate for magnetic

refrigeration.
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Magnetostructural transition

Chapter A and Giantmagnetocaloric effect
In (MNNiSi)1«(FeCoGayalloys

This chapter describes the tuning of magnetostructural transition and the giant
magnetocaloric properties across that transition around room temperature in lowcost
transition metal based (MnNiSi)1-x(FeCoGa) (x = 0.15, 0.16 and 0.17glloys and our
result indicates that these materials are potential candidates for room temperature

magnetic refrigerator.



Chapter 4

4.1 Preamble

Energy-efficient and ecofriendly magnetic refrigeration (MR) technology based on
MCE which has enormous potential to replace the conventional vapor compression
technology, is expected to be applicable ithe solid state-based modern refrigeration
devices[1,2]. In this regard, it requires potential refrigerant materals with giant MCE
response The materials such as G8&kGe: [3], La(Fe,Sijs-based alloys4z6], Mn-Fe-
based compoundgd6,7], and NiMn-based Heusler alloy§8z12] are being already
proposed as promising refrigerant materialbecause of their excellent MCE responses
around room temperature. All these alloys are accompanied with a magnetic field
induced structural transition from antiferromagnetic (AFM) or paramagnetc (PM) to
ferromagnetic (FM) phase leading to a strongly coupled magnetostructural transition
(MST) which is associated with significant changes in unit cell volume and therefore, a
sharp change in magnetization across the phase transition. However, it & great
challenge to discover such giant magnetocaloric materials with transition metal based,

less expensive, eartrabundant, and nontoxic elements.

Intermetallic compounds with the general formula MA'X (T = Ni, Co andX = Si,
Ge) have recently grabbed awsiderable attention to the researchers because of their
potential to show interesting multifunctional properties such astemperature induced
MST, magnetic shape memory effect, larg¢MCE giant magnetoresistance, volume
anomalies and so or13z17]. All the abovementioned stoichiometric materials are
found to exhibit a second order magnetic transition followed by a first order structural
transformation from low temperature orthorhombic to a high temperature hexagonal
structure in the paramagnetic state with no significant changes in magnetization.
Magnetresponsive properties such as MCE and magnetoresistance are associated
solely with a change in magnetization. Thereforeshifting of the structural transition of
these materials to the ferromagnetic region or coupling it with magnetic transition near
room temperature may be the best option to enrich them with the abowenentioned
properties. In order to obtain MST for these compounds, several effective methods such
as elemental substitution, offstoichiometry, isostructural substitution, heat treatment,

or application of external parametes like hydrostatic pressure are introduced[14,187
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22]. MnNiGe and MnCoGe based systems have closeness in betweein thegnetic and
structural transitions and thus extensively studiedmaterials to achieve MST using the
above-mentioned techniques. Stoichiometric MNNiIGE3] shows magnetic transition at
Neel temperature (Tn) ~ 346 K and structural transition at Tw ~ 470 K whereas
MnCoGHq15] shows magnetic transition at Curie temperature Tc) D 355 K and

structural transitions at Tu D 650 K.

Besides the abovementioned systems, ferromagnetic MnNiSR4] system also
exhibits second order FM to PM transibn at Tc~ 622 K and beyond that temperature, a
structural transformation from TiNiSi-type orthorhombic to Nizln-type hexagonal
structure at a higher temperature of aboutTw ~ 1210 K. Hence, it is difficult to obtain
MST at room temperature for this compand. However, considering the relatively low -
cost of raw materials, it will be commercially viable to use them for domestic purposes.
In this present work, it is observed that by alloying MnNiSi system with FeCoGhg
hexagonal structure is stabilized nearoom temperature from 1210 K and for a nominal
composition of (MnNiSixx(FeCoGa) (x = 0.15 and 0.16) MST is achieved at around
room temperature. With subsequent doping forx = 0.17, MST decouples into two
separate transitions, structural and magneticthough the transitions are realized to
couple with enhancing the applied magnetic field. Substitution of Fe with relatively
lower atomic radius in place of Mn increasethe orthorhombic distortion of the system
and stabilizes the hexagonal phase a& lower temperature, resdting both Tc and Twm
reduce towards room temperature with lower saturation magnetization[17]. To
compensatefor the reduction in magnetization, Co can be doped in place of Ni, where
Co enhances the ferromagnetic interaction to the system. Ga haviagmuch larger
atomic radius than Si again enhances orthorhombic distortion in a faster way to the
system which couplesTcand Ty and as a resultMST is obtained in the vicinity of room
temperature. The alloys with x = 0.15, 0.16and 0.17 are found to exhibit sothermal
magnetic entropy changeYSW)AO 1 AOCA25A & KAADOGc M +h 1K Mop8p
l1at281 K, a A x M KO *c k€ + OAOPAAOCEOAI Bi=BoOA OI
kOe. These lowcost materials may be considered as promising candidates for magnetic

refrigeration around room temperature due to their giant magnetocaloric properties
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with significantly large relative cooling power (RCP = 191.8, 209.énd 139.2 J/kg
respectively forxE m8puh m8poehHFADKOem8pyx AOA O V¥

4.2 Experimental

Polycrystalline (MnNiSi).x(FeCoGa)(x = 0.15, 0.16 and 0.17) samplesra prepared by
conventional arcmelting technique under 4N purity of argon atmosphere using
appropriate amounts of high purity constituent elements from Sigma Aldrich. An
additional amount of 3% Mn is taken to compensatéor its weight loss during melting.
The samples are turned and ranelted several times (seven to eight times) to maintain
the compositional homogeneity. All the agprepared samples are sealed in an evacuated
guartz tube and annealed at 1173 K fo®6 hours, followed by quenching into ice water.
The Compositions of anneal@ samples are checked by energglispersive analysis of X
ray (EDAX)and the analyzed compositions are found to be very similar to the starting
compositions. X-ray diffraction (XRD) patterns of all the samples are obtained using
PANalytical 8 6 0 KRR with @-K, OAAEAOQET T | x AOAIT AWeCHageh
prepared the powder form of the annealed samples using a mortar and pastel for XRD
measurement.Magnetic measurements such as temperature dependent magnetization
and field dependent magetization are performed using SQUID (MPMS, Quantum
Design) with a maximum applied magnetic field of 50 kOe. Differential scanning
calorimetry (DSC) heat flow data are measured in cooling mode up tioe 10t cycle at a

ramp rate of 10 K/min.

4.3 Results and Discussion

Figure 4.1 depicts the xray diffraction patterns at room temperature (RT~ 300 K) for
all the investigated alloys. On enhancing the doping amount of (FeCo@a)(MnNiSi)1-x,
from x = 0.15 to 0.17, the structural phase transformation from orthorhombic to
hexagonal is observed which indicates the shifting of the structural transition towards
room temperature from the structural transition temperature of parent MnNiSi alloy at

~1210 K. Orthorhombic phase with some traces of hexagonal phase is observed for the
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x = 0.15 alloy whereasx = 0.16 is found to show a dominating hexagonal phase and-

0.17 displays pure hexagonal phase. The unit cell lattice parameters in the

orthorhombic phase for the alloy with x = 0.15 are found to beortho = 5.835 A bortho =
3.71 A, andcortno = 6.905 A whereas fox = 0.17 in the hexagonal phase ar@nex= 3.982
A andcnex=5.179 A.

(MnNiSi),  (FeCoGa), h: (hexagonal)

o: (orthorhombic)|
T=300K

x=0.17

Intensity (arb. unit)

35 ' 40 ' 45 ' 50 ' 55
20 (in degree)

Figure 4.1: X-ray diffraction pattern for (MnNiSi)1.«(FeCoGa)(x = 0.15, 0.16, and 0.17) alloys at
300 K and Xray diffraction pattern for xE m8puv Al 1T U AO tcu +38
orthorhombic and hexagonal phases respectively.

From the crystallographicstudy [23], the orthorhombic unit cell is related to the
hexagonal unit cell through the following relation aortho = Chex Dortho = @hex, @aNdCortho = VIO
anex. Here the decrease ifthex anex (O Aortho/ bortho) ratio from 1.573 for x = 0.15 to 1.301
for x = 0.17 can distort the geometry ofthe orthorhombic structure and makes the
hexagonal structure more stable at lower temperature [26], resulting in the decrease
in structural transition temperature with increasing x. Further, an X-ray diffraction

pattern is carried out at 425 K for the alloy withx = 0.15 (shown inFig. 4.1) and it is
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found to exhibit hexagonal phase only. A large ange in unit cellvolume aboutMoc 8 p ¢ b
is observed across the structural transformation from high temperature hexagonal

phase to low temperature orthorhombic phase.

The temperature dependence of Zero field cooled (ZFC) and Field cooled (FC)
magnetization (M-T curves) within 100 K- 400 K in presence of 500 Oe magnetic field
for (MnNiSi)1.x(FeCoGa) (x = 0.15, 0.16 and 0.17) alloys are shown ifrig. 4.2. On
increasing the doping amount fromx =0.15 to 0.16, the magnetostructural transition
temperature ("Y), estimated from the plot ofQ OFQ "Y "Yin the heating mode is found
to shift from ~ 342 K to a lower temperature of ~ 293 K. The presence of thermal
hysteresis between heating and cooling cycles iM-T curve signifies the coincidence of
both the magnetc transition from FM to PM and structural transition from low
temperature orthorhombic to high temperature hexagonal at the same temperature,
which leads to a first order transition. On further enhancement of doping amount tg=
0.17, MST decouplesand as a result, separatd structural transformation in the
ferromagnetic region and magnetic transition are observed aitm = 224 K andTc = 234
K respectively. Howeverthe separated structural and magnetic transitions are found to
coincide with enhancing themagnetic field which is shown in theinset of Fig. 4.2. The
width of thermal hysteresis between ZFC and FC curves during MST are found to be 23
K and 14 K for the alloyswith x = 0.15 and 0.16 respectively. Therefore thermal
hysteresis decreases signifiaatly with the increase in doping amount and it is
minimum for x = 0.16 which makes it suitable for the application in room temperature
magnetic refrigeration. Moreover, “Y for this investigated compound, (MnNiSi)-
x(FeCoGa) is tunable from 224 K- 342 K with a broad temperature window of 118 K
which will be beneficial for magnetic refrigeration associated with wide and

controllable operating temperature.
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Figure 4.2: M-T curves for (MnNiSi)..(FeCoGa)(x = 0.15, 0.16, and 0.17) alloys in presence of
500 Oe magnetic field. [InsetM-T curve for the alloy with x=0.17 in presence of 10 kOe field]

Isothermal field dependent magnetization (M-H) curves ae measured acrossl:
in heating mode for the samplewith x = 0.16 up to a maximum field of 50 kOe and are
shown in Fig. 4.3. Heating mode is not associated with any field induced metamagnetic
transition (FIMMT), resulting in no first order transition takes place from FM to PM
phase and it is unusual with tle results as obtained from theM-T curves. Here, the
change of 50 kOe magnetic field is not sufficient to induce FIMMT for these alloys in
heating. Therefore, isothermalM-H curves are measured during cooling mode for all the
samples from PM hexagonal phase to FM orthorhombic phase and are shownFig.
4.4. To remove the field history effect of the samples, the loop process methods are
followed to measure the isothermdg26]. In this loop process method, at firstthe sample
is heated to atemperature in the PMregion and then, under ZFC condition the sample
cooled to a selected temperature for isothermaM-H measurement. Afterward the
sample is again heated to the taperature in the PM region and then under ZFC
condition cooled to the next targeted temperature for M-H measurement. This

procedure is followed for all the isothermalM-H curves shown inFig. 4.4. The graph
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clearly shows the observation of FIMMT in the viaity of the magnetostructural
transition temperature which also confirms the first order nature of the MST. The low
temperature M-H measurement as shown irFig. 4.4(d) is performed at 5 K for all the
alloys which shows a typical ferromagnetic ordering. Té saturation magnetization Ms)
for the alloy with x= 0.17 due to field change of 50 kOe is found to be ~104.5 emu/g (or
~ 2.79 pe/f.u.), which is larger than its parent alloy, MnNiS|24] (~2.62 pg/f.u.).

804 x=0.16
........................ 280 K
" { KKK
5 f qqzi444141114411444414441144141 kKKKKKEKK
1 w qﬂ .
=404 T
E I ; ocoo-eeoaonaoeoeo-aooeaeooae
\3 1 aeogg.uoonouoe
E . ] 'a ----------
20 95 o aaeeenee®®9iT 00000 e
0 X ARSI
[N
O w
0 ] heating mode
L] T T - . . : ' l . l
0 o 20 30 20 =
H (kOe)

Figure 4.3: Isothermal M-H curves during heating mode in the temperature regime of 280 K
304 K for the alloy withx=0.16
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| () x=0.16

20 (©) x=0.17 i @ T=35K
0 Ll v T v T a2 T a2 T g T v 0 l T Ll T L} L)
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Figure 4.4: Isothermal MHA QOO OAO AO A 1T ETEI O TP DR Rk cobdliagd O A
mode (PM to FM phase) for the alloy with (ax = 0.15 (b)x = 0.16 and (c)x = 0.17. (d) Field
dependence of magnetizationil vs.H) at 5 K for all the investigated alloys

) 01 OEAOI Al 1 ACl AOBA ankebséniidl frdinetd BIAMVICE dan j Y
be estimatedfrom the isothermal M-H curves measured at discrete stable temperatures
in the vicinity of their respective MST during cooling mode using the Maxwell

equation [1],

Y "Wo Q0 (4.1)

where, © is the permeability of free spaceM, T, and H are the magnetization of the

sample, instantaneous temperaturgand the applied magnetic field respectivelyThe
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YSu as calculated using the above equation is plotted as a function of temperature for all

the investigated alloys inFig. 4.5 for a magnetic field change of 10 50 kOe. The
AOOEI AGAASUBAAE@EI DEAY 01T AA AOKr&&GR ~MD1 AAT ¢
JkgtKlat 281 KAT A x  MdkK&aye13K fd e alloys withx = 0.15, 0.16and

n8px OAODPAA OE=CHA kQehwhich Grd asébtiated with the first order MST.

The significant jump in magnetization across MST arises from the latticas well as
magnetic structure changes in the coupled transition, developing a giant magnetic

AT 601 DU AEAT CA ET OEAOA Gifddihealoy @ith ©A0G6 AT 1 T L
AAl AOI AGAA ET EAAOET C 1T AA AT A ORAKkgKOOEI A
(shown in the inset of Fig. 4.5(b)) which is much higher compared to the value
obtained during cooling mode. During M-H measurements in cooling mode field
induced PM to FMransition takes place due to the application of 50 kOe magnetic field

in the vicinity of MST. However ncsuch field induced FMto PM transition takes place

during heating and the samples remain either in ferromagnetic/paramagnetic or in the

mixed phase throughout the isothermal M-H measurements and as a resultthe
temperature evolution of the ferromagnetic phase might be overestimating the
magnetic entropy change in heating. Thereforethe cooling mode is preferable to
calculate the accurate magnetic entropy change value for these similar materials. The
DAAE OAI1SAfGhe lingBstigated samples have been compared with other
promising refrigerant materials in Table 4.1. These transition based materials show
excellent MCE responsen a board and tunable temperature region with a minimum
DAAE OAWBAIZIBKYAO c¢po H=BokBe O V¥

Apart from large magnetic entropy change, relative cooling powerRCH is an
important parameter which defines the cooling efficiency of a magnetic refrigerant

material. RCPof these investigated alloys have been estimated dm the following

equation,2 # 0 Y s Y'Y ,where,YY EO OEA PDAAGATclHves

AT ATrnavOOAT AO &I O OEA OAiI PAOAOOOA OALEH 1 £
4.5). The estimatedRCR are plotted with the magnetic field change irFig. 4.5(d) and

the maximumRCR due to field change of 50 kOe are found to 191.8, 209.6 and 139.2

J/kg for the alloys with x=0.15, 0.16, and 0.17 respectively.
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Figure 45:- ACT AGEA A1 0Q) & @ furctioA of @dperatdre due to different field

variation for the alloys with (a) x=0.15 (0))xE m8p @ ¢ ) 1 OA O% forXEN.16AOOEI AOA
heating mode due to field change of 20 and 50 kOe] and (¢} 0.17 during cooling and field

increasing mode.(d) Relative cooling power RCB as a function of magnetic field change for=

0.15, 0.16 and 0.17 alloys

Here, these investigated mierials exhibit a large change in unit cell volume
across the magnetostructural transition that causes a large change in magnetization
resulting,in A CEAT O S A theAsame MineYthe mechanical stability of these
materials is reduced when the samples undergo the structural transition. Hence, to

check the effect of mechanical stability othe MCE response of the materials, we have
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measured DSCheat flow data of the sample withx = 0.15 in the vicinity of MST and
repeated the mesurement up tothe 10t thermal cycle whichis shown in Fig. 4.6. It is
clear from the figure thatdespite a change in its mechanical properties due to repeated
thermal cycles, the value of the entropy change remairthe same. Furthermore, we
have preparal the powder form of the sample using a mortapestle and repeated the
heat flow measurement which also exhibitsa similar response. Therefore, it can be
concluded that the mechanical instability does not change thBICEresponse of the
material. However, ®me binding material such as epoxy can be used to enhance

mechanical stability if required.

0.3
x=0.15
_A
. 0.24 1" cycle 10" cycle
=
N’
=
<
~
S
3
X 0.14
) L 1 b L) Y ) b )
280 300 320 340 360

T (K)

Figure 4.6: DSC heat flow curve ok = 0.15 alloy and repeated up tadhe 10t cycle in the
vicinity of MST.

From the application point of view, the refrigerant material composed of
transition metal based lowcost and earthabundant elements will be commercially
cost-effective. In comparison with MmTX-based intermetallic compounds such as
MnNiGe [14,16], MnCoGe[15,20] and other MnNiStbased[18,19,21] systems which
also exhibit first order MST near room temperature, our investigated system (Mni)1-

xW(FeCoGa) is Ge free and contains very low doping amount of Ga, resulting the
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materials very cheap. Thus the present system made of legost abundant materials
with large Ms, tunable MST, giant MCE responsend largeRCPwill be highly attractive

for implementation in room temperature magnetic refrigeration technology.

Table 4.1: Comparison ofthe peak value of isothermal magnetic entropy changey"Y due
OTHEY v E/A AT A OEA Db maBikATRL OAMNNIEHAFECoFa) (x =
0.15-0.17) alloys with other promising refrigerant materials.

Materials Hr= H kg 1K) Tpeak (K) References
Gd ~10.2 294 [27]
Ga:GeSh ~185 278 3]
La(Fe.89Sh.11)13H1.3 ~28.0 291 [4]
MnFeR) 4sASo 55 ~18 308 28]
Ni4oCOloM N40Shio ~14.9 288 [29]
MnasNizo sSnioSis s ~20.0 205 [30]
NizsCasMnzsShi ~34.0 262 [31]
NisoMna7Snis ~18.0 299 [8]

Niss 2Mn1s 6Gas 2 ~20.4 317 [32]
MnNio.77F e 2sGe ~19.0 267 (16]
Mno s2Fen.18NiGe ~31.0 205
Mno.sF€n.aNiSio.93Al0.07 ~20.6 255 [22]
Mno.ssCro.11:C0Ge ~27.7 292 [33]
(MnNiSi)1.x(FeCoGa) Present Work
x=0.15 ~25.0 323

x=0.16 ~31.1 281

x=0.17 ~23.8 213

4.4 Conclusion

In summary, the magnetostructuralphase transition from a paramagnetic hexagonal to
a ferromagnetic orthorhombic structure within a well regulated broad temperature
region of 224 K - 342 K surrounding room temperature along with tunable giant
magnetocaloric properties are observed ifMnNiSi)1x(FeCoGay(x = 0.15- 0.17) alloys.
The alloys withxE m8puvh m8poeh AT A 18 @yofabdiMe v@E Mo ApA
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AT A Mkgsi8BWAODAAOEOAT U Al OH=0GE&WOe. AerdkF B17KSBA T CA
maximal doping content to keep the magnetostructural transition coupled for this
system as the higher doping level splits it into two separate transitions. Moreovethe

cooling mode is found to be preferred to estimate the precise magnetntropy change

for this type of material. The investigated compound(MnNiSi):x(FeCoGa), can be a

very promising refrigerant material for room temperature nature-friendly magnetic
refrigeration technology because of its tunable giant magnetocaloric propges around

room temperature associated with the large relative cooling power.
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Effect of hydrostatic pressure
on the magnetocaloric response
C h apter 5 of Niss sCeMn3z7.5Snis Heusler

alloy

The present chapter describes the effect of hydrostatic pressure on the magnetic,
structural phase transition, exchange bigsand magnetocaloric properties of Co doped

Niss sCeMns7.5Snis Heusler alloy.



Chapter 5

5.1 Preamble
During the last decadethe study on Cedoped NiMn-based Heusler alloys has already

attracted immense attention to the researchers due to its potentiamultifunctional
properties such as magnetic shape memory effect (MSMH],2], the large
magnetocaloric efect[1z10], magnetoresistancd11z13], EB effec{14z18], and so on.
The Co doping in place of Ni site ofNiMn- based Heusler alloys works as a
ferromagnetic activator in the system and enhance the magnetic activities for even
better possible applications in magnetic refrigeation and memory deviceg13,19,20].
Till date, plenty of such works have been carried out on Cdoped Heusler alloys with
Ga, Sn, Inor Sb as a st transition element in search of better magnetocaloric
materials [1,3,13,15,19,2%24]. For instance;Han et al.reported the enhancement of
MCE response in Mn-rich MnzNii1es+xCaSmss alloys for optimal doping
concentrations[3]. Other examples aresuch asthe observation of giant MCE near room
temperature in Co substituted NiMn-Sb Heusler alloy44], the role of Co and Fe doping
in the MCE in NiMn-Sn alloys[21] and so on

Besides,having all the abovementioned properties in Cedoped such alloys, a
very few percentages of doping content is found to be effective in MCE3,13,19]. To
understand the fact, it is necessary to know about the structural properties of Heusler
alloys[25]. NiMn-based oftstoichiometric ferromagnetic Heusler alloys have cubic
(L21) austenite structure which can undergo a first order magnetastructural transition
(MST) to a lower symmetric and magnetically weak tetragonal artensite phaseduring
Aii1ETC AAPAT AET ¢ 61 1 [© Most chtBehidghddodbed AT | P
effects of these materials depend othe changein magnetization across the first order
MST, which starts to decrease for highly Gdoped Heusler alloys. There isanother
important magnetocaloric parameter called the relative cooling power (RCP), which
measures the approximate amount of heat that can bextracted during a complete
refrigeration cycle [26,27]. RCP in Galoped materials decreases due to an increase in
magnetic hysteresis. Moreover, the observation of exchange bias(EB) in bulk
polycrystalline Ni-Mn-Sb and NiMn-Sn Heusler alloys made them promising in other
ways[16718,28].
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There is another possibilityto add the hydrostatic pressure P) as a stimulus to
modify the electronic structure of a material which may lead to a significant change in
the magnetic properties. The pressure dependence of the Curie temperatureld)
provides important information on the ferromagnetic system and is an object of
intensive studies in experimental and theoretical field§29z33]. From the earlier work
of our group[13], we haveinvestigated the structural, magnetic, magnetocaloricand
magneto-transport properties of Codoped NiCoMn-Sn offstoichiometric Heusler
alloys under ambient pressure. We havebserved that the magnetic entropy change
{ Su) increases with increasing the Cocontent (replacing Ni). However, due to the
appearance of larger field indued hysteresis, the RCP decreaseaapidly in higher

doping concentrations.

In the present work, we have investigated the effect of pressure on the structural
phase transition, magnetic and mgnetocaloric properties of NissCeMnz7.5Sns sample
chosen fromthe previous work of our group [13]. The effect of magnetic field orMSTis
found to be opposite to that of hydrostatic pressure.At ambient pressure, the
martensitic transition temperature (Tm) shifts toward lower temperature and it is
found to decreasewith a shift rate of 3.29 K/IT . On theother hand, Tw increases rapidly
towards higher temperatures with a shift rate of 31.9 K/GPa whenthe hydrostatic
pressure is applied The applied pressure does not affect the field induced
metamagnetic transition (FIMMT) significantly. The sample exhibits a peak value of
isothermal magnetic entropy changg $wv) about 13.67 J kgt K- due to a magnetic field
AEAT C A =B0KOeand it is found to decrease with oreasing the pressureThe
coercivity of the sample at a given temperaturenerely changes, but the exchange bias
effect is improved by aplying hydrostatic pressure. RCP of the sample is found to

reduce a little bit with the hydrostatic pressure for a constant magnetic field.

5.2 Experimental

Polycrystalline NisssCoeMnsz7zsSnis alloy is prepared by conventional aremelting

technique under 4N purity of argon atmosphere using high purity constituent elements.
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The ingots are remelted six times to ensure the compositional homogeneity. Extra 3%
Mn was taken to compensatdor the weight loss during melting. Each ingot is sealed in
an evacuated quartz tube along with a tantalum foil for annealing. After 24 hosiof
heat treatment at 1173 K, the ampoules are quenched in ice water. The final
compositions d samples are checked by energgispersive analysis of Xray (EDAX. X
ray diffraction (XRD) is carried out inRigaku MiniFlex Il using CtK, radiation at room
temperature to detect the crystallographic parent phase of the prepared samplefhe
magnetization measurements have been performed at various hydrostatic pressures in
a 9 Tesla Physical Property Measurement System (PPM9¥) -Vibrating Sample
Magnetometer (VSM) (QuantunDesign, USA) module equipped with the CBe clamp
type pressure cdl with a maximum pressure of 1 GP§4]. The thermomagnetic data
are recorded with VSM for bothzero field cooled (ZFCheating and field cooled (FC)
cooling mode in the temperature rangeof 2 K to 320 K under the ambient and high
pressures up to 0.9 GPa for hisCaeMns7.sSnis alloy in presence of a constant magnetic
field of 100 Oe and also under different magnetic fields (~ 10, 40, 70, 90 kOa) a
temperature interval of 2 K The isothermal magetizations (M-H curves) are measured
up to 50 kOe field at ambient andn presence of hydrostatic pressurein different
temperatures across the martensitic transition temperature Twm) during both the
cooling and warming modes.To identify exchange bias poperties in the sample field

cooledM-H curves are measured at different temperatures between 10 K and 130 K.

5.3 Results and discussion
Figure 5.1 shows the XRD pattern for the N5sCaeMnz7.sSris sample measured at room
temperature (RT ~300 K). The sample is to be in the cubic austenite phase. The

estimated lattice parameter in the cubic phase is about 5.92 A.
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Figure 5.1: Room temperature XRD pattern for NgsCaMns7sSnis alloy

The temperature dependent magnetization M-T) measurements are performed
within the temperature range between 120 K and 320 K at different applied magnetic
fields (100 Oe, 10 kOe, 40 kOe, 70 kOe, and 90 kOe) under ambient and 0.9 GPa
pressure for NiussCeMns7sSris which are shown in Fig. 5.2. The cooling (closed
symbol) and warming (open symbol) curves are plotted in the same color for the same
field M-T curves for the sake of clarity. A sudden drop in magnetization in cooling
curves for various magnetic fields indicates the austenite to martensite transition. The
exact values of characteristic transition temperatures (austenite startAs), austenite
finish (A), martensite-austenite transition temperature, Ta = (AstAs)/2, martensite start
(Ms) and martensite finish (M), and austenite-martensite transition temperature, Tu =
(MstM)/2 ) by varying different magnetic fields at constant ambient pressure areated
from the inflection point of the derivative of M-T curves and summarized inTable 5.1.
At temperatures below M, the magnetization remains almost constant. Similarly, a
sudden rise in the magnetization irthe warming curve at different magnetic fieldsis an

indication of the forward transition from martensite to austenite. The region between
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which confirms the first order nature of the transition.

With increasing themagnetic field, the first order transition shifts towards lower
temperatures and exhibits field induced magnetstructural transition. The applied
magnetic field prefers to stabilize the magnetically more sensitive phase, which is here
the cubic austenite hase and as a resulifv decreases with the increase ithe magnetic
field. To understand the effect of pressure and magnetic field on tHest order MST, 0.9
GPa pressure is kept constant and the magnetic field then varied up to 90 kOe which is
shown in Fig. 5.2(b) and these characteristic values are also tabulated ifable 5.2. It is
found that Tw shifts to lower temperature as 3.29 K shifting for the field change of 10

kOe at ambient pressure which slightly decreases to 3.22 K under @9 GPa.

Further, the M-T curves are measured at selected values bydrostatic pressures
(0, 0.4, 0.7and 0.9 GPa) in presence of a constant magnetic field (100 Oe) within the
temperature range between 150 K and 300 K, which are shown ifig. 5.3. It reveals
that the effect of pressure retains the first order transition and it is similar to the effect
of the magnetic field at ambientP. However,Tw shifts towards higher temperature with
a shift rate of about diw/d P ~ +31.9 K/GPa. The appliechydrostatic pressure reduces
the Mn-Mn separation which in turn favors antiferromagnetic coupling and stabilizes
the martensite phase at higher temperatures. Therefore, we observe that magnetic and
hydrostatic pressure provides an opposite effect on the martensitic transformation
temperature. The effect of pressure on Tu and characteristic transformation
temperatures are listedin Table 5.3. A similar effect has been observed in NMin-Ga

compounds[34].
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Figure 5.2: Temperature dependent magnetization i-T curves) on warming and cooling at
selected values ofapplied magnetic fieldunder (a) ambient pressure and (b) P = 0.9 GPa of
NisssCeMnszsSnis alloy (arrows indicate the warming and cooling paths).
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Figure 5.3: M-T curves on warming and cooling at different hydrostatic pressures (0, 0.4, 0.7,
and 0.9 GPa) in presence of@nstantmagnetic fieldof 100 Oe.
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Table 5.1: Characteristic transition temperatures of NissCeMnszsSnis sample at ambient
pressure in presence of different applied magnetic fields.

H P=0 Gpa Tw (K) Ta (K)
S(MetMO)2 | =(AHA)/2

Ms (K) M (K) As(K) A(K) (Ms*+My) (AstA)

100 Oe 215 180 209 254 198 232
10 kOe 219 196 232 255 208 244
40 kOe 211 187 225 248 199 237
70 kOe 200 176 217 241 188 229
90 kOe 195 168 212 236 182 224

Table 5.2: Characteristic transition temperatures of NissCoMns7sSnis at 0.9 GPa pressure in

presence of different applied magnetic fields.

P=0.9 Gpa Tw (K) Ta (K)

H Ms(K) M (K) As(K) AK) | =(MstMi)/2 | =(AstA)/2
100 Oe 245 209 239 281 227 260
10 kOe 249 222 258 283 236 271
40 kOe 238 214 250 277 226 264
70 kOe 232 202 241 267 217 254
90 kOe 223 197 236 263 210 250

Table 5.3: Characteristic transition temperatures of Nis sCeMns7sShis sample under different
applied pressures

P H= 100 Oe Tm (K) Ta (K)
GPa =(Mg+My)/2 = A2

GPa) e T M) | A AR) | T(MsHMOIZ T =(AtA)
0 215 180 209 254 198 232
0.4 220 190 219 271 205 245
0.7 232 202 236 277 217 257
0.9 245 209 239 281 227 260
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The M-H measurements are carried out for Nis sCeMns7.5Sns around its first
order- 34 ET OEA EBRkDAat elécte€Vilues o pressudg0, 0.7 GPa, 0.9
GPa), spanning 150Mc v 1+ AT 380 Kwitht 5 Kintervals during cooling and
warming respectively obeying discontinuous heating and cooling protocgB5], shown
in Fig. 5.48 4EA EEAT A OxAAPETI ¢ EO DPAOA&EI Oi AA AO
present only in the warming mode for all the applied pressure values in the
temperature region from 190 K to 300 K as shown irFig. 5.4(d-f). During cooling
mode, no such FIMMT is observed for the applied magnetic field up to 50 kOe which
clearly indicates that the first order transition takes place onlyin warming mode. The
hydrostatic pressure merely affects the FIMMT, but significaft diminishes the
saturation magnetization in the austenite and martensite phases as the applied

pressure resists the moments from aligning alonghe direction of the magnetic field.

—2i0M () 20K gl 20k
= %0 k| 60! AT=5K{ 60
= ! | e l 40 Al
L 40 195 K % l
= 20 ‘ 20§ 170K ] 7o 180 K|
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n 1 1 1 1 0 n 1 0 1 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
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(d) 250K

80F .
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'an 60 ik
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0 e — 0 0 e
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H (kOe) H (kOe) H (kOe)

Figure 5.4: Field dependence of magnetization NI-H curves) of NissCoeMnszzsSnis alloy at
different temperatures across the martensitic transition for selected values of hydrostatic
pressures (0, 0.7,and 0.9 GPa) during (&) coolingand during (d-f) warming mode.
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Furthermore, to confirm the order of MST, Arrott plots (M2 vs.H/M) are plotted
for the alloy in warming mode under ambient pressure which is shown irFig. 5.5.
Based on Banerjee criteria, the slope dhe Arrott plot across phase transition takes
positive values for a second order transition whereas, for the first order phase
transition, the slope of the Arrott plot would take negative values.During warming
mode, such an Sshaped curve present across the transition temperature indicates that
the alloy undergoes a first order MST. Therefore, warming mode should be followed for

accurate measurement of magnetocaloric parameters for these studied materials.

250K P =0 Gpa
warming mode

M (x 10° emu’ g'z)

00 04 08 12 16
H/M (kOe g emu’)

Figure 5.5: Arrott plot for NissCeMnszzsSnis alloy during warming mode under ambient
pressure

To understand the exchange bias behavior in th&tudied sample, the field cooled
hysteresis loops (full looped M-H curves) are measured at different temperatures
between 10 K and 130 K under ambieinand 0.9 GPa pressure which are shown ifig.
5.6. The sample is first cooled to the targeted temperatures in presence @f high

magnetic field from 300 K and then the field sweeping is done as follows: 30 k@e 11 ©
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Mn E/A © m O on EAREDENROT OEA OEBAKORLEE Al
+7.5 kOe is shown in the figure. The width of the hysteresis increases initially resulting
in higher coercivity (Ho) as the temperature increases from 10 K to the EB blocking
temperature (Tes~ 80 K) and then stats to decrease.Tegis defined by the temperature
above which the EB field almost vanishes in a material. As the temperature increases,
the thermal energy diminishes the interfacial exchange interaction between théerro
and antiferro sites, which in turn results in a decrease irthe EB field. Here we have
observed the FC EB behavior at ambient as well as higher pressure. These results can be
analyzed by calculating EB parameters like EB fieldHf). The values ofHe and Hc are
calculated usingHe= | (H1+ H2) |/2 and Hc=| (HiCHy) |/2 respectively, where Hi denotes

the field for zero magnetization during positive to reverse field sweeping andH
denotes the sameduring opposite field sweeping.These values are shown iifrig. 5.6(k)

and 5.6(I) for ambient and high pressure measurements. HereHc remains almost
independent of the hydrostatic pressure, whereas Hshows a small decrease in
magnitude with the increase in pressureat 10 K.Hg increases at 50 K and 80 K with
applied high pressure. It can be observedhat the curvature of the temperature
dependent He curve switches from negative to positive as the pressure is applied. This
signifies that the hydrostatic pressure stabilizes EB behavior. Here, the applied
pressure compresses the unit cell of the samplend the MnMn inter-site separation
decreases. This might leads to an enhancement in the AFW interfacial coupling but
also decrease the volume of the FM domains. The cumulative result comes out as the
increase inHe at 50 K and 80 K with applied high pessure whereas the same decreases
at 10 K.
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Figure 5.6: Field cooled (FC) magnetic hysteresis loops of NsCaMns7sSnis alloy measured at
different temperatures for (a) 10 K, (b) 50 K, (c) 80 K, (d) 100 K, and (e) 130 K under ambient

pressure and for the same set of temperatures {§ under high pressure (P

= 0.9 Gpa).

Temperature dependent exchange bias field and coerciyi of NisssCoeMnszsSnis alloy at (k)
ambient pressure and at () P = 0.9 GPa.
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The MCE of NiksCaMns7sSnis alloy has been estimatedA U AAT AOISAOET ¢ ¢
for various pressuresfrom the isothermal M-H curves in warming using the Maxwell

equation [6],

Yy "Wo - _ Q0 (5.1)

where, M, T, H, and b are respectively the magnetization of the sample, instantaneous
temperature, applied magnetic fieldAT A DAOI AAAEI| E (BJis dalblatgBOA A OP
using the above equation by numerical integration of the isothermaM-H curves,

i AAOOOA AOOET ¢ xAOIETC8 4EA - A@gxAlforANOAOET 1
ideal first order transition (FOT), being discontinuous. Howevermost of these similar

alloys do not show ideal FOT, i.e. the changesin— isfET EQOA ATl JhcaiEBel AAh 3
AOAI BAGAA OOET Guiddlbted dskalfunctign ofdepnpedatur¥ at selected
values ofthe magnetic field inFig. 5.7(a) during warming mode. The same parameter is

also calculated for various magnetic fields at selected values of applied pressure during

warming, which is shown inFig. 5.7(b). The results are also given iffable 5.4.

Table 5.4: Magnetic entropy changes()"/Sw) of NisssCaeMnszsSnis under different applied
magneticfield and hydrostatic pressure.

Pressure applied| Peak A1 O A Su{J A& K-1yfor different field
(Gpa) near Ty, during the warming cycle
YH = 10 kOe YH = 50 kOe
0 3.11 13.4
0.7 2.0 10.2
0.9 2.78 11.0
-Aci AGEA AT 00T PU AEATCA 11171011 HBANADI U ET A

the motion of magnetic domain walls, twin boundary motion and the magnetic spin

N oA L o~ A~

higher hydrostatic pressure is applied. As the pressure increases, it compresses the

lattice stags and as a result, both the intra and intesite Mn-Mn separation decreases.
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This turns out to be a decrease ifM and an increase inAFMinteraction in the system.
In addition to that, the pressurized sample finds more crystalline anisotropy which
suppresses the total magnetization of the sample and makes tfiest order MST less
sharp (decrease in d//d T). All these are cumulatively responsit# for the decrease in
YSu.

() Warming Y (b)
i 124 Warming
P P=0GPa —~ [ —o—P= 0GPa 1Y ,*l
M [ —=—10KkOe 22 —*x—P =0.7GPa x \
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Figure 5.7: (a) Magnetic entropy change aa function of the temperature of Niss sCeMn3z7.5Snis
alloy at ambient pressure under different magnetic fields applied during warming mode. (b)
Temperature dependent magnetic entropy change of NisCoMnszsSnis alloy at selected
hydrostatic pressures (0, 0.7, and 0.9 GPa) associated with a field changenfrO to 50 kOe
during warming.

Relative cooling power is one of the most important parameterto quantify MCE
The RCPis a measure of the amount of heat that can be transferred between the hot and
cold sinks during one ideal refrigeration cycle and it igalculated from the temperature

dependent3- 8 curvesusing the following equation [27]
2#0YY s YY (5.2)

where, Y'Y is the peak value ofYSu of a YSu-T curve plotted for a specific field

change value and E A Trauwm is the temperature window of the full width at half
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maxima (FWHM) of the samé&/Su M curve. The field dependence oRCPfor the sample
at different pressures during warming is shown inFig. 5.8. It is found that RCP
increases almost linearly with the increase of fields for all pressure values. It is
observed that the RCP during warming decreases with increasing pressure. The FIMMT
and decrease inYSuMax reduce the RCP as the pressure is increasefihesematerials
suffer from large hysteresis loss (HL)due to the presence of FIMMT. Therefore, it is
necessary to subtract the average HL from RG® obtain the net RCP of these materials
The average HL under 50 kOe due to the field indad hysteresis are found to be about
53.09, ~ 39.8, and ~ 40.93 J/kg regectively under ambient, 0.7 GPaand 0.9 GPa
pressure which in turn minimizes the net RCP during warming to its net value as
147.04, 146.6 and 130.14 J/kg.
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Figure 5.8: Field dependat relative cooling power of NissCoeMnszsSnis alloy at various
hydrostatic pressures (0, 0.7, and 0.9 GPa) during warming.
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5.4 Conclusion

In summary, we have observed that the hydrostatic pressure and magnetic field can
drastically change themartensitic transformation temperatures in Ni-Co-Mn-Sn alloys.
The first order magnetostructural transition of similar materials can be tuned by
applying both the pressure and magnetic field as they influence the transition
temperature oppositely. The exchange bias mperty of these materials can be enhanced
by applying hydrostatic pressure. Although the magnetic entropy changess well as
net relative cooling power,are found toreduce slightly with enhancing pressure a fine
control of operating temperature is possble by simultaneous application of magnetic
field and hydrostatic pressure which is very advantageous in the context of the

application of the similar type of materials asa potential magnetic refrigerant.

Page |104



Chapter 5

References

[1] K. Ito, W. Ito, R. Y. Umetsu, S. Tajima, H. Kawaura, R. Kainuma, and K. Ishida,
Metamagnetic Shape Memory Effect in Polycrystalline NiCoMnSn Alloy Fabricated
by Spark Plasm&intering, Scr. Mater61, 504 (2009).

[2] F. Chen, Y. X. Tong, B. Tian, L. Li, Y. F. Zheng, and YWagmeticFieldInduced
Reverse Transformation in a NiCoMnSn High Temperature Ferromagnetic Shape
Memory Alloy J. Magn. Magn. Mate347, 72 (2013).

[3] Z. Han, J. Chen, B. Qian, P. Zhang, X. Jiang, D. Wang, andP¥ag®iDiagram and
Magnetocaloric Effect in MgNi, s i GaBrn.ss Alloys Scr. Mater66, 121 (2012).

[4] A. K. Nayak, K. G. Suresh, and A. K. Nigarant Inverse Magnetocaloric Effect nea
Room Temperature in Co Substituted NiMnSb Heusler AJldy®hys. D. Appl. Phys.
42, 35009 (2009).

[5] S. E. Muthu, N. V. R. Rao, M. M. Raja, D. M. R. Kumar, D. M. Radheep, and S.
Arumugam, Influence of Ni/Mn Concentration on the Structural, Magnetic and
Magnetocaloric Properties in Ni: dna7+,Smnis Heusler AlloysJ. Phys. D. Appl. Phys.

43, 425002 (2010).

[6] A. Planes, L. Mafosa, and M. Adétagnetocaloric Effect and Its Relation to Spe
Memory Properties in Ferromagnetic Heusler Alloy3. Phys. Condens. Matt2f, 1
(2009).

[7] V. D. Buchelnikov and V. V Sokolovskiylagnetocaloric Effect in NiMnzX(X=Ga,
In, Sn, Sb) Heusler AllgyBhys. Met. Metallogrl12, 633 (2011).

[8] M. Kohl, V. Chernenko, D. Bourgault, J. Tillier, P. Courtois, X. Chaud, N. Caillault,
and L. Carbone3rd International Symposium on Shape Memory Materials for
Smart Systems/EMRS 2010 Spring Meeting Large Magne@aloric Effect in Ng
CgMnzIn Systems at 8om Temperature Phys. Procedid 0, 120 (2010).

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

[10] J. Liu, T. Gottschall, KP. Skokov, J. D. Moore, and O. Gutfleis€Biant
Magnetocaloric Effect Driven by Structural Transitionslat Materll, 620 (2012).

Page |105



Chapter 5

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

A. K. Nayak, K. G. Suresh, and A. K. Nigameversibility of FieldInduced
Magnetostructural Transition in NiCoMnSb h@pe Memory Alloy Revealed by
Magnetization, Transport and Heat Capacity Studje&ppl. Phys. Lett96, 2010
(2010).

W. lto, K. Ito, R. Y. Umetsu, R. Kainuma, K. Koyama, K. Watanabe, A. Fuijita, K.
Oikawa, K. Ishida, and T. Kanomat&jnetic Arrest ofMartensitic Transformation
in the NiCoMnIn Metamagnetic Shape Memory Alléypl. Phys. Lett92, 1 (2008).

A. Ghosh and K. Mandal,arge Magnetoresistance Associated with Large Inverse
Magnetocaloric Effect in NCaMn-Sn Alloys Eur. Phys. J. B (2@3).

S. Esakki Muthu, N. V. Rama Rao, D. V. Sridhara Rao, M. Manivel Raja, U.
Devarajan, and S. Arumugantffect of Ni/Mn Concentration on Exchange Bias
Properties in Bulk Nb: &#m37+-Sniz Heusler Alloys J. Appl. Phys110, 023904
(2011).

B. Wang and Y. Lilgkxchange Bias and Inverse Magnetocaloric Effect in Co and Mn
CoDoped NiMnGa Shape Memory Allpletals (Basel)3, 69 (2013).

Z. Li, C. Jing, J. Chen, S. Yuan, S. Cao, and J. @hsegyation of Exchange Bias in
the MartensiticState of NéoMnssSnis Heusler Alloy Appl. Phys. Lett91, (2007).

M. Khan, |. Dubenko, S. Stadler, and N. Ekchange Bias in Bulk Mn RichW¥inz
Sn Heusler Alloysl. Appl. Phy4.02, 113914 (2007).

M. Khan, |. Dubenko, S. Stadler, and N., Akchange Bias Behavior in jMinzSh
Heusler AlloysAppl. Phys. Lett91, (2007).

A. Ghosh and K. Mandal,Large Inverse Magnetocaloric Effect in
Niy ¢ sGaMnszSnias (x = 0, 1 and 2) with Negligible Hysteresis. Alloys Compd.
579, 295 (2013).

R. Y. Umetsu, A. Sheikh, W. Ito, B. Ouladdiaf, K. R. A. Ziebeck, T. Kanomata, and R.
Kainuma, The Effect of Co Substitution on the Magnetic Properties of the Heusler
Alloy NoMnzsSniz, Appl. Phys. Lett98, (2011).

T. Krenke, E. Duman, M. Acet, Xol4, L. Mafosa, and A. Plandsffect of Co and
Fe on the Inverse Magnetocaloric Properties of-Win-Sn J. Appl. Phys102,
033903 (2007).

Page |106



Chapter 5

[22] R. Y. Umetsu, A. Sheikh, W. Ito, B. Ouladdiaf, K. R. A. Ziebeck, T. Kanomata, and R.
Kainuma, The Effect of C&ubstitution on the Magnetic Properties of the Heusler
Alloy NoMnzsSniz, Appl. Phys. Lett98, 10 (2011).

[23] M. Pan, B. You, Y. Zhao, S. Wang, M. Lu, A. Hu, H. Zhai, and STEhdtffect of
Interfacial Coupling in Co/CoO Exchandgias Bilayers withSpecial Field Cooling
Phys. Lett. A313, 442 (2003).

[24] F. Chen, ¥X. Tong, B. Tian, L. Li, and-F. ZhengMartensitic Transformation and
Magnetic Properties of TDoped NiCoMnSn Shape Memory AllByare Met33, 511
(2014).

[25] M. Khan, I. DubenkoS. Stadler, and N. AliMagnetic and Structural Phase
Transitions in Heusler Type Alloys MnGa c Ing J. Phys. Condens. Mattdi6,
5259 (2004).

[26] J:H. Chen, N. M. Bruno, I. Karaman, Y. Huang, J. Li, and J. HGdss$metric and
Magnetic Study dr NisoMnzsln14 and Relative Cooling Power in Paramagnetic
Inverse Magnetocaloric Systemd. Appl. Phyd.16, (2014).

[27] P. Gorria, J. L. S. Llamazares, P. Alvarez, M. J. Pérez, J. S. Marcos, and J. A. Blanco,
Relative Cooling Power Enhancement in Magmé€aloric Nanostrutured Pr.Fe7, J.
Phys. D. Appl. Phy<l1, 192003 (2008).

[28] J. Nogués and I. K. Schulléxchange Biasl. Magn. Magn. Matet92, 203 (1999).

[29] S. Moran, C. Ederer, and M. Fahnl@b Initio Hectron Theory for Magnetism in Fe:
Pressure Dependence of SpWave Energies, Exchange Parameters, and Curie
Temperature Phys. Rev. B7, 12407 (2003).

[30] H. Yamada, K. Terao, K. Kondo, and T. G&tpng Pressure Dependences of the
Magnetization and Curie Temperature for CrTe and MnAgth NiAsType
Structure, J. Phys. Condens. Mattg4, 11785 (2002).

[31] H. Yamada, K. Fukamichi, and T. Gotitinerant-Electron Metamagnetism and
Strong Pressure Dependence of the Curie Temperatitbys. Rev. B5, 24413
(2001).

[32] A. Kashyap, A. KSolanki, T. Nautiyal, and S. Auluckffect of Pressure on the Curie
Temperature ofFesPt, Phys. Rev. B2, 13471 (1995).

Page |107



Chapter 5

[33]

[34]

[35]

S. Wei, R. Duraj, R. Zach, M. Matsushita, A. Takahashi, H. Inoue, F. Ono, H. Maeta, A.
Iwase, and S. Endd he Effect of Pressuren the Curie Temperature in R&i Invar
Mechanical AlloysJ. Phys. Condens. Mattéd, 11081 (2002).

U. Devarajan, S. Esakki Muthu, S. Arumugam, S. Singh, and S. R. Barman,
Investigation of the Influence of Hydrostatic Pressure on the Magnetic and
Magnetocaloric Properties of NigMini+Ga (x= 0, 0.15) Heusler Alloys. Appl. Phys.
114, (2013).

A. Ghosh, P. Sen, and K. Manddgasurement Protocol Dependent Magnetocaloric
Properties in a SDoped MaARich MnNi-SnSi offStoichiometric HeuslerAlloy, J.
Appl. Phys119, 183902 (2016).

Page |108



Magnetocaloric effect in Si

Chapter o doped Ni-CoMn-SnHeusler

alloys

This chapter describes the magnetic, exchange biasd magnetocaloric properties ofSi
doped polycrystalline NiugCorsMn3sSnissxSk (x = 0, 1, 2, and 4) alloysand the results
indicate that Si doped in place of post transition element of these similar type of
materials can be an effective way to reduce thermal as well as magnetic hysteresis
across first order transition and thus,enhances the net relative cooling power of the

material asarefrigerant.



Chapter 6

6.1 Preamble

During the last decade, ofstoichiometric Ni-Mn-X (X = In, Sb, Sn) Heusler alloys are
found to exhibit a large inversemagnetocaloric effect MCE across their first order
magnetostructural transition (MST)[1z5]. Depending on the composition (Mn/X ratio),
these alloys undergo MST from cubic austenite to tetragonal martensite phag on
reducing temperature. Along with the change in alloy composition,everal external
parameters like magnetic field, hydrostatic pressure maystabilize one phase by
dominating over the other one[7,8]. Seveal strategies are introducedto increase MCE
response either by varying Mn/X, Ni/Mn ratios, or by substituting the fourth element
like Co or Fe in place of Ni/Mrj5,6,9z15]. Apart from MCE, these alloys also exhibit
some interesting multifunctional properties such as magnetic shape memory
effect[16,17], large magnetoesistance[18,19], exchange biagEB) effect[20,21], and

SO on.

However, the Heusler alloys exhibiting first orderMST possesses large field
induced hyderesis which reduces the net relative cooling power (RCP) of that material.
It has been observed thathe addition of a small amount of Co replacing Ni in these
AT 1T U0 Al EAvhVeAwdtheappkaran@ of field induced hysteresis acreshe
first order MST reduces the net RCP of that material in higher doping
concentrations[12]. Therefore to improve the inverse MCE of Heusler alloys, we have
to reduce the hysteresis loss (HL) significantly to make their commercial use as
refrigerant material. Recently, Si substitution in place of Sb is found to be effagtito
reduce theaverage HL whichmakes the net RCP highdf2]. Similar propertiesare also
observed in Ge doped fiMnzSb alloys[23].

In the present study, we have investigated the magneti&B, and magnetocaloric
properties of Si doped polycrystalline NisCoL.sMn3sSnissxSk (X = 0, 1, 2, and 4) alloys
due to a field change of 50 kO®&All these alloys are found to undergo a first order
structural phase transition from martensite to austenite along with a second order
ferromagnetic (FM) to paramagnetic (PM) transition. It is observed that martensitic

transition temperature shifts to lower temperature with increasing Si substitution in
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place of Sn whereas the Curie temperaturel€) is insensitive to the doping amount.
Isothermal mMACT AOEA AT OO @nd Adf RCRCale mieasured across
martensite to austenite transition and the corresponding values are found to babout
11.99,~ 10.86,~ 5.46,~ 2.42 kg1lKland~ 136.1,~ 130.1,~ 141.8,~ 63 Jkg!for x=

0, 1, 2 and 4 alloys due to a field change of 50 kOe respectively. Interestingly, with
increasing Si substitution in place of Srgverage magnetic Hlreduces significantlyfrom
49.7 J/kg &k = 0) to 8.6 J/kg & = 4). However, the EB property of these alloys does not

change significantly due to the doping amount.

6.2 Experimental

Polycrystalline Ni-rich NisgCoLsMn3sSnissxSk (X = 0, 1, 2, and 4) alloysra prepared by
conventional arcmelting technique under a 4N purity argon atmosphere using high
purity constituents. The ingots are remelted several times to ensure the compositional
homogeneity. Extra 3% Mn is taken to compensat®r the weight loss during melting.
Ead ingot is sealed in an evacuated quartz tube along with a tantalum foil for
annealing. After 24 hous of heat treatment at 1173 K, the ampoules are quenched in ice
water. The final compositions & samples are checked by energglispersive analysis of
X-ray (EDAX. Xray diffraction (XRD) is carried outin Rigaku MiniFlex Il using CtK,
OAAEAOEIT j xAOAT ATCOEh 1 E p8ut BQ AO oOIii
parent phase of the prepared samples. All the magneticaasurements are performed in

a Physical Property Measurement $stem (PPMS, Cryogenic Limited) up to 50 kOe
magnetic field. The thermomagnetic data are taken under zero field cooled (ZFC), field
cooled (FC) and field heating (FH) mode in the presence of 100 Oe field at an interval of
2 K. The isothermal curves are measured up to 50 kOe across theiragnetostructural

transition during heating mode.

6.3 Results and Discussion

Figure 6.1 shows the XRD patterns for all the investigated alloys at room temperature

(=~ 300 K). All the alloys are observed to be in the cubic austenite phase. The peak (220)
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shifts toward a higher angle with increasing Si content which signifies that the lattice
parameter decreases with increase irx. The obtained value of lattice parameters are
5.99 A, 5.97 A, 5.94 A, and 5.92 A for the alloys witks 0, 1, 2and 4 respectively.

(220)
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(c)x=2 _J

(b)x=1 |
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—
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i b
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Figure 6.1: XRD patterns for NisCa sMnssSnis5xSk (X =0, 1, 2, and 4) alloys at 300 K.

The temperature dependent magnetization M-T curve) measurements of
NisgCo.sMn3sSnis5xSk (X = 0, 1, 2, and 4) alloys are measured duringFG FC cooling
and FH mode in the presence of a constant 100 Oe magnetic field, within the
temperature range of 5 K- 400 K and are shown inFig. 6.2. The alloys exhibit a
structural transition from low temperature martensite to high temperature austenite
structure associated with a magnetic transition from FM to PM phase atTc The
appearance of thermal hysteresis between heating and cooling confirms the transition
is ofthe first order in nature. The characteristic transition temperatures: austenite start
(Ag), austenite finish (A7), martensite-austenite transition temperature [Ta = (AstA)/2],
martensite start (Ms), martensite finish (Mf) and austenitemartensite transition
temperature [Tw = (MstM)/2] are determined from the inflection point of M-T curves

which are shown inFig. 6.3 and are also mentioned inTable 6.1. It can be seen that the
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structural transition temperature shifts to the lower temperature with increasing Si
OOAOOEOOOET 18 4EA OEAOTWAH Ta -ETW GGokid AcCdEdtehse A A £E 1
with increasing x value. Tc values are calculated from the plot of M/d T vs. T curve

which are listed inTable 6.1. One can notice thalcis insensitiveto Si substitution.

Figure 6.2: M-T curve during ZFC, FC and FH mode for (ay 0, (b)x=1, (c)x=2 and (d)x= 4
alloys in the presence of 100 Oe magnetic field.

It is well known that the decrease invalence electron concentration €/a ratio)
and as well as the increase in cell voluenlowers the structural transition temperature
in Heusler alloys. Here the substitution of Si witta lower atomic radius in place of Sn

does not change the valence electron number but reduces the cell volume. Therefore, in
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