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Abstract

Energy-efficient and eco-friendly magnetic refrigeration technology based on
magnetocaloric effect (MCE), which has enormous potential to replace the conventional
vapor compression technology, is expected to be applicable in the solid-state based
modern refrigeration devices. The crucial requirement of a magnetic refrigerator is
giant magnetocaloric materials consist of transition metal (TM) based, less expensive,
earth-abundant, and nontoxic elements for commercial application. In this thesis, we
have investigated the MCE response of certain cost-effective TM based alloys such as
MnNiSi-based intermetallic compounds and NiMn-based Heusler alloys which are found
to exhibit large isothermal magnetic entropy change (ASwm), an important parameter to
quantify MCE of a material, associated with large relative cooling power (RCP) around

room temperature (RT).

Magnetic and structural transitions are observed to coincide at around RT in TM
based (Mno.eFeo.4)NiSi1xAlx (x = 0.06, 0.07) alloys and (MnNiSi)1.y(FeCoGa)y, (y = 0.15 -
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 alloys. In these doped MnNiSi compounds, a
remarkable shifting of structural transition temperature from about 1210 K for MnNiSi
compound, to lower than 300 K is observed. ASv as large as about 20.6 ] kg1 K-1 with
large RCP ~ 249.2 J/kg is found for the alloy with x = 0.07 due to a magnetic field
change of AH ~ 50 kOe. A giant value of ASw about 31.1 ] kg1 K-1 at 281 K with a large
RCP of ~ 209.6 J/kg are observed for y = 0.16 alloy due to AH ~ 50 kOe. We have also
discussed that isotherms should be measured during cooling to estimate the

magnetocaloric parameter accurately for these similar types of materials.

We have further investigated the effect of hydrostatic pressure (P) on MCE and
the exchange bias (EB) effect in a Co doped Nisss5C02Mn375Sn1s Heusler alloy. At
ambient P, the martensitic transition temperature (Tm) shifts to a lower temperature

with a rate of dTwy/duocH ~ 3.29 K/T whereas Ty increases rapidly to a higher



temperature with a shift rate of dTy/dP ~ 31.90 K/GPa when P is applied. Hence, first
order MST of similar materials can be tuned by applying both the pressure and
magnetic field as they influence Ty oppositely. ASv 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 substituting Ni in NiMnSn-based Heusler alloys
enhances ASm value but the appearance of field induced hysteresis across MST reduces
the net RCP of that material in higher doping concentrations. Therefore to improve the
inverse MCE of Heusler alloys, we have to reduce the hysteresis loss (HL) significantly
to make their real use as a refrigerant. For that purpose, we have doped Si in
NisgCo1.5Mn35Sn155,Six (x = 0, 1, 2, and 4) Heusler alloys and observed that average HL
reduces drastically from 49.7 to 8.6 J/kg with increase in Si substitution from x = 0 to x
= 4. Tu reduces with Si content whereas the Curie temperature (7T¢) is insensitive to the
doping content. ASwm is found to reduce with Si content. A maximum net RCP of about
141.8 J/kg due to AH ~ 50 kOe is observed for x = 2 alloy. The results indicate that a few
amounts of Si substituting main group (p-block) element is an effective way to reduce
HL significantly which in turn enhances the effective efficiency of these similar types of

materials.

Besides inverse MCE, to improve the conventional MCE of NiMnSn-based
Heusler alloys across second order magnetic transition (SOMT), we have explored MCE
response and critical exponents in MnsgxFexNis1Sn11 (x = 8.5, 10.5) alloys across second
order FM to PM transition at T¢. These alloys exhibit only SOMT and no MSTs are
observed. Increase of Fe substituting Mn reduces Mn-Mn antiferromagnetic interaction
resulting only austenite phase for x = 8.5. Second order transition, being continuous, is
not associated with any thermal and field induced hysteresis. A reversible ASu of about
1.02 J kg1 K-1 with moderate RCP ~ 40.2 ] /kg is obtained at 305 K for x = 8.5, due to AH
of 14 kOe only. The less consumption of energy in the applicability of MCE across SOMT
in these materials can make them a good candidate for a magnetic refrigerant. Further,
the critical exponents are estimated for both the samples and found to exhibit long

range FM ordering in their austenite phase.
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Chapter 1 |Introduction

This chapter highlights the basic introduction of magnetocaloric effect and its related
thermodynamics. Various thermodynamics cycles of Magnetic refrigeration based on
magnetocaloric effect are discussed in the present chapter. The motivation behind the
present studies of magnetocaloric effect and the general properties of our preferred
magnetocaloric materials are presented. A short 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 unpredictable
consequences are two major concerns of the present-day scientific society. Nowadays, a
significant part of the research activities is concentrated on overcoming these two
challenges. Therefore, in the present scenario, it is important to conduct research on
renewable energy resources as well as on technologies that 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 [1-5].

The total consumption 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 devices on a regular basis such as a freezer to store food in a supermarket
and home, the air conditioning in private and public buildings, 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 which is bulky,
energy inefficient, and contain hazardous gases like chlorofluorocarbon (CFC),
hydrochlorofluorocarbon (HCFC) as refrigerant materials that are suspected to deplete
the ozone layer of the atmosphere [6]. Though in recent time the previous usage of
hazardous gas is replaced by harmless hydrofluorocarbons (HFC) gas, the lower
efficiency of conventional gas refrigeration and also the potential for global warming
are still concerns. Magnetic refrigeration, one of such energy-efficient and eco-friendly
cooling technology based on magnetocaloric effect (MCE), has tremendous potential to
replace the conventional gas refrigerators and is expected to be applicable in solid-
state-based modern refrigeration devices [7-10]. The energy efficiency of a magnetic
refrigerator is predicted to be enhanced up to 30% higher than that of a conventional

gas refrigerator [5,7].

The study of magnetic refrigeration based on MCE was first initiated in 1881 by
German physicist E. Warburg who observed the heat evolution in Fe 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 to a change in the
magnetic field [12]. The first breakthrough happened in the late 1920s when two
scientists Debye in 1926 [13] and Giauque in 1927 [14], independently proposed the
processes of adiabatic cooling under field variation. Experimentally, Giauque and
MacDougall were the first to demonstrate magnetic cooling in 1933 and they achieved
to reach a sub-Kelvin temperature, 0.25 K, by using paramagnetic Gd(5S04)3.8H:0 salt as
a magnetic refrigerant [15]. In 1976, Brown first designed magnetic refrigeration in a
room temperature range [16]. 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 Gds(Si2Gez) alloy by Pecharsky and Gschneidner [18]. Since, to find
suitable magnetic refrigerant, the MCE properties of various rare earth based materials
are investigated [19-34]. Though the rare earth elements associated with large
saturation magnetization are found to exhibit excellent magnetocaloric properties, the
high cost of the raw materials is the major limitation for the commercial appliance.
Subsequently, in recent times, the research on magnetocaloric materials is shifted to the
transition metal based alloys to find the promising magnetic refrigerant material with
large magnetocaloric properties near room temperature to make the magnetic

refrigeration cost-effective [35-54].

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

includes the motivation of the present studies and a brief overview of the thesis.

Page | 2



Chapter 1

1.2 Magnetocaloric effect and its thermodynamics

Magnetocaloric effect (MCE) is a magneto-thermodynamic phenomenon that refers to a
magnetic material’s thermal response when subjected to changes in the magnetic
field [7,9]. It is quantified as reversible temperature change (AT,4) 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 (ASy). MCE can be used in refrigeration technology. The magnetocaloric
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 material has two
sources of internal energies, the phonon excitation associated with the lattice degree of
freedom and the magnetic excitation which is related to spin degrees of freedom. These

two degrees of freedom are coupled to each other by spin lattice coupling.

When a ferromagnetic (FM) material is subjected to an external magnetic field
adiabatically, it impacts the spin degrees of freedom which results in the alignment of
magnetic spins in the direction of the magnetic field. Due to this spin ordering, the
magnetic part of entropy reduces as the entropy is a measure of the disorder of a
thermodynamic system; a higher order is related to lower entropy and vice versa. If the
process is adiabatic, the total entropy of the system is constant. Therefore, to
compensate for the reduction in magnetic entropy, the lattice entropy increases so that
the total entropy of the system remains constant. As a result, the temperature of the
material increases. The more will be the strength of the magnetic field; the change in
temperature will be large. Similarly, upon removal of the external magnetic field, the
material releases heat. The use of this effect in a magnetic refrigeration cycle is

presented schematically in Fig 1.1.
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Figure 1.1: Schematic representation of a simple Magnetic Refrigeration cycle. At first, a
magnetic field is applied adiabatically resulting, in an increase in the temperature of the
material (refrigerant). Heat is removed to the hot reservoir. 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 follows [55],
S(T,H) = Su(T, H) + S(T) + Se(T) (1.1)

where, Sy (T, H) represents the magnetic part of the entropy which is caused by the
ordering of magnetic spin. S;(T) is the lattice part of the entropy, originates from the
vibration of the crystal lattice and S,(T) is electronic entropy of the material’s free
electrons. T and H are the temperature and the external magnetic field respectively. The
lattice and electronic 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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Figure 1.2: Schematic representation of the total entropy as a function of temperature for a
ferromagnetic sample under zero field and a non-zero field. [sothermal line shows the decrease
of magnetic entropy by ASu due to field change of AH = Hi-Hy and adiabatic magnetization
shows an increase of temperature by A 7;q.

Figure 1.2 depicts the thermal response of the total entropy (S-T diagram) of a
ferromagnetic material in presence of zero and non-zero 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.e. dS = 0)
in a reversible process, temperature increases which can be visualized from the figure
as AT,q(T,AH) = T; — T,. Secondly, when the magnetic field is applied in an isothermal
condition (T = constant), the total entropy reduces due to a decrease in magnetic
contribution. Therefore the magnetic entropy change can be found as ASy,(T,4H) =
S(To,Ho) — S(To,Hy). Both the quantities are a function of initial temperature and the

magnetic field change, AH = H; — H,.

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 (dU) can be written using the differential form of the first law of

thermodynamics as,
dU = dQ — pdV + pyHdM (1.2)

where the total external work performed on the system (dWW) is the sum of mechanical
and the magnetic work (dW = pdV — u,HdM), Q, the heat flux, p, the pressure and V,
the volume of the sample, H, the applied magnetic field, iy, the magnetic permeability of
free space and M is the magnetization of the sample. d denotes that heat flux and work
are not state functions. For an infinitesimal reversible process, dQ = TdS (where T, S

are the temperature and entropy respectively), equation (1.2) can be expressed as,
dU = TdS — pdV + pyoHdM (1.3)

where, U is the function of S,V, and M; U = U(S,V, M). Generally, the experiments are
carried out in constant pressure while changing the temperature and magnetic field

which leads to Gibbs free energy as,
G(T,p,H)=U—-TS +pV — uyMH (1.4)
Using the equation (1.3), the total differential of G (T, p, H) can be obtained as
dG = —SdT + Vdp — yoMdH (1.5)

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

S=- (Z—j)pﬂ and M = —uio(g—fl)m (1.6)

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

the equality gives the following Maxwell relation,

Ga),r =10 (5, (17)
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If we consider the entropy is a function of T and H, the differential form of entropy at

constant pressure can be expressed as,

ds = (z—f,)pﬂ dr + (j—z)p‘T dH (1.8)

For an isothermal process, dT = 0 and using the equation (1.7)

ds = (Z—Z)M dH = 1, (g—’:)pﬂ dH (1.9)

The total isothermal magnetic entropy changes due to magnetic field changes

from H; to H,, takes the form:

H, (OM
ASw(T, AH) = g f,;” (5)20 | dH (1.10)

For an adiabatic process, the total entropy of the system is constant i.e. dS = 0.

Therefore from equation (1.8), we get,

-1

dT = —p, [(Z—j)pH] ("’a—’:)pﬂ dH (1.11)

The heat capacity (C) of the sample is defined as,

— () _ (4
Cp,H - (dT>p_H =T (dT)p_H (1-12)
Therefore, the equation (1.11) modifies as,
T oM
dr = _ﬂom(ﬁ)pﬂ dH (1.13)

The total adiabatic temperature changes due to a magnetic field changes from H; to H,,

takes the form:

H T oM
Ao (T, AH) = —pto [ —— (%

H1 Cp,H

) dH (1.14)

p.H
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Equations (1.10) and (1.14) are used to measure the magnetocaloric properties of any
magnetic material experimentally and are well known as Maxwell's equations to

determine magnetocaloric parameters ASy;and AT,4 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 tune the MCE response
further. To find the criteria, we use the Curie-Weiss law for an FM material under the

low magnetic field and high temperature condition [56],

_ MTH) _ Ng*upjU+1) (1.15)
H 3Akp(T—T¢) -

where, N, g,up,J, A, kg & T, stand for a number of magnetic atoms per unit volume,
gyromagnetic ratio, Bohr magneton, total angular momentum quantum number, atomic

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

OM(TH) _  Ng*/U+Dup
( oT )H_ 34kg(T—T¢)2 (1.16)

Using the equation (1.16), the equation (1.10) and (1.14) take form as,

_ Hy Ng?J(J+D)uj
ASy(T,AH) = — le de (1.17)

_ (H (T Ng*JU+1)up
AToa(T, BH) = [, (c(m)M L an (1.18)

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

change, AT,q varies proportionally to J and 1/(T — T;)?. Therefore, the parameters of
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magnetic material are the maximum near its T¢ i.e the region close to a phase transition,
and also the materials having large J value will be desirable. In this context, rare earth
materials are a great choice though their cost is very high. For room temperature (RT)
application purposes, the phase transition temperature is preferred to be around RT.

Additionally, the specific heat of the material should be low to achieve a large adiabatic

temperate change of the material. Also, both the parameters depend on a term (Z_Z)H
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 accompanies a significant change in magnetization. Further, from
the susceptibility versus temperature curve of a paramagnetic (PM) or a soft FM
material [56], susceptibility decreases with an increase in temperature at a constant

field i.e. ("’a—“;) < 0. If we insert this into equation (1.10) and (1.14), we see ASy < 0 &
H

AT,4 > 0, which 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. During the phase
transition, if the magnetization decreases with an increase in temperature, the change

. N : oM . N
in magnetization with respect to temperature (a_T) becomes negative (shown in Fig.

1.3(a)). Thus, ASy is negative and AT,q4 is positive. Therefore, when the magnetic is
applied adiabatically, the temperature of the material increases. This is known as
conventional MCE. Generally, this type of MCE can be observed across the Curie
temperature of FM to PM transition, Neel temperature (Ty) of an antiferromagnetic

(AFM) to PM transition of a magnetic material.

On the other hand, during a phase transition if the magnetization increases with
. . " oM -
increasing temperature across the transition temperature, — becomes positive

(represented in Fig. 1.3(b)). Thus, ASy is positive and AT,q is negative. This means the

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

favorable structure exhibit Inverse MCE across the transition temperature.

(b)

OMIOT —

TH

Figure 1.3: Schematic representation of M-T curve showing (a) a magnetic phase transition
where M decreases with increase in T and corresponding dM /AT — T curve and (b) a phase
transition where M increases with increase in T and its corresponding @M /9T — T 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 refrigeration, it is hydrostatic pressure whereas in the case
of MR it is the magnetic field. In general, MR consists of a refrigerant (magnetocaloric
material), a variable magnetic field generator system, a heat, and cold heat exchangers,

a heat transfer system (maybe fluid or a gas depending on the operating temperature).
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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 using a
combination of various thermodynamic processes such as adiabatic, isothermal, and
isofield magnetization. There are four main thermodynamic cycles including Carnot,
Brayton, Ericsson, Cascade magnetic cycle, and Active Magnetic Regenerator cycle

which are used in MR [57,58].

1.1.1.1 Carnot Cycle

In MR cycles, the Carnot cycle is considered as a reference cycle as it involves the
magnitude of the magnetocaloric parameters. It is the most efficient thermodynamic
cycle between two thermal sources. In general, it consists of two adiabatic and two
isothermal processes which are schematically represented by a T-S diagram in Fig.
1.4(a). Let us consider the temperature of the magnetocaloric material in absence of an
applied magnetic field is Tcod. Firstly, in the process (A to B), a partial magnetic field is
applied to the magnetocaloric material under the adiabatic condition which results in
an increase of temperature from Tcold to Thot. Next, in the process (B to C), the magnetic
field is further applied to magnetize the material completely in isothermal conditions
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 from Thot
to Tcola. At last, in the process (D to A) the magnetic field is reduced further to its initial
value under isothermal condition maintaining the temperature Tcoq of the material. In
this process, the magnetic refrigerant material absorbs heat from the low temperature
load to compensate for 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 of the Brayton cycle through a
simple T-S diagram. It consists of four thermodynamic processes; two adiabatic and two
isofield processes. Unlike the Carnot cycle, here a constant magnetic field is applied. It

can be assumed that the temperature of the working material is T1 at the starting point
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A while there is no application of a magnetic field. In process (A to B) when a constant
magnetic field is subjected to the material adiabatically, the temperature of the material
enhances from T1 to T1+AT. Now, in the isofield process (B to C), the material releases
heat to the heat sink through heat transfer fluid which lowers the temperature to T1. In
addition, further cooling can be achieved using a regenerator though it is
unnecessary [57]. Next, in the process (C to D), the adiabatic demagnetization causes a
reduction of temperature of the material to T1 to T1-AT. In the last isofield process (D to
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 which are shown by a T-S diagram 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
the material’s temperature constant (Thot). Next, in the isofield process (B to C), the
regenerator absorbs heat from the material and the temperature falls to Thot to Tcola.
Subsequently, in the next process (C to D) the demagnetization in isothermal condition
absorbs heat from the load to maintain its temperature. Finally, in the process (D to A)
regenerator releases heat to the material resulting, an 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 magnetocaloric 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 situation 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. In a 7-

S diagram, the cascade of two Ericsson cycles is shown schematically in Fig. 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 material is solid, the same fluid can be transferred to
these two cycles. Hence there is no need for heat exchangers between the two sources

unlike the conventional one.

(a) Carnot Cycle H, E-qT H
(B) '
=~ H>H
, (©) (B) 1 0 H,>H,
hot | - ————————
Tcold —————————
(D) (A)
(D) (b) Brayton Cycle
S —> S —>
T | T H,>H, H',
~ (®) 0 | Mot Hy (By)
T]]m ————————— (A) H1> H(] Thot _________________ (.) I(Al)
] D’ B,/ (A)
cold | ===~~~ (Dy)
o ™ r | )/ ) SO
(Cy) (D)
() Ericsson Cycle (d) Cascade Magnetic Cycle
s —> s

Figure 1.4: T-S diagram of thermodynamic (a) Carnot cycle, (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 first introduced by Steyert in 1978 [59].
With the exception of the Carnot cycle, it is considered as the most efficient
thermodynamic cycle for magnetic refrigeration when the operating temperature is at
room temperature. Here, magnetocaloric material works both as a 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 needed which will connect the
refrigerant with the hot and cold heat exchangers, and 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 gradient. At first, due to adiabatic
magnetization, the temperature of the magnetocaloric regenerator material increases
which releases heat to the heat transfer fluid in the regenerator and increases its
temperature. Now, in the isofield processes, the heat transfer fluid in the regenerator
with the fluid coming from the cold heat exchangers absorbs the heat and releases at a
higher temperature than that of a heat sink in the hot heat exchangers. Next, in
adiabatic demagnetization processes, the 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 increases its temperature to its initial

temperature. Thus, the cooling of the load occurs.

1.3 Experimental techniques to measure the magnetocaloric effect

Based on the determination procedure of magnetocaloric parameters, the
characterization of MCE is categorized as a direct and indirect method which are

described in detail as follows [26,57,60-62].

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 be measured, and hence, no further
estimation is required to realize the MCE of a magnetic material [26]. 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, AT,q(T,AH) would be measured as a function of starting

temperature [63-67]. 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 holder for the accurate measurement

of the instantaneous temperature change due to field changes.

1.3.2 Indirect technique

The magnetocaloric parameter, ASy,, is less straight-forward compared to AT,4 but easy
to determine. As the temperature changes of the material are owing to the change in the
order of magnetic spin, it can be expected that if the ASy; becomes large, AT,4 would be
large. In an indirect method, the magnetocaloric parameters are determined following

two approaches.

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

material can be written in zero field and non-zero field as [60],

S(T,0) = f7 <L24T + 5(0,0) (1.19)
ST H) = [ <2 ar + (0, H) (1.20)

where, $(0,0) and S(0, H) are the entropy in zero field and non-zero field at absolute
zero and both are the same for a condensed system. Hence, subtraction of equation

(1.19) from equation (1.20) results,
ASw(T, AH) = [ SHECD g (1.21)

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

(1.10) as

(M(T+%,Hi)—M(T—¥,Hi))

AT

ASy(T, AH) = py 3 AH; (1.22)
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Indirectly, AT,4 can be evaluated using the field dependent specific heat and ASy data

as,

(M(T+%Hi)—M(T‘%Hi)) AH, (1.22)

T

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 second order phase transition (SOPT). In the case of FOPT, the use of these above
equation provides an unphysical spike to the ASy; — T curve. In order to get the
appropriate results of magnetocaloric parameters, the so-called loop processes are
followed to measure the isotherms where during every measurement of M-H curve, the
material is heated or cooled to the weak magnetic region to remove the field history

effect of the sample [68].

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 referred to 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],

RCP = |ASP | ATeyyum (1.23)
where, ASP®* is the peak value of ASy of ASy, — T curve and ATgyyy stands for the

temperature span of full width at half maxima of AS;; of ASyy — T curve. A promising
magnetocaloric material should have a large RCP value, provided the material has
sizeable magnetocaloric parameters. Usually, the material associated with FOPT
exhibits large magnetic hysteresis losses upon application and removal of an applied

magnetic field which will heat up the material. As the purpose is to use the material for
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cooling, the hysteresis losses are needed to subtract from the RCP value to obtain its net

RCP [10].

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 magnetocaloric 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 cost-
effective, the focus is shifted to the transition metal based alloys which are low-cost
materials. In the following section, we have presented a brief review of the investigated
magnetocaloric materials so far based on the literature survey. We have also compared

the magnetocaloric properties of different types of materials in Fig. 1.5.

1.4.1 Rare Earth Containing Materials

Rare earth (RE) metals with localized magnetic moment on rare earth ions have a
significantly large value of saturation magnetization. From the pure lanthanide
elements, Gd is the only pure RE metal to exhibit a large magnetocaloric effect with ASy,
about 10 ] kg1 K-1 near room temperature at T ~ 294 K due to the field changes of AH =
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 Gd-based
binary compounds with general formula Gd-M such as GdossYo.15, Gdo.ssTbo.15 [69].
Several RE containing materials which can be considered as promising magnetocaloric
materials are Laves phases materials, La(FeSi)i3-based compounds, Gds(Si,Ge)a
compounds, ThCr2Siz2-type compounds, ferromagnetic Lanthanum manganite, and other
RE containing compounds (shown in Fig. 1.5) [26,30-32,57,62]. For instance; In 1997,
Pecharsky and Gschneidner reported the giant magnetocaloric effect in GdsGezSiz with
magnetocaloric parameters such as ASy, =20 ] kg! K1, AT,; ~ 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 LaFe11.4Sits,
reported by Hu et al. in 2001 [70], exhibits giant MCE with AS,, = 20 ] kg1 K1 at 208 K
for AH = 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 high-cost materials
though they are very effective as magnetocaloric materials. Therefore, to make the
magnetic refrigerant cost-effective, researchers are focused on low-cost transition
metal (TM) based alloys. In this regard, Mn-based compounds are the best option, as it
possesses maximum magnetization among other TM elements. The MCE response of
several Mn-containing materials including Ni-Mn-based Heusler alloys, Mn-Fe-based
compounds are explored for this purpose [35-54, 57]. These materials exhibit first
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, the above-mentioned magnetocaloric materials, the MCE response of a few
transition metal based amorphous magnetic materials [57,71-74] are investigated in
search of promising refrigerant material. An overview of the MCE response of various
type of magnetocaloric materials is presented in Fig. 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 temperature 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 temperature. The magnetocaloric
materials belong to La(Fe,Si)i3-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 for the usage of
these materials in a commercial application. In the 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(Co, Ni)Ge-based materials of MnTX (T = Ni, Co, and X = Si, Ge)
family have the potential 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
element’s ration and also by single element substitution. On the other hand, Ge contains
in Mn(Co,Ni)Ge-based material will make it a little expensive for magnetic refrigeration.
Other materials such as MnAs- and MnFe(As,P)- based materials also show large MCE

but these materials contain toxic ‘As' element. Considering all the above-mentioned
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facts, we have preferred low-cost transition metal based NiMnSn-based Heusler alloys
and MnNiSi- based intermetallic compounds from the MnTX (T = Ni, Co, and 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 MnNiSi-based

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 X;YZ, where three components occupy
the crystallographic non-equivalent positions of an L2; structure. X and Y are the
transition metal elements and Z is I1IA-VA group element [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 alloy without using any ferromagnetic constituents and

CuzMnSn alloy was first reported Heusler alloy in 1903 [75].

Heusler alloy has a cubic L2; type structure (space group: Fm3m) which consists
of four interpenetrating face centered cubic sub-lattices, shown in Fig. 1.6(a). In the
unit cell formed, X atoms take the positions (0, 0, 0) and (¥, ¥, %), Y takes (Y, %, %)
site, and Z occupies (34, 3%, 3%) position. When one site, (Y2, %2, 2) is vacant, it is
recognized as half Heusler alloy which has C1y, 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 many numbers of valence electrons
occupies the X sites, following the Y and Z positions accordingly. The Heusler alloys in
stoichiometric composition show ferromagnetic order. Most of the off-stoichiometric
Heusler alloys in a broad composition range and few in stoichiometric ratio undergoes
a structural transformation from parent austenite phase (Cubic L21) 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 structural transformation is the first order phase transition
which is associated with a thermal hysteresis. The application of a magnetic field to this
structural transformation results in significant magnetization changes across the
transition. Hence, a large 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 strain energy arising from the share like
displacement [77]. During transformation, the atoms move less than their 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, resulting in a lattice distortion in the system. This
transformation is induced in the system by mechanical processes or by temperature
changes during the cooling process. The martensitic transformation was first observed
in quenched steel by Adolf Martens at the end of the 19% century and the low

temperature phase was named after the name as ‘martensite’ whereas, the high
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temperature phase ‘austenite’ is named after Sir William Chandler Roberts-Austen.
Generally, Heusler alloys in off-stoichiometry 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 Ni-Mn-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
Mg and finishes at M whereas, the reverse transformation from martensite to austenite
occurs between Ag and Af. The martensitic transition temperature is defined as,
Ty = (MS + Mf)/Z and the reverse transition temperature is defined as, T, =
(AS + Af)/Z. The separation between T, and T, represents the hysteresis width. All the

characteristic transitions are labeled in the figure.

Cubic L2I

O

Martensite * % Austenite
do O'c
"
010,0000000000.000°| ][] \AS 000 0
T—.

Figure 1.7: Temperature dependent magnetization curve of Ni-Mn-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 to exhibit an
exchange bias (EB) effect in the martensite phase due to the presence of
inhomogeneous magnetic phases. The macroscopic observation of the 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 bilayer. A schematic
representation of exchange bias behavior is shown in Fig. 1.8. It can be considered, an
FM layer is in close contact to an AFM layer and their critical temperature must satisfy
the criteria, T > Ty. At a temperature, in between T and Ty, 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 finite temperature which is lower than Ty.

During field cooled processes, because of exchange interaction at the interfaces,
the first monolayer of AFM spins orients ferromagnetically following the FM layer. The
next monolayer of antiferromagnet spins will align in the opposite order of the 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 in a single domain state and will remain 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 the opposite direction. As a
result, the first coercive field at T < Ty is higher than that of at T > Ty. Similarly, on the
way back from negative saturation to positive saturation, a smaller external field is
necessary to rotate the FM spins in their original direction. Therefore, a shifting of the
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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recording media, sensors, read heads, and many other devices [84].
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Figure 1.8: Schematic representation of the exchange bias effect which exhibits the shifting of
the magnetic hysteresis loop.

EB is generally observed in the system which is containing AFM-FM interfaces
such as in small coated particles, inhomogeneous material, and thin film. For Ni-Mn-
based Heusler alloys, EB is observed in the martensite phase only [81-83]. EB property

has many applications in technological devices including permanent magnets, magnetic
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1.6 MnTX (T =Ni, Co and X = Si, Ge) Compounds

The intermetallic compounds with the general formula, MnTX (T = Ni, Co, and X = Sj,
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 high-temperature hexagonal Ni:In-type structure
(Space group: P63/mmc) on heating in the paramagnetic region [46,85-89]. Structural
transformation being first order transition, one can expect that there will be a large
magnetocaloric effect across the 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 at the same temperature near room
temperature is the excellent choice. Several 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, MST 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 above-
mentioned techniques as their closeness of magnetic and structural transition.
Stoichiometric MnNiGe [89] exhibits a magnetic transition at a Neel temperature (Ty) of
about 346 K and a structural transition at Ty ~ 470 K, whereas stoichiometric
MnCoGe [86] undergoes a magnetic transition at the Curie temperature (7T¢) of about
355 K and structural transitions at Tw ~ 650 K. Fang et al. [90] reported that off-
stoichiometric MnCoo.95Ge1.14 exhibits a first order magnetostructural transition with a
large |ASy| = 6.4 ] kg1 K1 for AH = 10 kOe at peak temperature T = 331 K. Trung et
al. [46] discovered the coupled MST and giant MCE near room temperature by addition

of few percent interstitials of boron atoms in MnCoGeB;x alloy and they obtained the
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optimum |ASy,| = 47.3 ] kg1 K1 due to AH = 50 kOe at T = 287 K for the alloy with x =
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 temperature [86,91,92]. In off
stoichiometry Mn19-xNixGe [93], the structural transition reduces to the lower
temperature than that of Curie temperature o NizIn phase and shows an optimal AS,, =
~27 J kg1 K1 due to AH = 50 kOe at about T = 238 K for x = 0.85 which is ascribed to a
first order metamagnetic structural transformation from AFM TiNiSi type to FM NizIn
type structure. By isostructural alloying MnNiGe system with CoNiGe system, a coupled
MST with giant MCE (]ASy| =40 ] kg'! K1 due to AH = 50 kOe at T = 238 K) was
reported by Liu et al [94].

FM TiNiSi type Ni In type
Orthorhombic

hexagonal

y,

M
°I

A CLY

T

Figure 1.9: Schematic representation of Magnetization vs. Temperature curve of MnNiSi
compound exhibiting magnetic transition from FM to PM at T¢ ~ 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 compound [95]
also exhibit a second order FM to PM transition at T¢c ~ 622 K and, beyond that
temperature, a first order structural transformation from TiNiSi type orthorhombic to
Niz2In-type hexagonal structure at a higher temperature of about Ty~ 1210 K on heating
as presented schematically in Fig. 1.9. The lattice parameters of two crystal phases are
related as a, = ¢, b, = ¢, and ¢, = V/3a; which leads to the unit cell volume relation
as,V, = 2V,. Here, ‘0" and ‘h’ represent orthorhombic and hexagonal structure
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 cost-effective for magnetic refrigeration. Li,
et al. [88] reported that with the substitution of Co (Fe) in MnxNiSi, both the magnetic
and structural transition decreases significantly toward 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 achieve MST. However, by
alloying (MnNiSi)1x with binary compound FezGe [96], or with a ternary compound like
FeNiGe [97] or FeCoGe [98] the MST is successfully obtained near room temperature
which results in a giant MCE for this system. For x = 0.35 of Fe;Ge doping, the maximum

value of |ASy| is 36.9 ] kg1 K-1 due to AH = 50 kOe at peak temperature T = 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 will save a huge amount of energy globally and hence, a large
commercial and environmental savings. Energy-efficient 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 of a magnetic field. As the
temperature change of the materials is due to change in the 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 metamagnetic 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 order MST
where both magnetic and structural 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 cost-effective, it essentially requires low-cost earth-abundant materials

with giant magnetocaloric properties around room temperature as a refrigerant.

The materials such as GdsSi>Gez [18], La(Fe,Si)13-based alloys [32], Mn-Fe-based
compounds [10], and Ni-Mn-based Heusler alloys [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 transition from
AFM or PM to FM phase leading to a MST which 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 with
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 low-cost alloys made of earth-abundant elements and to tune
their MCE further to make them suitable for room temperature magnetic refrigeration.
For that purpose, we prefer Ni-Mn-Sn off stoichiometric Heusler alloys [99-101] and
MnNiSi-based intermetallic compounds [102,103].
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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 its
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 MnNiSi-based intermetallic compounds and their
effectiveness as magnetic refrigerant materials are discussed. The chapter also includes

the motivation of the thesis and the organization of the thesis.

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

and measurement techniques used in the present studies.

Chapter 3 is devoted to the magnetic and magnetocaloric properties of Al doped
(Mno.cFeo.4)NiSi1Alx (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 for x =
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 in-detail study of magnetocaloric properties in transition
metal based (MnNiSi)ix(FeCoGa)x (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 ferromagnetic 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 exhibit isothermal magnetic entropy change as large as ~31.1 ]

kg1 K-1 at 281 K due to field change of 50 kOe. This investigated series of materials will
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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 Niss5C02Mn375Snis 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 NizgCo1.5Mn3sSnis5-4xSix (x = 0, 1, 2, and 4)
Heusler alloys. A few percentages of Si doping in place of post transition element is
observed as an effective way to reduce thermal as well as magnetic hysteresis of these

alloys.

In Chapter 7, we have focused on the study of reversible magnetocaloric
properties and analysis of critical exponents around second order magnetic transition
in MnsgxFexNis1Sn11 (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 techniques used in the present studies.



Chapter 2

2.1 Preamble

We have presented here an overview of the preparation of alloys, and further
processing of the prepared alloys to make them ready for several characterizations, and
measurement techniques. We have prepared the samples for the present thesis using
the conventional arc-melting technique. The crystallographic phase of these samples
has been detected by performing the X-ray diffraction (XRD) pattern using RIGAKU
MiniFlex II, and PANalytical X'Pert Pro. The final composition of the prepared sample
has been checked by Energy dispersive analysis of X-ray (EDAX, Quanta FEG 250).
Differential Scanning Calorimetry (DSC, TA instrument) is used for the thermal
characterization of the samples. Magnetic measurements of these samples are carried
out using Vibrating Sample Magnetometer (VSM, Lake Shore Cryotronics), Physical
Property Measurement System (PPMS, Cryogenic Ltd.), PPMS (Quantum Design), and
Superconducting Quantum Interference Devices (SQUID, MPMS, Quantum Design).
Pressure dependence of magnetic measurements is performed in Quantum Design
PPMS equipped with Cu-Be clamp-type pressure cell with a maximum pressure of 1
Gpa. All the above-mentioned 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 arc-melting technique
under 4N purity of the argon atmosphere [1-3]. The constituent raw elements of the
samples are purchased separately from Sigma Aldrich. Their form and 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%), and Gallium (Ga: trace metal basis, 99.9995%).
A maximum current of about 100 A is used to prepare the as-prepared samples.
Initially, a low current is used to melt the constituent elements of the sample which
form as a single lump, and subsequently, a high current is used to melt the lump so that

the elements diffuse to each other, and formed an alloy. The prepared 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 percentages (about 2-3%) of Mn is added to compensate for the
weight loss due to its evaporation during melting while the prepared sample contains

Mn as the main element.

The as-prepared 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 required
times, the ampoule is quenched into ice water. The annealed samples are then cut into
desired pieces using Buehler make low speed saw, and then polished for
characterization, and measurements. An image of the sealed ampoule, furnace used for

annealing, and low speed saw are presented in Fig. 2.1

(a) Sealing (c) Low speed saw

(b) Furnace

Figure 2.1: An image of (a) the 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 arc-melting furnace (EAF) is a sample preparation unit which is used here to
prepare the investigated samples with a high degree of purity by melting constituent
elements of the alloy under argon atmosphere [4-6]. The furnace system consists of the
Tri-Arc Furnace, a resistor box, a D.C. power supply, a set of water-cooled power cables
to bring power, and water to the furnace, a chiller to supply cold water and pump for
circulation of water, and a vacuum unit to evacuate the chamber. In our Tri-Arc furnace
(Centorr Vacuum Industries, model: 5TA), the maximum output current of the power
supply is 450 A. A temperature of about 3000°C can be achieved in EAF. The whole

apparatus is shown in Fig. 2.2.

The furnace consists of a water-cooled top, and bottom sections separated 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 copper stinger rod is
mounted into a swivel ball which allows the vertical as well as the angular movement of
the electrodes. Additionally, there is a relief valve that maintains the chamber pressure.
The bottom section contains a tapered opening copper hearth to mount 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 insulating 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 gas is purged into the
chamber. To maintain the good quality of inert atmosphere inside the furnace chamber
about 5-6 times roughing and purging are required. When the electrodes (cathode) are
brought closer to the copper hearth (anode), an intense stream of electrons 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 the homogeneity of the

prepared samples.

| T hgrt =i |

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 are used 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, corresponding 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, phases,
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preferred crystal orientations, and other structural parameters such as average grain
size, lattice strain, and crystal defects. X-ray having wavelength similar to the distance
between atoms of the crystal, it is used to study the atomic structure. A schematic
presentation of X-ray diffraction measurement is shown in Fig. 2.3. The cathode ray
tube and associated electronics generate limited frequency ranges of X-rays which are
filtered to produce monochromatic radiation. A crystalline material can be considered
as a periodic arrangement of atoms. When monochromatic X-rays having a wavelength,
A, fall on to the crystalline sample, X-rays are scattered elastically by the electrons of
atoms within the crystal plane and form outgoing spherical waves. These scattered

waves interfere constructively in a few specific directions following Bragg’s law [8],
2dsinf =ni (2.1)

where, d is the inter-planer spacing in the crystal, 6, the angle of diffraction, and n is an
integer (order of diffraction). In practicality, 0 is the incident angle of the X-ray beam
with respect to the sample which is varied for a wide range of angles for a small step,
and 26 is the diffraction angle of the reflected beam with respect to the direction of the
incident beam. The diffracted beam of X-ray 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 the sample 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.

Generally, the XRD pattern is performed in two types of systems. In the 6-20
system, the X-rays source is fixed, and the sample rotates at 8°/min while the detector
moves at 20°/min. In the 6-0 system, the sample stage is fixed while the X-ray source
and the detector rotate simultaneously at an angular speed of 8°/min. We have used
RIGAKU MiniFlex II (6-26 system) and PANalytical X’Pert Pro (6-6 system) X-ray
diffractometer using Cu-Kq radiation (A = 1.54 A) for initial characterization of our

investigated sample for the present studies.
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Detector

X-ray
Source

Figure 2.3: Schematic diagram of an X-ray diffractometer

2.3.2 Energy dispersive analysis of X-ray

Energy dispersive analysis of X-ray (EDAX) is a useful technique to determine the
elemental composition of a material [9]. The atom of every element possesses a unique
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 to higher energy levels or can knock out some
of them during this process. Subsequently, there is an electrons deficiency (holes) by
the ejected electrons in the inner shells, and eventually, it is filled by the electrons from
the high energy levels of the outer shell. However, the energy difference between these
two energy levels is emitted as an X-ray 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 in Fig. 2.4. Furthermore, during the transferring process,
the atom of each element releases X-rays with unique amounts of energy. Therefore the
presence of elements in the sample can be identified by measuring the amounts of

energy present in the X-rays being released by a sample. An EDAX spectrum exhibits
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peaks corresponding to the energy levels for which the most X-rays have been received.
Those peaks are unique to an atom and hence, 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 present studies, 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, and emission of X-ray from an atom.

2.3.3 Differential Scanning Calorimetry

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

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

processes.

A schematic diagram of DSC is shown in Fig. 2.5. The sample material is
encapsulated in a pan and an empty pan is used as a reference pan. Both the sample and
reference pan are made of the same material 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 way of heat transfer to
and from the sample material and the reference. A chromel (NigooCrio) 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 (NiooCrio) and alumel (NiosMnAlzSi) wires are attached with the

chromel wafers.

During measurement, both the sample and the reference are kept in the same
thermal environment and subjected to a linear temperature ramping rate and
eventually, the temperature difference between the sample and the reference (AT) i.e.
the extra amount of heat is released or absorbed by the sample, measured by the

thermocouple is converted to the differential heat flow (q) as,
AT

where R is the thermal resistance of the constantan disk. K1 and K: stand for the
factory-set and user-set calibration values. The existence of any phase transition that is

accompanied by the thermal changes can be detected from the DSC heat 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 (Ms),

martensite finish (My), austenite start (4s), and austenite finish (4f) temperatures. The
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latent heat, enthalpy, and the total entropy changes associated with the phase transition
can also be evaluated by analyzing the DSC curve. Moreover, the specific heat of the
sample can be evaluated as a function of temperature using a modulated DSC technique

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

Sample chamber
Gas purging inlet Thermoelectric disk
Lid

!

Reference pan ©

¢ Samlzle pan

—7 =
Chromel wafer Chromel wafer

Heating block

Alumel wire

Chromel wire

Figure 2.5: Schematic diagram of a Differential Scanning Calorimeter

2.4 Magnetic measurement technique

To estimate the magnetocaloric parameters using the 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 kOe. M-H measurements are
performed for a maximum field of 50 kOe. All the magnetic measurements are carried
out using Vibrating Sample Magnetometer (VSM, Lake Shore Cryotronics), Physical
Property Measurement System (PPMS, Cryogenic Ltd.), PPMS (Quantum Design), and
Superconducting Quantum Interference Devices (SQUID, MPMS, Quantum Design).

Pressure dependence of magnetic measurements is performed in Quantum Design
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PPMS equipped with Cu-Be clamp-type 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). VSM is a very sensitive magnetometer that can measure a
very low magnetic moment up to the order of 10-5-10-¢ emu [11]. VSM operates based
on Faraday’s law of induction which states that an electromotive force (emf), V, will be

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

The schematic diagram of a VSM is shown in Fig. 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 of the
electromagnet. The sample is placed at the center in the region between the poles of the
electromagnet. A thin vertical nonmagnetic rod, usually made of plastic or quartz,
connects the sample holder to the transducer 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 magnetizes the sample and hence, any change in magnetic flux
density inside the sample will be due to the change in magnetization only. As the
sample vibrates mechanically, according to Faraday’s law of induction, the change in
magnetic flux density that links with pick-up coils will produce an emf as,

ao
dt

V= (2.3)

where @ is the magnetic flux. For the pick-up coils with a cross-sectional area A and N
number of turns,

V=-NAZ (2.4)
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where B is the magnetic flux density. When the pick-up coils are placed in a constant

magnetic field (H),

B = poH (2.5)

where, p, 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 sample takes the form as,

B = po(H + M) (2.6)

Therefore, the corresponding change in magnetic flux density is given by,

AB = poM (2.7)

The induced emf in the pick-up coils can be expressed as,

Vdt = —puoNAM (2.8)

The output signal is proportional to the magnetization of the sample but independent of
an applied magnetic field in which the magnetization of the sample has to be
determined. This signal goes through the lock-in amplifier as an input. The mechanical
vibrator’s frequency is set to the reference of the lock-in amplifier to eliminate the noise
of the environment and to deduce the magnetic moment of the sample only. However,
though the induced emf signal in the pick-up 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 error. To eliminate these issues, a vibrating
capacitor is used to generate the reference signal which varies with the vibrational

frequency and the amplitude, in the same manner, the signal form in the pick-up coils.
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Figure 2.6: Schematic diagram of a Vibrating Sample Magnetometer

2.4.2 SQUID Magnetometer

Superconducting Quantum Interference Devices (SQUID) is the most sensitive 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 susceptibility [12]. Hence, the
application of SQUID is wide ranging. This device can detect an incredibly small

magnetic field, small enough to measure the magnetic fields in living organisms [13].

The working principle of SQUID is based on two physical phenomena [12-15].
One is flux quantization which means the magnetic flux (®) in a superconducting ring is
quantized and exists only in multiple of flux quantum (®o = h/2e = 2.068x10-1> Wb, 1
Wb/m?2 = 1 T). Eventually, the magnetic field inside a ring with the area of 1 cm? can
only exit in discrete steps of 2.068x10-11 T. The other physical phenomenon is the
Josephson effect. SQUID can be of two types. The first one is dc SQUID which is

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

the superconducting loop and it is operated 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, superconducting electrons 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 insulating layer barrier which
results the flow of resistance less current through the insulator. This is known as the
Josephson Effect. The applied current (I) flows through a Josephson junction depends
on the difference in phases (6) of the two superconductors at the insulating barriers as I
= Ip Sin 6. Where Io 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 I-V characteristic
(shown in Fig. 2.7(b)). As the current is increased from zero value and less than Ip
value, the superconducting current flows through the junction without any voltage
drop. When the current is increased further beyond Io, the voltage starts to increase
abruptly and it returns to zero only when the current is reduced to a lower value than
lo. To eliminate the hysteresis on the I-V characteristic, both the junction are shunted
with a shun resistance. Now, we assume that the bias current is increased from zero to a
slightly higher value than the critical 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 magnetic flux (@ = BextA) is applied, there will be a screening current

around the superconducting loop (Is = - ®/L) as the superconductor expels the
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magnetic flux through it. This induced current will flow along the direction of bias
current of one junction and opposite 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 an increase or decrease in applied flux, the voltage will change periodically
with the period being that of the flux quantum @®,. Therefore, the dc SQUID transforms
the magnetic flux that has been coupled to the SQUID loop to a measurable voltage.

(a) ) (b)
\Y% /

\% ,
S I=

/ b

v

Figure 2.7: (a) A schematic diagram of a dc SQUID (b) I-V characteristic of a Josephson junction.

A schematic setup of the used MPMS SQUID magnetometer detection system is
shown in Fig. 2.8. When the sample moves through the superconducting pick-up coils, a
magnetic flux associated with the coil changes. Usually, SQUID detects the flux change
which is converted to a voltage Vsquip. For MPMS, the sample position is denoted as ‘X’
position which is parallel to the applied external magnetic field. The output voltage
Vsquip is recorded as a function of the position x, which is also shown in Fig. 2.8. To
suppress the influence of all kinds of external magnetic fields, the pick-up coils are
configured as second order gradiometer. 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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Magnetostructural transition

Chapter 3 and large magnetocaloric effect
in (Mno.sFeo.4)NiSii-xAlx alloys

This chapter describes the tuning of magnetostructural transition and the giant
magnetocaloric properties across that transition in earth-abundant cost-effective
transition metal based (MnosFeo.4)NiSi1xAlx (x = 0.06 - 0.08) alloys and the present
studies suggest that these materials can be very effective as magnetic refrigerant

materials.
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3.1 Preamble

Recently, studies of MnTX (T = Co, Ni, and X = Ge, Si) intermetallic compounds have
drawn considerable attention to the researchers owing to their magnetoresponsive
multifunctional properties such as temperature induced magnetostructural transition
(MST), magnetic shape memory effect (MSME), giant magnetocaloric effect (MCE),
volume anomalies around room temperature [1-12]. These stoichiometric intermetallic
compounds are observed to undergo a first order structural transformation, beyond the
second order magnetic transition temperature, from TiNiSi-type orthorhombic
structure to a NizIn-type hexagonal structure in the paramagnetic (PM) region without
having a significant change in magnetization and 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. Therefore, it is crucial
to couple both the magnetic and structural transitions at the same temperature to

achieve a large magnetocaloric response in these alloys.

In order to obtain coupled MST in these systems, several efforts are made till
now such as by element substitution, changing of stoichiometry, isostructurally
substitution, or application of hydrostatic pressure [8,10,12-14]. For that purpose,
MnCoGe and MnNiGe from the MnTX system are extensively studied materials so far to
obtain MST and the corresponding giant MCE across MST having their closeness of both
magnetic and structural transition temperatures. MnCoGe [15] system in stoichiometric
composition exhibits a magnetic transition at Curie temperature, T¢c = 355 K and a
structural transition at Ty = 650 K whereas, stoichiometric MnNiGe system [16] shows
a magnetic transition temperature at Neel temperature, Ty = 346, followed by a
structural transformation at Tw = 470 K. For instance; Fang et al. [3] reported that off
stoichiometric MnCoo.95Ge1.14 alloy exhibits a large magnetic entropy change (|ASy|)
about 6.4 ] kg1 K-1 for magnetic field change of AH = 10 kOe at a peak temperature T =
331 K which is associated with first order MST. Trung et al. [17] discovered the coupled

MST and the corresponding giant MCE near room temperature by addition of few
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percent interstitial of boron atoms in MnCoGeBy alloy and they obtained an optimum
|ASy | about 47.3 ] kg1 K1 due to AH = 50 kOe at T = 287 K for the alloy with x = 0.02.
Liu et al [8] reported a coupled MST with giant MCE (|ASy| =40 ] kg1 K1 due to AH =
50 kOe at T = 238 K) in isostructural alloying MnNiGe system with CoNiGe system.

However, the stoichiometric MnNiSi[18] compound exhibits a magnetic
transition at T¢ = 622 K and a first order structural transition at a high temperature of
about 1210 K in the paramagnetic state. Therefore, the 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 cost-effective material for commercial usage.
Recently, Li et al [19] observed a significant decrease of structural transformation
temperature (Tu) due to the substitution of Fe and Co in place of Mn-site of MnNiSi
system. Zhang et al [20] chemically alloyed MnNiSi with binary compound Fe;Ge and
studied the MCE properties across MST for different compositions of that alloy.
Moreover, by chemically alloying MnNiSi with an isostructurally ternary compound

such as FeNiGe or FeCoGe, giant MCEs are obtained near room temperature [14,21].

In this chapter, we have investigated the tuning of MST and the magnetocaloric
properties across it by substituting Al in the place of Si site of (Mno.sFeo.4)NiSi chosen as
parent alloy. The reported values of T¢ and Twm of nearly similar composition,
(Mno.e4Feo.36)NiSi [19], very close to our parent alloy, are 529 K and 881 K respectively.
Interestingly, Ty value reduces to room temperature with Al doping and for a nominal
composition of (Mno.sFeo.4)NiSio.93Alo.07, we have observed first order MST with a large
value of magnetic entropy change (ASw) about -20.6 ] kg1 K1 at 255 K. These transition

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

3.2 Experimental
Conventional arc-melting technique is used to prepare polycrystalline (Mno.cFeo.4)NiSi1-
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 as-cast samples are then sealed in an evacuated quartz
tube along with a tantalum foil and annealed for 100 hours at 1173 K, followed by
quenching it into ice water. The Compositions of annealed samples are checked by
energy dispersive 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 the
investigated samples are carried out using PANalytical X'Pert Pro with Cu-Kq radiation
(wavelength, A = 1.54 A). We have prepared the powder form of the annealed samples
using a mortar and pastel for XRD measurement. Thermomagnetic data (M-T curve) and
isothermal magnetic measurements (M-H curve) are performed using a Physical
Property Measurement System (PPMS, Cryogenic Limited) with a maximum applied
magnetic field of 50 kOe. M-T measurements are performed for a temperature region of
80 - 400 K in presence of different applied magnetic fields under zero field cooled
(ZFC) and field cooled (FC) condition. In ZFC condition, the sample is cooled from room
temperature to a low temperature in presence 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 the M-T
data has been recorded when the sample is subjected to the constant magnetic field and
the temperature is reduced to a 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 follows, 0-»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 temperature (RT = ~
300 K). In the figure, ‘h’ and ‘o’ denote the peaks of hexagonal NizIn-type and
orthorhombic TiNiSi-type structures respectively. With enhancing Al content in Si sites
the structure changes from orthorhombic TiNiSi-type (x = 0.06) to hexagonal NizIn-type
(x = 0.08) at RT, suggesting that T; 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 an., = 3.97 A and cj,, = 5.13 A. The calculated lattice parameters of
orthorhombic structure for the alloy with x = 0.06 are a,,¢p, = 5.55 A, byreno = 3.80 A
and c,,¢p, = 6.84 A.
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Figure 3.1: XRD patterns of (MnoeFeo4)NiSiiAlx (x = 0.06, 0.07 and 0.08) alloys at 300 K and
temperature dependent XRD patterns for the alloy with x = 0.07.

Further, the temperature dependence of the XRD pattern is performed for the
alloy with x = 0.07 and is shown in Fig. 3.1. At 240 K, dominating the orthorhombic
phase is observed along with some traces of hexagonal phase as the MST is close to that
temperature. On the increasing temperature, the hexagonal phase dominates and it is
the only phase observed at 300 K. The unit cell volume changes about 2.81 % during the
structural transformation from the low temperature orthorhombic to high temperature
hexagonal phase. The lattice strain developed in these materials is calculated using the
Williamson-Hall method [22]. The estimated lattice strain for the alloy with x = 0.07 at
240 K in the orthorhombic phase is 0.0038 whereas it is 0.0023 in the hexagonal phase
at 300 K. Therefore, the structural transformation of these materials is accompanied by

a significant change in unit cell volume as well as in lattice strain.
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The temperature dependent magnetization curves (M-T curves) for the samples
(Mno.sFeo.4)NiSi1-xAlx (x = 0.06, 0.07 and 0.08) are carried out in the presence of 500 Oe
field during ZFC and FC condition within a temperature regime of 80 K - 400 K at an
interval of 5 K which are shown in Fig. 3.2. For x = 0.06 and 0.07, the sudden change in
magnetization during both heating and cooling indicates the MST between low
temperature FM orthorhombic phase and high temperature PM hexagonal phase. The
presence of thermal hysteresis signifies the coupling of magnetic and structural
transition, leading to a coupled MST which is first order in nature. The magneto-
structural transition temperature (T), defined as the temperature where dM /dT shows
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 sample with x = 0.08 does
not exhibit any first order MST in the temperature region of 80 K < T < 400 K. Hence, x
~ 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 with x = 0.07 is carried out for the
various applied magnetic field of 10, 30 and 50 kOe for the temperature region of 100 K
< T <300 K at an interval of 1 K which is shown in Fig. 3.3. T: is found to increase from
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 of a magnetic field. That's why a shift in transition
temperature towards higher temperature is observed with the magnetic field.
Moreover, a large change in magnetization about 50.3 emu g1 is observed during MST
from PM phase to FM phase due to an application of 50 kOe magnetic field. 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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Figure 3.2: (a) M-T curves for (MnosFeo4)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 alloy with x = 0.07 in presence of different applied magnetic field
at a temperature interval of 1 K.

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

= 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 during the
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 Kand 271.3 K for x = 0.06 and 0.07 respectively.
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Figure 3.4: DSC heat flow curves for x = 0.06 and 0.07 samples during heating and cooling
mode.

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

remove the field history effect of the sample. In this protocol, at first, the 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 selected 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 for M-H measurement. This
procedure is followed for all the M-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.
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Figure 3.5: Isothermal M-H curve for (MngeFeo4)NiSioosAloos alloy at selected temperatures
with 3 K interval due to application of 50 kOe magnetic field during (a) heating mode and (b)
cooling mode

Magnetocaloric properties of any magnetic material are solely associated with
the nature of phase transition it undergoes. Therefore, to confirm the order of MST,
Arrott plots (M2 vs. H/M) are plotted for the alloy with x = 0.07 in heating as well as in
cooling mode which are shown in Fig. 3.6. Based on Banerjee criteria, the slope of the
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
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negative values. The heating mode does not represent the first order nature of MST.
Instead, during the cooling mode, such an S-shaped curve present across the transition
temperature indicates that the alloy undergoes a first order MST. Therefore, the cooling
mode should be followed for the accurate measurement of magnetocaloric parameters

for these studied materials.
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Figure 3.6: Arrott plot for (Mno.cFeo.4)NiSio93Alo07 alloy during (a) heating and (b) cooling mode

To check the viability of the investigated samples as magnetocaloric material,
magnetic entropy change is estimated from isothermal M-H curves during cooling and
field increasing modes using integrated Maxwell equation [24],

OH (aM(H,T)

a—T)H dH (3.1)

where, p, is the permeability of free space. M, T, and H are the magnetization of the
sample, instantaneous temperature, and the applied magnetic field respectively. ASu for
the alloy with x = 0.07 as a function of temperature is shown in Fig. 3.7 for a field
variation of 0 - 50 kOe. The estimated peak value of ASwm for this alloy is -20.6 ] kg1 K1
due to the field change of 50 kOe whereas, for the field change of 20 kOe, it is -9.3 ] kg1

K1 The abrupt change in magnetization across MST from PM to FM phase leads to a
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large value of ASwm in this alloy. Moreover, ASw is also calculated for heating mode, which
is shown in the inset of Fig. 3.7. The estimated value of ASw in heating mode is
observed to be -35.1 ] kg-1 K-1 which is much larger than the value estimated in cooling
mode. During isotherms measurements in cooling mode, a magnetic field induced PM to
FM transition occurs due to the application of 50 kOe magnetic field in the vicinity of
the MST. However, no such field induced FM to PM transition takes place during heating
mode and the sample remains either in FM/PM or in the mixed phase throughout the
isothermal M-H measurements and as a result, the temperature evolution of the
ferromagnetic phase might lead to overestimation 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: Magnetic entropy change (ASu) estimated from isothermal M-H curve in cooling and
field increasing mode as a function of temperature for the different field variation of x = 0.07
alloy. [Inset: ASum as a function of temperature for x = 0.07 alloy estimated from isothermal M-H
curve in heating mode]
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Further, a comparison of ASu value for the investigated materials in a lower field
of 14 kOe is shown in Fig. 3.8. ASu is estimated from the isothermal M-H curve in
cooling and field increasing mode. These materials show large MCE response even at
the low magnetic field. Here, ASu reaches a maximum value of about -5.1 and -7.1 ] kg1
K-1 for the alloys with x = 0.06 and 0.07 respectively due to field change of 14 kOe only.
For x = 0.08 alloy, it is expected that ASu will be very low compared to the other two
alloys as it shows only magnetic transition at 145 K. The peak value of |ASwu| for x = 0.07
alloy is comparable to other alloys with large MCE for the same field change of 50 kOe,
such as MnCoGeBo.o2 (~47.3 ] kgt K1) [17], (MnNiSi)oss(Fe2Ge)oss (~36.9 | kg1 K-
1) [20], Nigs5C02Mn375Sn1s (~13.67 ] kg1 K1) [25] and NissCosMn3zgSbiz ( ~34 ] kgl K-
1) [26], NizsCo15sMn3sTiss (~ 18] kg1 K1) [27].
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Figure 3.8: Magnetic entropy change (ASu) estimated from isothermal M-H curve in cooling and
field increasing mode as a function of temperature for x = 0.06 and x = 0.07 alloy due to the
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 a magnetic refrigerant. The
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relation RCP = ASY® x ATpypy is employed here to calculate the RCP value of the

material. Here, ASP°** is the peak value of ASw of a ASu-T curve plotted for a specific
field change and ATrwnm stands for the temperature span of full width at half maxima of
ASw. The calculated value of RCP for the alloy with x = 0.07 in cooling mode is plotted as
a function of an applied magnetic field which is shown in Fig. 3.9. The maximum value
of RCP for 50 kOe magnetic field changes is about 249.2 J/kg whereas, for 20 kOe
magnetic field changes it is 87.6 ] /kg.
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Figure 3.9: Relative cooling power (RCP) as a function of magnetic field change for x = 0.07
alloy in cooling mode

3.4 Conclusion

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

of Fe, enhancement of Al substitution reduces the structural transition temperature
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toward lower temperature. For a nominal composition of x = 0.07, the material exhibits
the largest MCE response, AS;,; about 20.6 | kg-1 K-1 with large RCP ~ 249.2 ] /kg due to a
magnetic field change of 50 kOe. Cooling mode is favorable to estimate the accurate
magnetic entropy changes of these similar types of materials. Our results suggest that
the low-cost transition metal based alloy with x = 0.07 of this investigated series with
remarkable MCE response can be considered as a promising candidate for magnetic

refrigeration.
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Magnetostructural transition

Chapter 4 and Giant magnetocaloric effect
in (MnNiSi)1x(FeCoGa)x alloys

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

magnetic refrigerator.



Chapter 4

4.1 Preamble

Energy-efficient and eco-friendly magnetic refrigeration (MR) technology based on
MCE, which has enormous potential to replace the conventional vapor compression
technology, is expected to be applicable in the solid state-based modern refrigeration
devices [1,2]. In this regard, it requires potential refrigerant materials with giant MCE
response. The materials such as GdsSi2Ge; [3], La(Fe,Si)13-based alloys [4-6], Mn-Fe-
based compounds [6,7], and Ni-Mn-based Heusler alloys [8-12] are being already
proposed as promising refrigerant material because of their excellent MCE responses
around room temperature. All these alloys are accompanied with a magnetic field
induced structural transition from antiferromagnetic (AFM) or paramagnetic (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 is a great
challenge to discover such giant magnetocaloric materials with transition metal based,

less expensive, earth-abundant, and nontoxic elements.

Intermetallic compounds with the general formula MnTX (T = Ni, Co and X = Sij,
Ge) have recently grabbed considerable attention to the researchers because of their
potential to show interesting multifunctional properties such as temperature induced
MST, magnetic shape memory effect, large MCE, giant magnetoresistance, volume
anomalies and so on [13-17]. All the above-mentioned 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.
Magnetoresponsive properties such as MCE and magnetoresistance are associated
solely with a change in magnetization. Therefore, shifting 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 above-mentioned
properties. In order to obtain MST for these compounds, several effective methods such
as elemental substitution, off-stoichiometry, isostructural substitution, heat treatment,

or application of external parameters like hydrostatic pressure are introduced [14,18-
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22]. MnNiGe and MnCoGe based systems have closeness in between their magnetic and
structural transitions and thus extensively studied materials to achieve MST using the
above-mentioned techniques. Stoichiometric MnNiGe [23] shows magnetic transition at
Neel temperature (Tny) ~ 346 K and structural transition at Ty ~ 470 K whereas
MnCoGe [15] shows magnetic transition at Curie temperature (7¢) ~ 355 K and

structural transitions at Ty ~ 650 K.

Besides the above-mentioned systems, ferromagnetic MnNiSi [24] system also
exhibits second order FM to PM transition at T¢c ~ 622 K and beyond that temperature, a
structural transformation from TiNiSi-type orthorhombic to NizIn-type hexagonal
structure at a higher temperature of about Ty ~ 1210 K. Hence, it is difficult to obtain
MST at room temperature for this compound. 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 FeCoGa, the
hexagonal structure is stabilized near room temperature from 1210 K and for a nominal
composition of (MnNiSi)1x(FeCoGa)x (x = 0.15 and 0.16) MST is achieved at around
room temperature. With subsequent doping for x = 0.17, MST decouples into two
separate transitions, structural and magnetic, though the transitions are realized to
couple with enhancing the applied magnetic field. Substitution of Fe with a relatively
lower atomic radius in place of Mn increases the orthorhombic distortion of the system
and stabilizes the hexagonal phase at a lower temperature, resulting both T¢ and Tu
reduce towards room temperature with lower saturation magnetization [17]. To
compensate for the reduction in magnetization, Co can be doped in place of Ni, where
Co enhances the ferromagnetic interaction to the system. Ga having a much larger
atomic radius than Si again enhances orthorhombic distortion in a faster way to the
system which couples T¢c and Ty and as a result, MST is obtained in the vicinity of room
temperature. The alloys with x = 0.15, 0.16, and 0.17 are found to exhibit isothermal
magnetic entropy change (ASu) as large as about -25 ] kg'1K-1at 323 K, ~ -31.1 ] kg1 K-
Tat 281 K, and ~ -23.8 ] kg'1 K1 at 213 K respectively due to a field change of AH = 50
kOe. These low-cost 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, 209.6, and 139.2 J/kg
respectively for x = 0.15, 0.16, and 0.17 due to AH = 50 kOe).

4.2 Experimental
Polycrystalline (MnNiSi)1-x(FeCoGa)x (x = 0.15, 0.16 and 0.17) samples are prepared by

conventional arc-melting 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 compensate for its weight loss during melting.
The samples are turned and re-melted several times (seven to eight times) to maintain
the compositional homogeneity. All the as-prepared samples are sealed in an evacuated
quartz tube and annealed at 1173 K for 96 hours, followed by quenching into ice water.
The Compositions of annealed samples are checked by energy dispersive 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 X’Pert PRO with Cu-K. radiation (wavelength, A = 1.54 A). We have
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 magnetization 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 to the 10t cycle at a

ramp rate of 10 K/min.

4.3 Results and Discussion

Figure 4.1 depicts the X-ray diffraction patterns at room temperature (RT ~ 300 K) for
all the investigated alloys. On enhancing the doping amount of (FeCoGa)x to (MnNiSi)1-y,
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 whereas x = 0.16 is found to show a dominating hexagonal phase and x =
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 be @ortho = 5.835 A, bortho =
3.71 A, and cortno = 6.905 A whereas for x = 0.17 in the hexagonal phase are ahex = 3.982
A and cpex = 5.179 A.

(MnNiSi),  (FeCoGa), ~ h: (hexagonal)
" §; S o: (orthorhombic)|
E x=0.17 N = T=300 K
=
=
P
<
N’
g
»
~
5
~

35 40 45 50 55

26 (in degree)

Figure 4.1: X-ray diffraction pattern for (MnNiSi)i.«(FeCoGa)x (x = 0.15, 0.16, and 0.17) alloys at
300 K and X-ray diffraction pattern for x = 0.15 alloy at 425 K. Here ‘0’ and ‘h’ stand for
orthorhombic and hexagonal phases respectively.

From the crystallographic study [23], the orthorhombic unit cell is related to the
hexagonal unit cell through the following relation, @ortho = Chex, bortho = @hex, and Cortho = V/3
anex- Here the decrease in Chex/@nex (OT Aortho/bortho) ratio from 1.573 for x = 0.15 to 1.301
for x = 0.17 can distort the geometry of the orthorhombic structure and makes the
hexagonal structure more stable at a 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 with x = 0.15 (shown in Fig. 4.1) and it is
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found to exhibit hexagonal phase only. A large change in unit cell volume about -3.18 %
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)1x(FeCoGa)x (x = 0.15, 0.16 and 0.17) alloys are shown in Fig. 4.2. On
increasing the doping amount from x = 0.15 to 0.16, the magnetostructural transition
temperature (7; ), estimated from the plot of dM/dT — T in 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 in M-T curve signifies the coincidence of
both the magnetic 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 to x =
0.17, MST decouples, and as a result, separated structural transformation in the
ferromagnetic region and magnetic transition are observed at Tw = 224 K and T¢ = 234
K respectively. However, the separated structural and magnetic transitions are found to
coincide with enhancing the magnetic field which is shown in the inset 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 alloys with x = 0.15 and 0.16 respectively. Therefore thermal
hysteresis decreases significantly 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, T; for this investigated compound, (MnNiSi):-
x(FeCoGa)y, 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)i«(FeCoGa)x (x = 0.15, 0.16, and 0.17) alloys in presence of
500 Oe magnetic field. [Inset: M-T curve for the alloy with x = 0.17 in presence of 10 kOe field]

Isothermal field dependent magnetization (M-H) curves are measured across T;
in heating mode for the sample with 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 the results as obtained from the M-T curves. Here, the
change of 50 kOe magnetic field is not sufficient to induce FIMMT for these alloys in
heating. Therefore, isothermal M-H curves are measured during cooling mode for all the
samples from PM hexagonal phase to FM orthorhombic phase and are shown in Fig.
4.4. To remove the field history effect of the samples, the loop process methods are
followed to measure the isotherms [26]. In this loop process method, at first, the sample
is heated to a temperature in the PM region and then, under ZFC condition the sample
cooled to a selected temperature for isothermal M-H measurement. Afterward, the
sample is again heated to the temperature 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 isothermal M-H curves shown in Fig. 4.4. The graph
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clearly shows the observation of FIMMT in the vicinity of the magnetostructural
transition temperature which also confirms the first order nature of the MST. The low
temperature M-H measurement as shown in Fig. 4.4(d) is performed at 5 K for all the
alloys which shows a typical ferromagnetic ordering. The 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 ug/f.u.), which is larger than its parent alloy, MnNiSi [24] (~2.62 ps/f.u.).

80 - X= 0°16
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60 - f’ “«««««4"«««««««««««
—~ ] o e
n i ) P
oy <I<;] o
= 40- A
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Figure 4.3: Isothermal M-H curves during heating mode in the temperature regime of 280 K -
304 K for the alloy with x = 0.16
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Figure 4.4: Isothermal M-H curves at a minimum temperature interval (AT) of 2 K in cooling
mode (PM to FM phase) for the alloy with (a) x = 0.15 (b) x = 0.16 and (c) x = 0.17. (d) Field
dependence of magnetization (M vs. H) at 5 K for all the investigated alloys

[sothermal magnetic entropy change (ASy), an essential parameter of MCE, can
be estimated from 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],

H (OM(H,T
ASy(T,AH) = po |, ( = ))H dH (4.1)

where, yy is the permeability of free space. M, T, and H are the magnetization of the

sample, instantaneous temperature, and the applied magnetic field respectively. The
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ASwm as calculated using the above equation is plotted as a function of temperature for all
the investigated alloys in Fig. 4.5 for a magnetic field change of 10 - 50 kOe. The
estimated peaks of ASy are found to be as large as about -25 ] kg1 K-l at 323 K, ~ -31.1
] kg1 K1 at 281 K, and ~ -23.8 ] kg1 K1 at 213 K for the alloys with x = 0.15, 0.16, and
0.17 respectively, due to AH = 50 kOe which are associated with the first order MST.
The significant jump in magnetization across MST arises from the lattice as well as
magnetic structure changes in the coupled transition, developing a giant magnetic
entropy change in these investigated alloys. Moreover, ASy for the alloy with x = 0.16 is
calculated in heating mode and the estimated value is observed to be -51.2 ] kg-1K-1
(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 FM transition takes place due to the application of 50 kOe magnetic field
in the vicinity of MST. However no such field induced FM to 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 result, the
temperature evolution of the ferromagnetic phase might be overestimating the
magnetic entropy change in heating. Therefore, the cooling mode is preferable to
calculate the accurate magnetic entropy change value for these similar materials. The
peak values of ASy of the investigated samples have been compared with other
promising refrigerant materials in Table 4.1. These transition based materials show
excellent MCE response in a board and tunable temperature region with a minimum

peak value of ASy as 23.8] kg'1K-1at 213 K due to AH = 50 kQOe.

Apart from large magnetic entropy change, relative cooling power (RCP) is an
important parameter which defines the cooling efficiency of a magnetic refrigerant
material. RCP of these investigated alloys have been estimated from the following
equation, RCP = |ASP°™| X ATy, where, ASPE¥ is the peak of ASy of a ASy -T curve
and ATrwum stands for the temperature range of full width at half maxima of ASw (Fig.
4.5). The estimated RCPs are plotted with the magnetic field change in Fig. 4.5(d) and
the maximum RCPs due to field change of 50 kOe are found to be 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 4.5: Magnetic entropy change (ASy) as a function of temperature due to different field
variation for the alloys with (a) x = 0.15 (b) x = 0.16 [Inset: the estimated ASy for x = 0.16 in
heating mode due to field change of 20 and 50 kOe] and (c) x = 0.17 during cooling and field
increasing mode. (d) Relative cooling power (RCP) as a function of magnetic field change for x =
0.15, 0.16 and 0.17 alloys

Here, these investigated materials exhibit a large change in unit cell volume
across the magnetostructural transition that causes a large change in magnetization
resulting, in a giant value of ASy. At the same time, the mechanical stability of these
materials is reduced when the samples undergo the structural transition. Hence, to

check the effect of mechanical stability on the MCE response of the materials, we have
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measured DSC heat flow data of the sample with x = 0.15 in the vicinity of MST and
repeated the measurement up to the 10t thermal cycle which is shown in Fig. 4.6. It is
clear from the figure that despite a change in its mechanical properties due to repeated
thermal cycles, the value of the entropy change remains the same. Furthermore, we
have prepared the powder form of the sample using a mortar-pestle and repeated the
heat flow measurement which also exhibits a similar response. Therefore, it can be
concluded that the mechanical instability does not change the MCE response of the
material. However, some binding material such as epoxy can be used to enhance

mechanical stability if required.
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Figure 4.6: DSC heat flow curve of x = 0.15 alloy and repeated up to the 10t cycle in the
vicinity of MST.

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

x(FeCoGa)y is Ge free and contains very low doping amount of Ga, resulting in the
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materials very cheap. Thus the present system made of low-cost abundant materials
with large Ms, tunable MST, giant MCE response, and large RCP will be highly attractive

for implementation in room temperature magnetic refrigeration technology.

Table 4.1: Comparison of the peak value of isothermal magnetic entropy change (ASA’j,eak) due
to AH = 50 kOe and the temperature where ASy is maximum (Tpeak) of (MnNiSi)1x(FeCoGa)x (x =
0.15 - 0.17) alloys with other promising refrigerant materials.

Materials |ASPE*| (] kg1K-1) Tpeak (K) References
Gd ~10.2 294 [27]
GdsGe:Sis ~18.5 278 [3]
La(Feo.89Sio.11)13H13 ~28.0 291 [4]
MnFePg.45As0.55 ~18 308 [28]
NisC0o10MnsoSnig ~14.9 288 [29]
Mnu6Nis9.5Sn10Sias ~20.0 205 [30]
Ni45C05Mngng12 ~34.0 262 [3 1]
Ningn37Sn13 ~18.0 299 [8]
Niss2Mnis.6Gaze.2 ~20.4 317 [3 2]
MnNi0_77Fe0_23Ge ~19.0 267 [16]
Mno_82F60_1gNiGe ~31.0 205

Mny sFeo4NiSiog3Aloo7 ~20.6 255 [2 2]
Mno.89Cro.11CoGe ~27.7 292 [33]
(MnNiSi).«(FeCoGa)x 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 magnetostructural phase 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 in (MnNiSi)1x(FeCoGa)x (x = 0.15 - 0.17) alloys.
The alloys with x = 0.15, 0.16, and 0.17 show significantly large ASw of about -25, -31.1,
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and -23.8 ] kg'1 K1 respectively for the field change of AH = 50 kOe. Here, x = 0.17 is the
maximal doping content to keep the magnetostructural transition coupled for this
system as the higher doping level splits it into two separate transitions. Moreover, the
cooling mode is found to be preferred to estimate the precise magnetic entropy change
for this type of material. The investigated compound, (MnNiSi)i.x(FeCoGa)y, can be a
very promising refrigerant material for room temperature nature-friendly magnetic
refrigeration technology because of its tunable giant magnetocaloric properties around

room temperature associated with the large relative cooling power.
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Effect of hydrostatic pressure

Chapter 5 on the magnetocaloric response

of Niss5C02Mn375Sn15s Heusler
alloy

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

Ni4s55C02Mn375Sn1s Heusler alloy.



Chapter 5

5.1 Preamble

During the last decade, the study on Co-doped Ni-Mn-based Heusler alloys has already
attracted immense attention to the researchers due to its potential multifunctional
properties such as magnetic shape memory effect (MSME) [1,2], the large
magnetocaloric effect [1-10], magnetoresistance [11-13], EB effect [14-18], and so on.
The Co doping in place of Ni site of NiMn- based Heusler alloys works as a
ferromagnetic activator in the system and enhance the magnetic activities for even
better possible applications in magnetic refrigeration and memory devices [13,19,20].
Till date, plenty of such works have been carried out on Co-doped Heusler alloys with
Ga, Sn, In, or Sb as a post transition element in search of better magnetocaloric
materials [1,3,13,15,19,21-24]. For instance; Han et al. reported the enhancement of
MCE response in Mn-rich Mn2NiuesxCoxSnozs alloys for optimal doping
concentrations [3]. Other examples are such as the observation of giant MCE near room
temperature in Co substituted Ni-Mn-Sb Heusler alloys [4], the role of Co and Fe doping
in the MCE in Ni-Mn-Sn alloys [21] and so on.

Besides, having all the above-mentioned properties in Co-doped such alloys, a
very few percentages of doping content is found to be effective in MCE [3,13,19]. To
understand the fact, it is necessary to know about the structural properties of Heusler
alloys [25]. Ni-Mn-based off-stoichiometric ferromagnetic Heusler alloys have cubic
(L21) austenite structure which can undergo a first order magnetostructural transition
(MST) to a lower symmetric and magnetically weak tetragonal martensite phase during
cooling depending upon the materials’ compositions [6,7]. Most of the magneto-coupled
effects of these materials depend on the change in magnetization across the first order
MST, which starts to decrease for highly Co-doped Heusler alloys. There is another
important magnetocaloric parameter called the relative cooling power (RCP), which
measures the approximate amount of heat that can be extracted during a complete
refrigeration cycle [26,27]. RCP in Co-doped materials decreases due to an increase in
magnetic hysteresis. Moreover, the observation of exchange bias (EB) in bulk
polycrystalline Ni-Mn-Sb and Ni-Mn-Sn Heusler alloys made them promising in other

ways [16-18,28].
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There is another possibility to 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 temperature (T¢)
provides important information on the ferromagnetic system and is an object of
intensive studies in experimental and theoretical fields [29-33]. From the earlier work
of our group [13], we have investigated the structural, magnetic, magnetocaloric, and
magneto-transport properties of Co-doped Ni-Co-Mn-Sn off-stoichiometric Heusler
alloys under ambient pressure. We have observed that the magnetic entropy change
(ASm) increases with increasing the Co content (replacing Ni). However, due to the
appearance of larger field induced hysteresis, the RCP decreases rapidly in higher

doping concentrations.

In the present work, we have investigated the effect of pressure on the structural
phase transition, magnetic and magnetocaloric properties of Niss5C02Mn3755n15 sample
chosen from the previous work of our group [13]. The effect of magnetic field on MST is
found to be opposite to that of hydrostatic pressure. At ambient pressure, the
martensitic transition temperature (Tum) shifts toward lower temperature and it is
found to decrease with a shift rate of 3.29 K/T. On the other hand, Tw increases rapidly
towards higher temperatures with a shift rate of 31.9 K/GPa when the 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 change (ASw) about 13.67 ] kg'1 K-1 due to a magnetic field
change of AH = 50 kOe and it is found to decrease with increasing the pressure. The
coercivity of the sample at a given temperature merely changes, but the exchange bias
effect is improved by applying 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 Niss55C02Mn375Sn15 alloy is prepared by conventional arc-melting

technique under 4N purity of argon atmosphere using high purity constituent elements.
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The ingots are re-melted six times to ensure the compositional homogeneity. Extra 3%
Mn was taken to compensate for the weight loss during melting. Each ingot is sealed in
an evacuated quartz tube along with a tantalum foil for annealing. After 24 hours of
heat treatment at 1173 K, the ampoules are quenched in ice water. The final
compositions of samples are checked by energy dispersive analysis of X-ray (EDAX). X-
ray diffraction (XRD) is carried out in Rigaku MiniFlex II using Cu-Kq radiation at room
temperature to detect the crystallographic parent phase of the prepared samples. The
magnetization measurements have been performed at various hydrostatic pressures in
a 9 Tesla Physical Property Measurement System (PPMS-9T) -Vibrating Sample
Magnetometer (VSM) (Quantum Design, USA) module equipped with the Cu-Be clamp-
type pressure cell with a maximum pressure of 1 GPa [34]. The thermomagnetic data
are recorded with VSM for both zero field cooled (ZFC) heating and field cooled (FC)
cooling mode in the temperature range of 2 K to 320 K under the ambient and high
pressures up to 0.9 GPa for Niss5C02Mn375Sn1s alloy in presence of a constant magnetic
field of 100 Oe and also under different magnetic fields (~ 10, 40, 70, 90 kOe) at a
temperature interval of 2 K. The isothermal magnetizations (M-H curves) are measured
up to 50 kOe field at ambient and in presence of hydrostatic pressure in different
temperatures across the martensitic transition temperature (Tu) during both the
cooling and warming modes. To identify exchange bias properties in the sample, field

cooled M-H curves are measured at different temperatures between 10 Kand 130 K.

5.3 Results and discussion
Figure 5.1 shows the XRD pattern for the Niss5C02Mn37.55n15 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 NisssCo2Mns75Snis 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 NisssCozMn3z7sSnis 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 start (4s), austenite
finish (Ay), martensite-austenite transition temperature, T4 = (As+Ay)/2, martensite start
(Ms) and martensite finish (Mf), and austenite-martensite transition temperature, Ty =
(Ms+Mjy)/2) by varying different magnetic fields at constant ambient pressure are noted
from the inflection point of the derivative of M-T curves and summarized in Table 5.1.
At temperatures below My, the magnetization remains almost constant. Similarly, a
sudden rise in the magnetization in the warming curve at different magnetic fields is an

indication of the forward transition from martensite to austenite. The region between
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martensite and austenite transition is represented as the thermal hysteresis (AThys)

which confirms the first order nature of the transition.

With increasing the magnetic field, the first order transition shifts towards lower
temperatures and exhibits field induced magnetostructural transition. The applied
magnetic field prefers to stabilize the magnetically more sensitive phase, which is here
the cubic austenite phase and as a result, Tw decreases with the increase in the magnetic
field. To understand the effect of pressure and magnetic field on the first 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 in Table 5.2. It is
found that Ty 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 P = 0.9 GPa.

Further, the M-T curves are measured at selected values of hydrostatic pressures
(0, 0.4, 0.7, and 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 in Fig. 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 ambient P. However, Ty shifts towards higher temperature with
a shift rate of about dTy/dP ~ +31.9 K/GPa. The applied hydrostatic 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 Ty and characteristic transformation
temperatures are listed in Table 5.3. A similar effect has been observed in Ni-Mn-Ga

compounds [34].
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Figure 5.2: Temperature dependent magnetization (M-T curves) on warming and cooling at
selected values of applied magnetic field under (a) ambient pressure and (b) P = 0.9 GPa of
Niss5C02Mn3755n1s 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 a constant magnetic field of 100 Oe.
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Table 5.1: Characteristic transition temperatures of NisssCo2MnszsSnis sample at ambient
pressure in presence of different applied magnetic fields.

H P=0Gpa v (K) Ta (K)
=(Ms+Mp) /2 | =(As+Ap)/2
M, (K) M;(K) As(K) Ar(K) (Ms+M)/ (As+4)/
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 NisssCo2Mns75Snis at 0.9 GPa pressure in

presence of different applied magnetic fields.

P=0.9Gpa Tu (K) T4 (K)
H M;(K) M¢(K) A; (K) A(K) | =(Ms+Mp)/2 | =(As+Af) /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 Niss5C02Mn375Sn1s sample under different
applied pressures.

P H=100 Oe Tm (K) T4 (K)
GPa =(Ms+M7) /2 | =(AstAf)/2
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 Niss5C02Mn3755n1s around its first
order MST in the field range of 0 — 50 kOe at selected values of pressures (0, 0.7 GPa, 0.9
GPa), spanning 150 - 250 K and 190 - 300 K with 5 K intervals during cooling and
warming respectively obeying discontinuous heating and cooling protocol [35], shown
in Fig. 5.4. The field sweeping is performed as follows: 0 = 50 kOe — 0. The FIMMT is
present only in the warming mode for all the applied pressure values in the
temperature region from 190 K to 300 K as shown in Fig. 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 only in warming mode. The
hydrostatic pressure merely affects the FIMMT, but significantly diminishes the
saturation magnetization in the austenite and martensite phases as the applied

pressure resists the moments from aligning along the direction of the magnetic field.
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Figure 5.4: Field dependence of magnetization (M-H curves) of NisssC02Mn3755n1s alloy at
different temperatures across the martensitic transition for selected values of hydrostatic
pressures (0, 0.7, and 0.9 GPa) during (a-c) cooling and during (d-f) warming mode.
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Furthermore, to confirm the order of MST, Arrott plots (M? vs. H/M) are plotted
for the alloy in warming mode under ambient pressure which is shown in Fig. 5.5.
Based on Banerjee criteria, the slope of the 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 S-shaped 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.

250 K P =0 Gpa
warming mode

M (x 10° emu’ g'z)

0.0 l 0.4 | 018 | 112 ' 1.6
H/M (kOe g emu'l)

Figure 5.5: Arrott plot for NisssCo2MnszzsSnys alloy during warming mode under ambient
pressure

To understand the exchange bias behavior in the studied sample, the field cooled
hysteresis loops (full looped M-H curves) are measured at different temperatures
between 10 K and 130 K under ambient and 0.9 GPa pressure which are shown in Fig.
5.6. The sample is first cooled to the targeted temperatures in presence of a high

magnetic field from 300 K and then the field sweeping is done as follows: 30 kOe —» 0—
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-30 kOe — 0 — 30 kOe (for the sake of clarity, only the region between -7.5 kOe and
+7.5 kOe is shown in the figure. The width of the hysteresis increases initially resulting
in higher coercivity (Hc) as the temperature increases from 10 K to the EB blocking
temperature (Tes ~ 80 K) and then starts to decrease. Tgp is 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 the ferro
and antiferro sites, which in turn results in a decrease in the 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 field (Hg). The values of Hr and H¢ are
calculated using Hg= | (H:+ H2) |/2 and Hc=| (H1-H2) |/2 respectively, where H; denotes
the field for zero magnetization during positive to reverse field sweeping and H:
denotes the same during opposite field sweeping. These values are shown in Fig. 5.6(k)
and 5.6(1) for ambient and high pressure measurements. Here, Hc remains almost
independent of the hydrostatic pressure, whereas Hrg shows a small decrease in
magnitude with the increase in pressure at 10 K. Hg increases at 50 K and 80 K with
applied high pressure. It can be observed that the curvature of the temperature
dependent Hg 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 sample, and the Mn-Mn inter-site separation
decreases. This might leads to an enhancement in the AFM-FM interfacial coupling but
also decrease the volume of the FM domains. The cumulative result comes out as the
increase in Hg at 50 K and 80 K with applied high pressure whereas the same decreases

at 10 K.
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Figure 5.6: Field cooled (FC) magnetic hysteresis loops of Niss5C02Mn375Sn1s 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 (f-j) under high pressure (P = 0.9 Gpa).
Temperature dependent exchange bias field and coercivity of NisssCo2Mnz7s5Snss alloy at (k)
ambient pressure and at (1) P = 0.9 GPa.
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The MCE of Niss5C02Mn375Sn1s alloy has been estimated by calculating the ASu
for various pressures from the isothermal M-H curves in warming using the Maxwell
equation [6],

H (OM(H,T
ASy(T,AH) = o [ (%

)H dH (5.1)

where, M, T, H, and o are respectively the magnetization of the sample, instantaneous
temperature, applied magnetic field, and permeability of free space. ASwm is calculated
using the above equation by numerical integration of the isothermal M-H curves,
measure during warming. The Maxwell equation cannot be used to calculate ASv for an

ideal first order transition (FOT), being discontinuous. However, most of these similar

alloys do not show ideal FOT, i.e. the changes in (Z—A;) is finite and hence, ASu can be
H

evaluated using equation (5.1). ASw is plotted as a function of temperature at selected
values of the magnetic field in Fig. 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 in Fig. 5.7(b). The results are also given in Table 5.4.

Table 5.4: Magnetic entropy changes (ASw) of NisssCo2Mns7sSnis under different applied
magnetic field and hydrostatic pressure.

Pressure applied | Peak value of ASw (] kg1 K1) for different field
(Gpa) near Twy, during the warming cycle
AH =10 kOe AH =50 kOe
0 3.11 13.4
0.7 2.0 10.2
0.9 2.78 11.0

Magnetic entropy change monotonically increases with the increase in AH due to
the motion of magnetic domain walls, twin boundary motion, and the magnetic spin
rotation. On the other hand, the peak values of ASu for a particular AH decreases as the
higher hydrostatic pressure is applied. As the pressure increases, it compresses the

lattice stags and as a result, both the intra and inter-site Mn-Mn separation decreases.
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This turns out to be a decrease in FM and an increase in AFM interaction in the system.
In addition to that, the pressurized sample finds more crystalline anisotropy which
suppresses the total magnetization of the sample and makes the first order MST less

sharp (decrease in dM/dT). All these are cumulatively responsible for the decrease in

ASwm.

 (a) Warming Y (b)
5 124 Warming
- P=0GP
— $aE ~ |—o—P=o0GPa |3 ,
¥ t —=—10KkOe o —*%—P=0.7GPa hi
- —e—20 kOe T 84 —=—P=09GPa
on sk a0
it —&—30 kOe = i /
= —v— 40 kOe < - © 9 /
= [ —e—50kOe S 4 /' o .
3 4 P
4 1 ,0 {// *
Q9 . g
o x \
8 IR e Y
1 n L] b ] v 1 = T L]
¢ 195 210 225 240 255 180 210 240 270 300

T (K) T (K)

Figure 5.7: (a) Magnetic entropy change as a function of the temperature of Niss5C02Mn375Sn1s
alloy at ambient pressure under different magnetic fields applied during warming mode. (b)
Temperature dependent magnetic entropy change of NisssCo2Mns3zsSnis alloy at selected
hydrostatic pressures (0, 0.7, and 0.9 GPa) associated with a field change from 0 to 50 kOe
during warming.

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

dependent ASm curves using the following equation [27]
RCP = |ASPe™| X ATpyum (5.2)

where, ASP°®* is the peak value of ASu of a ASw-T curve plotted for a specific field

change value and the ATrwyym is the temperature window of the full width at half
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maxima (FWHM) of the same ASw -T curve. The field dependence of RCP for the sample
at different pressures during warming is shown in Fig. 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 in ASwMax reduce the RCP as the pressure is increased. These materials
suffer from large hysteresis loss (HL) due to the presence of FIMMT. Therefore, it is
necessary to subtract the average HL from RCP to obtain the net RCP of these materials.
The average HL under 50 kOe due to the field induced hysteresis are found to be about
53.09, ~ 39.8, and ~ 40.93 ]J/kg respectively under ambient, 0.7 GPa, and 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 ] /kg.
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Figure 5.8: Field dependent relative cooling power of NisssC02Mns37s5Snis 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 the martensitic 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 property of these materials can be enhanced
by applying hydrostatic pressure. Although the magnetic entropy changes, as well as
net relative cooling power, are found to reduce slightly with enhancing pressure, a fine
control of operating temperature is possible 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 as a potential magnetic refrigerant.
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Chapter 6 doped Ni-Co-Mn-Sn Heusler
alloys

This chapter describes the magnetic, exchange bias, and magnetocaloric properties of Si
doped polycrystalline NisgCo1.5Mn3sSn1s5.4Six (x = 0, 1, 2, and 4) alloys, and 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 as a refrigerant.



Chapter 6

6.1 Preamble

During the last decade, off-stoichiometric Ni-Mn-X (X = In, Sb, Sn) Heusler alloys are
found to exhibit a large inverse magnetocaloric effect (MCE) across their first order
magnetostructural transition (MST) [1-5]. Depending on the composition (Mn/X ratio),
these alloys undergo MST from cubic austenite to tetragonal martensite phase [6] on
reducing temperature. Along with the change in alloy composition, several external
parameters like magnetic field, hydrostatic pressure may stabilize one phase by
dominating over the other one [7,8]. Several strategies are introduced to 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/Mn [5,6,9-15]. Apart from MCE, these alloys also exhibit
some interesting multifunctional properties such as magnetic shape memory
effect [16,17], large magnetoresistance [18,19], exchange bias (EB) effect [20,21], and

SO on.

However, the Heusler alloys exhibiting first order MST possesses large field
induced hysteresis which reduces the net relative cooling power (RCP) of that material.
It has been observed that the addition of a small amount of Co replacing Ni in these
alloys enhances the ASy value but the appearance of field induced hysteresis across the
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 effective to
reduce the average HL which makes the net RCP higher [22]. Similar properties are also

observed in Ge doped Ni-Mn-Sb alloys [23].

In the present study, we have investigated the magnetic, EB, and magnetocaloric
properties of Si doped polycrystalline NisgCo15Mn35Sn1s5.xSix (x = 0, 1, 2, and 4) alloys
due to a field change of 50 kQOe. 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 temperature (7T¢) is insensitive to the doping amount.
Isothermal magnetic entropy change (ASvm) and net RCP are measured across
martensite to austenite transition and the corresponding values are found to be about
11.99, ~ 10.86, ~ 5.46, ~ 2.42 J kg1 Kl and ~ 136.1, ~ 130.1, ~ 141.8, ~ 63 J kg1 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 Sn, average magnetic HL reduces significantly from
49.7 J/kg (x = 0) to 8.6 ]J/kg (x = 4). However, the EB property of these alloys does not

change significantly due to the doping amount.

6.2 Experimental

Polycrystalline Ni-rich NisgCo1.5Mn3sSniss.4Six (x = 0, 1, 2, and 4) alloys are prepared by
conventional arc-melting technique under a 4N purity argon atmosphere using high
purity constituents. The ingots are re-melted several times to ensure the compositional
homogeneity. Extra 3% Mn is taken to compensate for the weight loss during melting.
Each ingot is sealed in an evacuated quartz tube along with a tantalum foil for
annealing. After 24 hours of heat treatment at 1173 K, the ampoules are quenched in ice
water. The final compositions of samples are checked by energy dispersive analysis of
X-ray (EDAX). X-ray diffraction (XRD) is carried out in Rigaku MiniFlex II using Cu-Kq«
radiation (wavelength, A = 1.54 A) at room temperature to detect the crystallographic
parent phase of the prepared samples. All the magnetic measurements are performed in
a Physical Property Measurement System (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 their magnetostructural

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 in x. The obtained value of lattice parameters are

5.99 A, 5.97 A,5.94 A, and 5.92 A for the alloys with x = 0, 1, 2, and 4 respectively.
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Figure 6.1: XRD patterns for NisgCo15Mn35Snis5.Six (x =0, 1, 2, and 4) alloys at 300 K.

The temperature dependent magnetization (M-T curve) measurements of
NisgCo1.5Mn35Sn155,Six (x = 0, 1, 2, and 4) alloys are measured during ZFC, 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 in Fig. 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 at T¢. The
appearance of thermal hysteresis between heating and cooling confirms the transition
is of the first order in nature. The characteristic transition temperatures: austenite start
(As), austenite finish (4f), martensite-austenite transition temperature [T4 = (As+45) /2],
martensite start (Ms), martensite finish (My) and austenite-martensite transition
temperature [Ty = (Ms+My)/2] are determined from the inflection point of M-T curves

which are shown in Fig. 6.3 and are also mentioned in Table 6.1. It can be seen that the

Page | 111



Chapter 6

structural transition temperature shifts to the lower temperature with increasing Si
substitution. The thermal hysteresis, defined by ATxys = Ta - Ty, is found to decrease
with increasing x value. T¢ values are calculated from the plot of dM/dT vs. T curve

which are listed in Table 6.1. One can notice that T¢ is insensitive to Si substitution.
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Figure 6.2: M-T curve during ZFC, FC and FH mode for (a) x=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 in valence electron concentration (e/a ratio)
and as well as the increase in cell volume lowers the structural transition temperature
in Heusler alloys. Here the substitution of Si with a 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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our case an opposite effect has been observed, i.e, a decrease in cell volume reduces Ty
as the substitution of Si with lower atomic radius in place of Sn enhances the
crystallographic disorder to the system [24]. A similar effect has been observed in other

reported Si doped Heusler alloys [24,25].
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Figure 6.3: Variation of characteristic transition temperatures with Si content.

Table 6.1: Characteristic transition temperatures of NissCo15Mn3s5Snis5.Six (x = 1, 2, 4) alloys.

Sample M; My As Af Tu Ta AThys Tc
(inK) (inK) (inK) | (inK) | (inK) | (inK) | (inK) | (inK)

x=0 231 203 228 260 217 244 27 326
x=1 177 127 165 210 152 188 36 326
x=2 174 119 149 201 147 175 28 326
x=4 153 114 132 170 134 152 18 326
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To understand the exchange bias behavior of our samples, the FC hysteresis
loops are carried out at low temperature (~ 5 K) for all the alloys (x =0, 1, 2, and 4). To
measure the hysteresis loop, the sample is first cooled at a targeted temperature from
room temperature under the application of 50 kOe field, and then field sweeping is
done as follows: 50 kOe - 0 — -50 kOe — 0 — 50 kOe. For the sake of clarity, only -5
kOe to +5 kOe regions are shown in Fig. 6.4. Noticeably, a finite shift of hysteresis loop
is observed in the negative direction, which is the signature of the EB effect. The EB
parameter, Hg can be calculated using the equation, Hg = |(H:+H2)|/2, where H; denotes
the field for zero magnetization during positive to reverse field sweeping and H>
denotes the same during opposite field sweeping. The obtained values are shown in Fig.
6.4 with 161 Oe, 154 Oe, 152 Oe, and 141 Oe for the samples with x = 0, 1, 2, and 4
respectively. Here, with increasing Si substitution the AFM-FM interfacial coupling

decreases and due to that a small decrease in Hg value is observed with increasing x.
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Figure 6.4: Field cooled (FC) hysteresis loop at5 Kfor (a) x=0, (b)x=1, (c)x=2and (d) x=4
alloys.
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Figure 6.5: Field dependence of magnetization (M-H curve) at different temperatures across T4
for (a) x=0, (b) x=1, (c) x=2 and (d) x = 4 alloys.

Field dependent magnetization (M-H) measurements of NisgCo1.5Mn3sSnis.5.Six
(x=0, 1, 2, and 4) alloys are performed at different temperatures across the martensite
to austenite transition in the field range of 0 - 50 kOe at 5 K interval during heating
which is shown in Fig. 6.5. To remove the field history effect of the sample, loop process
methods are followed to measure the isothermal M-H curves [26]. In this method, the
sample is cooled to a temperature (~ 80 K) well below of its Mrand then heated to a
temperature near As for isothermal M-H measurement at that temperature. After that,
the sample is again cooled to ~ 80 K and heated to a temperature, 5 K higher than the
previous temperature for M-H measurement. This method has been followed for all the
M-H measurements taken within the above-mentioned temperature region. All the

samples show field induced metamagnetic transition (FIMMT) near T4 where the
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magnetization shows a sudden increase beyond a critical field (~ 32 kOe) which is
consistent with the M-T curves and is the signature of a first order phase transition.
Interestingly, the field induced hysteresis diminishes with increasing Si content. The
saturation magnetization (Ms) is found to decrease in the austenite phase and an

increase in the martensite phase with increasing x.

To confirm the order of phase transition, the Arrott plot (M? vs. H/M) has been
plotted for all the samples which are shown in Fig. 6.6. Since the slope of the Arrott plot
takes negative values in the vicinity of the phase transition temperature, the transition

is of first order type according to Banerjee criteria.
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Figure 6.6: Arrott plot (M2 vs. H/M) for the alloys with (a) x=0, (b)x=1,(c)x=2and (d) x=4
alloy
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[sothermal magnetic entropy change (ASw), an important parameter in MCE

studies, can be calculated using Maxwell equation [27],

AM(H,T)
aT

ASy (T, AH) = u, fo”( )H dH (6.1)

where, M, T, and H are the magnetization of the sample, instantaneous temperature,
and the applied magnetic field respectively. y, is the permeability of free space. ASw is
calculated using equation (6.1) by numerical integration of the isothermal M-H curves.
The relation cannot be used to calculate ASu for an ideal first order transition (FOT),

being discontinuous. However, most of these similar alloys do not show ideal FOT, i.e.

the changes in (Z—IZ) is finite and therefore ASwm can be evaluated using equation (6.1).
H

ASm of all the alloys are plotted as a function of temperature for the different field

changes in Fig. 6.7. The obtained values of the peak of ASw are about 11.99, ~ 10.86, ~

5.46, and ~ 2.42 | kg'1 K1 for x = 0, 1, 2, and 4 respectively due to a field change of 50

kOe. It is found that with enhancing of Si substitution, ASu decreases to a lower value
: ] - . I .
due to being the less sharp of # across martensitic transition with increasing x. The

obtained ASw values are comparable to other reported similar kinds of alloys, shown in

Table 6.2.
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Figure 6.7: Magnetic entropy change as a function of temperature for of (a) x=0, (b) x=1, (c) x

=2 and (d) x = 4 alloy

Page | 118




Chapter 6

Table 6.2: Peak value of magnetic entropy change (AS’,.’fak), AHL and net RCP values of
NisgCo15Mn3s5Sniss54Six (x = 1, 2, 4) alloys due to field change of 50 kOe, on comparison with

other alloys.

Sample Name | Asllff“’ﬂ Average HL RCP/RC Reference
(J kg1K1) (/kg) (/kg)

Gd 10.2 - 410 [27]

GdsGe:Siz 20 65 200 [28]

GdsGe1.9SizFeo.1 7 4 235

FesiRhyo 16.37 53 148 [29]

NisgC015Mn3sSnis5.xSix

x=0 11.99 49.7 136.1

x=1 10.86 41.6 130.1 Present

x=2 5.46 19.3 141.8 Work

x=4 242 8.6 63

NissCosMn3zsSb11Ger 39 39 53 [23]

NissCosMnzsSboGes 28 23 54

Nisg5C015Mn37Sni3 9.8 - - [30]

Niss5C02Mn375Sn15 13.4 53.09 147.04 [8]

NisoMnz4lnie 19 77.01 103.79 [2]

NisoMnzsSnia 20 11 69 [31]

NisoMn37Sbis 9.1 - 37.7 [1]

Relative Cooling Power, another key parameter in MCE studies that estimates

the usefulness of the material as a refrigerant, can be calculated from the temperature

dependence of the ASm curve using the following equation,

RCP == ASI\Z/’Ieak X ATFWHM

(6.2)

where, ASP°* represents the peak value of ASu of a ASw - T curve plotted for a specific

field change value and the ATrwhum is the temperature window of the full width at half

maxima of the same curve. The calculated RCP values for x = 0, 1, 2 and 4 are about
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185.8, ~ 171.7, ~ 161.1, and ~ 71.6 ]/kg respectively. Due to first order transition, the
hysteresis loss should be subtracted from the RCP value to get the net RCP of these
studied materials. The magnetic hysteresis losses of x = 0, 1, 2 and 4 alloys are obtained
from their respective M-H curves and are plotted in Fig. 6.8. The average HL is
computed by taking the average over the integral area under FWHM of Fig. 6.8 and
found to be about 49.7, ~ 41.6, ~ 19.3, and ~ 8.6 J/kg for x = 0, 1, 2, and 4 respectively
under field change of 50 kOe which in turn reduces the RCP value to its net values 136.1
130.1, 141.8 and 63 ]J/kg. It is interesting to observe that due to Si substitution average
HL drastically decreases to 8.6 J/kg for x = 4 which is very much lower than other
reported values of the same family. A large net RCP is found for x = 2 alloy which is

compared to other reported alloys, shown in Table 6.2.
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Figure 6.8: Average hysteresis loss (HL) for all the alloys across T4 due to the field change of 50
kOe.
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6.4 Conclusion

In summary, the influence of Si doping in place of Sn on magnetic, exchange bias, and
magnetocaloric properties of NisgCo15Mn3sSnissxSix (x = 0, 1, 2, and 4) have been
studied experimentally. The addition of Si in place of Sn reduces the martensitic
transition to the lower temperature and broadens the operating temperature region.
Magnetic entropy change across martensite to austenite transition also decreases to a
lower value with Si content. Interestingly, the average hysteresis loss decreases
drastically from 49.7 J/kg to 8.6 J/kg with increasing Si substitution from x = 0 to x = 4,
which can enhance the effective relative cooling power. A maximum RCP of 141.8 ]/kg
has been observed for x = 2 alloy. Therefore a small amount of Si substituent can
enhance the effective efficiency of these similar kinds of alloys which can make them

good refrigerant material for practical application.
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Chapter 7

7.1 Preamble

Ni-Mn-based Heusler alloys have been found to show a large inverse magnetocaloric
effect (MCE) across their first order magnetostructural transition (MST) [1-4]. A small
amount of Co or Fe substitution in the place of Ni/Mn enhances the magnetocaloric
parameter, isothermal magnetic entropy change (ASw) value, along with relative cooling
power (RCP) of these materials [5-14]. Apart from this, they shows multifunctional
properties like magnetic shape memory effect [15,16], large magnetoresistance [17,18],
exchange bias (EB) effect [11,19]. Moreover, Heusler alloys are non-toxic and cheaper
compared to the rare earth materials and thus can be used as a refrigerant for

commercial applications.

Due to the presence of field induced hysteresis across the first order MST of Ni-
Mn-based Heusler alloys, an excess energy is required to overcome the potential barrier
between the two phases: austenite and martensite. This in turn makes the ASw and
adiabatic temperature change (ATaq4) irreversible. The presence of thermal hysteresis
reduces the net RCP of that material. On the other hand, the ASu and ATaq of the
materials associated with second order magnetic transition (SOMT) are fully reversible.
The materials associated with SOMT shows a lower value of ASw compared to that of the
materials associated with first order phase transition (FOPT) but the observed RCP is
higher in the materials with SOMT due to broad transition under high magnetic fields
and the absence of thermal as well as magnetic hysteresis [20,21]. For example; T. L.
Phan et al [22] studied the conventional and inverse MCE of Ni-Mn-Sn alloys and
ribbons and they showed ASwm value associated first order MST is larger compared to the
value associated with SOMT but the net RCP is smaller in the case of first order MST
than that of SOMT. This is because of hysteresis loss in first order MST due to the
presence of field induced transition. Similar effects are observed in Si doped Ni-Mn-Sn
alloy [21], Ba doped Ni-Mn-In alloy [23] and in Cu doped Ni-Mn-Sn alloys [24].
Therefore to develop inverse MCE response of Heusler alloys, we have to reduce the
thermal hysteresis significantly. Otherwise, we can improve the reversible MCE of these
alloys across their second order transition to make their real use as refrigerant

material.
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In one of our previous work from our group, we have studied the magnetocaloric
properties of Fe doped Mnso.,FeyNizosSnios (v = 0, 1, 2, 3, 4, 5, and 6) alloys [13]. The
substitution of Fe in place of Mn results in the shifting of martensitic transition
temperature towards higher temperatures, whereas the Curie temperature (7¢c) merely
increases with doping amount and remains close to the room temperature. In the
present chapter, we have studied the magnetic and magnetocaloric properties of Mnag-
xFexNiz1Sni1 (x = 8.5, 10.5) alloys by increasing the doping amount of Fe further in place
of Mn. The temperature dependent magnetization curve (M-T curve) reveals that these
alloys show only second order ferromagnetic (FM) to paramagnetic (PM) transition at
their respective T¢ and no structural transformation is observed. A large value of
saturation magnetization (Ms) ~ 72.76 Am?2/kg is observed at 80 K for x = 8.5 alloy as
the alloy becomes purely austenite for this composition. A reversible of ASy about 1.02 ]
kg1 K-1 with moderate RCP ~ 40.2 J/kg are obtained near room temperature (~305 K)
for x = 8.5, across its Tc due to a magnetic field change of 14 kOe only. The critical
exponents are calculated for both the samples and found to exhibit long range FM

ordering in their austenite phase.

7.2 Experimental

Polycrystalline Mnss.xFexNis1Sn11 (x = 8.5, 10.5) alloys were prepared by arc-melting
technique under a 4N purity Argon atmosphere using high purity constituent elements.
The ingots were re-melted several times to ensure homogeneity. Extra 3% Mn was
taken to compensate for the weight loss during melting. Each ingot was sealed in an
evacuated quartz tube along with a tantalum foil for annealing. After 24 hours of heat
treatment at 1173 K the ampoules were quenched in ice water. The final compositions
of samples were verified by energy dispersive analysis of X-ray (EDAX) analysis. X-ray
diffraction (XRD) was carried out in Rigaku MiniFlex II using Cu-K¢ radiation to detect
the crystallographic parent phase of the prepared samples. The magnetization
measurements were performed using a Vibrating Sample Magnetometer (Lake Shore
Cryotronics) in a 14 kOe magnetic field. The thermo-magnetic data were taken in both

heating and cooling mode in the presence of 100 Oe field at an interval of 3 K. The
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isothermal magnetization measurements are measured up to 14 kOe across magnetic
FM to PM transition. Differential scanning calorimetry (DSC) heat flow measurements
are performed in heating and cooling mode to detect the phase transition temperature

of the sample with a ramp rate of 10 K/min.

7.3 Result & Discussions:
Room temperature (RT ~ 300 K) XRD patterns are plotted in Fig. 7.1. Both the samples

are found to be in the cubic austenite phase at 300 K. temperature dependence of
magnetization (M-T curves) of MnsgxFexNis1Sni1 (x = 8.5, 10.5) alloys in both zero field
cooled (ZFC) and field cooled (FC) mode in the presence of 100 Oe field within the
temperature range of 80 K to 400 K, are shown in Fig. 7.2(a). Both the samples undergo
a FM to PM transition in the austenite phase at T¢c ~ 305 K for x = 8.5 and at T¢ ~318 K
for x = 10.5 alloy. The M-T curves clearly show that there is no magnetostructural
transition exists between 80 K and T¢ of both the alloys. In the low external magnetic
field (~ 100 Oe) a splitting between ZFC and FC below T¢ indicates that some

antiparallel moments exist in the sample.
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Figure 7.1: Room temperature XRD patterns of MnagxFexNis1Snq1 (x = 8.5, 10.5) alloys
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Figure 7.2: (a) Temperature dependent magnetization (M-T curves) for Mnss.<FexNis1Sni1 (x =
8.5, 10.5) alloys in the presence of 100 Oe field. (Arrows indicate the warming and cooling
path). (b) DSC heat flow vs temperature curve for x = 10.5 alloy.

Differential scanning calorimetry (DSC) curve for x = 10.5 alloy has been
performed upon both heating and cooling with a ramp rate of 10 K/min to check
whether any first order transition is present at elevated temperatures as shown in Fig.
7.2(b). The inflection point present during both cooling and heating at ~ 318 K
corresponds to the curie temperature of the sample and is optimal for MCE
applications. However, any first order transition has not been found at high

temperature range between 300 K and 700 K.

To understand the magnetic behavior of these samples, we have measured ZFC
hysteresis loops at 80 K under + 14 kOe field for both alloys as shown in Fig. 7.3. A
large saturation magnetization (Ms) about 72.76 emu/g is obtained for the alloy with x
= 8.5 and Ms decreases to 63.8 emu/g for x = 10.5. As Mn atoms carry most of the
magnetic moment in the Ni-Mn-based Heusler alloys, the decrease in Mn concentration
reduces the total magnetic moment in the austenite phase and as a result, Ms decreases
with increasing x value. As well as with increasing Fe content, Mn-Fe antiferromagnetic

interaction enhances which in turn reduces the Ms value.
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Figure 7.3: Magnetic hysteresis loop (M-H curve) of x = 8.5 and x = 10.5 alloys under 14 kOe
field at 80 K.

The isothermal magnetization curves (M-H) for both the alloys are carried out
across their magnetic phase transition in the field range of 0-14 kOe, spanning
temperature from 277 K -325 K for x = 8.5 alloy at 3 K interval and 306 K-336 K for x =
10.5 alloy at 2 K interval during warming, shown in Fig. 7.4(a) & 7.4(b). Clearly, there
is no field induced hysteresis in the isothermal M-H curves which is a signature of

typical second order transition.

It is well known that MCE is strongly correlated to the order of magnetic phase
transition. Therefore to confirm the second order transition, Arrott plots (M/E vs.
(H/M)/y curve, B = 0.5, y = 1.0) are plotted in Fig. 7.5. According to Banerjee criteria,
the slope of Arrott plot would be positive for a second order transition whereas for the
first order transition the slopes would take negative values [25]. Therefore, the positive

slope of the Arrott plot indicates the second order nature of the phase transition.
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Figure 7.4: Field dependence of magnetization (M-H curves) for the alloy with (a) x = 8.5 and
for (b) x = 10.5 at different temperatures across T¢ under application of 14 kOe magnetic field.
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Figure 7.5: Arrott plot from field dependence of magnetization curve for (a) x = 8.5 and for (b)
x=10.5 alloy
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The magnetic entropy change is a key parameter in the study of the
magnetocaloric effect of Heusler alloys. ASu of these alloys can be calculated from

isothermal curves using Maxwell equation [26],

ASy (T, AH) = [ (M)H dH (7.1)

0 aT
where, M, T, and H are respectively the magnetization of the sample, instantaneous
temperature, and applied magnetic field. ASwm is calculated using the above equation by
numerical integration of the isothermal M-H curves. Since the alloys show second order
phase transition, we can comfortably use the Maxwell equation to calculate the
magnetic entropy change. ASv as a function of temperature are plotted in Fig. 7.6 for
both the alloys. These curves are broad and ASu reaches to a maximum value of about
-1.02 ] kg’ K1 for x = 8.5 alloy and of ~ -1.0 ] kg1 K-1 for x = 10.5 alloy under a field
change of 14 kOe only. As expected, ASm increases monotonically with the applied field
changes till the peak of ASm occurs across T¢. This is due to the twin boundary motion
and motion of the spin walls. The obtained values of ASw are compared with other

alloys in Table 7.1.
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Figure 7.6: Magnetic entropy change as a function of temperature (ASv -T curve) of (a) x = 8.5
alloy and of (b) x = 10.5 alloy under different magnetic field applied during warming cycle.
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Table 7.1: Comparison of peak value of Magnetic entropy change (|A5'1€,eak|) and Relative
cooling power (RCP) of Mnag.<FexNis1Sn11 (x = 8.5, 10.5) alloys with other alloys.

Sample Name Field change | ASzlv)zeak| RCP Reference
(kOe) ( kg'K1) (/kg)
Gd 50 10.2 410 [26]
GdsGe2Si2 50 20 200 [27]
NisoMn3sSn14xSix [21]
x=1 50 3.4% /2.8 45% / 80"
x=2 50 2.5% /2.7 40* /100"
x=3 50 1.3#/2.3" 12# / 65"
Niss55C02Mn37.55n1s5# 50 13.4 147.04 [28]
Nis7MnaoSniz 20 43#% /2.3 22.2#% /57" [29]
MnsoNisoSnio# 50 8.6 39.8 [30]
NisoMn3z4lnye* 50 19 103.79 [31]
Mngg xFexNia1Snig Present
x=8.5 14 1.02 40.2 Work
x=10.5 14 1.00 36.7

# ASum calculated across first order MST; * ASu calculated across SOMT.
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To understand the ferromagnetic interaction of second order transition we have
studied the critical behavior for these alloys. The critical behavior around T¢ can be
expressed by a set of critical exponents 3, y, and & which are associated with the
spontaneous magnetization (Msp), initial magnetic susceptibility (x,) and critical
isotherm magnetization at T = T¢ respectively [32]. The critical exponents can be

calculated from the magnetic measurements by the following equations:

Mg, (T) = Molel® €< 0,T<T, (7.2)
¥ 1(T) = %EV €>0,T>T, (7.3)
0
1
M = DH3 e=0,T=T, (7.4)
T-T¢ .

where ‘e’ is the reduced temperature, defined as, € = — My, ‘hy’ and ‘D’ are the
c

critical amplitudes. We have used here the mean-field model for long range order (3 =
0.5, y = 1.0) to calculate the critical exponent (3 and y values experimentally using the
above equation. The value of 3 describes how the order moment grows below T¢. The
value of y describes the divergence of susceptibility above T¢ and 6 defines the
curvature of M(H) at T = T¢. These three critical exponents are related to each other by

Widom scaling relation as,

8=1+% (7.5)

From Fig. 7.5, by linearly fitting the high field isotherms we have determined the
Msp(T) and y, 1 (T) values. The intercepts with the axis M2 for T < T¢ give the My, values

and the intercepts with the axis (g) give x5! values which are plotted as a function of

temperature in Fig. 7.7. The 8 and y values are calculated by fitting the equation (7.2)
and (7.3) using the Ms, and y;! values. The optimal values are B = 0.43, y = 1.09, T¢ =
307 K for the alloy with x = 0.85 and = 0.40, y = 1.02, T¢ = 319.8 K for the alloy with x
=10.5.
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Figure 7.7: My, and xg! values as a function of temperature along with the fits (solid lines)
following equations (7.2) and (7.3), which give the values of the exponents and T¢ as (a) 8 =
0.43, v = 1.09, Tc = 307 K for the alloy with x = 0.85 and (b) # = 0.40, y = 1.02, Tc = 319.8 K for
the alloy with x =10.5.

The values of critical exponents along with T¢ can also be calculated using
Kouvel-Fisher technique [33]. According to this method, the critical exponents can be

estimated from the following equation,

My (2) T =T (7.6)
G () =T (7.7)

_1 -1 —1
From the above equation, Mg, (dy;p) vs. T and, yq 1 (Z(—;) vs. T should be straight

lines with slope 1/f and 1/y respectively and their intercept with the T-axis provide
the Tc¢ values. The linear fit of these plots, shown in Fig. 7.8, yield the value of critical
exponents as, 3 = 0.42,y = 1.08, T¢ = 306.7 K for the alloy with x = 0.85 and 3 = 0.40,y =
0.99, Tc = 319.9 K for the alloy with x =10.5.
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Figure 7.8: Kouvel-Fisher plot of M, and x5! values for (a) x = 8.5 and (b) x = 10.5 alloy. The
linear fits (solid lines) of the data yield the values of the exponents and T¢as § = 0.42, y = 1.08,
Tc = 306.7 K for the alloy with x = 0.85 and 3 = 0.40, y = 0.99, T¢ = 319.9 K for the alloy with x

=10.5.
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Figure 7.9: log M vs. log H plot for (a) x = 8.5 alloy at T = 307 K (near estimated T¢) and for (b) x
= 8.5 alloy at T = 320 K which provide the value of § as 3.11 for x =8.5 alloy and ~3.33 for x =

10.5 alloy.

Third critical exponent, & is obtained independently using equation (7.4) from
the linear fit of log M vs. log H (shown in Fig. 7.9) for the alloy with for x=8.5at T = 307
K (~ estimated T¢) and for x = 10.5 alloy at T = 320 K. The determined value of § is
found to be about 3.11 for x =8.5 alloy and ~3.33 for x = 10.5 alloy. Further, using 8 =

Page | 135



Chapter 7

0.42,y = 1.08 for x = 8.5 and B = 0.40, y = 0.99 for x = 10.5 from Fig. 7.8, § is obtained using
Widom scaling relation (equation 7.5) and is found to be 3.57 and 3.47 for x = 8.5 and x
= 10.5 alloy respectively. These values are close to the obtained values from the critical

isotherms which suggest the self-consistency of the critical exponents and T¢.

Moreover, we can expect, the peak value of magnetic entropy change (ASES*)
across the phase transition increases with the increase in a magnetic field following a

power law,

|ASPe*| o H™ (7.8)

where the exponent n is related to the magnetic order and depends on the
temperature and magnetic field. The local exponent n is determined by fitting the
ASPe* ys. H plot (shown in Fig. 7.10) which is found to be 0.77 for x = 8.5 and ~ 0.79

for x = 10.5 alloy. The estimated values of n are in agreement with several reports in

similar alloy systems [21,34].

The obtained values of critical exponents suggest the presence of long range

ferromagnetic order around the austenite phase transition in these investigated alloys.
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Figure 7.10: Field dependent ASpMeak values for the alloy with (a) x = 8.5 and (b) x = 10.5. The

linear fits (solid lines) of the data yield the value of exponent n as 0.77 for x = 8.5 and ~ 0.79 for
x=10.5 alloy
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Relative cooling power is another important parameter in MCE studies, defined
as a measure of the amount of heat transfer between the hot and cold sinks during one
ideal refrigeration cycle. It can be calculated from the temperature dependence of ASm

curve using the following equation
RCP = |ASEC™| X ATpyum (7.9)

where, ASlpWeak represents the peak value of ASu of a ASm -T curve plotted for a specific
field change value and the ATrwnm is the temperature window of the full width at half
maxima of the same curve. The obtained values of RCP are tabulated in Table 7.1. A
maximum value of RCP of about 40.2 J/Kg is obtained for x = 8.5 alloy due to field
change of 14 kOe whereas it is ~ 36.7 J/kg for the alloy with x = 10.5 due to the same
field changes. Hence, RCP decreases with increasing the values of x from 8.5 to 10.5. The
observed value of RCPs are comparatively larger than the other reported RCP values of
Heusler alloys across their first order structural transition such as Nis7MnsoSni3 (22.2
J/kg for the field change of 20 kOe) [29], MnsoNisoSnio (39.8 J/kg due to 50 kOe
magnetic field change) [30], NisoMns4Inie (103.79]/kg for a field change of 50 kOe) [31]
and NisoMn37Sb13z (37.7 J/kg for 50 kOe field change) [35] but it is a bit lower than that
of GdsGe2Siz (200 J/kg at 5T) [27] which are also tabulated in Table 7.1.

7.4 Conclusion

In Summary, we have observed the magnetic, magnetocaloric properties and critical
behavior of Mnsg xFexNis1Sni1 (x = 8.5, 10.5) alloys across their second order magnetic
transition. An increase in Fe concentration in place of Mn decreases the Mn-Mn
antiferromagnetic interaction resulting in only austenite phase for x = 8.5. Large
saturation magnetization and a moderate value of room temperature reversible
magnetocaloric effect (ASu reaches to a maximum value of ~1.02 ] kg1 K1 for x = 8.5
alloy and of ~1.0 ] kg1 K1 for x = 10.5 alloy under a field change of 14 kOe only) are

found for the investigated alloys along with a large relative cooling power (RCP about
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40.2 J/Kg for x = 8.5 and RCP ~ 36.7 | /kg for x =10.5 due to field change of 14 kOe). The
Curie temperature of these samples is less sensitive to the doping amount of Fe. The
less consumption of energy in the applicability of MCE across second order transition in
these materials can make them a good candidate for the magnetic refrigerant. Further,
the critical behavior for both alloys has been studied around their second order
magnetic transition and the obtained critical exponents confirm the presence of long

range ferromagnetic ordering in their austenite phase.
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This chapter represents an overall conclusion of the present thesis and describes about

the scope of future work in the related field.



Chapter 8

8.1 Overall conclusion of thesis

In the present thesis, we have investigated principally the magnetocaloric properties of
transition metal based alloys such as MnNiSi-based intermetallic compound and
NiMnSn-based Heusler alloy which contain earth-abundant elements, in search of cost-
effective magnetic refrigerant material with giant MCE response for room temperature
magnetic refrigeration technology. For NiMnSn-based Heusler alloy, due to the
presence of ferromagnetic-antiferromagnetic correlation in the low temperature
martensite phase, we have studied the exchange bias property. For the preparation of
alloy, a conventional arc-melting technique is used followed by heat treatment in a
vacuum. To extract the crystal structure information and elemental composition, XRD
and EDAX are used. Magnetic, exchange bias, and MCE response of the samples are
explored using VSM, PPMS, and SQUID. The essential findings of the present studies are

discussed as follows.

We have observed first order coupled magnetostructural transition between FM
orthorhombic and PM hexagonal structure and giant MCE across the MST in transition
metal based Al doped (Mno.sFeo.4)NiSii-xAlx (x = 0.06, 0.07) alloys. On doping Al in place
of Si and for a fixed doping of Fe in place of Mn, the structural transition temperature is
found to shift to around room temperature (~272 K for x = 0.07) from a high
temperature of about 1210 K for MnNiSi system. On further increase in Al doping with x
= 0.08, only magnetic transition is observed at about 136 K. Isothermal field dependent
magnetization is measured across the MST to deduce MCE response using Maxwell
equation. Here, we have discussed that isotherms should be measured during cooling to
estimate the magnetocaloric parameter accurately. Isothermal magnetic entropy
change (ASwm) as large as about 20.6 ] kg1 K-1 with large relative cooling power (RCP)
~249.2 J/kg is found for the alloy with x = 0.07 due to a magnetic field change of 50 kQOe.
Our results suggest that these materials can be potential candidates for the magnetic

refrigerant.

Further, magnetic and structural transitions are observed to coincide at around

room temperature in transition metal based (MnNiSi)i.x(FeCoGa)x (x = 0.15 and 0.16)
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alloys which lead to a coupled first order MST from PM hexagonal to FM orthorhombic
structure and as a result giant MCE is observed in these alloys. With subsequent doping
for x = 0.17, MST decouples into two separate transitions, structural and magnetic,
though the transitions are realized to couple with enhancing the applied magnetic field.
Substitution of Fe with relatively lower atomic radius in place of Mn increases the
orthorhombic distortion and stabilizes the hexagonal phase at a lower temperature,
resulting both T¢ and Tw reduce towards room temperature with lower saturation
magnetization. To compensate for the reduction in magnetization, Co can be doped in
place of Ni, where Co enhances the ferromagnetic interaction to the system. Ga having a
much larger atomic radius than Si again enhances orthorhombic distortion in a faster
way to the system which couples T¢ and Tm and as a result, MST is obtained in the
vicinity of room temperature. Here, measuring isotherm during cooling mode is found
to be preferred to estimate the precise value of magnetic entropy change for this type of
material. The significant jump in magnetization across MST arises from the lattice as
well as magnetic structure changes in the coupled transition, developing a giant
magnetic entropy change in these investigated alloys. The alloys with x = 0.15, 0.16, and
0.17 are found to exhibit ASw as large as about 25 ] kg1 K1 at 323 K, ~31.1 ] kg1 K1 at
281 K, and ~23.8 ] kg1 K-1 at 213 K respectively due to a field change of AH = 50 kOe.
Moreover, MST for this investigated compound, (MnNiSi)1x(FeCoGa)y, 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.
Hence, these low-cost materials may be considered as promising candidates for
magnetic refrigeration around room temperature due to their giant magnetocaloric
properties with significantly large relative cooling power (RCP = 191.8, 209.6, and
139.2 ] /kg respectively for x = 0.15, 0.16, and 0.17 due to AH = 50 kOe).

Next, we have investigated the effect of hydrostatic pressure and magnetic field
on the magnetization, magnetocaloric effect, and exchange bias effect in a Co doped Ni-
rich Niss5C02Mn375Sn1s Heusler alloy. At ambient pressure, the martensitic transition
temperature shifts to a lower temperature with a rate of dTu/duoH ~ 3.29 K/T whereas,

Ty increases rapidly to a higher temperature with a shift rate of dTy/dP ~31.90 K/GPa
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when hydrostatic pressure is applied. Hence, the first order MST of similar materials
can be tuned by applying both hydrostatic pressure and magnetic field as they influence
the transition temperature oppositely. The coercivity of the sample at a given
temperature merely changes, but the exchange bias effect in low temperature is
improved by applying pressure. Although the ASw associated with the net RCP
decreases a little bit with an increase in pressure, a fine control of operating
temperature is possible by applying hydrostatic pressure with the magnetic field which
is very advantageous in the context of the application of similar materials to achieve

potential magnetic cooling.

The addition of a small amount of Co substituting Ni in NiMnSn-based Heusler
alloys enhances the ASw value but the appearance of field induced hysteresis across the
first order MST reduces the net RCP of that material in higher doping concentrations.
Therefore to improve the inverse MCE properties of Heusler alloys, we have to reduce
the hysteresis losses significantly to make their commercial use as refrigerant material.
For that purpose, we have studied the magnetic, exchange bias, and MCE response of Si
doped polycrystalline NisgCo1.5sMn3sSn1s5.xSix (x = 0, 1, 2, 4) Heusler alloys. These alloys
are found to undergo a first order structural phase transition from martensite to
austenite along with a second order FM to PM transition. With increasing Si substitution
in place of Sn, martensitic transition temperature shifts to lower temperature whereas
the Curie temperature (7T¢) remains insensitive to the doping content. ASwm is found to
reduce with Si content. Interestingly, the average hysteresis losses decrease drastically
from 49.7 ] /kg to 8.6 ] /kg with the increase in Si substitution from x = 0 to x = 4, which
can enhance the effective RCP of the materials. A maximum net RCP of about 141.8 | /kg
has been observed for x = 2 alloy. Therefore, a small amount of Si substitution in place
of main group element can enhance the effective efficiency of these similar kinds of

alloys which can make them good refrigerant material for practical application.

Finally, to improve the conventional MCE across the second order magnetic
transition of NiMnSn-based Heusler alloys, we have explored the magnetic,

magnetocaloric properties and critical exponents of Mnsg FexNis1Sn11 (x = 8.5, 10.5)
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alloys across their second order transitions. These alloys show only second order FM to
PM transition at their T¢ and no structural transformation is observed. An increase of Fe
doping content in place of Mn decreases the Mn-Mn antiferromagnetic interaction
resulting in only austenite phase for x = 8.5. Second order transition being continuous is
not associated with thermal and field induced hysteresis. A large value of saturation
magnetization (Ms) about 72.76 Am2/kg is observed at 80 K for x = 8.5 alloy as the alloy
becomes purely austenite for this composition. A reversible ASu of about 1.02 ] Kg-1 K1
with moderate RCP ~ 40.2 ] /kg is obtained near room temperature (~305 K) for x = 8.5,
across its T¢ due to a field change of 14 kOe only. The less consumption of energy in the
applicability of MCE across second order transition in these materials can make them a
good candidate for magnetic refrigerant. Further, the critical exponents are calculated
for both the samples and found to exhibit long range ferromagnetic ordering in their

austenite phase.

We have tabulated all the important parameters related to the magnetocaloric
properties of our investigated samples in Table 8.1. Here, (MnosFeo.4)NiSii-xAlx and
(MnNiSi)1-x(FeCoGa)x alloys exhibit giant magnetocaloric properties around room
temperature and MCE is tunable in a board operating temperature window. Moreover,
these materials are non-toxic and very cheap compared to the already proposed rare
earth based and transition metal based magnetocaloric materials described in Chapter
1. Besides, from the MCE response of our studied MnNiSi-based compounds, we suggest
that instead of using single material if we cascade multiple materials to use as a
refrigerant, an enormous efficiency of magnetic refrigeration as well as large operating
temperature region can be achieved. For instance; the operational temperature window
with giant MCE can be extended from 224 K - 342 K by cascading (MnNiSi)1x(FeCoGa)x
with x = 0.15 - 0.17 and their intermediate compositions. However, Heusler alloys are
already proposed as promising magnetocaloric materials. Further, we have presented
that, by applying hydrostatic pressure with the magnetic field a fine control of operating
temperature is possible as they are found to influence the first order MST oppositely
and also the use of pressure retains the similar MCE response of the material. Si doping

in place of post transition element of Heusler alloys is found to be an effective way to
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reduce the hysteresis losses across first order transition significantly. Beside, inverse

MCE, we have explored reversible MCE in Heusler alloys by tuning the second order

magnetic transition near room temperature and the saturation magnetization. Thus, a

proper device fabrication using our investigated low-cost transition metal based

materials as a refrigerant may accelerate the path to construct a cost-effective, energy-

efficient, and eco-friendly room temperature magnetic refrigerator for cooling

technology.

Table 8.1: Peak value of isothermal magnetic entropy change (ASIpWeak), peak temperature

where maximum ASy is maximum (Tpeqx), average hysteresis loss (HL), relative cooling power

(RCP) of the studied materials of the present thesis.

Samples AH A 511:;‘1" Tpeax HL RCP

®0) | (rgiky | K | Okgd) | (ke
(Mno_eFeo_4)NiSi1.xAlx

x=0.06 14 -5.1 317 - 21.5
x=0.07 50 -20.6 256 — 249.2

14 -7.1 249 — 56.8

(MnNiSi)1-«(FeCoGa)x

x=0.15 50 -25 323 - 191.8
x=0.16 50 -31.1 281 - 209.6
x=0.17 50 -23.8 213 — 139.2

Niss5C02Mn3z7.5Sn15 50 13.4 (P =0 Gpa) 237 53.1 147
10.2 (P =0.7 Gpa) 258 39.8 146.6

11.0 (P=0.9 Gpa) | 263 40.9 130.1

NisgC01.5Mn355n155.xSix

x=0 50 11.99 248 49.7 136.1

x=1 50 10.86 193 41.6 130.1

x=2 50 5.46 188 19.3 141.8

x=4 50 2.42 163 8.6 63
Mnys. FexNia1Snig
x=8.5 14 -1.02 306 - 40.2
x=10.5 14 -1.00 319 - 36.7

Page | 147



Chapter 8

8.2 Scope of Future study

Magnetic and structural transitions are observed to coincide at around room
temperature in transition metal based (MnosFeo.4)NiSi1xAlx (x = 0.06, 0.07) alloys and
(MnNiSi)1y(FeCoGa)y (y = 0.15 - 0.17) alloys which lead to a coupled first order MST
from PM hexagonal to FM orthorhombic structure and as a result, giant MCE is
observed in these alloys. In these doped MnNiSi compounds, a remarkable shifting of
structural transition temperature from about 1210 K for MnNiSi compound, to lower
than 300 K is observed. Due to Fe doping in place of Mn, the saturation magnetization of
the material reduces. To compensate for the reduction in magnetization, we have doped
Co in place Ni in (MnNiSi)1x(FeCoGa)x system which also shows coupled MST around
room temperature with large saturation magnetization. Usually, the reduction of
structural transition temperature depends on the hexagonal distortion ratio, Chex/anex
(or dortho/bortho); When crex/anex decreases, the structural transition is found to shift
toward room temperature from a high temperature of about 1210 K. Substitution of the
transition elements with lower atomic radius in place of Mn reduces the value of cpex,
whereas the substitution of elements with higher atomic radius in place of Si site
enhances anex value. Thus, chex/anex can be reduced in a faster way with double elements
substitution and we have observed that MST is obtained near room temperature when
Chex/anex ~ 1.30. Therefore, it will be very interesting to study the MCE properties of the
mentioned system with fixed doping of Fe/Co in place of Mn and then, by substituting of
other post transition element such as Ga, Sn, In, Sb, Al, Ge in place of Si. Further, a phase
diagram can be established in MnNiSi system by Fe/Co doping in place of Ni which may
extend the study of MCE with elemental substitution to find better refrigerant material.
An effect of the annealing temperature and the time of heat treatment on the MCE
response of these materials can be investigated to know the influences of structural
disorder on the MCE response of these materials. Further, to know the grain size
dependence of MCE, one can prepare the ribbon form of these alloys. In addition to the
magnetic field, hydrostatic pressure can also be applied to tune the magnetocaloric
properties of these alloys as usually the hydrostatic pressure and magnetic field

influence the transition temperature oppositely. Moreover, as MST of the investigated
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systems is accompanied with a significant change in unit cell volume along with a large
change in magnetization, it may exhibit interesting findings in the study of

magnetoresistance properties.

Besides, the MCE response of NiMn-based Heusler alloys with various main
group elements (p-block) such as Ga, In, Sb, Sn etc. have been explored in search of
suitable refrigerant material for magnetic refrigeration technology. A few percent of Co
or Fe doping in place of Ni enhances the ferromagnetic interaction to the system and
which in turn enhances the MCE responses. At the same time, the first order transition
shifts to the lower temperature and also, the thermal as well as magnetic hysteresis
enhances which generates the irreversibility of MCE. We have observed that without
affecting the MCE response, the application of hydrostatic pressure can regulate the
operating temperature. We have shown that Si doping in place of post transition
element can be an effective way to reduce the magnetic hysteresis losses significantly
although it diminishes the MCE parameter. The MCE response of these alloys in ribbon
form can be investigated further as the reduction of grain size may play a crucial role to
reduce the hysteresis. Moreover, other similar elements having relatively smaller
atomic radii can be partially substituted in place of the p-block element. The magnetic
interactions and structural properties in these materials depend extensively on the
inter-atomic spacing. Hence, by changing the lattice parameter we can explore the

various interesting physical properties.

Recently, the d-metal Ti is found to show a similar effect to the p-block element
on forming and stabilizing all d-metal Heusler alloy structure. Co/Fe substitution in
place of Ni originates strong ferromagnetic coupling in the antiferromagnetic austenite
of Ni(Co/Fe)-Mn-Ti alloys. On doping Fe/Co, the structural transition shifts to lower
temperature whereas Curie temperature increases toward higher temperature, hence a
tuning of inverse and conventional MCE is possible. Other transition elements such as
Cu, Cr, and double transition elements can be co-doped to investigate the MCE as
valence electron concentration (e/a) influences the transition temperature significantly.

Similarly, other p-block elements can be doped in place of Ti to tune the MCE response
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of all d-metal Heusler alloy. Hydrostatic pressure can be added as a stimulus with the
magnetic field to tune the MCE properties further. In addition, the magnetoresistance of

these alloys should be explored across first order MST.

Thus, the recent research activity should be to explore the new low-cost
magnetocaloric material with giant MCE response around room temperature and also
the optimization of the known material to make it suitable for commercial application.
Although many prototypes are demonstrated to achieve room temperature magnetic

cooling, still a considerable effort is required to make it commercially available.
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