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PREFACE

Magnetic materials play an important role in technological development. They are
extensively used in power transmission, communication, data storage, data read/write
heads, medical diagnosis equipment, power conversion, etc. With the advent of new
magnetic materials with several exciting and hitherto unknown properties, many new
applications emerge. Heusler alloys which have the chemical formula X,YZ (where X
and Y are usually transition metals and Z is a sp-element) have amazed researchers
with a plethora of novel physical properties since their discovery in 1903 by Frederic
Heusler. Bulk form of these alloys has received considerable attention and several
exciting phenomena have been observed in them such as ferromagnetic shape memory
effect, magneto-caloric effect (MCE), giant magneto-resistance, spin polarization,
superconductivity, thermoelectric effect, etc. Among these, MCE is the basis for
magnetic refrigeration which is an emerging, low-carbon technology with a strong
potential to be an environment friendly alternative to conventional vapour compression
based refrigeration. However, the most popular room temperature magnetic refrigerants
are rare earth element gadolinium and its compounds, which are very costly. Hence, the
current demand is to develop rare earth free materials with giant MCE for this
application. In this context, off-stoichiometric Heusler alloys with elemental
composition of NisoMnysixZpsx (Z = Ga, In, Sn, Sb) have attracted immense attention
due to the large MCE exhibited by them, low cost of production and relatively large
abundance and availability. Several attempts have been made to understand the
structural, magnetic and magneto-caloric properties of bulk NisoyMnys:xZasx (Z = Ga,
In, Sn, Sb) alloys and it has been found the MCE shown by these alloys is tunable over
a wide temperature range which increases the operating temperature range of magnetic
refrigerators made of these alloys. Since the current technological scenario is focused
on micro- and nano-structured devices, one needs these alloys in thin film form with
optimized properties. Moreover, thin films with high surface to volume ratio can
facilitate faster heat transfer to the environment, which is a distinct advantage of
magnetic cooling devices based on thin films. There are several theoretical and
experimental studies which indicate that the physical properties of thin films are very
different from their bulk counterparts. This has prompted several researchers to
investigate the influence of parameters like deposition pressure, annealing temperature

and time, surface roughness, film thickness on the microstructure and magnetic
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properties of these alloy thin films. Apart from MCE, these NisoMnys:xZ»s5x (Z = Ga, In,
Sn, Sb) alloy thin films are expected to exhibit geometry and microstructure dependent
properties which are of immense interest from both basic scientific as well
technological viewpoints. These films exhibiting soft ferromagnetism, in-plane
magnetic anisotropy, high saturation magnetization and appropriate anisotropy field,
find applications as microwave integrated circuits, spintronic and microelectronic
device, cores in high-frequency inductors, wireless inductors, microwave noise filters,
electromagnetic wave absorbers, etc. However these applications demand a clear
understanding and control of parameters like magnetic anisotropy, magnetic exchange
interactions, and intrinsic and extrinsic damping of these alloy films. A survey of the
literature shows that Ni-Mn-Z based thin films alloys have not been well explored from
these viewpoints. This served as the main motivation for exploring the properties of Ni-
Mn-Z and Ni-Mn-X-Z (X = Cu, Fe, Co; Z = Sn, In) thin films prepared by dc
magnetron sputtering on low-cost Si substrates in this thesis work. By varying the
composition of the sputtering target, sputtering parameters and post deposition
annealing conditions, off-stoichiometric Heusler alloy films with different crystal
structures could be synthesized. Along with structural, magneto-static and magneto-
caloric properties, magneto-dynamic properties of these films have also been
investigated using ferromagnetic resonance (FMR) technique so as to evaluate
parameters of relevance to high frequency device applications. Two FMR techniques,
viz., broad-band micro-strip waveguide based FMR (MS-FMR) and cavity based FMR
(C-FMR) operating at 9.4 GHz, were used to gather information about magnetic
anisotropy, magnetic inhomogeneity and magnetization relaxation (or intrinsic and
extrinsic damping) processes which define the applicability of these films for next
generation devices.

The thesis consists of eight chapters. Chapter 1 presents a brief introduction to
the content of the thesis. A review of literature relevant to the thesis work and the
motivation behind the thesis work are also included in this chapter. Chapter 2
discusses the experimental techniques used in the present studies including the sample
preparation methodologies. The basic principle and the theory behind the experiments,
the experimental set up and the measurements/ methodologies leading to the
determination of the physical properties are also discussed here.

In chapter 3, composition and thickness dependent physical properties of two

series of off-stoichiometric Ni-Mn-Sn films are discussed. Series 1 consists of
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Nigg 14Mnsg 14Sn137, films of 250 nm, 500 nm, 750 nm, 1000 nm and 1500 nm
thickness. As-deposited amorphous films crystallized in austenite phase with high L2,
order upon annealing at 823 K for 1 h. These austenite films exhibit ferromagnetic
behavior with Curie temperature (7¢c) close to room temperature. Martensite to
austenite (M <> A) structural phase transition was not observed in this series which
may be due to low crystallite size (D ~ 10 - 15 nm). Magnetic entropy change (ASy),
which is a measure of MCE was calculated near 7¢ using Maxwell’s relation and (-
AS))max of 0.81 J/kg.K was obtained at 306 K for a field change (dH) of 12 kOe for the
250 nm thick film. Series 2 films with thickness 360 nm, 500 nm, 700 nm and 1000 nm
and composition Nis34Mn33,Sn;34 annealed at 823 K for 1 h exhibited room
temperature martensite phase with a modulated 14M structure. These weakly
ferromagnetic films with D > 90 nm exhibit M <> A transition, although the transition
was spread over a wide temperature range. High 7¢ (~ 560 - 570 K) was observed for
the first time in these films. FMR study performed using MS-FMR method on series 1
films reveals very low Gilbert damping constant (o) of 0.007, 0.0075 and 0.008 for the
500 nm, 1000 nm and 1500 nm thick films. High effective anisotropy constant (K; ~
10° erg/cc) has been observed in the 1500 nm film. FMR study carried out using C-
FMR method on series 2 films showed very low K| (~10" erg/cc) in the martensite Ni-
Mn-Sn films, although o remained almost similar (~ 0.008).

In chapter 4, the effect of Co substituted martensite Ni-Mn-Sn films (series 2)
with different thicknesses ranging between 360 to 1000 nm is presented.
Nis32Mny9,Co709Snjg6 films with room temperature martensite phase exhibited
ferromagnetism. Ni-Mn-Co-Sn films exhibited higher 7¢ (more than 300 K) than the
ternary martensite films. Upon Co substitution, a 3.8, 2.3, 1.7 and 1.6 fold increase in (-
AS))max across Tc is achieved as compared to martensite Ni-Mn-Sn films of thickness
360 nm, 500 nm, 700 nm and 1000 nm, respectively. C-FMR study revealed for the
first time very low K; (~ 10* erg/cc) and o of 0.0085 in the quaternary films.

Chapter 5 showcases the effect of fourth element X (= Cu, Fe, Co) substitution
on the properties of 500 nm thick Ni-Mn—-Sn films with austenite structure at room
temperature. X atoms occupied the Sn-sublattice by replacing the Ni and/or Mn atoms
without changing the austenite structure of the ternary film. The ternary Ni-Mn-Sn and
Cu substituted alloy films exhibit almost similar room temperature ferromagnetic

behavior, whereas the Fe and Co substituted alloy films show more softer loops with
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increased M,/M; ratio. Using FMR study a very low value of a (= 0.007) was found for
the first time in Ni-Mn-Co-Sn film together with perpendicular anisotropy and easy
axis along film plane. These films also do not show M <> A transition but high -ASj,
(0.45-0.70 J/kg.K) was obtained near T¢ (320-330 K).

Chapter 6 is devoted to investigations on Ni-Mn-In films in which Mn has
been partially substituted by Co or Fe. Films with 1 and 3 at.% Fe and Co exhibited
room temperature austenite phase after annealing at 823 K for 1 h. However, presence
of 1 — 3 at.% Fe or Co atoms in Mn sites strongly affected the magnetic and magneto-
caloric properties of the films. As much as 120 emu/cc increase in magnetization is
achieved when 3% Fe or Co substituted in the ternary alloy film. —AS), in the vicinity
of T¢ increased from 0.98 J/kg.K to 1.58 J/kg.K for the film with 3 at.% Fe and 1.23
J/kg K for the film with 3 at.% Co, for dH of 18 kOe. These A4S, values are highest
achieved in Ni-Mn-In thin films and comparable to values obtained in bulk Ni-Mn-In
alloys. FMR study of these films revealed for the first time low a (= 0.008), which did
not show significant variation with substitution of Fe or Co. Additionally, these films
also exhibited high M;, high perpendicular anisotropy and easy axis along film plane.

Chapter 7 discusses structural, magneto-static and magneto-dynamic properties
of 500 nm thick Nisz7Mnygsln;ss and NiggsMnyggFesglng7; films. Ni-Mn-In film
annealed at 823 K and 973 K for 1 h exhibit room temperature martensite phase with
very low magnetization whereas Ni-Mn-Fe-In films annealed at 823 K and 923 K for 1
h exhibit a mixed phase (martensite and austenite phases) at room temperature. FMR
analysis of Ni-Mn-Fe-In films shows the presence of very low K; (~ 10* erg/cc) and
moderately low a of 0.009 £ 0.001. Very low magnetic anisotropy of these films results
in magnetic properties which are not dependent on film orientation. Moreover, the
unique properties shown by Ni-Mn-Fe-In films are observed in films of all thicknesses
ranging from 250 nm to 1000 nm.

Chapter 8 provides a summary of the results obtained in the thesis and briefly
points out the scope for further work in these topics.

References and publications which have originated from this thesis work are

listed at the end of the thesis.
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Chapter 1: Introduction

The search for new materials exhibiting rich multifunctional properties has always been
a priority for every materials researcher. In fact, past eras have been named after
specific materials such as the primitive stone age, the early civilization time of bronze
age, the industrialized iron age, the recent high technology silicon / polymer age and so
on [HUMMO9S8]. Magnetic materials have received considerable attention of mankind
due to their interesting physical properties and wide applications in large scale.
Continuous investigations on these materials have helped researchers to unravel
exciting new physics and develop new technologies to make our life easier. Magnetic
materials have evolved in times from bulk form to the nanostructures to cater to newer
demands via novel technologies. Modern device-happy and data-centred world
demands faster, better, cheaper and smaller (micro/nano) device technologies [CHOI15,
SHUROO]. Magnetic thin films are the key elements of continued technological
advances made in the field of solid state micro/nano electronics. Investigations on these
2-dimensional nanostructures have revealed many new areas of research in solid state
physics and chemistry which are mainly based on their thickness, geometry and
structure based properties [VOLK11, NALWO02]. The extensive applications of thin
films in diverse fields of electronics, optics, space science, aircrafts, defence and other
industries have induced remarkable rise in research and development activities on thin
film in recent years. Most of the functional materials are required in optimized thin film
form for applications purpose [BANEI12]. These investigations have led to numerous
inventions in the forms of active devices and passive components such as piezo-electric
devices, micro-miniaturized power supplies, sensor elements, microelectronic devices,
microelectromechanical systems, recording/reading heads, magnetic sensors, gas
sensors, complicated fast computer circuitry, micro actuators, micro transducers, etc.
[KUANO8, GAOYO03, TEIC15a, CONG10, PLAN09]. Among the magnetic materials
known to mankind, Heusler alloys have amazed researchers since their discovery with
their rich variety of magnetic behaviour and smart multifunctional properties. One can
find diverse magnetic phenomena such as itinerant and localized magnetism,
antiferromagnetism, helimagnetism, non-collinear magnetism in the same family of
Heusler alloys. Recently, Heusler alloys have invoked considerable experimental and
theoretical investigations due to novel properties such as ferromagnetic shape memory
effect (FSME), giant magneto-caloric effect, giant magneto-resistance, half metallicity,
superconductivity, thermoelectric effect, etc. [GRAF11, ZHUKI16, FELS16, SRIV12,
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DUBEI12, GALAO5, ONER07, ONER12, DURA1S, CHEN13, TRITO1]. Within the
large Heusler alloy family, off-stoichiometric Ni-Mn based bulk alloys have been found
to exhibit extremely high magnetic field induced strain in the ferromagnetic martensite
phase and giant MCE across the magneto-structural transition [FUJI00, SOZI13,
TITO12, KRENO7a, DUBE12]. Thin film form of these alloys are expected to exhibit
geometry and microstructure dependent properties which are of immense interest from
both basic scientific as well technological viewpoints. In this thesis work,
multifunctional properties of off-stoichiometric Ni-Mn-based ternary and quaternary

alloy thin films deposited on low cost Si (100) substrates have been investigated.

1.1 Full and half Heusler alloys

Our understanding of structure-property correlations in solid state materials changed
considerably after the discovery of Heusler alloys by Friedrich Heusler, a German
mining engineer and chemist in 1903. His discovery of room temperature
ferromagnetism in Cu,MnAl alloy containing no ferromagnetic element posed a
challenge to both theorists and experimentalists [HEUSO03]. The structure of the
compound that Heusler prepared was unknown in 1903, although he realized that a
chemical compound must have been formed. Later in 1934, Otto Heusler, son of F.
Heusler [HEUS34], and Bradley [BRAD34] determined the crystal structure of
Cu;MnAl alloy and declared it to be an intermetallic alloy with chemical formula
Cu;MnAl Since then, various research groups started investigating various other
Heusler alloy compounds with Cu,MnAl-like structure and a new class of materials
with diversified properties was born in materials science community. These alloys are
known as full Heusler alloys with general formula X,YZ. The X and Y elements
usually come from the transition metals group, whereas the Z component is a III-V
group element. The full Heusler (X,YZ) structure consists of four interpenetrating face
centred cubic (fcc) sub-lattices, of which two are formed from the same (X) element.
After Heusler’s discovery, Nowotny and Juza published [NOWO51, NOWOS50,
JUZAA48, JUZAG68] the outcome of their study on a different group of materials
consisting of main-group element compounds, which are now referred to as Nowotny-
Juza phases. The connection between the Nowotny-Juza phases and the Heusler
compounds was established by L. Castelliz, who first synthesized the Nowotny-Juza

compound NiMnSb [CAST51, CAST52]. Nowotny-Juza phases are now referred to as
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Chapter 1: Introduction

half Heusler compounds have the chemical formula XYZ, in which one of the four fcc
sub-lattices of the full Heusler alloy structure is empty. The family of Heusler
compounds incorporates a large number of magnetic members exhibiting diverse
magnetic phenomena like itinerant and localized magnetism, antiferromagnetism,
helimagnetism, Pauli’s paramagnetism or heavy fermionic behaviour [WEBSSS,
ZIEBO1, PIER97, TOBO98, TOBO00, TOBOO03, GILL09, GILL10].

At the stoichiometric composition, full Heusler alloys with general chemical
formula X,YZ crystallize in the stable cubic structure (represented by the point group
L2, and space group Fm3m) with Cu,MnAl as the prototype compound [HEUSO03,
HEUS34, BRAD34]. This stable phase is also known as the austenite phase. Elements
normally associated with X, Y and Z, are indicated in Figure 1.01. The X atoms form a
primitive cubic sub-lattice and adjacent cubes of this X sub-lattice are filled
alternatively by Y or Z atoms as depicted in Figure 1.02. The primitive cell of the L2,
structure contains four atoms that form the base of an fcc primitive cell. This results in
a lattice with Fm3m symmetry in which the Wyckoff positions 4a (0,0,0), 4b (V5,%,%),
and 8c (¥4,%,% and %4,%,%) are occupied by Z, Y, and X atoms, respectively. The full
Heusler structure is formed essentially from the ordered combination of two binary
compounds XY and XZ. Both compounds may have CsCl-type crystal structures. For
instance, CuMn and CuAl can yield Cu;MnAl. In off-stoichiometric alloy compositions
with X,Y14xZ1x structure, the excess Y generally occupy the Z sub-lattice site
[UBAL17, SOKO12].

Gowp=-1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

|Period
1 @ X,YZ Heusler Compounds Z]
Cu,MnA! Prototype Alloy o]
2.. 2 -Dhé?ﬁ

16| 17| 18
S || CI || Ar

20 34 35| 36
Ca Br || Kr

5 38 43 52 53 54
Rb Sr Tc Te Xe
6 55 75 76 80 81 85 86
Cs Ba At || Rn

7 87 || 88 104 105 9 1 0 1 113 114|(115 116 117|118
Fr || Ra Sg Bh Hs Mt Ds Rg Cn Uut I Uup|| Lv ||Uus||{Uuo

wmmllll@l@llllllll
Actinides | 89 || 90 92|93 (94 |[95](96] 97 || 98 || 99 |(100](101](102][103
Ac || Th U |[Np || Pu||Am||Cm|| Bk || Cf || Es || Fm || Md || No || Lr

Figure 1.01: Periodic table indicating possible X, Y and Z elements in Heusler alloys.
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Half Heusler alloys with general chemical formula of XYZ, crystallize in a non-
centrosymmetric cubic structure (point group Cly, and space group F43m). This is a
ternary ordered variant of CaF, structure and can be derived from the tetrahedral ZnS-
type structure by filling the octahedral lattice sites (cf. Figure 1.02). As mentioned
earlier, Cl, compounds with chemical formula of XYZ consist of three interpenetrating
fcc sub-lattices, each of which are occupied by the X, Y and Z atoms [WATAT76,
GROOS3]. The corresponding occupied Wyckoff positions are 4a (0,0,0), 4b (Y2,%,%),
and 4c¢ (Y4,%,%). In other words, the Cly unit cell can be visualized as an L2 unit cell

with one unoccupied sub-lattice (or one vacant 8c position).
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Figure 1.02: Unit cells of (a) full (X,YZ) and (b) half (XYZ) Heusler compounds.

1.2 Disorders in Heusler alloy structure

During synthesis of Heusler alloys, it is often found that the alloy always does not form
a completely (or 100%) ordered L2; austenite structure due to different types of
possible disorders in the structure. The most prominent disorders in full Heusler alloy
structure [WEBS69, BACO71, ZIEBO1, HORNO04, GRAF09] are shown in Figure 1.03.
The most frequent type of disorder in a fully ordered L2, structure is the B2-type
disorder which results in the CsCl-like structure shown in Figure 1.03(a). In a fully B2-
type disordered structure, the Y and Z atoms are equally distributed in the unit cell and
consequently the 4a and 4b positions become equivalent. As a consequence, the
symmetry is reduced, resulting in Pm3m space group. Another common type of
disorder found in full Heusler alloy is due to random distribution of X and Y atoms or
X and Z atoms, known as DOs-type disorder or BiF;-like structure as depicted in Figure

1.03(b) belonging to Fm3m space group. Apart from these commonly found disorders,
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Chapter 1: Introduction

sometimes these alloys crystallize in a more complicated disordered phase with B32a
and A2 disorders. The B32a type disorder occurs very rarely, when the X atoms which
occupy one of the fcc sub-lattices are mixed with the Y atoms, whereas the X atoms on
the second sub-lattice are mixed with the Z atoms. In this type of disorder, the alloy
forms NaTl-like structure (space group Fd3m) which is shown in Figure 1.03(c). It can
be seen that in this case, the X atoms are placed at Wyckoff position 8a (0,0,0), while Y
and Z are randomly distributed at 8b ('%,%,%2) position. In contrast to these partial
atomic site disorders, if all Wyckoff positions become equivalent, then A2-type of
complete disorder is obtained, resulting in W-like bce structure with space group

Im3m as illustrated in Figure 1.03(d)).
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Figure 1.03: Changes in the atomic arrangement in the unit cell of full Heusler alloys

due to (a) B2, (b) DOs, (c) B32a and (d) A2-type disorders.

Properties of Heusler alloys are strongly dependent on the nature of atomic
arrangement of the atoms within the unit cell. Band structure calculations show that
even small amounts of disorder in the distribution of atoms on lattice sites induce
distinct changes in their electronic structure, which in turn influence their magnetic and
transport properties [MIUR04, PICO04, KANDO7]. Therefore, a careful analysis of the
crystal structure is essential to understand the structure-property correlation in Heusler
compounds. Some of these disorders can be detected and estimated by analyzing X-ray

diffraction (XRD) patterns of the alloys. For full Heusler compounds, we can divide all
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possible X-ray reflections (those allowed by the extinction rules for an fcc lattice) into
three groups with three different structure factors [SZYT89], viz.,
1. hk,lallodd — ((111), (311),(331), (333), (511), (531),...)

or F(111) = 4(f, — f,) 1.01
2. h+k+1=22n-1),n=1,2,... - ((200), (222), (420), (600), (442),...)
or F(200) = 4[2f, — (f, + f)] 1.02
3. h+k+1=4n,n=1,2,... - ((220), (400), (422), (440), (620), (444),...)
or F(220) = 4[2f, + f, + f3] 1.03

where f,, f, and f. are average scattering amplitudes of the respective sub-lattices and h,
k, I are the Miller indices of the crystal planes. The structure factor expressions given
above are simplified forms obtained after neglecting the anomalous correction terms.
The third group of reflections is independent of atomic disorder(s) in the four sub-
lattices, making it a fundamental reflection. The other two groups of reflections depend
on the type of disorder present. The first group vanishes if B2 disorder is present while
the second group vanishes if A2 disorder is present in the alloy. However, it should be
noted that some types of disorders such as DO; cannot be easily detected by XRD,
especially when the scattering coefficients of the concerned 3d transition metals are
nearly equal [BALKO7]. The typical XRD pattern of a full Heusler alloy with L2,
structure is shown in Figure 1.04. Here, the first there peaks (111), (200) and (220) are
the characteristic peaks and analyzing these peak profiles can provide information

about the structure and the atomic disorder(s) in the alloy.
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Figure 1.04: Typical XRD pattern of full Heusler alloy with L2, structure (with y-axis
in log scale).
1.3 Structural phase transition in Heusler alloys

Apart from these disorders in the stable (cubic) austenite phase, several Heusler alloys

including Ni-Mn-based alloys, exhibit a low symmetry crystal phase known as
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Chapter 1: Introduction

martensitic phase at low temperatures. Reversible transition of the alloy crystal
structure from high symmetric (cubic) austenite (A) phase to low symmetry martensite
(M) phase is known as martensitic transition (MT). Unlike atomic order-disorder
transitions, MT is caused by non-diffusional cooperative movement of atoms in the
crystal [NISH78]. MT usually takes place over a temperature range and is characterized
by a thermal hysteresis behavior (a feature of first-order phase transition) between the
A > M and M - A transitions. The characteristic temperatures, namely, martensite
start (7us) and martensite finish (7}4) temperatures during the cooling process, and
austenite start, (7) and austenite finish (7)) temperatures during the heating process
are indicated in Figure 1.05(a) [OTSU98]. In the forward MT, the formation of
martensite phase progresses between T, and 7T); and in the reverse transition,
austenite phase formation progresses between 7, and 7, The martensite phase in Ni-
Mn-based alloys may consist of any one of the low symmetric phases such as L1, 10M,

14M, etc. depending upon the alloy composition and constitution [PONS00,KRENO5b,

SUTO04].
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Figure 1.05: (a) Variation of phase fractions across the MT. Characteristic temperatures
associated with the MT are indicated by vertical arrows. Possible martensite structures,
viz., (b) non modulated tetragonal (L1y), (¢c) modulated 10M, and (d) modulated 14M
are also schematically depicted [OTSU98, ACET11, KUND17].

The structural stability of the martensite phase of Ni-Mn-Z (Z = Ga, Sn, In, Sb)
alloys strongly depends on composition [ROTHS54]. The martensitic structure,

transformation temperatures and the Curie points can be systematized as a function of
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the average number of valence electrons per atom (e/a ratio) [PONS00, CHER99,
JINXO02]. e/a ratio for Ni;MnGa (or NisoMn,sGa,s) alloy is estimated as follows:

e _ (10 x at%of Ni )+(7 x at %of Mn )+(3 x at %of Ga)
a (at%of Ni +at %of Mn +at %of Ga)

1.04

10 X 50)+(7 X 25)+(3 X 25 750
= JOXSO+TX2)+EX25) _750_ 75 1.05
(50+25+25) 100

Here, the value of 10 assigned for Ni represents the valence electrons in its outer
electron shells (3d84sz). Similarly for Mn, the value 7 arises from 3d°4s” and for Ga the
value 3 comes from 4s24p1. The relation between magnetic and structural phase
transition temperatures of Ni-Mn-Z (Z = Sn, In) with e/a ratio is shown in Figure 1.06
[PLANO9]. It can be seen from the figures that the stable structure of both alloys
transforms from cubic = 10 M - 14M - L1, as e/a ratio is increased.

x (at%)
20 10 0 20 10 0
1200 mrrrr e T T T
Ni Mng, ln,
1000 — =
800 - L Cubic
55
=~ 600 B
B :
i Ly
400 - B
200 -
011111J5t51f311 fl‘li*lill:lll
7.5 g0 | 85 715 | 80 8.5
10M 14M 10M
el

Figure 1.06: Magnetic and structural phase diagram of Ni-Mn-Z (Z = Sn, In) alloys.
The triangles and circles correspond to the magnetic and martensite transformation

temperatures, respectively [PLANO9].

1.4 Magnetic properties of Heusler alloys

Heusler alloys exhibit a variety of interesting magnetic properties. However, Heusler
alloys with total valence electron number, Z; > 24 order ferromagnetically and attain

magnetic saturation under weak applied magnetic fields. Being ferromagnetic, these
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alloy compositions exhibit magnetic hysteresis (M-H loop) under the application of
reversible magnetic field as displayed in Figure 1.07(a). By studying its hysteresis loop,
we can get information about the magnetic properties of the alloy at a given
temperature. The most important parameters of a ferromagnetic material are coercivity
(H.), saturation magnetization (M), retentivity (M,) and hysteresis loop size.
Understanding these parameters is very important to realize the potential of the
magnetic material for a specified application. It has been observed that under certain
conditions the M-H loop shifts from the origin as shown in Fig.1.07(b). This
phenomenon is known as exchange bias (EB) effect. EB effect was first observed in
Co/Co0O core—shell nanoparticles in 1956 by Meiklejohn and Bean [MEIK56]. EB
generally ascribed to unidirectional anisotropy induced by exchange interactions
between the ferromagnetic and antiferromagnetic layers at their interfaces. At the
interface, the ferromagnetic spins interact with interfacial antiferromagnetic moments
and get pinned. This causes a shift in the magnetic hysteresis loop. Extra amount of
energy is required to unpin the ferromagnetic spins, which gives us a measure of the EB
field (Hgg). A schematic representation of EB behavior is represented in Figure 1.07.
Hgg can be measured as,

Hgp = 2|H,\ + H,_| 1.06
where H. and H.. are the coercivities during field up and field down modes,

respectively, as illustrated in Figure 1.07.
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Figure 1.07: (a) Typical magnetic hysteresis loop of a soft ferromagnetic material (b)

Typical magnetic hysteresis loop showing EB effect [FANY13].

The magnetism in most Ni-Mn based systems is believed to come from the

interaction between the Mn atoms. The interaction of Mn atoms are indirect and is
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sensitive to both distance and percentage of X and Z elements. Although they are
metals, these compounds have localized magnetic properties and are ideal model
systems for studying the effects of both atomic disorder and changes in the electron
concentration on magnetic properties. In order to understand the role of the 3d (X) and
sp (Z) atoms on magnetic properties of Heusler alloys, extensive experiments have
been performed. Inelastic neutron scattering study on Ni;MnSn, Pd,MnSn and
Cu,MnAl revealed that the interaction is long ranged and oscillatory in nature
[NODA76, TAJI77]. In the austenite phase, the interaction among the Mn-Mn in
regular site is ferromagnetic where as it is weakly antiferromagnetic for the Mn atoms
sitting at Z position. The antiferromagnetic interaction is sensitive to distance and is
enhanced at shorter interatomic distance [LAZP11, BROWO06]. The interaction
responsible for ferromagnetism is Ruderman-Kittel-Kasuya-Yoshida (RKKY) in
nature, while the origin of antiferromagnetic interaction in Heusler alloys with excess
Mn is still not very clear [PRIO13, BUCHO8, PRIO11]. Monte Carlo simulations reveal
that the antiferromagnetism is an outcome of RKKY interaction between Mn atoms
[BUCHO8]. On the other hand, some first principles study propose super-exchange
interactions arising due to hybridization between Ni 3d and Mn 3d bands as the origin

of antiferromagnetism in Ni-Mn based alloys [SASI04, SASI08].

1.4.1 Magnetic phase transitions

30
NISOMn35.75Fe1 25sn13
241 _._rc Tin @
. —s—FW 1
> 18 IR
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S 12 } /T c
150 225 300 375

7(K)
Figure 1.08: Typical thermomagnetic (M-T) behaviour of NisoMnss7sFe;25Sn;; alloy

showing martensite to austenite transition [DASR13b].

Depending on composition, Ni-Mn based Heusler alloys can exist in four different

magnetic states as a function of temperature. They are (1) lower symmetric martensite
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ferromagnetic/antiferromagnetic state with low magnetic moment, (2) martensite
paramagnetic state, (3) austenite ferromagnetic state with high magnetic moment and
(4) austenite paramagnetic state. Whenever the alloy transforms from one state to
another as a function of temperature, the total magnetic moment of the alloy changes.
The most prominent OM/0T change is seen across MT when the martensite low moment
ferromagnetic/paramagnetic state transforms to austenite high moment ferromagnetic
phase. Large OM/OT is also observed across austenite ferromagnetic to paramagnetic
transition (second order pure magnetic transition), but this transition exhibits no
thermal hysteresis. A typical thermo-magnetization (M-T) curve with all these phases is
shown in Figure 1.08. The characteristic (7 Ty T4s and T4y ) temperature are also
marked in the figure. The M-T curves were recorded with two distinct conditions, viz.,
measuring magnetisation with increasing temperature in the presence of magnetic field
(FW), and measuring magnetization with decreasing temperature in the presence of
magnetic field (FC). The hysteresis nature between FW and FC curves signify the

presence of first order matensitic phase transition in the temperature range.

1.4.2 Magneto-caloric effect

The phenomenon related to the change in temperature a magnetic material upon
application or removal of an external magnetic field is called the magneto-caloric effect
(MCE). MCE is usually quantified in terms of the isothermal total entropy change
(ASiso) or the adiabatic temperature change (A7,;) during the process. The relation
between these two important MCE parameters can be understood in terms of
thermodynamic relations. We start with the general thermodynamic potentials (internal
energy U of the system, enthalpy H, Helmholtz free energy F and Gibbs free energy G)
which are related to the magnetic as well as thermodynamic variables as follows

[SWALG62, BAZA64, VONO74, TISH99, TISHO3]:

U= US,V,.M) 1.07
F=U-ST 1.08
and G = U—ST + PV —MH 1.09

where P, V, T, S, H and M are pressure, volume, absolute temperature, entropy,
magnetic field and magnetization, respectively. Now, differential forms of U, F and G
can be expressed as

dU = TdS — PdV + HdM 1.10
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dF = =SdT - PdV + HdM 1.11
dG = VdP —SdT — MdH 1.12
Using the above equations, the variables P, V, S, H and M can be determined by the

following equations of state:

P(T,H,V):—(a—Fj 1.13

V )y r
V(T,H,P)=(%J 1.14

oP ), .

S(T,H,V)z—(a—Fj or S(T,H,P)z—(%j 1.15
OT Juy oT )y »
H(T,M,V)=(8—Fj 1.16

oM ),
M(T,H,P):—(a—Gj 1.17
oH T.P

From these equations of state, it is possible to derive the thermodynamic Maxwell

relations,
OH T,P T Jpp
OP ); 4 CI Yy s
oM ); p oT )y p
Considering S as a function of 7, P and H, the total differential of S can be written as,
dsz(ﬁj dn[ﬁj dg{ﬁj ap 121
aT H,P aH Pl aP T.H
For an isothermal and isobaric process (for which d7'= 0 and dP = 0),
as = (6_Sj dH 1.22
oH ), »

By integrating this equation, it is possible to obtain the finite isothermal entropy change
for the change of magnetic field from H; to Hyas,

H,
AS, (H,T)=S,,(H,T)~S,(H,T)= j(S—flj dH 1.23
T
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Using the Maxwell relation, (6_5) = (aﬁj 1.24
OoH ), oT ),
the isothermal entropy change can also be expressed as,
H,
AS, = | (aﬁj dH 1.25
a \OT Jy

According to the second law of thermodynamics, the variation of S of a system is the
infinitesimal transfer of heat (6Q) to a closed system driving a reversible process,

divided by the equilibrium temperature (7) of the system i.e.

ds = (5—QJ 1.26
T
Again, at constant parameter, x, the heat capacity C, of a system is defined as,
C. = (5—Qj 1.27
dT ),
Since 0Q = TdS, C, can also be expressed as,
C =T (a—S] 1.28
oT ).,

In terms of C,, the total differential of S can be written as,
TdSzCHPdT+T(a—Sj dH+T(a—Sj dP 1.29
’ aH T,P aP T.H
For an adiabatic and isobaric process (i.e., 7dS = 0 and dP = 0), the finite temperature

change is obtained by the integration of the Maxwell relations as,

Hy
AT, (T,H)=-| i(éﬂj dH 130
H, Cy\oT Jy
Finally, it is possible to deduce that,
AT, z—iASM 1.31
Cy

Usually, in common magnetic materials (ferromagnetic and paramagnetic), M in a
constant magnetic field decreases with increasing temperature i.e. (OM/0T)y < 0. In
such a case, AT,; > 0 and the AS), <0 for a positive magnetic field change AH. Such a
process is named as direct (or conventional) MCE, while the reversed condition is

referred to as inverse MCE [TEGUO02, ZHANO04, KRENO5a, RANKO09]. Since AS), is
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proportional to both (OM/0T)y and AH, larger absolute values of (0M/0T)y and AH give
rise to larger MCE.

(a)

Entropy

(b) ASL, =S2-S2>0 =73

]
<% Entropy

T} (y T2 7 Temperature . T T} T2 Tempcralure'

Figure 1.09: Schematic representation of (a) conventional MCE and (b) inverse MCE
[TITO14].

To understand the MCE qualitatively, let us consider a schematic representation
of the temperature dependence of the total entropy Siowi(7) of the system close to the
transition as shown in Figure 1.09. The solid line denotes the zero-field temperature
dependence of the total entropy Siwi(7) at H; = 0, and the dashed line denotes the
temperature dependence of the total entropy in an external field Siw(7) at Hr = H,.
Figure 1.09(a) represents the case of Sy(7) in the vicinity of a second order (e.g.
ferromagnetic (FM) <> paramagnetic (PM)) transition. It can be noticed that Sy (7) for
H; = 0 lies higher than that for H# > 0 in the whole temperature interval, since the main
contribution to the total entropy comes from the magnetic entropy (Siotal = Smagn), and
applying a magnetic field lowers it. Applying a magnetic field adiabatically at T leads
to a positive temperature change, ATaZd = sz — TL-Z, whereas applying a magnetic field
isothermally leads to a negative entropy change, AS2, = sz — S2, resulting in
conventional MCE.

Similarly, Figure 1.09(b) shows the case of Si(7) in the vicinity of a first
order phase transition. Below and above the transition, Siwi(7) for H; = 0 lies higher
than that for H > 0. This results in a positive adiabatic temperature change.
AT}, = Tfl — T} >0, and a negative isothermal entropy change, AS® = S} -St <o,
upon applying a magnetic field. During the transformation, both magnetic and lattice
entropies change, and the applied field stabilize the state with higher saturation
magnetization. This results in a positive total entropy change on applying a magnetic

field [ASiat > ASmagn, Swotal(7) at H = Hy > Siora(T) at H = 0] and leads to a negative
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adiabatic temperature change, AT ; = Tfl - Tl-1 < 0, and a positive isothermal entropy
change, AS! = S} — Sl-1 > 0. Hence, this results in the inverse MCE.

From these schematic considerations of MCE in the vicinity of the
thermodynamic transition, it can be understood that both temperature and entropy
changes are substantially larger in the vicinity of the transition so that the transition
temperature is the most favorable working temperature for MCE applications. AS)y,
associated with first order phase transition (FOPT) is generally large but it is confined
to a narrow temperature region of a few Kelvin. On the other hand, AS), near the
second order phase transition (SOPT) is smaller but extends over a wider temperature
range. Moreover, FOPT inherently suffers from a large hysteresis effect during thermal
cycling, which is not found in SOPT. Hence, SOPT is considered to have no thermal

hysteresis so that the adiabatic temperature changes on applying and removing the field

are equal [PHANI12].

C conventional @ isothermal @
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Figure 1.10: A refrigeration cycle using conventional and inverse MCE elements

simultaneously. Adopted from [TITO12].

Materials showing phase transition and MCE find wide applications. One of the
most popular applications is magnetic refrigeration based on MCE. Magnetic
refrigeration is an emerging low carbon technology with a strong potential to be an
environment friendly alternative to conventional vapour compression based
refrigeration. The history of MCE and refrigeration can be traced back to Warburg’s
pioneering work on Fe in 1881 [WARBS8I1]. Later in 1933, Giauque and MacDougall
[GIAU33] successfully demonstrated a magnetic refrigerator to cool down to sub-
Kelvin temperatures. The research on magnetic refrigeration came in focus in 1976

when Brown [BROW?76] designed the first magnetic refrigerator operating at room
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temperature. Gadolinium, the best known rare earth element mostly used as magnetic
refrigerant is very costly. Hence, the current demand is in the development of rare earth
free materials with giant MCE. Ni-Mn based Heusler alloys showing both inverse and
conventional MCE yield large adiabatic temperature changes. These can be used for
magnetic refrigeration with enhanced cooling power as proposed by Titov et al.
[TITO12], shown in Figure 1.10.

However the efficacy of a magneto-caloric material as a magnetic refrigerant is
defined in terms of its refrigerant capacity (RC). It is a measure of the amount of heat
that can be transferred between hot and cold reservoirs in an ideal refrigeration cycle. If
there are two different magnetic refrigerants which differ only in their RC value, then
the one with higher RC is expected to perform better because of its capability to
transport larger amounts of heat in a real cycle [PECHO1]. RC can be estimated by
integrating AS), with respect to temperature over the full width at half maximum
(FWHM) of ASi(T) curve [PECHO1, SHARO7a, BING09]. Mathematically, RC can be
expressed as,

T,
RC=[AS, (T,H)dT 1.32
i
The lower (77) and upper (77) limits of the FWHM represent the cold and hot
temperatures, making them the analogues of the sink and source temperatures in the
conventional refrigeration cycle. So, while considering an MCE material, one should
also consider its RC value and full width at half maximum (FWHM) of AS), (7) curve
as these entities play an important role in defining the efficiency and working limit of a
magnetic refrigerator.

Apart from refrigeration technology the MCE find its application to convert
heat energy to electricity as demonstrated by Srivastava er al. [SRIVO1]. They have
demonstrated a device using NiysCosMnyoSny alloy which was able to produce output
peak voltage of about 0.6 mV. The working principle of the device is based on
magnetic moment change across phase transition and Faraday’s law of electromagnetic

induction. The detailed operation of the device can be found in literature [SRIVO1].

1.5 Magnetization Dynamics

Ferromagnetism in a material can be understood by the presence of a spontaneous

magnetization which is produced by a parallel alignment of spins / magnetization
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vectors. Under the application of external magnetic field the magnetization vectors in
ferromagnetic materials align along the applied field following a helical path. The
dynamics of a spin can be described mathematically by an equation of motion. The
equation of motion can be derived from quantum mechanics [KAUF06, MILTO02]. The
commutation of spin observable S (S7, where 1 is unit vector alon S) with the

Hamiltonian operator (H) gives the time evolution of S.
ih%(S)z[S,H] 1.33

The interaction of § with the magnetic induction vector B

(B7i, where 1 is unit vector alon B ) can be written as,
H = —g% S.B 1.34

Using commutation rule for spin operators [KAUF06],

(5.8, |=ine,S, 1.35
and using Eqn. 1.34, we can write,

[S.H]=igu, (S xB) 1.36
Substituting Eqn 1.36 in 1.33 we get,

i<s>=%(sw) 1.37

dt h

The above equation of motion is for a single spin. In the macro spin model, the
magnetization M is supposed to be uniform throughout the sample (where M = M7, M
is the magnitude of total magnetic moment as used in previous sections and 7 is the
direction of magnetization. So here after, whenever direction is involved to define

magnetization M will be used, otherwise M will be used). The relation between .S and

M can be written as,

M =ghﬁ<s> 1.38

Therefore, equation of motion of magnetization in the presence of an external magnetic

field H (H7, where 1 is unit vector alon H ) will be,

M _ 8y 1.39
dt h
or dd—j‘fz—)/(MxH) 1.40
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Figure 1.11: Precession of magnetization vector (M) around magnetic field (H) (a) in

the absence of damping, and (b) in the presence of a damping.

The above equation is called the Landau-Lifshitz equation (without damping),
where y = %, is the gyromagnetic ratio. The above equation can be generalized by

replacing H by H.y. This equation implies that the tip of the magnetization vector
precesses around the effective magnetic field in a circular orbit as shown in Figure
1.11(a) for infinitely long time with an angular frequency, ® = yH.. Practically, the
precession amplitude of magnetization decreases with time and the tip of the
magnetization vector executes a spiral path (Figure 1.11(b)). Therefore, a damping or

relaxation term (R) should be added with the Landau-Lifshitz equation [GURE96].

‘;—Afz—y(MxHeff)+R(M,Heff) 1.41
Landau and Lifshitz proposed [LAND35],

R:—MijMx(MxHeﬁ.) 1.42
and Gilbert suggested [GILB55, GILB04]

R= Mi(M x i—ﬂfj 1.43

Using the above expression, the equation of motion of magnetization vector in presence

of damping can be expressed as,

am

o amM
ey (MxH,)+—| Mx=— 1.44
dt y( eff) MS( j
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Eqn. 1.44 is known as Landau-Lifshitz-Gilbert (LLG) equation [LAND35, GILB55].
Here, H,y is the effective magnetic field acting on M. The symbol y represents the
gyromagnetic ratio and is defined in terms of Lande’s g factor, Bohr magneton (ug) and
reduced Planck constant (%) as y = gup/fi. The factor G (= yoM,) is related to the
intrinsic relaxation rate of the material and the Gilbert damping constant (o). o is a very
important parameter for a material from application point of view. a << 1 for transition
metals, which ensures that the magnetization precesses a number of times around the
effective field before coming to the equilibrium position. The values of a for Ni, Fe,
Co, permalloy and Ni;,MnSn Heusler alloy are 0.064, 0.0019, 0.011, 0.008, and 0.0075,
respectively [OOGA06, TRUD10, SCHE06, DUBO11].

Ferromagnetic resonance (FMR) is a simple and handy technique to investigate
the magnetization dynamics of ferromagnetic materials. In a typical FMR experiment,
the sample is placed in a strong static magnetic field and subjected to the radiation of an
electromagnetic wave at microwave frequency. Now, if a varying force perpendicular
to H is applied over the magnetic moment (like a radio frequency electromagnetic
signal), it can make it precess about the equilibrium direction. Besides, if this force has
a frequency similar to the precessional frequency of M, maximum energy would be
absorbed by the ferromagnetic sample. This is when ferromagnetic resonance occurs
and all magnetic moments will be oscillating in phase. By studying the resonance
condition, one can infer about the magneto-dynamics in the sample. The FMR
technique depends on the geometry of the sample at hand, thus it allows a three
dimensional analysis of samples. FMR is an excellent tool to investigate the magnetic

properties of 2-dimensional magnetic materials like ferromagnetic thin films.

1.6 Overview of literature on Ni-Mn-based alloy

Off-stoichiometric Ni-Mn-Z (Z = Sn, In, Ga, Sb) Heusler alloys exhibiting large MCE
[DUJZ07, ALIE10, KHANO7a, BHOBO07] and multifunctional properties like magnetic
shape memory effect [KAINO7], large magnetoresistance [YUSLO06], piezoresistance
[PORCI12], barocaloric effect [MANO10], and exchange bias [PATHO09a] have great
application potential. Off-stoichiometric Ni-Mn-Z alloys exhibit two phase transitions,
namely, M«<A transformation and ferromagnetic (FM) to paramagnetic (PM)
transition. Large positive and negative AS,, occurs across these two transitions known

as inverse MCE and direct MCE, respectively. During the last decade, several research
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groups have synthesized and investigated these off-stoichometric NisoMnsoZx (Z = Sn,
In, Sb) alloys in bulk form. They found that Ni-Mn-Sn [KRENO05a, PHAN12], Ni-Mn-
In [HANZ06, KRENO7b, SHAR07b, BHOBO07] and Ni-Mn-Sb [DUJZ07, KHANO7a,
FENGO09] exhibit large inverse MCE across the first order (M«>A) phase transition.
Phan et al. obtained (ASw)max of 22 J/kg.K at 255 K for a field change (AH) of 50 kOe
in NisoMn3;Sn;; ribbon [PHAN12]. Bhobe et al. [BHOBO07] observed (ASm)max of 25
J/kgK for dH of 50 kOe at 301 K in NisoMnssln;s alloy. In NigMn3eSby, alloy,
(ASM)max value of 6.15 J/kg.K was recorded by Feng et al. [FENGO09] for 10 kOe field
change at 279 K. Addition of extra elements is a classical way to modify the properties
of a given alloy [WANGO1, IMANO06, PHANO7, PONS08, BARI11, SUREI11]. So,
addition of a fourth element can be an effective way to change the magnetic and
structural properties of ternary full Heusler (X;YZ) and off-stoichiometric Heusler
alloys. Additional elements like Co, Si, Fe, Cu, etc., in ternary NisoMnsoxZx Heusler
alloy provide a means to enhance the MCE as well as tailor the MT [DASR13a,
HANZ08, GAOB09a, PATH10, FENG11, GHOS13]. Chen et al. achieved (ASwm)max
value of 32.4 J/kgK for 50 kOe field change at 273 K by adding Co in
NiggCo,Mn3gSn;, alloy [CHENI1S5]. Das et al. [DASR13a] observed large (ASm)max
value of 31.3 J/kgK for 18 kOe magnetic field change at 278 K in
Nisg.c0Mn33.83In14.07S11 41 alloy. Feng et al. were able to increase (ASy)max up to 9.38
J/kg K for 50 kOe field change at 291 K in NisggCu;Mn39Sby, alloy [FENGI11].
Substitution of Co (NigsMns3Cos3Sn;;) [GAOBO09a] and Cu (NisoMn33Cu,Sn;s)
[GAOBO9Db] has yielded ASy of 33 J/kg.K at 188 K and 13.5 J/kg.K at ~206 K,
respectively, for dH of 50 kOe. AT,; of —1.5 K and —1.99 K have been achieved at MT
for dH ~ 18 kOe in Ge and Al substituted NisoMnssIn;s alloy, respectively [KAZA11].
(ASp)max of 124 J/kg K and RC of 158 J/kg have been recorded in NisyMnssIn;,Sis alloy
at 239 K for AH of 50 kOe [PATHOS].

Apart from the MCE, exchange bias (EB) effects have also been reported in Ni-
Mn-Sn and Ni-Mn-In alloys [PATHO09a, LIZJ07, KHANO7b]. In NisoMnj3sIn;s-,Siy
alloys (0 <y <4), the EB field increased with Si substitution and maximum EB field of
~ 170 Oe was observed for the alloy with y = 4 at 5 K when field cooled with 50 kOe
field [PATHO9b]. These studies suggest that these Heusler alloys have potential

application as actuators, magnetic cooling and hybrid systems. It was shown that
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Heusler alloy films exhibit FSME can be used as microfluidic valves, micro-pumps and
micro-grippers [WINZ04].

Current technological scenario is focused on micro structured devices. In order
to incorporate the advantage of Heusler alloys in microstructured devices, thin film
form of these alloys have to be prepared, characterized and optimized. Theoretical and
experimental studies suggest that the MT as well as the microstructure may change
significantly in thin film form of these alloys [DUNA11, MALYO09]. For magnetic
cooling devices, thin films offer the advantage of higher specific cooling power (SCP)
due to their large surface to volume ratio [NIEM10]. Higher SCR ensures faster heat
transfer in practical application. A general knowledge of influence reduced
dimensionality on the MT is required for all these applications. Investigations on MT
behavior in Heusler alloy thin films have shown a broader transition region and a shift
in MT temperature. The broadening of the transition as well as a reduced transition
temperature can be caused by constraints emanating from the substrate [ROYT9S]
and/or confinement of the nucleus and size scale effects on the mean free path of
transformation dislocations [MALY09]. An increase in the transition temperature can
also be attributed to stress induced by lattice mismatch between substrate and film
[DUNAT1].

Some of the important questions which need attention are
1. Can all the bulk properties be replicated in thin films?

What is the effect of reduced dimensionality on the M <> A transition?

How do the key MCE parameters (ASy,, RC and Toperating) Vary in thin films?

Eal

What other applications can these thin films cater to?

Limited amount of investigations pertaining to the above questions have been
done on Ni-Mn-Z alloy thin films in recent years which reveal many interesting
features in thin films which are quite different from their bulk counterparts. A
systematic study by Vishnoi et al. [VISH11, VISH10a] on thickness and annealing
temperature dependence of polycrystalline Ni-Mn-Sn films grown on Si show that the
MT is suppressed in films with thickness below 410 nm and an increase in transition
temperature was observed with increase in film thickness. Vishnoi ef al. [VISH10b]
have also looked at the composition dependence of MT temperature in Ni-Mn-Sn film.
Yuzuak et al. [YUZU13] obtained (ASm)max of 1.6 J/kg.K for 10 kOe field change along
with RC value of 36.5 J/kg at 271 K for 200 nm thick Nis; §Mns,9Sn;s s film on MgO
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(001) substrate. Sokolov et al. [SOKO13] found a thermal hysteresis of 8§ K in
NisoMnsslngs film grown on MgO (100) with MT at 315 K. Neiman et a/. [NIEM10]
reported (ASm)max Of 8.8 J/kg.K for field change 90 kOe at MT (353 K) for 300 nm
thick NisgCosMnssInj, film on MgO (001) substrate with 20 nm Cr buffer layer. Klaer
et al. [KLAE13] also observed MT in 300 nm NisgCosMnssInj, film on MgO(100).
Akkera et al. [AKKE17] found ASyof 7.0mJ/em’K at 302K and RC of
39.2 mJ/em® in Nis; Mns40lngsCry s film for an applied field of 20 kOe. Apart from
these interesting MCE properties, 2-dimensional Ni,MnZ alloys are expected to exhibit
geometry and microstructure dependent properties which are of great relevance not
only for basic scientific interests but also for next generation microdevice applications.
Singh et al. [SING14] studied strain mediated coupling in PZT/Ni-Mn-In/Si thin film
heterostructure for potential microelectromechanical systems. Chao Jing et al.
[JING15] observed EB in epitaxial NisoMnssIn;s films on MgO(001) substrate. Sokolov
et al. [SOKO13] found MT in 10 nm thick NisoMnj3sIn;s film on MgO single crystal
substrate. Niemann et al. [NIEM10] demonstrated magnetically induced austenite
phase transition in epitaxially grown metamagnetic Ni-Co-Mn-In films on MgO (001).
Crouigneau et al. [CROUI15] revealed that MT is very sensitive to annealing
temperature in free standing NissCosMnsesIngss film. Teichert et al. [TEIC15a]
demonstrated that Ni-Mn-Sn films can be used to induce unidirectional anisotropy in
CoFeB/MgO/CoFeB magnetic tunnel junctions. Point contact Andreev reflection
studies [JOHN96] on Ni;MnIn film grown on Si (100) substrate have established
maximum spin polarization of 54% in this spintronic material. These results open up
various possibilities for these alloys to be applied in spintronic and microelectronic
device such as current-induced magnetization switching devices, magnetic random
access memories, magnetic oscillators, magnetic sensors etc. [TEIC15a, BERN12,
SATO13]. However, a complete investigation of magnetic quality, magnetic
homogeneity, magnetic anisotropy and intrinsic damping characteristics of Ni-Mn-Sn
thin films is required to fully evaluate their potential for such magneto-electronic
applications. Magnetic relaxation processes plays a vital role in enhancing the
efficiency and reducing the power consumption in spintronic and microelectronic
devices [ZUTIO4]. Hence, understanding magnetic relaxation processes in these

nanoscale devices has become one of the most interesting challenges in magnetism to

date.
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1.7 Motivation and objectives of current work

The above review of the literature reveals that Ni-Mn-Z Heusler alloys exhibit rich
physical phenomena of technological importance. Due to MT, these materials display
several interesting multifunctional properties. MCE is well investigated in bulk Ni-Mn-
Z (Z = Sn, In, Ga, Sb) alloys [ZHAN16, DASR11, DASR13a, NAYAO09] and it has
been found that Ni-Mn-Z has a great potential to be good refrigerant material near room
temperature. But information on Ni-Mn-Z thin films is scarce and the underlying
physical questions related to the magnitude and type of MCE in these thin films still
remain unanswered. Some of the literature on Ni-Mn-Z thin films show the suppression
and broadening of MT [VISH10b, VISH11, AUGE12, BEHL13, CROU15], whereas
some others show clear existence of MT [YUZU13, SOKO13, AKKE17, NIEM10].
But, these reports do not give sufficient information to evaluate the potential of Ni-Mn-
Z thin films as room temperature magnetic refrigerants. So, this thesis work is aimed at
investigating the MCE in Ni-Mn-Sn and Ni-Mn-In thin films around room temperature
for magnetic refrigerant application. Effect of substitution of elements like Co, Fe, Cu
in Ni-Mn-Sn and Ni-Mn-In alloys on the properties of these alloy films would also be
investigated to find out means to enhance the desired properties of the ternary alloys.
Realizing the fact that these Ni-Mn-based thin films alloys have not been
explored fully and these 2-dimensional thin films may show several more interesting
properties, our research extended to explore other physical phenomena in the films.
Some of these films show room temperature soft ferromagnetic behavior. This could be
exploited for fabricating magneto-electrical devices. However, proper estimation and
control of parameters like magnetic anisotropy, magnetic exchange interactions, and
intrinsic and extrinsic damping are necessary since these properties determine the
efficiency and power consumption in spintronic and microelectronic devices [ZUTI04].
Exploiting the advantage of FMR technique in the measurement of amplitude,
dynamics, and anisotropy of magnetization vector M and individual spins, dynamic
properties of Ni-Mn-X-Sn (X=Cu/Fe/Co) and Ni-Mn-Y-In (Y=Fe/Co) thin films would

be investigated in this thesis for the first time.

TH-1973 136121649 25



TH-1973_136121615 26




Chapter 2

Experimental Methodology and Models

TH-1973_136121019



TH-1973_136121615 28




Chapter 2: Experimental Methodology and Models

In this chapter, the experimental techniques used in the current investigations are
discussed together with the relevant theory associated with these techniques.
Specific instruments used and the different measurement methodologies employed are
also presented. Experimental data and results presented in chapters 3, 4, 5, 6 and 7 are

based on the experimental procedures outlined in this chapter.

2.1 Preparation and processing of samples

2.1.1 Sputtering target preparation
2.1.1.1 Arc melting

Arc melting is widely used for melting metals to form alloys of desired compositions.
In this process, the constituent metals of the desired alloy are melted by heating via an
electric arc struck between a tungsten electrode and the metals placed in a depression
(crucible) in the copper hearth. In vacuum arc melting, the chamber is evacuated to the
base vacuum and then purged with argon gas. Melting is performed under residual
argon atmosphere. A sharp tungsten needle is used as electrode (anode) to strike an
electric arc between the anode and the cathode (copper hearth). Heat generated by the
electric arc melts the metals placed in the crucible to form the alloy ingot. Repeated
melting of the alloy ingot is done to improve the homogeneity of the alloy composition.

A schematic diagram of an arc melting furnace is presented in Figure 2.01.

Figure 2.01: Schematic diagram of an arc melting furnace. (1) circulating water to
cool the hearth, (2) copper hearth (cathode), (3) compacted metal blend, (4) electric
arc between electrodes, (5) gas inlet valve (6) water cooled tungsten tip (anode)

[QINDO6].
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Ni-Mn-Z (Z = Sn, In) alloy ingots were prepared by taking appropriately
weighed quantities of high purity Ni (99.99%), Mn (99.95%), Sn (99.99%) and In
(99.99%) pieces in a large capacity vacuum arc melting furnace available at Defence
Metallurgical Research Laboratory, Hyderabad. 3 inch diameter ingot of a few
millimeters thickness was cast after following the procedures outlined above. Figure

2.02(a) shows the irregularly shaped arc melted ingot of Ni;MnlIn alloy.

Figure 2.02: (a) Ingot prepared by arc melting. (b) Sputtering target of 2 inch diameter.

2.1.1.2 Electrical discharge machining

The irregularly shaped ingot has to be shaped into 2 or 1 inch diameter discs with 1
mm thickness and a smooth surface to serve as sputtering target in 2 or 1 inch
magnetron gun. Wire electrical discharge machining is very simple and high-precision
method for cutting almost any electrically conducting material in a very controlled way.
Modern electrical discharge machining (EDM) is based on the basic principle known as
electro-discharge erosion. In 1770, Joseph Preistly noticed that electrical discharges
remove material from the electrodes during his experiments [KRARO3]. Later in 1960s,
researchers in the Soviet Union invented wire EDM as a method for cutting steel to
make tools [DULE71]. A thin, electrically charged EDM wire held between upper and
lower mechanical guides forms one electrode, while the material being cut (work piece)
forms the second electrode. Electrical discharge between the wire and the work piece
creates sparks that rapidly cut away the material. A continuous flow of deionized water
on the work piece and wire ensures removal of heat generated during cutting
[TODD94]. As the charged wire never makes physical contact with the work piece,
there are no cutting forces involved, making it possible to manufacture extremely small
and delicate parts. Parts that require levels of accuracy and intricacy that traditional

machining cannot achieve can be easily produced via wire EDM.
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The randomly shaped ingots obtained by arc melting were then cut into 1 inch
and 2 inch diameter discs of 1 mm thickness using a wire EDM unit (CNC wire cut
EDM, DK7720) available at the Central Workshop, IIT Guwahati. These sliced discs
were used as sputtering target for thin film fabrication. Figure 2.02(b) shows a typical

sputtering target obtained by wire EDM.

2.1.2 Thin film fabrication
2.1.2.1 DC magnetron sputtering

The ejection of atoms from the cathode surface by bombarding high energy positive
ions of noble gases (mostly argon) at a reduced gas pressure under high direct current
(DC) voltage is known sputtering [OHRI92, WAGE94, SESH02]. In 1852, Sir W. R.
Grove discovered surface coatings generated in a valve (vacuum tube) under a glow
discharge [WAGE94]. Though this phenomenon was called as spluttering by Sir W.
Thomson, it was soon renamed as sputtering. This process involves a momentum
transfer between the impinging positive ions and the cathode surface atoms as shown in

Figure 2.03(a), as a result of which physical removal of atoms from the cathode occurs.

(b)

target

~._vacuum-
Plasma chamber

G +
\ \, \y\?/’ ] _ / gas inlet

hY substrate
Cathode (target) plasma

Water cooling

Figure 2.03: Schematic diagram of the (a) sputtering process and (b) the experimental

arrangement for DC sputtering.

The sputter deposition process consists of three consecutive steps, namely,
gjection of atoms from a source, transport of the atoms to the substrate, and
condensation of the atoms on the substrate. Different types of sputtering processes such

as DC, radio-frequency (RF), DC magnetron and reactive sputtering are widely used for
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thin film deposition. In this thesis work, DC magnetron sputtering has been used for
preparing the thin films. Figure 2.03 depicts a typical arrangement used for DC
sputtering. In this case, the target and substrate holder face each other in the vacuum
chamber separated by a distance ranging from a few centimeters to few tens of
centimeters. The target is connected to the negative output of a DC power supply and
acts as the cathode. The electrically conducting substrate holder acts as the anode. After
creating an argon atmosphere (pressure ~0.1—10 Pa), the gas discharge is ignited by
applying a DC voltage. The ionized Ar' ions are now accelerated toward the target (due
to negative bias voltage) and sputter atoms from the target. These ejected atoms
subsequently get deposited on the substrate. At low pressures, the mean free path
between collisions is large, the ionization efficiency is low and self-sustained
discharges cannot be maintained below a few Pa pressure. As the pressure is increased
at a fixed applied DC voltage, the electron mean free path decreases. So, more ions are
generated and a larger current flows. If the pressure is too high, the sputtered atoms
undergo increased collisional scattering resulting in low deposition rate. The deposition
rate is proportional to the (a) power consumed, (b) square of the current density, and (c)
reciprocal of spacing between the electrodes. DC sputtering works with all types of

target materials which are conductive in nature.

Figure 2.04: Schematic presentation of magnetron sputtering gun assembly [HTTP1].
However, DC sputtering suffers from two major drawbacks as compared to

conventional evaporation, viz., (i) low deposition rate, and (ii) high thermal load on the

substrate due to bombardment of secondary electrons. In order to increase the
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deposition rate and to control the thermal load, magnetron sputtering as described

below in Figure 2.04 is utilized for the deposition of thin films.

In DC magnetron sputtering, electrons ideally do not even reach the anode but
are trapped near the target, thereby enhancing the ionization efficiency. This is
accomplished by employing a magnetic field oriented parallel to the target and
perpendicular to the electric field. Practically, this is achieved by placing bar magnets
behind the target as shown in Figure 2.04. The magnetic field lines emanate first
normal to the target and then bend with a component parallel to the target surface and
finally return to the magnet, to complete the magnetic circuit. Electrons emitted from
the cathode are initially accelerated toward the anode, but execute a helical motion
when they enter the region with parallel magnetic field. Therefore, they are bent in an
orbit back to the target. Chief advantages of this technique are (1) increased sputtering
rates (~ 5 - 10 times) due to high plasma density around target, (2) low discharge
voltages of 300 to 1000 V due to the reduced plasma impedance resulting from high
plasma density, and (3) low thermal load on the substrate due to deflection of

secondary electrons by the magnetic field.

Figure 2.05: (a,b) Photographs of two DC magnetron sputtering systems used in this

work.

Figure 2.05 depicts two magnetron sputtering systems used in this thesis work
for fabricating thin films. The system (a) made by Advanced Process Technology,
India, is equipped with two sets of three confocal DC/RF magnetron guns. This system
is equipped with a combination of turbo molecular pump and rotary pump for creating

vacuum. The substrates are loaded on the rotating substrate holder. This system was
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used to deposit thin films at high deposition pressure from 1 inch and 2 inch diameter
targets described in chapters 3 (series 2), 4 and 7. On the other hand, the system (b)
made by Vacuum Techniques, India, was used to deposit films at low deposition
pressure from 2 inch targets as described later in chapters 3 (series 1), 5 and 6. This
system is equipped with a combination of diffusion pump and rotary pump for creating
vacuum. Before deposition, the chamber was evacuated to high vacuum (< 10 Pa) in
both the systems. After stabilizing a constant argon gas pressure in the chamber, a
constant DC power was applied to initiate the sputtering process. The deposition of the
films on Si(100) substrates was carried out after stabilizing the argon ion plasma and

sputter cleaning the target surface.

2.1.2.2 Film thickness optimization

In order to obtain thin films of different thicknesses, it is essential to understand the
deposition rate of the film deposited under different sputtering conditions. Deposition
rate of the films was calibrated using a surface profilometer (Vecco, Dektak-150)
illustrated in Figure 2.06(a). Stylus profilers are versatile measurement tools for
studying surface topography. Their primary function is to measure film thickness by
scanning step heights and trench depths. Stylus profilers rely on a small diameter stylus
moving along a surface either by movement of the stylus or movement of the surface of
interest. A true stylus profiler moves linearly to obtain the measurement. As the stylus
encounters surface features, the stylus moves vertically to measure various surface
features, such as deposited film and irregularities. To monitor the thickness of the
deposited films, a fine line is drawn along one edge on top of the cleaned substrate
using a permanent marker. Subsequently, the deposition is done under controlled
sputtering environment (constant Ar gas pressure, DC power and target to substrate
distance, etc.) on the substrate for a given time at ambient temperature. After the
completion of the deposition, the film is cleaned through sonication in acetone. After
sonication, the film deposited on the substrate would reveal a clear step at the edge
where the ink has been dissolved by treatment in acetone. The step height is evaluated
using a stylus scan profile recorded using the surface profiler as displayed in Figure
2.06(b). The average deposition rate is then calculated by dividing the average
thickness measured at various locations on the substrate with deposition time. In order

to confirm the reproducibility of the results, more films were made under the same
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sputtering conditions and analysed using the profilometer. Similar procedure was

followed for all the films prepared under different sputtering conditions.
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Figure 2.06: (a) Photograph of Vecco-Dektak 150 surface profilometer (b) Typical

scan profile near the step. Red arrow indicates the step height or film theickness..
2.1.3 Post deposition processing

(b)

Figure 2.07: Photographs of (a) ampoule sealing setup, and (b) raising hearth furnace.

As-deposited thin films were subjected to heat treatment under different conditions
depending upon the need. Since the metallic alloy films cannot be heated in air, the
following procedure was followed: As-deposited films were taken in fused silica
ampoules and pumped down to 10° Pa using an oil diffusion and rotary pump
combination (Make: Vacuum Techniques, India) shown in Figure 2.07(a). The

evacuated ampoules were then sealed in the pinched region with a neutral oxygen-
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liquid petroleum gas flame and detached from the fused silica tube. The vacuum sealed
ampoules containing the samples were placed inside a raising hearth electric furnace
(Make: OKAY, India, Model: 70T-4) depicted in Figure 2.07(b), and heated to
optimised annealing temperatures. The furnace with MoS, heating elements is equipped
with a PID temperature controller and programmer for precise control of temperatures
up to 1973 K. The ampoules were heated to the required annealing temperature, held at
this temperature for the required time and allowed to cool down to room temperature by

switching off the furnace.

2.2
2.2.1 X-ray Diffraction

Characterization of samples

Incident

(a) \‘\?\_pfane wave P
L A\\\\ ‘/(/ s ; /‘
—e ] 200 % of
dI \\ "\ //',” 2d sin®
010,
—e o e ey o o
dsin®
e o o o o o nA =2d sin 6
)
S & & e B Bragg’s Law

Figure 2.08: (a) Diffraction geometry of X-rays from a set of crystal planes with inter-
planar distance d. (b) Photograph of Rigaku TTRAX III 18 kW powder X-ray

diffractometer.

In a typical powder X-ray diffractometer, the X-ray source and the detector move by
equal angular displacement at every step. This arrangement is known as 6-26 geometry
or Bragg-Brentano geometry (c.f. Fig 2.09 (a)). This configuration ensures that a high
intensity beam diffracted from any particular set of crystalline planes of the sample
reaches the detector. However, characterization of thin films using the conventional
symmetrical Bragg Brentano configuration (6-26) has several disadvantages. For
example, X-rays with large incident glancing angles will penetrate a few to several
micrometers inside the film. So, for thin films the beam penetration depth may be much
more than the film thickness. In such a case, the experiment will produce weak signals
from film and intense signal from substrate. The situation would be worse in case of
single crystal substrates and in the case of multi-layer film stacks. To overcome this

difficulty, a modified geometry is used for thin films known as grazing incidence XRD
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(GI-XRD). In this geometry, the incidence angle is fixed at a small value (exceeding
the critical angle of total reflection, typically, ~1° - 3°;) and the angle between the
incident beam and the diffracted beam (26) is varied by moving only the detector arm.
Thus, the incident beam is confined on the sample surface of interest, giving its true
diffraction pattern, while the signal from the substrate is drastically reduced due to the
small angle of incidence. All measurements made in this this work were carried out in

GI-XRD mode with 1° grazing incidence angle, acceleration voltage of 50 kV and tube

rd

current of 180 mA.

Figure 2.09: (a) Symmetric 6-26, and (b) asymmetric grazing incidence XRD
geometries [BOUR12].

Structural parameters such as lattice constants (@, b, ¢), average crystallite size
(D), lattice strain (&) present in the crystallites have been estimated by a careful analysis
of the XRD patterns. As discussed in chapter 1, Heusler alloys exhibit two crystal
phases, namely, a (i) high symmetric austenite (cubic L2, in ordered structures), and (ii)
low symmetric martensite (modulated structures, 14M orthorhombic supercells
[BROWO02] for present films). Figure 2.10(a,b) show typical XRD patterns for these
two phases. To evaluate the lattice constants for of films with these structures, the

following formulae have been used.

2 2 2
Lz = w (for L2 structure) 2.01
d a
2 2 2
% = Z—z + 12_2 + i—z (for 14M structure) 2.02
where d is the inter-planer spacing defined by the Bragg’s law [CULLO1],
2dsinf = ni 2.03

and a,b,c are lattice constants along X,Y and Z-axis of the crystal.

Average crystallite (grain) size D can be estimated by Schérrer’s equation [ROBE79],
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kA

= 2.04
pcosé

Froom the broadening of the Bragg peaks, Here, f is the full width at half maximum
(FWHM) of the Bragg peak, k is a constant, 4 is the incident wavelength and 6 is the
diffraction angle. Eq, 2.04 attributes the entire broadening mechanism to crystallite sie

reduction. Williamson-Hall (W-H) method [WILL53] defines the FWHM in terms of

both reduction in crystallite size and microstrain (&) present in crystallite as,

L= % +4¢ tan 6 2.05
Dcos@

Though W-H method is considered superior to Schérrer’s for estimating D (and ¢), the

former is applicable only in case of structures with many XRD peaks such as 14M.
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Figure 2.10: XRD patterns of Ni-Mn-Sn film with (a) martensite 14M, and (b) austenite
L2, structures. (c) Simulated L2; structure. (d) XRD pattern of Si(100) substrate.

(e) Output of Rietveld refinement performed on L2, pattern shown in (b).

As mention in chapter 1, some amount of atomic disorder is always found in the
ordered L2, alloys. By comparing the experimentally found XRD pattern and
theoritically simulated XRD patterns, the percentage of L2, and B2 order in the Heusler
alloy film can be estimated using the following relationships proposed by Webster and

Ziebeck [WEBS73] and subsequently modified by Takamura ef. al. [TAKAOQ09]:

(L200/1220)exp = Sz (1200/1220)n 2.06

-S 2
(Ti11/1n20)exp = [SL21 (3 ZBZ)] (I11/1220)th 2.07
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where the Igs refer to the intensity of the Bragg peak designated by its Miller indices
(hkl) and the suffixes ‘exp’ and ‘th’ represent experimentally obtained and theoretically
simulated intensity values, respectively. Spx and Sp,, correspond to the degree of B2
and L2, ordering, respectively. Figure 2.10(b,c) shows XRD patterns experimentally
recorded and simulated using CaRlIne Crystallography 3.1™ software for annealed
Nigg gaMn37.96Sn1320 film deposited on Si(100) substrate [MODA16]. The above
analysis shows 82% L2; ordering (Sy.;,) along with 98% B2 ordering (Sp>) in the film.

FullProf software package was used to perform Rietveld refinement of
experimental XRD pattern [RODRO1, RODR93] to refine the crystal structures and
extract crystallographic parameters from recorded XRD patterns. In simple terms, the
Rietveld refinement procedure involves comparison of a simulated XRD pattern of the
unit cell corresponding to the sample with the experimental data by a least squares
procedure. Hence, it not only provides better estimate of the lattice constants but also
provides other structural information such as bond angles, bond lengths, etc. The
quality of refinements can be confirmed from the value of reduced chi-square (x%)
found in the refinement process. x> above 10 are not acceptable. Details about
refinement using FullProf and refine parameters can be found elsewhere [ANINO1].
Figure 2.10(e) represent the typical refined pattern of 823 K annealed
Nigg gaMns796Sn1320 film. In the figure, open circles represent the experimental
diffraction data (Ybs) and the solid line corresponds to the fit obtained by Rietveld
refinement method (Yca). The difference data (Yops-Yea) and x” values indicate the

goodness of the fit.
2.2.2 Energy dispersive X-ray analysis

As discussed in the introduction section, the properties of Heusler alloys are strongly
dependent on the composition of the alloy. During deposition of different sets of thin
films, the deposition conditions have been varied which in turn would influence the
stoichiometry of the deposited thin films. Hence, compositional analysis of the films is
very important for understanding the properties of these thin films. A field emission
scanning electron microscope (FESEM, Sigma Zeiss, Germany) equipped with energy

dispersive spectroscopy (EDS) attachment (Oxford) has been used to confirm the
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elemental composition. A snap shot of the FESEM used in the present study is shown
in Figure 2.11.

Figure 2.11: Pictorial view of the FESEM (Sigma Zeiss) used in the studies.

In an FESEM, electrons are emitted from a field emission source under ultra-
low vacuum. The field emission source is usually tungsten filament (cathode) with a
sharp tip which is placed in a large electrical potential gradient. The significance of
the extremely thin and sharp tip (~10 - 100 nm) is to concentrate the electric field to
an extreme level so that the work function of the material is lowered and electrons can
leave the cathode easily. After emission, the electrons are accelerated by applying an
accelerating potential (0.5 - 50 kV) between the cathode and the anode. This voltage
combined with the beam diameter determines the resolution of the image. As the
voltage increases, better point-to-point resolution can be obtained. Because of the
smaller size of the electron source, the beam produced by this emitter is about 1000
times smaller than that in a standard scanning electron microscope (SEM), which
markedly improves the image resolution. The beam is collimated by electromagnetic
condenser lenses, focused by an objective lens and scanned across the surface of the
sample by electromagnetic deflection coils. As the electrons interact with the sample,
they produce secondary electrons, backscattered electrons and characteristic X-rays.
These signals are collected by one or more detectors to form images which are then

displayed on the computer screen to provide different structural information.

The primary imaging method is by collecting the scattered secondary electrons
[HTTP4]. In this method, the detector converts the scattered secondary electrons into an
image to display on the computer screen. In this mode, the images are in grayscale as

the electrons detected here have energies beyond the light spectrum. The backscattered
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electrons also provide the same information as secondary electron. However, in
backscattered mode, the image has real grayscale contrast as elements with higher
atomic number will absorb more electrons than an element with a lower atomic
number, resulting in high atomic number element appearing grayer than the lighter one.
The characteristic X-rays are the beams which provide information about the

composition of the specimen being used.
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Figure 2.12: (a) Electrons and photons emanating from tear-shaped interaction volume
during electron beam impingement on specimen surface [HTTP2]. (b) Characteristic X-

ray emission mechanism from an atom during electron-atom interaction [HTTP3].

During EDS analysis, the specimen is bombarded with an electron beam inside
the SEM. The electrons colliding with the specimen knock off some of the electrons
from the inner shells of the atoms, as shown in Figure 2.12(b). A position vacated by an
ejected inner shell electron is eventually occupied by a higher energy electron from an
outer shell. To be able to do so, the transferring outer electron must give up some of its
energy by emitting an X-ray. The amount of energy released by the transferring
electron depends on which shell it is transferring from, as well as which shell it is
transferring to. Furthermore, the atom of every element releases X-ray with unique
amounts of energy during the transferring process. Thus, by measuring the amounts of
energy present in the X-ray being released by a specimen during electron beam
bombardment, the identity of the atom from which the X-ray was emitted can be
established. The output of an EDS experiment is an EDS spectrum, which is just a plot
of how frequently an X-ray is received for each energy level. An EDS spectrum
normally displays peaks corresponding to the energy levels for which most X-rays had

been received. Each of these peaks is unique to an atom, and therefore corresponds to a
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single element. The higher the intensity of the peak in a spectrum, the more is the
concentration of the element is in the specimen. In the present work, as-deposited and
annealed films are directly mounted on an adhesive carbon tape stuck on the FESEM

stub and characterized after the customary gold coating at the top.

M Element At%
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§ Mn 37.96
2z Sn 13.20
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Figure 2.13: EDS pattern of a Ni-Mn-Sn thin film sample with elemental composition

map in atomic percentage.

2.2.3 Atomic force microscopy

Scanning Probe Microscopy (SPM) is a powerful non-destructive technique to analyse
the surface atomic morphology of thin films. SPM involves scanning the surface of a
sample with a very fine probe (tip) and monitoring the strength of interaction between
the atoms at the tip and the surface. The interaction between the atoms in the sharp
probe tip and the film surface provides 3D topographic image of the atomic
arrangement on the film surface. Scanning tunnelling microscope (STM) and atomic
force microscope (AFM) are two popular SPM techniques. STM involves study of
tunnelling of electrons between the microscope’s scanning tip and the sample through a
thin air barrier. The tunnelling current is used to image the atoms on the sample surface
and infer the nature of atoms involved in the interaction. Unfortunately, this technique
is limited to electrically conducting or semiconducting samples. In contrast, AFM
generates images based on the modulation of inter-atomic forces and hence does not
require the sample to be electrically conducting. AFM also involves scanning the tip
across the sample surface. The fine tip is generally made of silicon or silicon nitride

with typical radius of curvature 3 to 15 nm.

The working principle of an AFM is illustrated schematically in Figure 2.14(a).

Here, the tip is brought to very close to the surface and van der Waals forces act
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between the tip and sample surface causing the tip to move closer to the sample surface.
As the tip bends towards the sample, the laser beam bouncing off the bent cantilever,
suffers a deflection which is recorded by the position-sensitive photodiode detector.
The difference between laser light intensities falling on the four quadrants of the
photodetector provides a good measure of the shift in the beam. The detector signal so
generated is sent to the computer control feedback loop, which tries to keep the
cantilever deflection constant by maintaining the distance between the sample and the
cantilever constant (in what is known as the constant z mode). This is done by moving
the piezoelectric scanner at each (x, y) position in the z-direction by adjusting the
voltage applied to it. The signals from the position-sensitive photodiode detector are
processed by the data processor and converted as raw data. It is crucial to adjust the tip
of the cantilever, prior to the scanning a sample, in such a way that the reflected laser
from the back of the cantilever falls at centre of position-sensitive photodiode detector,
which can be confirmed by null voltage reading. The surface morphology of ternary Ni-
Mn-Z and quaternary Ni-Mn-X-Z (X = Cu/Fe/Co, Z = Sn,In) thin films was imaged
using the Agilent, 5500 series and Bruker, Innova series atomic force microscopes. The
samples were scanned over 2 x 2 um’ area at multiple places on the sample so that
reasonably good estimates of dimensions are obtained. The data were processed and
analysed using open source software WSxM [HORCO7] to obtain the average (R,,) and

root mean square (R,,;) surface roughness values.

Figure 2.14: (a) Schematic diagram of an Atomic Force Microscopy. (b) Agilent, 5500

series Atomic Force Microscopy used in the current studies.

2.2.4 Vibrating sample magnetometer

Vibrating Sample Magnetometer (VSM) is a sensitive and versatile instrument to

measure the net dipole moment of a material exposed to a magnetic field [SVOB04,
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CZICO06]. Using VSM, the magnetic moment of the material can be determined either
as a function of magnetic field (M-H curve) at a particular temperature or as a function
of temperature (M-T curve) at a particular magnetic field (4 = 0 or H;). The basic
principle used in VSM to measure magnetization is the Faraday’s laws of
electromagnetic induction. VSM was first designed at the Lincoln laboratories, MIT,
USA, by Simon Fonerin in 1959 [FONES59]. Since then, many modifications have been
made to improve the sensitivity of the instrument, but the underlying principle remains

the same [SMIT56].

Vibration unit
Sample Holder

Pickup

Pick-up colls _ Sample holder Coils

\ E _ Electiomagnet

— Sample v;brauni

Electromagnet

Hall sensor

Figure 2.15: Schematic block diagram of modern VSM system [MCEL94, RAFI15].

Figure 2.15 displays the schematic diagram of a modern VSM. VSM consists of
a (a) vibration exciter and sample holder, (b) water cooled electromagnet and power
supply, (c) Hall probe, (d) pair of pick-up coils, (e) lock-in amplifier, (f) control panel,
and (g) computer interface. The sample to be studied is placed inside a uniform
magnetic field and set into sinusoidal vibration at a constant frequency using the
vibration exciter. Due to the vibration of a magnetic sample, the flux inside the pick-up
coils changes, resulting in an induced electromotive force due to electromagnetic
induction. The induced voltage is measured by a lock-in amplifier using the
piezoelectric vibration frequency signal as reference voltage. The induced voltage
signal has amplitude proportional to the magnetic moment of the sample, the vibrating
amplitude and the vibration frequency. Through the use of lock-in amplifier and
feedback techniques, only that portion of the signal arising from the magnetic moment
is picked up and is converted into direct read-out in the unit of magnetization (e.g. emu)

on a digital panel meter. Raw experimental data is also stored in the computer memory.
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Interactive software permits programming of field, temperature and time steps and

plotting of desired quantities.

Figure 2.16: Photograph of VSM (Lakeshore 7410) used in the present investigations.

In this study, a Lakeshore 7410 VSM (cf. Figure 2.16) was used to characterize
ambient and temperature dependent magnetic properties of thin films in the temperature
range of 20 K — 310 K and 300 K — 1000 K using a closed cycle refrigerator and high
temperature oven, respectively. The thin film samples were cut into ~5 mm (L) x 8 mm
(W) size and firmly placed at the lower end of the fused silica sample rod using a piece
of teflon tape. Magnetization data corresponding to the teflon tape is subtracted from
the raw data prior to further analysis. The orientation of the film plane with respect to
applied field was adjusted using a goniometer assembly for in-plane or out of plane
measurements on thin films. Prior to the magnetic measurements, a calibration
procedure was carried out using standard Ni sphere sample to standardise the
magnitude of the measured magnetic moment. The measurement sequence is
programmed as per the user’s choice using the software (IDEASVSM) provided with
the instrument such that the program starts either from the maximum field or from the
zero applied field. The sequence is made with the intent to collect optimum number of
data points, so that the extracted magnetic parameters (saturation magnetization,
remenance magnetization, coercivity, etc.) carry minimum error. The magnetic field is
increased automatically in user-defined steps for measuring M-H loops. Similarly, for
high temperature M-T measurements, a high temperature oven attachment capable of
providing a controlled heating/cooling of the sample from room temperature to 1000 K

was used. For M-T measurements, the film was loaded in a high temperature
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sustainable holder (ceramic holder or quartz rod) after a calibration run using standard
Ni sample. The oven was purged with nitrogen gas to avoid oxidization of the sample
at high temperatures. Magnetization was recorded at different temperatures at a
constant in-plane applied magnetic field. The heating rate and M-T sequences were

programmed using the IDEASVSM software.

Prior to evaluating the magnetic entropy change (ASwv) during phase transition,
initial M-H isotherms were recorded at different temperatures across the transition
temperature. ASy was estimated subsequently by integrating the M-H isotherms
according to the Maxwell thermodynamic equation [PECH99],

AS,, = ]{(%—A;j dH 2.08
0 H

where M, H and T are magnetization, magnetic field and temperature, respectively. In
the present study, magnetization measurements were made at discrete temperature

intervals. Hence AS,, was evaluated using the summation,

ASM(T, H) - ZiMi+1(Ti+1'H)_Mi(TilH) AH 209

Tiy1—T;
Another important property known as refrigeration capacity (RC) which represents the

efficiency of a MCE material has also been evaluated using the relation [PECHO1],

T,
RC = [ AS,,(T),dT 2.10
T

It should be noted that since the alloys are in thin film form, the ASy and RC values are
evaluated in units of erg/cc.K and erg/cc (in CGS) unit. In order to facilitate
comparison with bulk materials, these values are also represented in J/kg.K and J/kg
units. For this, average alloy density was estimated using the additive rule,

Pailoy = AxPx t aypy + azpz, 2.11

where ay, ay and az are wt.% and py, py and p; are bulk density of X,Y and Z alloys.
2.2.5 Ferromagnetic resonance spectroscopy

Ferromagnetic resonance (FMR) spectroscopy is a very powerful tool to evaluate the
functional properties of a ferromagnetic material by analysing the dynamic response of
the magnetic moment of the material at microwave frequencies. FMR spectra can be

recorded in two modes, viz., ‘field swept’ mode where the microwave frequency is kept
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fixed and the external applied field is swept to record the spectra, and ‘frequency
swept” mode in which the applied field is kept fixed and the frequency of microwave
signal is varied in order to record the spectra. In this this work, ‘field swept’” FMR
technique was used. Again, two types of field swept FMR setups have been used in this
thesis work, viz., a micro strip-line based homemade setup and a cavity based electron
spin resonance spectrometer based setup. Brief outlines of these two techniques are

given below.
2.2.5.1 Micro strip-line based FMR spectrometer

The micro strip-line based FMR (MS-FMR) was first developed in the 1960s
[PATTO6S]. It consists of a combination of a metal strip of a few micrometers width
which acts as the signal line (known as micro strip-line) and a parallel ground plane of
infinite width. The two metallic planes are separated by a layer called the substrate
made from a microwave dielectric material. A schematic diagram of a MS-FMR
experimental setup is shown in Figure 2.17. Using MS-FMR setup, one can measure
the microwave absorption spectrum at different microwave frequencies (few MHz to
several GHz range) [HARWI11, SHAW13, NAKA13] and also as a function of angle
between applied external magnetic field and the sample (thin film) plane at desired
frequencies. With these features, the MS-FMR technique can be used for evaluating
material parameters such as the Gilbert or intrinsic damping constant (o), g-factor,
magnetic anisotropy, inhomogeneities, etc. more accurately due to simpler data analysis
as compared to other techniques employing measurements at a single microwave

frequency.

The experimental setup used consisted of a home built micro strip-line coupled
to a vector network analyzer (VNA, Model PNA-X, N-5242A) and Schottky diode
detector (Agilent 8473D). The strip-line, which also serves as the sample holder is
mounted between the pole pieces of an electromagnet. The magnetic thin film sample is
placed on the micro strip-line with the film side facing the strip-line such that at zero
degree (O = 90°), the long axis of the film lies along the applied field direction. The
coordinate system used is illustrated in Figure 2.19(a). The frequency of the microwave
signal is selected using the VNA with the microwave power maintained at an optimum

value (typically, ~5 dBm). Magnetic field modulation and lock-in detection techniques
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are employed to record the first derivative absorption spectrum as a function of applied
magnetic field (H) for the desired frequency/angular settings. Using this setup, the
FMR spectrum for a film can be recorded for different frequencies ranging from 2 GHz
to 18 GHz with an interval of 0.5 GHz and also for different angles of applied field
with respect to the film plane starting from in-plane to out-of-plane configuration for a
fixed frequency. The resonance field (H;) and linewidth of the spectrum (AH) have
been extracted and fitted with appropriate formula to evaluate the desired magneto-
dynamic parameters. The detailed discussion on the analysis of FMR data is presented
in section 2.2.5.3. Despite several advantages, the MS-FMR also has some limitations.
MS-FMR is very sensitive to the quality of the strip-line and coupling of the signal with
the detector, which have to be optimized properly. Moreover, proper subtraction of
background signal is also necessary to obtain good data. Due to these constraints, the
homemade setup described above was unable to yield good FMR data for thin films

with low magnetic moment.
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Figure 2.17: (a) Block diagram and (b) photograph of the MS-FMR setup.

2.2.5.2 Electron Spin resonance spectrometer based FMR measurement

To record FMR spectra of thin films with low magnetic moment, electron spin
resonance (ESR) spectrometers (Models - Bruker EMX EPR and JEOL JES-FA200)
operating at 9.44 GHz with a frequency modulation of 100 kHz have been used.
Schematic diagram of a typical ESR setup is shown in Figure 2.18(a). To measure the
microwave absorption spectra as a function of film orientation with respect to the
applied field, a sample rotation assembly was designed for the ESR spectrometer. Thin
film samples were firmly tethered to the flat tail of a fused silica sample rod such that at

6 = 90° , the long axis of the film lies along applied field direction. The sample rod,
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which could be manually placed in angular positions about a vertical axis, is inserted
into the microwave cavity of the ESR spectrometer to record absorption spectrum as a

function of applied magnetic field.
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Figure 2.18: (a) Block diagram and (b) photograph of ESR spectrometer (JEOL JES-
FA200) used in the studies.

Resonator

Since the cavity FMR (C-FMR) methodology is based on commercial ESR
setup with a high Q factor resonant cavity, the sensitivity of the instrument is very high
as compared to the home built MS-FMR unit. Automatic phase tuning available with
the commercial instrument ensures proper recording of the absorption signal with good
frequency and field stabilities. Further, analysis of C-FMR data is simplified due to the
microwave field uniformity over the sample and the absence of microwave electric
currents in the sample [MAKS15]. So, FMR spectra of samples with low magnetic

moments can also be captured and analysed with this technique.

2.2.5.3 Analysis of FMR spectra

The total energy of an electron in a ferromagnetic material under the influence of an
external magnetic field is an important entity in the analysis of FMR spectra. For a
ferromagnetic thin film having both in-plane and out-of-plane (perpendicular)
anisotropy, the total magnetic free energy per unit volume can be expressed as

[JOHN96, MODA17],
E= —MSH[sin 8, sin 0, cos(¢,, — ¢, ) +cos b, cos QM] +27M? cos’ 0, 5 1o
+ K, sin’ 0, sin’ @, — K, cos’ 0,
where the first term corresponds to Zeeman energy and the second term represents the

dipolar demagnetization energy. The third term refers to in-plane anisotropy and the
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fourth term implies effective perpendicular magnetic anisotropy energy. K, is the in-
plane anisotropy constant and K is the out-of-plane anisotropy constant, which also
includes other first-order (intrinsic) anisotropy energy contributions except the shape

anisotropy.
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Figure 2.19: (a) Spherical coordinate geometry used in FMR analysis. (b) Typical FMR
spectra recorded for Ni-Mn-Sn film at 0y = 90° using C-FMR technique.

The coordinate system used in this treatment is illustrated in Figure 2.19(a).
Here, ¢ (py) is the in-plane angle between H (M) and x-axis, and 6y (0)) is the polar
angle between H (M) and z-axis. At resonance, the resonance frequency (f;) of the
uniform precession mode of the electron can be expressed in terms of the energy

density using Smit-Beljers formula [SUHL55, ACHEO3] as,

| PEE ( OE Y
e (lj - 2.13
" \2x) M;sin’ 0, | 00, 0p; \ 006,00,

By substituting the energy derivatives and imposing boundary conditions, one can

arrive at simplified equations at resonance. Thus, in the case of angular variation

measurement at ¢y = 0, Eqn. 2.13 reduces to

Hcos(60,—6,)—4zM , cos’ 6, + H,
fr:( }/J ( ( M H) off M ) )14

o (Hcos(é’M —‘911)—4”ng cos20M)

where 4nM. (= 4nMs-2K /M) is called the effective magnetization. H, (= 2K,/M) is the
in-plane anisotropy where K, is the in-plane anisotropy constant. While reducing Eqn.
2.14, the energy minimum condition, viz.,

OE

= =0 2.15
00,

Pr =0y =0
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or

—MXH[sin 0, cosb,, —cosb, sinb,, ] =27M?sin26,, — K, sin20), 2.16

was used, resulting in

H :l(4ﬂMs -
2

2.17

2K, sin26,,
MS

[cos B, sin b, —sinb, cosb, |

Solving Eqn. 2.14 and 2.17 numerically, one can obtain the typical variation of
FMR resonance field (H;) with 6y. Numerical fitting of experimentally measured H;
versus Oy data to Eqn. 2.14 and 2.17 yields various parameters like Landé g-factor (g),
effective magnetization (4nM.g) and also a visual estimate of anisotropy present in the
system. The perpendicular anisotropy constant (K;) can be extracted from the 4nM.¢by
substituting the saturation magnetisation (Ms) of the sample measured using a VSM. K|,
can be determined from FMR spectra recorded as a function of ¢y in in-plane
orientation. Now, for in-plane angular variation (¢y) with in-plane easy axis (6y=90 °),
the boundary conditions are fy;= 0y = 90°. Energy minimization using these conditions
yield,
E =M Hsin(p, —¢,)+K,sin2p, =0 2.18

8Q)M Oy =0,,=90

Or,
_ 2K, sing, cos,,

= : 2.19
M, sin(p, —o,)
Using these, Eqn. 2.13 can be reduced as
H cos(@,, — @, )+| 47M, _2R 1 2K s ®y
4 - M) M,
f= == 2.20
2r

2K
[Hcos((oM — @y ) +—* cos2(oMJ
MS
When 4nM; > H,,, where H,= 2K,/M;, the expression for in-plane H, (from the Eqns.
2.20 and 2.19) can be simplified to [LEEH08, STHU07, GUOX14],
H =H,-H, cos2¢p, 221
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This gives a maximum resonance field shift, 6H,= 2H, and a mean value of the FMR
field, and Hy ~ 21 f;./y)?/47M;. Thus, Hy helps in determining the magnetization of a
given sample directly from FMR measurement. H, can be obtained by fitting in-plane
angular dependence of H, using Eqn. 2.11.

On the other hand, if in-plane anisotropy (H,) is absent in the sample, then the

energy equation becomes,

E=-M H|sin0,sin6, cos(p, — @, )+cosb, cosb, ]

2.22
+27M cos’ 0, — K, cos 0,
Then, Eqn. 2.14 and 2.17 can be written as

y (Hcos(@M ~6,)—4zM , cos’ QM)
/. i (—j ' 2.23

27 (Hcos(QM ~6,)—-4zM,, cos20M)
H=1] azpr - 25 _Sin20, 2.24

2 M, )[cos8, sin6, —sin6, cosb,, |

Apart from estimating anisotropy, FMR spectra can be used to understand the
spin relaxation mechanism under the influence of an external magnetic field. The FMR
linewidth (AH) provides a clear picture of the magnetic quality, magnetic interaction,
homogeneity, defeats present in the material and also permit to estimate an important
parameter, viz., the Gilbert damping constant (o). These properties determine the
efficiency and power consumption in spintronic and microelectronic devices [ZUTI04].
The total peak-to-peak linewidth (AH) has contributions from different sources of
damping which can be expressed as [MIZUO02, YILG07, KURE13, LIND09],

AH = AH,+AH, +AH,,, +AH,, 2.25

2mag

where AH, is the frequency independent inhomogeneity contribution to the peak-to-
peak linewidth and is related to the thermal history of the sample, lattice mismatch, etc.
AH, represents the intrinsic part of the Gilbert damping, which is due to the spin orbital

coupling that relaxes the precessional energy into the lattice and dissipates it in the
form of thermal energy. AHrmae arises from 2-magnon scattering and A, Ag, 18

associated with inhomogeneous broadening due to spatial variation of the magnetic
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properties (magnetization and magnetic anisotropy) in the measured volume. The

linewidth broadening due to Gilbert damping (AH, ) can be expressed as

1 1 0’E 1 O0E
AH, =— 2 = 2.26
V3| ow|M |06 sin’6, o¢,
OH
This expression has been further modified by Lindner ez al. [LINDOQ9] as
AH, =200 227

© B E
where = is the dragging function which is the consequence of magnetic anisotropy
fields acting on the magnetization vector and is of the form,

3 +H, -
———H sin" (6, - 0,,) 2.28

= =cos(@, -6 i
@ ~6n) H,(H, +H,)

H_ =H,cos(0, —0,)—4zM,, cos’ 0,
H =H,cos(0,—-06,)-47M, cos20,

where 2.29

The 2-magnon scattering which transfers magnetic energy from uniform precession to

degenerate spin wave states can be expressed as [KURE13, SPAR64, ARIA99,

KRIV07],
pr 2 2
¥ o) +(o,/2))-w,/2
aH, ,, = LidlPn) o i )2 (@, )2) L 230
T J(@) +(@,/2)) +a, 12
where wq (= y4mMesr) and the other terms can be simplified and expressed as
[KURE13],
Ff”=r?®‘P(0—fjdHf(‘9H) dt, (6, =0) 2.31
4 4)dw(8,) | dod, =0)

Here, O is a field dragging function which is defined as,

d 2
® =( d‘:[ ) /(}/szHy) 2.32

The inhomogeneous broadening (AH, A, ) 18 expressed as [KURE13],

AH ZL[G_H
1)

A6y \/g Al

A@HJ 233
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Substituting Eqns. 2.27, 2.30, 2.33 in 2.25 and fitting the experimentally obtained AH
with Eqn. 2.25, one can extract the Gilbert damping constant (o) and other important
information as discussed previously.

In the case of frequency variation FMR spectrum recorded for in-plane

configuration, the solution for f dependence of H, can be expressed as [ACHEO3],

1= é[H (42M,,+H,)]" 2.34

where 47M ,, =4zM -2K /M .

Frequency dependence of total linewidth in planar orientation can be expressed as

[ACHEO03, ARIA99],

NoANA
1 f{zj >

» (KLY
\/f+(2j+2

Here, the first term (i.e., AHj) is the inhomogeneous residual linewidth at zero

2.35

AH (f)=AH, +AH,, (: igf}LAHZM =Tsin-

NER

frequency. The second term refers to Gilbert damping contribution, where a is the
Gilbert damping constant. The third term represents the 2-magnon scattering
contribution to the total linewidth arising out of the inhomogeneity and defects in the
magnetic nanostructure [ARIA99]. Here, I” determines the strength of the magnon
scattering and fy = p(4nMs — 2K,/Ms). All FMR spectra analyses presented in this thesis
are based on these formulae. A typical example of use of this formalism can be found

in the next sub-section.

2.2.5.4 MS-FMR versus C-FMR

To compare the two well-known FMR techniques, off-stoichiometric Ni-Mn-Sn alloy
films with thickness of 250 nm, 500 nm and 1000 nm deposited by DC magnetron
sputtering technique on Si (100) substrates were used. The target to substrate distance
was 50 mm. All films were deposited under Ar gas pressure of 0.5 Pa using an input
DC power of 15 W. As-sputtered films were annealed ex situ at 823 K for 1 h under
residual Ar pressure of 107 Pa. XRD and VSM studies confirmed that the films have a
single phase austenite structure with room temperature ferromagnetism [MODA16].
These films with different values of magnetic moment have been used to understand

the limitations of the two FMR methods. Typical FMR spectra recorded for Ni-Mn-Sn
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Chapter 2: Experimental Methodology and Models

films using C-FMR and MS-FMR techniques at 9.44 GHz along the directions 0y = 0°
and 90° are shown in Figure 2.20 [MODA18a].

(@) ——1000nm C-FMR| | (b) ——1000nm MS-FMR
~ | e BOOPM S e 500 nm =
g ___________________________ g
o J5=0° | 2
8 8
. 1 -
S kS
S =

6,=0° §,=90°

1 2 3 4 5 6 7 8 012 3 456 7 8 9 10

H (kOe) H (kOe)

Figure 2.20: In-plane (65 = 90°) and out-of-plane (fy = 0°) FMR spectra of Ni-Mn-Sn
films of different thicknesses recorded at 9.44 GHz by (a) C-FMR, and (b) MS-FMR

techniques. The coordinate system used is the same as defined in Figure 2.19(a).

From the figures, it is evident that one can record good FMR spectra for film
thicknesses down to 250 nm for films with magnetic moment ~ 180 emu/cc and sample
dimensions 2 x 2 mm? using C-FMR technique. However, the home built MS-FMR’s
capability is limited to 500 nm thick film. Also, in the case of C-FMR, in-plane (0y =
90°) and out-of-plane (fy = 0°) spectra are of nearly of similar intensity, but the
intensity decreased drastically for out-of-plane orientation in the case of MS-FMR
spectra. A shift in resonance field (H;) between ¢y = 0° and ¢y = 90° spectra which
signifies the presence of uniaxial anisotropy in the film can also be noticed in both sets
of spectra. FMR spectra has been recorded from gy = 0° to pp = 360° at intervals of 10°
in order to visualize the direction of uniaxial anisotropy. It was found that the film has
easy axis along its long axis (i.e., at ¢y = 0°) and hard axis along its short axis (i.e., at
ou = 90°). The symbols in Figure 2.21(a) represent the H, variation with gy Figure
2.21(b) depicts the H, variation with 6y for both the techniques. The solid lines in
Figure 2.21(a) and (b) represent ¢y and 6y dependences of H; calculated according to
Eqn. 2.20 and 2.14. The calculated curves fit well with the experimental data for the
sample from which g-factor of 2.1, 4nM.; = 3135 Oe , K| = -9.0x10* erg/cc and K, =

1.6 x 10* erg/cc were estimated from C-FMR data with the corresponding values being
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4nMyy = 3198 Oe , K, = -9.5 x 10* erg/cc and K, = 1.4 x 10* erg/cc from MS-FMR

data.
23{@
62.2-
C-FMR
S
1“2.1-
20 K=16x10" ergicc (C-FMR) "o
K = 1.4x10" ergicc (MS-FMR)
1.94 . K . . . . 0.0 : : : : : :
0 60 120 180 240 300 360 0 15 30 45 60 75 90
?, (°) 0. (°)

H
Figure 2.21: (a) Experimental data (symbols) and numerically fitted (solid lines) curves
for in plane ¢y variation of H; for 1000 nm Ni-Mn-Sn film (b) Variation of FMR
resonance field (H;) with Oy from spectra obtained by C-FMR and MS-FMR. Inset

shows the corresponding 6y value for each 6y for 1000 nm film.
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Figure 2.22: Angular dependence of total linewidth (AH) for both C-FMR and MS-
FMR data along with the individual contributions (AH. g, AH, and AH g ).

A plot depicting AH versus 0y data recorded for 1000 nm Ni-Mn-Sn film and its
fit to Eqn. 2.25 is shown in Figure 2.22. A significant broadening of linewidth is caused
by the intrinsic damping part AH, and the external 2-magnon scattering term AH» wag.

The best fitted parameters give us the Gilbert damping constant (o) of 0.008.

N

56

H
H
D
H
«©

[N
Q
[«]

TH-1973



Chapter 2: Experimental Methodology and Models

From the above comparative study of the two FMR techniques, it was found
that for samples exhibiting reasonable magnetic moment (i.e., M > 1 memu for a 4 X 6
mm” sized sample), both the techniques yield similar results. However, good FMR data
could not be recorded for lower thickness films (say, 250 nm and low thickness) which
have low magnetic moment using MS-FMR technique due to its lower sensitivity. A
survey of the literature shows that both MS-FMR [DURRI15, HUSA16, BELM15] and
C-FMR [ISOG15, DUTOI16, JIAN17, GOLU17] techniques have been extensively
used to study the magneto-dynamic properties of magnetic materials. Since MS-FMR
permits measurement of FMR spectra as functions of both angular orientation with
respect to field and a broad range of frequencies, this technique certainly yields a more
reliable value for a and other magneto-dynamic parameters. But the limitations of this
home built technique have already been pointed out. In this regard, the C-FMR
methodology based on commercial ESR setup offers some advantages when low
moment films are involved [MAKS15]. In this thesis work, MS-FMR has been used for
series 1 films in chapter 3. Rest of the films has been characterized using C-FMR, since
MS-FMR set-up accessible to us was unable to provide analyzable FMR spectra for
low moment samples. For, the same reason, ultra-low thickness films were not taken up
for study in this thesis work although such films could be prepared using the sputtering

systems available with us.
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Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

As seen in literature, off-stoichiometric Ni-Mn-Sn Heusler compounds are recognized
as potential materials for technological developments due to their multifunctional
properties like magneto-caloric effect, magnetoresistance, magnetic shape memory
effect etc. [KRENO5a, CZAJ16, PANDI17, DUBO12b, TURA16]. These alloys have
been well studied in the bulk form towards the understanding and tailoring their
properties as a function of composition, particle size etc. [HANZO7, AYDOI6,
GHOS14, BUCHI11, MUTH10]. However, very limited information is available on Ni-
Mn-Sn thin films. Since these thin films are expected to exhibit geometry and
microstructure dependent properties, composition and thickness dependent studies on
Ni-Mn-Sn thin films may yield several interesting results which may find new
applications. Hence, this chapter is devoted to investigate the structural, magneto-static,
magneto-caloric and magneto-dynamic properties of Ni-Mn-Sn films deposited on low

cost Si (100) substrates.
3.1 Sample preparation and processing

Off-stoichiometric Mn-rich Ni-Mn-Sn films were deposited on Si (100) substrate by
DC magnetron sputtering from 2 inch diameter and 1 mm thick NisoMn37Sn;3 alloy
target. Before deposition, the substrates were thoroughly cleaned in an ultrasonic bath
with boiling acetone. The sputtering chamber was evacuated to a base pressure of <10
Pa. Two series of films have been deposited under different deposition conditions from
the same target. The first series of films with thickness of 250 nm, 500 nm, 750 nm,
1000 nm and 1500 nm (series 1) were deposited under a working pressure of 0.5 Pa and
DC power of 15 W using the system shown in Figure 2.05(b). The films of different
thicknesses were deposited by varying only the deposition time while keeping all other
conditions identical. The compositions of the films were verified using EDS analysis
and only a very minor variation in composition was found with film thickness. Overall
compositions for the films are Nigg,Mn3s,Sn;36, Nisg1Mnsg Snjsg, Nisg3MnsgoSnss,
Nigg3Mnszg4Snyz3 and NiggoMnsg 1Sniz; for 250 nm, 500nm, 750 nm, 1000nm, and
1500 nm, respectively. The as-deposited films were then annealed ex situ under
vacuum. To optimize the annealing temperature, as-deposited 250 nm thick film was
vacuum annealed at different temperatures for 1 h each. Films of other thicknesses were
all annealed ex situ at the optimized temperature of 823 K under residual Ar gas

pressure of 107 Pa for 1 h. The second series of films of thickness 360 nm, 500 nm,

TH-1973 136121649 61



TH-1973

Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

700 nm and 1000 nm (series 2) were deposited under a working pressure of 1.8 Pa and
DC power to 70 W using the sputtering system shown in the Figure 2.05(a). During
deposition, the substrates were rotated at 15 rpm to ensure uniform deposition.
The films of different thicknesses were deposited by varying the deposition time only,
while keeping all other deposition conditions identical. The compositions of the films
were evaluated using EDS analysis and found to be Nis;4Mnj33,Sni34. As-deposited

films were annealed ex situ at 823 K under residual Ar gas pressure of 10~ Pa for 1 h.

3.2 Structure and morphology

Figure 3.01 shows the room temperature XRD patterns of 250 nm thick film (series 1)
annealed at different temperatures. From the data, it is evident that the as-deposited
films are amorphous in nature. Upon annealing at 573 K, the amorphous films begin to
crystallize. The XRD peak at 26 = 42.85° indicates the formation of A2 structure and
the super-lattice peaks at 26 = 25.78° and 29.87° signify the onset of L2, order in the
films. Degree of L2, ordering increases with increasing annealing temperature, as seen
from the development of the two super-lattice peaks with increasing annealing
temperature. In order to understand the influence of annealing temperature on the
degree of structural order in this alloy films, a simple analysis using Eqns. 2.06 and
2.07 was carried out. Degree of L2, ordering factor (Sy.,,) and B2 ordering factor (Sg)

for the 250 nm film annealed under different temperature is listed in Table 3.01.

S 2MnO (111)
- - 8 =_ =
R £l gl =
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Figure 3.01: Room temperature XRD patterns of as-deposited and vacuum annealed

250 nm thick Ni-Mn-Sn films (series 1).
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Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

Table 3.01: Structural and magnetic properties of as-deposited and annealed 250
nm thick Ni-Mn-Sn films

Annealing % of B2 % of 1.2, M@5kOe M, (emu/cc)
Temp. (K) order (Sg2) order (S,) (emu/cc)
As-deposited - - - -

573 - - 102 5.4
648 93 80 144 20.3
698 95 82 150 21.4
823 98 86 158 36.5
873 98 87 159 36.7

From Table 3.01, it is clear that the degree of L2, order improves with an
increase in annealing temperature due to improvement in crystallinity of the phase.
Annealing at 823 K for 1 h provides the desired crystalline ordering in the films.
Beyond 823 K, the film surface starts deforming and no further improvement in
structural ordering is observed. Hence, the annealing temperature is fixed at 823 K for
the rest of the films. All films in series 1 were annealed at 823 K for 1 h under vacuum.
Room temperature XRD pattern of films of all thickness are shown in Figure 3.02.
From the figure it is evident that the films exhibit austenite phase with L2, ordering at
room temperature. The degree of B2 and L2, ordering evaluated for these films using
Eqns. 2.06 and 2.07 are listed in Table 3.02. Rietveld refinement was performed on the
XRD patterns by considering a L.2; unit cell for Ni-Mn-Sn alloy compositions. While
considering the unit cell, excess Mn atoms in the alloy were assumed to occupy Sn
position as predicted by other researchers [UBAL17, SOKO12]. The refined pattern for
all the films are shown in Figure 3.02. The low % value and difference pattern between
observed and refined data (Yobs-Ycar) confirms the good fitting obtained for the unit
cell. Rietveld fitting was done for all the films and lattice parameters extracted from the
fits are listed in Table 3.02. The average crystallite (grain) size (D) of the films
calculated using the most intense (220) peak and Schérrer’s equation (Eqn. 2.04) are
listed in Table 3.02. From the table, it is can be seen that the lattice parameter does not
vary much with film thickness. However, D increases with increasing film thickness,

since higher thickness facilitates grain growth by offering more space for the same.
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Table 3.02: Structural and morphological parameters of 823 K annealed Ni-Mn-
Sn films of different thickness.

Thickness % of B2 % of L2, a D (£0.3) Ry, Rims.
(nm) order (Sgz) order (S;,,) (nm) (nm) (nm) (nm)
250 98 86 0.596 8.1 1.44 1.78
500 97 84 0.595 7.3 1.53 1.92
750 97 84 0.597 7.2 1.38 1.69
1000 98 82 0.596 12.4 1.82 1.91
1500 98 82 0.597 12.7 1.67 2.12

@ §  pesa||@ g P=8.22

Intensity (a. u.)

30 40 50 60 70
20 (°)

O  Y-obs
Y -cal
— Yobs-Ycal
| Bragg-position

20 30 40 50 60 70
20(°)
Figure 3.02: (a) XRD patterns of 823 K annealed Ni-Mn-Sn films (series 1) of
thickness (a) 250 nm, (b) 500 nm, (¢) 750 nm, (d) 1000 nm and (e¢) 1500 nm.

Figure 3.03 shows the room temperature XRD patterns of Ni-Mn-Sn (series 2)
films after annealing at 823 K for 1 h. It is obvious from the XRD patterns that all the
annealed films exhibit martensite phase at room temperature with modulated 14M
structure [PLANO09, KRENO5b, RANJ06]. The phase diagram of NisoMnsoSny alloy
[PLANO9] shows that the 14M phase can be stabilized in this ternary alloy system
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Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

when the e/a (valence electrons per atom) ratio is between 8.15 and 8.30. Hence, room
temperature 14M martensite phase and M <> A transition are expected in these films.
Apart from the martensite peaks, an extra weak peak can be observed at 26 = 35.33°
which corresponds to manganese oxide (MnO, space group 225). This MnO peak was
not present in the amorphous as-deposited films. Hence, a small amount (3 to 4%) of
MnO phase appears to have formed during the ex sifu annealing process despite our
effort to maintain an inert atmosphere. Formation of MnO on the surface has been
reported during annealing of Mn based alloys because of the high reactivity of Mn at
high temperatures [GEBEQ9, JETT12]. Since the Néel temperature of MnO is 116 K, it
is paramagnetic at room temperature [KITTO05]. In view of these facts, the small
amount of MnO present on the surface of the films may slightly alter the composition
of the martensite phase. Though it is difficult to estimate the change in composition,
one expects the e/a of the martensite phase to vary by not more than +0.08. Hence, this
may not seriously affect the magnetic and mechanical properties of these films. The
lattice constants of the films were calculated using the most intense (1 2 7), (2 0 -5),
(1 1 10) peaks and the relation 2.02. Lattice parameters of the films are listed in Table
3.03. The average crystallite size (D) and the lattice strain (¢) present in the films
estimated from the XRD data using the Williamson-Hall relation (Eqn. 2.05) are listed
in Table 3.03.

= a MnO(111)

‘ h v\ 1000nm
l N 700nm
H M 500nm

360nm

20 30 40 50 60 70
26(°)

(11-5)

(139)

(11-7)

Intensity (a.u.)

Figure 3.03: XRD patterns of Nis; 4Mns3,Sn;3 4 alloy thin films (series 2) with different
thicknesses annealed at 823 K.
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It is evident that thicker films facilitate larger growth of grains in the
polycrystalline films. The strain in all the annealed films was almost the same when
annealed at 823 K. The stable martensite phase at room temperature in Ni-Mn-Sn offers
the possibility to study this little explored phase in this ternary alloy films. Comparison
between the films with room temperature austenite phase (series 1) and martensite
phase (series 2) shows that the martensite films have larger crystallite size (almost 10
times higher for 1000 nm film) as compared to austenite films. This may be due to the

relative ease of grain growth in the low symmetry films.

Table 3.03: Structural and morphological parameters of 823 K annealed Ni-Mn-
Sn films (series 2) with 14M modulated martensite structure.

Thickness Lattice constant D (#3) €(0.1) Ray. Rims.
@mm) g@m) b@mm) c(mm) (@mm) (x10%) (nm)  (nm)
360 0.436 0.541 2.889 67 4.9 5.14 6.62
500 0.435 0.541 2.926 96 4.8 5.42 6.82
700 0.434 0.541 2.927 103 4.8 5.84 7.05
1000 0.434 0.541 2.927 121 5.0 5.34 6.52
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Figure 3.04: Atomic force micrographs of austenite Ni-Mn-Sn alloy thin films (series
1) of (a) 250 nm, (b) 500 nm, (¢) 750 nm, (d) 1000 nm and (¢) 1500 nm thickness.
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Surface morphology of the series 1 and series 2 films was mapped over 2 x 2
pm?’ scan areas using AFM. AFM image of 823 K annealed austenite Ni-Mn-Sn (series
1) films are shown in Figure 3.04(a-e¢). The average (R,y) and r.m.s. (R;ns) surface
roughness of the films was found to be 1.44 and 1.78 nm, 1.53 and 1.92 nm, 1.38 and
1.69 nm, 1.52 and 1.91 nm and 1.67 and 2.12 nm for 250 nm, 500 nm, 750 nm, 1000
nm and 1500 nm, respectively. Similarly Figure 3.05 (a-d) shows the AFM image of
823 K annealed martensite Ni-Mn-Sn (series 2) films. These films exhibit average
(Rav) and r.m.s. (R ) surface roughness of 5.14 and 6.62 nm, 5.42 and 6.82 nm, 5.84
and 7.05 nm and 5.34 and 6.52 nm for 360 nm, 500 nm, 700 nm and 1000 nm films,
respectively. In comparison with austenite films (series 1), martensite films (series 2)

processed under the same conditions have higher surface roughness.

0
00 05 1.0 15 2.0 0.0 05 1.0 15 20
X (um) X (um)

Figure 3.05: Atomic force micrograph of martensite Ni-Mn-Sn alloy thin films (series
2) with thicknesses (a) 360 nm, (b) 500 nm, (¢) 700 nm and (d) 1000 nm.

3.3 Magneto-static properties

Figure 3.06 illustrates the field dependence of magnetization (M-H curves) of as-

deposited and annealed 250 nm (series 1) films. As-deposited film is paramagnetic in
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nature which can be associated with the amorphous structure of the film. Upon
annealing at 573 K, the film starts to become ferromagnetic which can be correlated
with the nucleation and growth of a crystalline phase. The film annealed at 648 K is
fully ferromagnetic. Upon increasing the annealing temperature up to 823 K, the film
becomes magnetically softer along with improved L2, order. Films annealed above 823
K do not show much variation in magnetic property. From the figure, it is clear that
films annealed at 823 K and 873 K show almost similar M-H loop. The gradual
increment of retentivity (M,) value with increasing annealing temperature also confirms

the improvement of soft magnetic property.
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Figure 3.06: Room temperature M-H curves of 250 nm Ni-Mn-Sn film (series 1)

annealed at different temperatures.
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Figure 3.07: (a) Room temperature M-H loops for austenite (series 1) films of different
thickness annealed at 823 K (b) Room temperature M-H loops of martensite (series 2)

annealed films.
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Room temperature M-H loops of all series 1 films with thicknesses of 250 nm,
500 nm, 750 nm, 1000 nm and 1500 nm annealed at 823 K are shown in Figure 3.07(a).
From the figure, it is clear that all the films show room temperature ferromagnetic
behavior with low thickness films exhibiting softer magnetic loop. The decrease in the
soft magnetic properties for a fixed applied field direction may be attributed to the
change in magnetic domain patterns with increase in film thickness [ANNAT11].
Saturation magnetization of 250 nm, 500 nm, 750 nm, 1000 nm and 1500 nm thick
films are found to be 158 emu/cc, 155 emu/cc, 149 emu/cc, 150 emu/cc and 152
emu/cc, respectively. Figure 3.07(b) represents the room temperature M-H loops of
series 2 films annealed at 823 K. All these films exhibit room temperature
ferromagnetism, but the magnetic moment is very low (almost half) of films in series 1.
The saturation magnetization of these films are found to be 73 emu/cc, 74 emu/cc, 76
emu/cc and 81 emu/cc for 360 nm, 500 nm, 700 nm and 1000 nm films, respectively.
The decrease in magnetic moment can be related with the structures of the films like
series 1 film has austenite cubic phase whereas series 2 films has martensite phase. For
the Ni-Mn-Z based Heusler alloy films, the magnetic moment is usually low for the
martensite phase as compared to the austenite phase [TANC17, AKSOO09].
Magnetization of the films remains nearly the same as the thickness is varied up to

1000 nm.
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Figure 3.08: (a) M-H loop of 250 nm austenite Ni-Mn-Sn film (series 1) with in-plane

and out-of-plane orientations. (b) In-plane and out-of-plane M-H loop of 360 nm

martensite Ni-Mn-Sn film (series 2).
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Figure 3.08 (a) shows the M-H loop along in-plane and out-of-plane directions
for the 250 nm thick film annealed at 823 K from which it is clear that the easy axis is
along the in-plane direction. The reduction in the soft magnetic properties with applied
field direction could be attributed to the presence of magnetic anisotropy in a film
which has easy axis along its plane [OHANOO]. Similar behavior is observed for films
of all thicknesses (series 1). Similarly, Figure 3.08 (b) shows in-plane and out-of-plane
M-H loops for 360 nm martensite film (series 2). The same trend is followed by films
of different thickness. The M-H loops recorded with applied magnetic field along film
plane and perpendicular to the film plane show is completely different behaviour for
the two series of films. In the case of series 1 films there is a huge difference between
in-plane and out-of-plane M-H loop shapes signifying large perpendicular anisotropy in
the films. But in the case of the martensite (series 2) films, the two loops show almost
similar shape which implies very low magnetic anisotropy in the films. This is a very
interesting behaviour observed for the first time in Ni-Mn-Sn films. This observation is

a consequence of the room temperature martensite phase in series 2 films.
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Figure 3.09: Thermo-magnetization (M-T) curves of austenite Ni-Mn-Sn films (series

1) recorded with a field of 500 Oe.

Temperature dependence of magnetization (M-T curves) for austenite Ni-Mn-Sn
films of different thicknesses (series 1) under an applied field of 500 Oe is depicted in
Figure 3.09. The M-T curves recorded in the temperature range of 30 K to 900 K did
not show any evidence of first order martensite to austenite (M <> A) phase transition

in these films. However, a second order magnetic transition near room temperature
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corresponding to austenite Curie temperature (7¢) is observed. The absence of M < A
in these films may be due to low crystallite (grain) size in these films. Similarly, Figure
3.10 shows the temperature dependence of magnetization (M-7) of martensite Ni-Mn-
Sn thin films (series 2). M-T data recorded during heating and cooling cycle under
applied field of 500 Oe are designated as field warmed (FW) and field cooled (FC)
curves, respectively. It is evident from the figure that the FC and FW curves obtained
for 360 nm Ni-Mn-Sn film superpose on each other well. However, a thermal
hysteresis, characteristic of the M <> A transition can be observed in the FC and FW

data of the 500 nm, 700 nm and 1000 nm films as depicted in the inset of Figure 3.10.
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Figure 3.10: Thermo-magnetization (M-T) curves of martensite Ni-Mn-Sn films (series
2) recorded under an applied field of 500 Oe in FW (filled symbol) and FC (open
symbol) modes. Inset shows an enlarged view of a part of the M-T data of the 1000 nm
film exhibiting a weak thermal hysteresis. Tas, Tar, Tms and Tur are the austenite start,

austenite finish, martensite start and martensite finish temperatures.

Since no thermal hysteresis is observed in the FC and FW data of the 360 nm
thick film, there is no signature of the martensitic transition in this film despite the fact
that the film exhibits martensite structure at room temperature. It is worthy to point out
here that Vishnoi et al. [VISH11] also observed such suppression of M <> A transition
in Ni-Mn-Sn films with thickness less than 410 nm. In contrast, a weak thermal
hysteresis is observed in the temperature range of 295 - 360 K, 335 - 400 K and 340 -
445 K in the case of 500 nm, 700 nm and 1000 nm films, respectively. Apart from
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confirming the observation of the elusive M <> A transition in Ni-Mn-Sn films, the
present results also confirm the fact that the martensitic transition is dependent on film
thickness as pointed out earlier [VISH11, TEIC15b]. A look at Table 3.03 would reveal
that Ni-Mn-Sn films with D > 90 nm exhibit the martensitic transition which in turn
indicates a minimum film thickness required to observe the martensitic transition. From
the M-T curves, it is evident that all the films have high 7¢. A slight increase in T¢ is
also observed as the thickness of the films is varied from 360 nm to 1000 nm film
which may be due to the variation in structural factors or minor deviation in overall

composition of the films with thickness.

3.4 Magneto-caloric properties
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Figure 3.11: Initial M-H isotherms for austenite films (series 1) of different thickness

recorded at discrete temperature interval across 7¢.
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Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

From the M-T data of series 1 (Figure 3.09) and series 2 (Figure 3.10) films, it is
evident that series 1 films exhibit only one second-order magnetic phase transition
(SOPT) whereas series 2 films poses two phase transitions, one being the SOPT and the
other being the first-order structural M <> A phase transformation (FOPT). ASy, is
expected at both FOPT and SOPT. AS)s associated with FOPT is generally large (for
bulk alloys) but it is confined to a narrow temperature region of a few Kelvin. AS)/near
SOPT is small but extends over a wider temperature range. Moreover, FOPT inherently
suffers from a large hysteresis effect during thermal cycling, which is not found in
SOPT [PHANI12]. Since the magnetic moment change associated with the M <> A
transition (FOPT) is very small and is extended over a large temperature range in series
2 films, the AS), associated with this transition is very small to be estimated. Hence, the
focus is on the conventional MCE around the SOPT which is more prominent. AS), for
dH of 0 to H has been estimated by integrating the M-H isotherms according the
Maxwell thermodynamic equation [PECH99] as described in chapter 2 (Eqns. 2.08 &
2.09).
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Figure 3.12: Initial M-H isotherms for martensite films (series 2) of different thickness

recorded at discrete temperature interval across 7¢.
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Isothermal initial magnetization curves were recorded for all the films at
discrete intervals of 7" as shown in Figure 3.11 and Figure 3.12. AS), was calculated
from this initial M-H curves using Eqn. 2.09 for all the austenite (series 1) and
martensite (series 2) films close to 7¢. The corresponding AS)(T) plots are shown in
Figure 3.13. (ASy)max associated with the SOPT for the Ni-Mn-Sn films are represented
in Table 3.04. From Figure 3.13, it is clear that series 1 films shows higher AS), as
compared to series 2 films, which can be substantiated on the basis of high moment and
larger oM / aT exhibited by series 1 films across 7¢. Similarly, the gradual increase of
AS); with increase in thickness for series 2 films can be correlated with the increasing

oM / aT due to the proximity of the M <> A phase transformation in higher thickness

films. (ASm)max 1S found to increase with increasing applied field for all the field as

shown by data in Figure 3.14.
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Figure 3.13: Magnetic entropy change (-ASy,) estimated for across 7¢ (a) austenite
(series 1) (b) martensite (series 2) Ni-Mn-Sn films for dH of 12 kOe.

The efficiency of a MCE material is expressed in terms of the refrigeration
capacity (RC) which can be evaluated using Eqn. 2.10. RC calculated for all the films
from the respective ASu(7) curve using Eqn. 2.10 are tabulated in Table 3.04. From the
table it is clear that although the ASy values are much lower for martensite (series 2)
films as compared to austenite (series 1) films, their RC values are comparable. This is

related to the higher FWHM of ASm(7) curves of the martensite (series 2) films.
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Figure 3.14: Veriation of (-ASu)max With applied magnetic field change (dH).

Table 3.04: Magneto-caloric parameters for Ni-Mn-Sn films estimated for an
applied field change (dH) of 12 kOe.

0 Tc#) (ASy)m(x0.8) RC(=8) (ASy)max ~ RC(E0.1)

Film (nm) (K) x10° erg/cc.K x10° erg/cc  (+0.01)J/kg. K J/kg
L2, 250 306 65.3 451 0.81 5.6
L2, 500 296 24.1 217 0.30 2.7
L2, 750 301 16.1 515 0.21 6.4
L2, 1000 301 25.8 741 0.32 9.2
L2, 1500 302 27.0 845 0.34 10.5
14M 360 557 2.7 97 0.03 1.2
14M 500 562 4.3 146 0.05 1.8
14M 700 569 5.5 195 0.07 2.4
14M 1000 570 6.3 203 0.08 2.5

3.5 Magneto-dynamic properties

Magnetic anisotropy is one of the key factors which help in ascertaining the functional
capability of the material. FMR is one of the best experimental techniques for
estimating the magnetic anisotropy in ferromagnetic thin films, which is otherwise
quite difficult to estimate. In order to understand the functional capability of these
Heusler alloy films, the static and magneto-dynamic properties of the annealed Ni-Mn-

Sn films (series 1) of thickness 500 nm, 1000 nm and 1500 nm were studied using MS-
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FMR technique. The FMR spectra of the films were recorded by varying the applied
field (H) along the plane of the film at a constant microwave frequency. Typical FMR
spectra obtained for the films in in-plane orientation for different frequencies are shown
in Figure 3.15. The spectra were recorded for microwave frequencies ranging from 2 to
18 GHz at an interval of 0.5 GHz. The frequency (f) dependences of resonance field
(H,) and linewidth (AH) of the FMR spectra were extracted for all the annealed films of

different thicknesses and analysed with appropriate equations as discussed in chapter 2.

¢, =0°
6, = 90°
B —
)
T
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T
..~ 16 GHz
4 GHz " 1500 nm

3 4 &
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Figure 3.15: Typical MS-FMR spectra for 1500 nm austenite Ni-Mn-Sn film recorded

at different frequencies with magnetic field applied along the long axis of film plane.
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Figure 3.16: Variation of resonance field (H;) with microwave frequency (f)

corresponding to the annealed films with different thicknesses (in-plane orientation).

Experimental data are shown as symbols and the sold lines represent fits to Eqn. 2.34.
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Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

Experimental data pertaining to the variation of H, with f have been fitted to
Eqn. 2.34 and the best fits are shown as solid lines in Figure 3.16. The good fit to the
data obtained is evident from the figure and from the fits, y of 2.95 MHz/Oe and g-
factor of 2.1 were estimated. In order to study the relaxation of magnetization in the
films, the linewidth (AH) was measured from FMR spectrum recorded at each
frequency. f dependence of AH along the easy axis of magnetization is depicted in
Figure 3.17 as open symbols. f' dependence of AH data in in-plane film orientation has
been fitted to Eqn. 2.35 and the fitted values are expressed as lines in Figure 3.17. AH
along the easy axis of magnetization estimated numerically is shown as solid line in

Figure 3.17.
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Figure 3.17: Variation of resonance linewidth (AH) with microwave frequency (f)
corresponding to the annealed films with different thicknesses (in-plane orientation).
Experimental data are shown as symbols and the solid lines represent fit to Eqn. 2.35.

Inset shows the variation of Gilbert damping constant (o) with film thickness.

It is evident from the Figure 3.17 that the numerically evaluated values are in
good agreement with the experimental data. From the analysis of the FMR spectra of
films of different thicknesses, it is found that the Gilbert damping constant decreases
with thickness (c.f. inset in Figure 3.17). This result is consistent with some previously
reported results [CHENO7]. However, it has to be noted that there is a slight variation
in the composition of the three films which could be due to small variations in

sputtering parameters arising due to variation in the time duration of sputtering required
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to deposit the three different thicknesses. This minor composition variation might have
also contributed to the observed variation in Gilbert damping constant in the three
films. It has to be pointed that despite these factors, the value of oo = 0.007 obtained for
the 500 nm thick film with overall composition of Nisg4Mnsg14Sn;37, is the lowest
ever reported value for any Ni-Mn-Sn film [DUBO11, DUBO12a]. From the figure, it
is observed that AH follows a nonlinear variation with /. The reason behind this can be
understood from the nonlinear variation of 2-magnon scattering (c.f Figure 3.18). 2-
magnon scattering contribution shows steep nonlinear slopes at low frequencies and a
saturation behavior at extremely high frequencies. The individual contributions to the

total linewidth for 500 nm film are shown in Figure 3.18.
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Figure 3.18: Frequency dependence of individual contributions to linewidth (AH) of

G

500 nm thick annealed film.

From the frequency variation FMR spectra analysis, we found that these films
have high magnetic anisotropy and there are various external contributions to the total
linewidth. Angular variation FMR spectra can provide a good visualization of the
magnetic anisotropy in these films. Moreover, angular variation linewidth analysis can
prove one with more explicit information about 2-magnon scattering and other external
contributions. For this, FMR spectra were recorded at various angular positions of the
film with respect to the field direction. Such a study gives us not only information
about the perpendicular magnetic anisotropy but also about the contributions of

external factors on the intrinsic linewidth (damping mechanism) of the material. Here,
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Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

only out-of-plane measurements recorded on the 1500 nm thick film is presented since
this sample gave the best MS-FMR signal. As the magnetic and structural properties of
the films do not vary much with thickness, the results of the present analysis can be
extended to all the films with lower thicknesses of the same series. Figure 3.19 shows
the FMR spectra recorded from 6y = 0° to 90° for the 1500 nm thick film. The spectra

were recorded at three different microwave frequencies of 10, 12 and 14 GHz.

f=14 GHz

di/dH (a. u.)

3 4 5 6 7 8 9 10 11 12 13
H (kOe)
Figure 3.19: MS-FMR spectra of 1500 nm thick austenite Ni-Mn-Sn film recorded at

different film orientation with magnetic field at 14 GHz microwave frequency.

H, as a function of 8y was then numerically calculated using Eqn. 2.23 and the
interpolated values of 6), are shown as lines in Figure 3.20 along with experimental
data (symbols). The numerically calculated values yielded a good fit to experimental
data. During fitting, the equilibrium angle of magnetization 6, was numerically
estimated for each value of 6y at different f values and the same is depicted in the inset
of Figure 3.20. From the numerical fitted equations, the effective anisotropy constant
(K1) to be — 9.0 £ 0.5 x10° erg/cc by substituting the M, value obtained from VSM
studies in 4nM.s. K; < O implies that the films have an in-plane easy axis [JOHNO96].
Easy axis of magnetisation is determined from the expression, -2mrM2 + K, where K
represents other first-order (intrinsic) anisotropy energy contributions except the shape
anisotropy. In this case, one of the major components in K; could be magneto-elastic

anisotropy (K,, « Ao ), where ¢ is the stress which is related to the strain (¢) through

the elastic modulus E (or ¢ = E¢) and 4 is the magnetostriction constant, which depends
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on the orientation and can be positive or negative [JOHN96]. K, can develop from the
strain induced in the films by various sources such as thermal strain associated with
differences in thermal expansion coefficients of the constituent metals during
annealing, intrinsic strain due to high deposition rate or strain due to lattice parameter
mismatch of the alloy with Si (100) substrate. If -2mrM?2 + K is negative, the film will
have in-plane easy axis. On the other hand, if -2rM?2 + K, is positive, the films will
have out-of-plane easy axis. In the present cae, K is negative, which signifies in-plane

easy axis in these films.

28T

2411}

81 A experimental points
o e fit to model
Nty - Rt . i '.A:.:r.-:.'.‘ A -

Figure 3.20: Angular dependence (6y) of resonance field (H;) at different microwave
frequencies for the 1500 nm thick film. Experimental data are shown as symbols and
the solid lines represent fits to Eqn. 2.23. Inset shows variation of equilibrium angle of
magnetization (Oy)with applied field direction (fy) in out-of-plane configuration at

different frequencies.

Finally, magnetic relaxation dynamics in the film was analyzed from the
angular dependence of AH at different frequencies. This analysis gives information
about Gilbert damping constant (). Information about the quality of the film can also
be understood from the external linewidth contributions. 6y dependence of AH at
different frequencies was estimated numerically using the Eqn. 2.25. The curves
obtained by the above numerical model fitted very well to the experimental data (c.f.
Figure 3.21). The independent contributions to magnetic damping from different
sources are shown in Figure 3.22. The 2-magnon symmetry contribution was found to

be 0.12 and the anisotropy dispersion constant Afy was estimated to be 0.005°. The
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estimated parameters are in good agreement with those reported earlier [SAMALS,

KURE13].
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Figure 3.21: Variation of AH with out-of-plane angle fy at different frequencies.
Experimental data are shown as symbols and the solid lines represent fits to Eqn. 2.25.

Inset in figure shows the frequency dependence of Gilbert damping parameter.
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Figure 3.22: 0y dependence of individual contributions (AH>. g, AH, and AHag) to AH
at a frequency of 10 GHz.

In the present linewidth analysis, a significant contribution from 2-magnon
scattering was noticed which may be due to the anisotropic distribution of scattering
centers within the sample arising due to the structural defects present in the film.

Similar observations have been made by Dubowik et al. [DUBOI1] in Ni;MnSn
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epitaxial films deposited by magnetron sputtering on MgO (100) substrates. For their
30 nm thick Ni,MnSn film, the Gilbert contribution was found to be seven times
smaller than the 2-magnon contribution which is primarily assumed to originate from
high surface roughness. But for their 100 nm thick film, the Gilbert contribution and 2-
magnon contributions were found to be comparable. The origin of the 2-magnon
scattering was explained in terms of voids or other defects present inside the bulk of the
thicker films. In the present case, the films were deposited on Si (100) substrate
followed by ex situ annealing at 823 K. High temperature annealing induces higher
surface roughness in the films. Being off-stoichiometric, the possibility of lattice
defects is more in these films. Both these factors significantly can increase the 2-
magnon contribution. The combined effect of these factors can result in a large increase
in the 2-magnon contribution as observed in the present films as compared to their 100
nm thick epitaxial N,MnSn film. In addition, Krivosik ez. al[KRIV07] showed that the
density of states for degenerate magnons increases in thicker films. Hence, for the 1500
nm film, the magnon scattering contribution is much higher than that of the Gilbert
contribution. Variation of o with frequency is shown as inset in Figure 3.21. The
Gilbert damping parameter (o) was observed to be very low (average value of 0.0076)
and was found to vary from 0.0075 to 0.0078 in the frequency interval of 10 to 14 GHz.
This value of a is comparable to the value obtained from our AH versus f data. It may
be noted that ab initio calculations [YEMKI10] have pointed out that Ni-Mn-Sn alloy
does not exhibit an energy gap in the spin-down band at the Fermi level. This lack of
half-metallic character has seriously limited the application of Ni-Mn-Sn alloys.
Discovery of very low Gilbert damping coefficient along with the possibility of getting
lower damping constant by decreasing film thickness in these alloys in the work is
certain to open up new applications for these alloys. Further, the present study also
reveals the possibility of improving spin transfer torque based device performance by

optimizing the operational frequency in the same type of material.

To understand the dynamic magnetic properties of Ni-Mn-Sn films in the
martensite phase, FMR measurements of series 2 films have been done using C-FMR
technique. Room temperature FMR spectra were recorded as a function of film
orientation with respect to applied magnetic field using an electron spin resonance

(ESR) spectrometer (Jeol JES-FA200) operating at 9.44 GHz with a modulation of 100
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kHz. The resonance field exported from the spectrum is represented in Figure 3.23. The
6y dependence resonance field (H;) been analyzed using Eqn. 2.23 and shown as lines
in Figure 3.23. From the figure, it is clear that with angle, the resonance field shift is
very less, signifying that the film has very low effective anisotropy. The anisotropy
value (K)) for these films are found ~10* erg/cc which is very low as compared to
austenite Ni-Mn-Sn films with K; ~ 10° erg/cc. Similar behavior is observed in films of
all thicknesses. The magneto-dynamic parameters for the martensite films are presented
in Table 3.05. This is the first observation of such very low Mg and K; in Ni-Mn-Sn
based films. The very low effective magnetization and anisotropy for these films may

be the consequence of martensite phase of the films.

4200
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Figure 3.23: 6y variation of resonance field (H;) corresponding to martensite Ni-Mn-Sn
(series 2) films of different thicknesses. Experimental data are shown as symbols and

the solid lines represent fits to Eqn. 2.23.

Table 3.05: Magneto-dynamic parameters for martensite(series 2) Ni-Mn-Sn films

Thickness 47tM 45 K (£0.2) a
(nm) (5) (Oe) (><104 erg/cc) g AH, (£0.0002)
360 849 2.5 2.10 220 0.0082
500 849 3.0 2.10 180 0.0082
700 876 3.0 2.10 120 0.0082
1000 949 2.8 2.10 100 0.0082

Magnetic relaxation dynamics in the martensite thin films was analyzed from

the angular dependence of AH. AH verus 0y data was fitted numerically to Eqn. 2.25.
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The fitted curves are represented as lines in Figure 3.24 along with experimental data
points represented as symbols. From the figure, it can be seen that numerically modeled
curves yielded a good fit to the experimental data. The independent contributions of
magnetic damping from various sources along with the phenomenological Gilbert
damping contribution to the total linewidth are also shown in Figure 3.25 for all the
films. The individual contributions to the total linewidth have been estimated using
Eqn. 2.25 and it was found that there is a large contribution from the 2-magnon
scattering term (c.f. Figure 3.25). The origin of this may be attributed to the high
surface roughness induced in the films due to the high temperature annealing treatment
and the presence of lower symmetry martensite phase. The decrease in AH with
increasing thickness is due to decrease in AH) as other terms remained similar. The

magneto-dynamic parameters obtained from the fitting are listed in Table 3.05.
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Figure 3.24: 6y variation of FMR linewidth AH for martensite Ni-Mn-Sn (series 2)
films of different thicknesses. Experimental data are shown as symbols and the solid

lines represent fits to Eqn. 2.25.

In the studies, magneto-dynamic properties of martensite Ni-Mn-Sn films are
revealed for the first time. Very low magnetic anisotropy of these films results in
magnetic properties which are almost independent of film orientation. Such films are
expected to have a large number of stable states as compared to the two stable states in
conventional magnetic films with high anisotropy. This unusual property may lead to

possible applications in memory storage and logical devices in computer circuitry

[JOHNS8, KEFA70, SLAUO02].
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Figure 3.25: Angular dependence of individual contributions (AH.jag, AH, and AHyg)

to AH estimated for martensite Ni-Mn-Sn (series 2) films of different thickness.

3.6 Summary

Effects of composition and thickness on the structural, magneto-static, magneto-

dynamic and magneto-caloric properties of Mn-rich Ni-Mn-Sn ferromagnetic Heusler

alloy thin films sputter deposited on Si (100) substrates at ambient temperature have

been investigated. Salient outcome of these investigations are listed below:

R/
0'0

All as-deposited films were amorphous in nature. Series 1 films annealed at 823
K exhibited room temperature cubic structure with space group Fm3m (space
group 225) with high degree of L2, ordering, but series 2 films annealed at 823
K exhibited room temperature martensite phase with modulated 14M structure.
Magnetic study disclosed paramagnetic nature of as-deposited films and room
temperature ferromagnetism in the annealed films. High 7¢ (~ 550 K) with
stable room temperature martensite ferromagnetic phase has been reported for
first time in series 2 Ni-Mn-Sn films. Higher thickness martensite Ni-Mn-Sn
films with D> 90 nm exhibited weak signature of martensitic transition.

In-plane and out-of-plane M-H loops revealed films with room temperature

austenite phase (series 1) has in-plane easy axis with large out-of-plane

TH-1973_136121619

85




Chapter 3: Austenite and Martensite Ni-Mn-Sn thin films

magnetic anisotropy. But, series 2 films with room temperature martensite
phase have very low magnetic anisotropy.

¢ MS-FMR spectra analysis revealed low Gilbert damping constant (o) and high
effective perpendicular anisotropy (K;) in austenite Ni-Mn-Sn films (series 1).
Lowest a value of 0.0070 was observed in 500 nm thick film.

¢ C-FMR spectra analysis unveiled low a and very low K; in martensite Ni-Mn-
Sn (series 2) films.

% Maximum magnetic entropy change ((-ASy)max) of 65.3 x 10° erg/cc.K (or 0.81
J/kg.K) was obtained at 7¢c = 306 K for a field change of 12 kOe in 250 nm
thick austenite (series 1) film.

The above results reveal the potential of austenite (series 1) Ni-Mn-Sn films for

fabricating efficient high density magnetic recording hard disks, magnetic random

access memories, magnetic oscillators and magnetic sensors. Investigations on
martensite Ni-Mn-Sn films (series 2) performed for the first time, indicates very low
magnetic anisotropy of these films which may lead to possible applications in
multistate memory storage and logical devices in computer circuitry [JOHNSS,

KEFA70, SLAUO2].
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In chapter 3, Ni-Mn-Sn films of two different compositions exhibited two different
ferromagnetic crystal phases at room temperature. One of them is cubic austenite phase
with L2, ordering with low Curie temperature and other is modulated martensite phase
with high Curie temperature. First time investigations on martensite Ni-Mn-Sn films
revealed some unique properties of these alloys like room temperature ferromagnetism,
very low magnetic anisotropy, low Gilbert damping constant etc. which has opened up
new applications for these alloys. It has been observed that small amounts of
substitution of Ni or Mn by Co in Ni-Mn-Z alloys (where Z = Ga, In, Sn, or Sb)
improves the magnetic properties of these alloys [KAIN06, YUSY07a, NAYAO09,
YUSYO07b, HANZ10]. Researchers have found various interesting properties in Ni-Mn-
Co-Sn films such as large exchange bias effect and room temperature martensitic phase
in epitaxially grown Ni-Co-Mn-Sn film on MgO (100) substrate [MACH13], Golub et.
al. [GOLU17] performed magnetic resonance study on Nige ¢MnszegSn;; 4Cosg epitaxial
thin films deposited on MgO(001) substrate to understand the antiferromagnetic
coupling between martensitic twin variants. These interesting studies served as
motivation to investigate the effect of Co substitution in martensite Ni-Mn-Sn films.
This chapter discusses structural, magneto-static and magneto-dynamic studies carried

out on martensite Ni-Mn-Co-Sn films sputter deposited on Si (100) substrates.
4.1 Sample preparation and processing

Ni-Mn-Co-Sn films with thicknesses of 360 nm, 500 nm, 700 nm and 1000 nm were
deposited on Si (100) substrate by DC magnetron sputtering from a 2 inch diameter and
1 mm thick NisoMns3;Sn;3 alloy target after optimizing working (Ar) gas pressure to 1.8
Pa and dc power to 70 W (the same condition as used to deposit martensite Ni-Mn-Sn
(series 2) films in chapter 3). Cobalt (Co) was introduced in the films by symmetrically
placed 2 x 2 mm?” Co chips on the Ni-Mn-Sn target. Before deposition, the sputtering
chamber was evacuated to a base pressure better than 10 Pa. During deposition, the
substrate holder was rotated at 15 rpm to ensure uniform deposition. The
compositions of the films were evaluated using EDS analysis and found to be
Nis32Mny9,C07,0Sn g6 with corresponding e/a ratio of 8.41. The films of different
thicknesses were deposited by varying deposition time only, while keeping other
deposition conditions identical. The composition variation with film thickness was very

less which limited the e/a variation to £0.04. As-deposited films were annealed ex sifu
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at 823 K under residual Ar gas pressure of 10~ Pa for 1 h. Thickness of the films were
verified using a surface profiler which also indicated < 5 nm variation in thickness

over the film surface. The annealed films were taken for further investigations.
4.2 Structure and morphology

Room temperature XRD patterns of annealed Ni-Mn-Co-Sn films are shown in Figure
4.01. From the XRD patterns, it is evident that all the annealed Ni-Mn-Co-Sn films
exhibit martensite phase which can be indexed to a modulated 14M phase just as in the
case of the ternary Ni-Mn-Sn (series 2) films. Apart from the martensite peaks, an extra
weak peak can be observed at 26 = 35.33° which corresponds to MnO (space group
225). The MnO peak was also present in the Ni-Mn-Sn films and was discussed
elaborately in chapter 3. As discussed there, the small amount of MnO present on the
surface of the films may slightly alter the composition of the Ni-Mn-Co-Sn films, but
would not affect their properties significantly. Lattice parameters of the films calculated
using the (12 7), (2 0 -5), (1 1 10) peaks and relation 2.02 are listed in Table 4.01. The
average crystallite size (D) and the lattice strain (e) present in the films were also
estimated from the XRD data using the Williamson-Hall relation (Eqn. 2.05) and the
same are listed in Table 4.01. The Table shows that these films have larger D than the
ternary films. Here too, D increased with increase in film thickness. ¢ did not vary with

thickness and its value was similar to one observed the ternary films in chapter 3.
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Figure 4.01: Room temperature XRD patterns of annealed Ni-Mn-Co-Sn alloy thin
films of different thicknesses.
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Table 4.01: Structural and morphological parameters of annealed Ni-Mn-Co-Sn
films

Thickness (7) Lattice parameters D (¥3) £ (10.1) Ray. Rims.
@) (mm) 5 ym) H(mm) c(nm) @M) (x107) (nm) (nm)

360 0.433 0.541 2926 92 4.8 5.64 7.14
500 0.433 0540 2926 98 4.8 5.73 6.97
700 0.433 0.540 2926 105 4.8 5.52 6.75
1000 0.433 0540 2926 124 4.6 5.87 7.13

27.34 nm
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Figure 4.02: Atomic force micrographs of (a) as deposited (360 nm) and annealed
(b) 360 nm, (¢) 500 nm, (d) 700 nm and (e) 1000 nm thick Ni-Mn-Co-Sn films.

Figure 4.02 (a-e) show the AFM images of as-deposited (360 nm) and 823 K
annealed martensite Ni-Mn-Co-Sn films of different thicknesses. Average (R,,) and
r.m.s. (Ryms) surface roughnesses of 2.11 and 2.62 nm, 5.64 and 7.14 nm, 5.73 and
6.97 nm, 5.52 and 6.75 nm and 5.87 and 7.13 nm were found for as-deposited (360 nm)
and annealed 360 nm, 500 nm, 700 nm and 1000 nm films, respectively. The effect of
annealing can be visualized by comparing the micrographs of as deposited (360 nm)

and annealed Ni-Mn-Co-Sn films shown in Figure 4.02(a,b). An increase in the
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crystallite size and surface roughness is evident upon annealing from the two
micrographs, indicating that the post-deposition annealing treatment increases the

surface roughness. The structural parameters estimated are summarised in Table 4.01.
4.3 Magneto-static properties

Variation of magnetization of annealed Ni-Mn-Co-Sn films with applied field (M-H
curves) is shown in Figure 4.03. Room temperature M-H curves (not shown) of all
the as-deposited films exhibited paramagnetic behaviour just as the ternary Ni-Mn-Sn
films due to the amorphous structure. It is clear from the figure that the films annealed
at 823 K exhibit ferromagnetic behaviour at room temperature. With increasing film
thickness, a small upswing in magnetic moment is also observed in the Ni-Mn-Co-Sn
films which can be related to the improvement in crystallite size with increasing film
thickness. The saturation magnetization (M) of these films are found to be 84 emu/cc,
90 emu/cc, 90 emu/cc and 96 emu/cc for 360 nm, 500 nm, 700 nm and 1000 nm films,
respectively. A small upswing in magnetic moment is also found with Co substitution
in Ni-Mn-Sn films. M-H loops recorded with in-plane and out-of-plane film
orientations reveal that the films have easy magnetization along film plane. Further, the
close similarity between two loop shapes signifies magnetic homogeneity in the films.
This unique property found in martensite Ni-Mn-Sn films (series 2) is also present in
the Ni-Mn-Co-Sn films. This suggests that the magnetic homogeneity observed in these

films is a direct consequence of the room temperature martensite phase in these films.

—— 360 nm

—— 500 nm

——700 nm
1000 nm

T ¥ 4 T

0 10
H (kOe)

Figure 4.03: Room temperature M-H curves 823 K annealed Ni-Mn-Co-Sn alloy thin
films with different thicknesses.
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Figure 4.04: Room temperature M-H curves of 360 nm Ni-Mn-Co-Sn alloy thin film

with in-plane and out-of-plane orientations.

Figure 4.05 shows the themo-magnetization (M-T) curves of the annealed Ni-
Mn-Co-Sn films of all thicknesses. M-T data recorded during heating and cooling
cycles under an applied field of 500 Oe are designated as field warmed (FW) and field
cooled (FC) curves, respectively. It is evident from the M-T data that the reversible
martensite to austenite (M <> A) transition observed in martensite Ni-Mn-Sn films is
absent in Ni-Mn-Co-Sn films. On the other hand, an irreversible transition near 600 K
whose origin is not known is observed in the Co substituted films. This irreversible
transition is observed only in the FW curve of the virgin sample and not in the
subsequent thermal cycles. This suggests that there may be some minor structural
rearrangement occurring in the film in an irreversible manner at this temperature. Since
there is no record of such a feature in the literature, it is difficult to conclude on the
origin of this feature in the M-T curves of the Co substituted films. From the M-T
curves, it is evident that all the films have high Curie temperature (7¢). A slight
increase in T is also observed as the thickness of the films is varied from 360 nm to
1000 nm film which may be due to the variation in structural factors or minor deviation
in overall composition of the films with thickness. As compared to martensite Ni-Mn-
Sn films, almost 300 K higher shift in 7¢ is noticed in the quaternary films as an effect
of Co substitution. This increase in ¢ is consistent with the increase in e/a ratio for Ni-
Mn-Co-Sn films with respect to the ternary films. High 7 observed for the first time in
Ni-Mn-Co-Sn alloy permits the possibility of stabilizing the low temperature
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ferromagnetic martensite phase at higher temperatures apart from providing better

stability to the room temperature properties.
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Figure 4.05: Thermo-magnetization curves of annealed (a) 360 nm, (b) 500 nm, (c) 700
nm and (d) 1000 nm Ni-Mn-Co-Sn films recorded under 500 Oe¢ in FW and FC modes.

Insets show an enlarged view of the irreversible transition region.

4.4 Magneto-caloric properties

From the M-T data, it is evident that although these films exhibit room temperature
martensite phase, no first-order M <> A structural phase transformation (FOPT) is
observed in these films. However, a second-order magnetic phase transition (SOPT) is
observed at very high temperatures in all the films. ASy across the SOPT has been
evaluated using Maxwell thermodynamic equation (Eqns. 2.08 & 2.09). Isothermal
initial M—H curves for all the films were recorded at discrete intervals of T (c.f- Figure
4.06) across Tc and ASyv was calculated from this data using Eqn. 2.09. Figure 4.07
shows the ASm(T) curves of the films for dH = 18 kOe. (ASm)max Values associated with
the SOPT of these films are listed in Table 4.02. From the table it is clear that upon Co
substitution in Mn/Sn sites, a 3.8, 2.3, 1.7 and 1.6 fold increase in (ASy)max 1 achieved
as compared to martensite Ni-Mn-Sn films in 360 nm, 500 nm, 700 nm and 1000 nm

thick films, respectively. (ASu)max €valuated for different dH is shown in Figure 4.08.
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Figure 4.06: Initial M-H isotherms recorded for Ni-Mn-Co-Sn films of different

thickness at discrete temperature interval across 7¢.
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Figure 4.07: Variation of magnetic entropy change (ASyv) with temperature (7) for Ni-
Mn-Co-Sn films of different thicknesses for dH of 18 kOe across 7¢.

The refrigeration capacity (RC) of the films has been evaluated using Eqn. 2.10
from the respective ASm(7) curve shown in Figure 4.07. The evaluated RC values are
listed in Table 4.02. From the table it is clear that along with an increase in (ASm)max,
RC of the films are also increases remarkably with Co substitution in the ternary alloy

film. A maximum (8.9 fold) increase in RC is observed for the 360 nm film with Ni-
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Mn-Co-Sn film as compared to the martensite Ni-Mn-Sn film of the same thickness.
The reason for this increase in the MCE parameters upon Co substitution is due to
increase in the magnetic moment and the broadening of the SOPT. While the former

increases (ASm)max, the latter increases RC.
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Figure 4.08: Variation of (ASy)max With dH for various Ni-Mn-Co-Sn films.

Table 4.02: Magneto-caloric parameters of Ni-Mn-Co-Sn films estimated for an
applied field change (dH) of 18 kOe near 7.

t  Tc@E) (-ASy)max(£0.8)  RC (8) (-ASM)max RC (+0.1)
(mm) (K)  (x10°erg/cc.K) (x10°erg/cc) (+0.01) (J/kg.K)  (J/kg)
360 860 13.2 643 0.16 7.8
500 862 14.9 707 0.18 8.5
700 863 14.9 754 0.18 9.1
1000 866 15.7 774 0.19 9.4

Materials showing large MCE can be used as refrigerants in environment
friendly magnetic refrigerators. Though magnetic refrigerants are being primarily
developed for room temperature refrigeration, several industrial and military
applications require multi-stage refrigerators which can cool from high temperature in a
stage by stage manner [KITA10]. In a multistage refrigerator system, the lower
operating temperature of the previous stage behaves as the upper operating temperature
for the next stage and so on. Such systems operate with magnetic refrigerants with a
range of high operating temperatures. Ni-Mn-Co-Sn thin films exhibiting reasonable

MCE parameters and composition dependent operating temperature may find use in
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such applications. These materials with no thermal hysteresis and high dM/dT at 7¢ can

also be used for industrial waste energy harvesting [SRIV11].

4.5 Magneto-dynamic properties

To evaluate the room temperature magnetization dynamics, microwave absorption
spectra were recorded as a function of film orientation with respect to applied magnetic
field using an electron spin resonance (ESR) spectrometer (Jeol, JES-FA200) operating
at 9.44 GHz with a modulation of 100 kHz. Samples of ~4 mm x 4 mm dimension
firmly tethered to the flat tail of a quartz rod could be positioned with 1° angular
precision inside the cavity of the spectrometer. Figure 4.09 shows the typical spectra
recorded for the 360 nm thick Ni-Mn-Co-Sn film. From the spectrum it is clear that
with angular variation, the resonance field (H;) shift is very less, which signifies very
low effective anisotropy in the film. Similar behavior is observed for all the film
thicknesses. To evaluate the effective anisotropy quantitatively and other relevant
magneto-dynamic parameters, H; and resonance linewidth (AH) obtained from the

FMR spectra were analyzed using Eqns. 2.23 and 2.25.

dl/dH (a. u.)

360 nm film

T T T T T T

0o 1 2 3 4 5 6 7
H (kOe)

Figure 4.09: Room temperature FMR spectra for 360 nm Ni-Mn-Co-Sn film recorded

at different film orientations with respect to the applied magnetic field direction.

Figure 4.10 depicts the Oy dependence of H, for all the films. The experimental
data is represented as symbols and best fits to Eqn. 2.23 as solid lines in Figure 4.10.

The numerically calculated values yielded a good fit to the experimental data. The
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effective magnetization (4wMg¢) and effective perpendicular anisotropy (K,) extracted
from the analysis of H; versus 8y data and are listed in Table 4.03. The K values found
for these films are very low (~10* erg/cc), similar to the values obtained for martensite
Ni-Mn-Sn (series 2) films discussed in chapter 3. Very low magnetic anisotropy of
these films results in magnetic properties which are almost independent of film
orientation. Such films are expected to have a large number of stable states as
compared to the two stable states in conventional magnetic films with high anisotropy.
From the analysis it is clear that the low anisotropy exhibited by the martensite Ni-Mn-

Sn films is not altered upon the current Co substitution.
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Figure 4.10: 6y variation of resonance field (H;) for Ni-Mn-Co-Sn films of different
thicknesses. Solid lines represent best fits of experimental data (symbols) to Eqn. 2.23.
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Figure 4.11: 8y variation of FMR linewidth AH for Ni-Mn-Co-Sn films of different

thicknesses. The solid lines represent fits of experimental data (symbols) to Eqn. 2.25.
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Magnetic relaxation dynamics in the quaternary thin films was investigated using
the angular dependence of AH. 8y dependence of AH was estimated numerically using
Eqn. 2.25 and the same is depicted as solid lines in Fig. 4.11 along with experimental
data points represented as scattered points. From the figure it can be seen that
numerically modeled curves yielded a good fit to the experimental data. In the present
analysis, the individual contributions to the total linewidth have been estimated using
Eqn. 2.25. The independent contributions of magnetic damping from different sources
to the total AH are also shown in Figure 4.12 for all the films. From the figure it is clear
that the major contributions to AH are from 6y dependent AH)_ma, (~ 76% at O = 90°)
and 6y independent AH, (~ 20% for 360 nm films to 12% for 1000 nm film at 6 = 90°).
So, the small decrease in AH with thickness is due to the decrease in the AH, term. All
the magneto-dynamic parameters found for these films are summarized in Table 4.03.
The Gilbert damping factor (o) was estimated from Eqn. 2.25 and a low a value of
0.0085 has been obtained. It has to be pointed out that this study is the first of its kind
on Ni-Mn-Co-Sn films. The observed a value in the present Ni-Mn-Co-Sn films is
reasonably low and in good agreement with those reported for other Ni-Mn-based

Heusler alloy films (~0.0070-0.0075) [MODA16, DUBO11].
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Figure 4.12: Angular dependence of individual contributions (AH. g, AH, and AH )
to to total linewidth AH fit to Eqn. 2.25 for Ni-Mn-Co-Sn films of different thickness.
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Table 4.03: Magneto-dynamic parameters for Ni-Mn-Co-Sn films

¢ (nm) 47t M o5 (£5) K 1}10.2) g AH, o
(Oe) (x10" erg/cc) (Oe) (£0.0005)
360 948 4.5 2.10 220 0.0085
500 1020 5.0 2.10 200 0.0085
700 1020 5.0 2.10 150 0.0085
1000 1091 5.5 2.10 120 0.0085

4.6 Summary

Structural, magneto-static, magneto-caloric and magneto-dynamic properties of Ni-Mn-
Co-Sn films deposited on Si (100) substrate have been investigated in this chapter.
Some of the exciting results found in this analysis are mentioned below.
% Nis3sMnyg,Co70Snjge films annealed at 823 K exhibited room temperature
martensite phase and ferromagnetism.
% Annealed Ni-Mn-Co-Sn films exhibited higher 7¢ (more than 300 K) than the
ternary martensite Ni-Mn-Sn films (series 2 in previous chapter).
¢ Upon Co substitution, a 3.8, 2.3, 1.7 and 1.6 fold increase in (-ASy)max across 7¢
is achieved as compared to martensite Ni-Mn-Sn films of thickness 360 nm, 500
nm, 700 nm and 1000 nm, respectively.
% C-FMR study revealed for the first time very low K; (~ 10* erg/cc) and o of
0.0085 in the quaternary Ni-Mn-Co-Sn films.
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Austenite Ni-Mn-Sn and Ni-Mn-X-Sn (X
= Cu, Fe, Co) thin films
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In chapter 4, it was observed that Co substitution in martensite Ni-Mn-Sn films
improved their magnetic properties significantly. This is in accordance with the reports
in the literature which suggest that appropriate substitution of a fourth element in
ternary Ni-Mn-Sn alloys can enhance their functional properties [KAIN06, YUSYO07a,
NAYAO09, YUSYO07b, HANZ10]. After reviewing these earlier works, it is clear that
substitution of other elements in austenite Ni-Mn-Sn films will also impact their
physical properties and may help in obtaining films with better properties. Hence, this
chapter is devoted to a study of substitution of the fourth element X (= Cu, Fe, Co) on
the physical and functional properties of Ni-Mn-Sn alloy films.

5.1 Sample preparation and processing

Ni-Mn-Sn and Ni-Mn-X-Sn (X = Cu, Fe, Co) films of thickness 500 nm were deposited
on Si (100) substrate from a 2 inch diameter and 1 mm thick NisoMn37Sn;; alloy target
using the DC magnetron sputtering system shown in Figure 2.05(b). Optimized values
of working (Ar) gas pressure (0.6 Pa) and DC power (10 W) were maintained
throughout the deposition process. The fourth element (X) was introduced in the films
by symmetrically placed 2 x 2 mm” X chips on the Ni-Mn-Sn target. Before deposition,
the sputtering chamber was evacuated to a base pressure better than 10* Pa. As-
deposited films were annealed ex sifu at 823 K under residual Ar gas pressure of 10~ Pa
for 1 h. Surface profiler measurements showed that the thickness variation was < 5 nm
over the film surface. Composition of the films was evaluated using an energy
dispersive X-ray spectroscopy unit attached to a field emission scanning electron
microscope and found to be NisgMn3s4Sn;s (T1), Nis;sMnss36Cu;4Snys (Cul),
NissoMn33.1Cu3 4Sn7s (Cu2), Nis;sMnazoFe;oSnys (Fel), NissoMnsssFes 6Snya (Fe2),
Nis7.1Mn33.9Co1 5Sn7 5 (Col), Niss 7Mns330Co385n74 (Co2).

5.2 Structure and morphology

Room temperature XRD patterns of all the annealed films are shown in Figure 5.01.
The as-deposited films were amorphous in nature (XRD patterns not shown here). After
vacuum annealing at 823 K for 1 h, the amorphous films crystallized and the
corresponding XRD patterns consisted of five Bragg peaks emanating from reflections
from the cubic lattice planes. Presence of (111) and (200) super-lattice peaks in the

XRD patterns confirmed the formation of single phase austenite structure with L2,

TH-1973 136121649 103



Chapter 5: Austenite Ni-Mn-Sn and Ni-Mn-X-Sn(X=Cu, Fe, Co) thin films

ordering (space group Fm3m) in the films (cf. Fig. 5.01). The degree of B2 and L2,
ordering in the films evaluated using Eqns. 2.06 and 2.07 are listed in Table 5.01. It has
been observed that all the films show > 82 % cubic L2, ordering which signifies good

amount crystalline order in these off-stoichiometric Ni-Mn-based alloys.
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Figure 5.01: Rietveld refined room temperature XRD patterns of annealed ternary and

quaternary films.

To evaluate the structural parameters in a more reliable way, the XRD data were
refined using Rietveld method by presuming a L2; unit cell. In the stoichiometric
Ni,MnSn compound with L2, structure belonging to Fm3m space group, the Ni, Mn
and Sn atoms occupy the Wyckoff positions 8c (1/4, 1/4, 1/4), 4b (1/2, 1/2, 1/2) and 4a
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(0, 0, 0), respectively, as shown in Figure 5.02(a). In the case of off-stoichiometric
Nisg 1Mn34.4Sn7 5 alloy film, the excess Mn and Ni atoms are presumed to occupy the
Sn-sublattice (c.f Figure 5.02(b)) as pointed out earlier [UBAL17, SOKO12]. The
refinement performed using the ‘FullProf” open source software [RODR93, RODRO01]
confirmed the validity of the assumption by yielding good fits to the experimental data
(c.f. Figure 5.01(a)). The goodness of the fit from which the crystallographic
parameters of the films were extracted can be inferred from the quality of the difference
data (Yobs-Yca1) and x2 value obtained. In the case of the quaternary films, the fourth
element (X = Cu. Fe, Co) atoms are assumed to occupy the Sn-sublattice by replacing
the Ni and/or Mn atoms in those sites. Typical unit cell for the Niss;Mn330Co35Sn74
(Co2) is shown in Figure 5.02(c). The unit cell has been modified accordingly for all
the different compositions of the films. The refined patterns for all the films are shown
in Figure 5.01(a-h). In the figure, open black circles represent the experimental
diffraction data and the solid red line corresponds to the fit obtained by Rietveld
refinement method. The optimized lattice constants of the films found from the

refinement are listed in Table 5.01.

0" @ On @ore
%Q%Qa Gb @ Q Q @) Q}

Qz)@a cz)@. @@.
E® & | @& GB|
> & > " o ¢ oo

Figure 5.02: Schematic representation of different unit cells of Ni-Mn—Sn alloys used
for Rietveld refinement. (a) X,YZ (e.g., NisgMnysSnys), (b) off-stoichiometric X,YZ
(e.g., Nisg 1Mn34.4Sn75), (¢) X, YZ with X/Y substitution (e.g., Niss 7Mnj33 ¢Co3 §Sn7.4).

The average crystallite (grain) size (D) of the films has been estimated using the
most intense (220) peak and Schérrer’s equation (Eqn. 2.04). The lattice parameter (a)
evaluated from the Rietveld refinement procedure and the estimated D values are

tabulated in Table 5.01. It is evident from the table that incorporation of a small
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percentage (1 < X < 4) of X (X = Cu, Fe, Co) atoms has not changed the lattice

constant or the average grain size in the films in a significant manner.

Table 5.01: Structural and morphological parameters of 823 K annealed Ni-Mn-
Sn and Ni-Mn-X-Sn (X = Cu, Fe, Co) films.

Film % of B2 % of L.2¢ a D (£0.3) R,y. Rims.
order (Sg2) order (S;,,) (nm) (nm) (nm) (nm)
T1 98 84 0.599 14.4 1.05 1.39
Cul 97 82 0.598 14.3 1.56 2.01
Cu2 98 83 0.598 14.6 1.42 1.92
Fel 97 83 0.597 15.0 1.35 1.75
Fe2 98 85 0.597 14.7 1.39 1.80
Col 98 84 0.601 14.3 1.37 1.69
Co2 98 83 0.598 14.6 1.40 1.77
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Figure 5.03: Atomic force micrographs of annealed (a) T1, (b) Cul, (c) Cu2, (d) Fel,
(e) Fe2, (f) Col and (g) Co2 films scanned over 2 x 2 pm? area.

Surface morphology of the films was mapped over 2x2 um2 scan area using an
AFM. The average (R,,) and r.m.s. (R, ) surface roughness of the films evaluated
from the AFM data were found to be 1.05 and 1.39, 1.56 and 2.01, 1.42 and 1.92, 1.35
and 1.75, 1.39 and 1.80, 1.37 and 1.69 and 1.40 and 1.77 nm for T1, Cul, Cu2, Fel,
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Fe2, Col and Co2 films, respectively. Hence, the surface roughnesses of the films are
less than 2 nm. It may be noted that a slight increase in R,, and R, are found upon
substitution of the fourth element. Figure 5.03 (a-g) shows the AFM images of all the

annealed films.
5.3 Magneto-static properties

Room temperature magnetic properties of both as-deposited and annealed Ni-Mn-
X-Sn thin films were studied using the VSM with an applied field cycle of £10
kOe. The room temperature isothermal magnetization as a function of applied field
(M-H curves) of all the as-deposited films exhibited paramagnetic behaviour (not
shown here) which can be attributed to the amorphous or poor-crystalline nature of
the films. However upon annealing, ferromagnetic order is induced in the films with the
formation of a single phase polycrystalline structure. It is well known that the
magnetism in these materials is strongly related to the microstructure, atomic structure
and the exchange interaction between the magnetic elements present in the alloy
[SOKO17, XUYX18]. The black and red curves in Figure 5.04 represent in-plane and
out-of-plane M-H loops. It is evident from the figure that it is easy to magnetize the
films along the film plane, or in other words, the films have easy magnetization axis
along their plane. A finite loop area found in out-of-plane M-H loops of some films
may be due to some perpendicular domains present in these films. The Co2 film shows
a flat, hard magnetic loop along the out-of-plane direction which confirms that all the
domains in this film are aligned along the film plane. The in-plane and out-of-plane M-
H loops also indicate the presence of magnetic anisotropy in the films. Though no
significant change in saturation magnetization is observed upon Cu/Fe/Co substitution
(cf- Table 5.02), the M-H loop shape of the films changed noticeably with orientation.
This may be due to change in the exchange interaction between the atoms in the unit
cell induced by the substituent (X) element since exchange coupling depends on the
type of atoms and the distance between them [SOKO17, XUYX18]. A careful look at
the M-H loops (cf- Figure 5.04(f)) and Table 5.02 would reveal that the ternary (T1) and
1.4 at.% (Cul) and 3.4 at.% Cu (Cu2) substituted quaternary alloy films exhibit almost
similar magnetic behaviour. But, substitution of small amounts of magnetic element
Fe/Co significantly modifies the M-H loop shape by changing the M,/M ratio (defining

the softness of a ferromagnetic material) and coercively (H;). With 1.0 at.% Fe
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substitution (Fel), the M,/M; ratio of the film increased from 0.48 to 0.53 H. value to
decreased to 94 Oe from 100 Oe. So, Fe substitution enhances the soft magnetic
property of the film. The M,/M; ratio further increased to 0.60 and H, decreased to 70
Oe when 3.6 at.% Fe (Fe2) is substituted in the ternary alloy film. The effect is more
prominent for Co substitution. 1.5 at.% Co substitution (Col) enhances the M,/M ratio
to 0.70 and decreased H. to 48 Oe. Similarly, for 3.8 at.% Co substitution (Co2), M,/M
ratio increases to 0.75 and H. decreases to 38 Oe. This comparison reveals that the
presence of small amounts of non-magnetic (X) element in the unit cell of Ni-Mn-Sn
alloy does not contribute much to the magnetic behavior of the alloy. However, the
same amount of magnetic X (= Fe/Co) element in the unit cell is capable of

considerably modifying the M-H loop of the alloy film.
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Figure 5.04: (a-g) Room temperature in-plane and out-of-plane M-H loops for all the
annealed films. (h) Enlarged view of in-plane M-H loops of all the films.
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Chapter 5: Austenite Ni-Mn-Sn and Ni-Mn-X-Sn(X=Cu, Fe, Co) thin films

Table 5.02: Magneto-static parameters of annealed Ni-Mn-Sn and Ni-Mn-X-Sn (X

= Cu, Fe, Co) films
Film M (emu/cc) M,/ M H. (Oe)
Tl 272 0.48 100
Cul 260 0.50 95
Cu2 265 0.52 94
Fel 258 0.53 94
Fe2 268 0.60 70
Col 269 0.70 48
Co2 270 0.75 38

Temperature dependent magnetization (M-7) curves recorded for annealed Ni-
Mn-Sn and Ni-Mn-X-Sn (X = Cu, Fe, Co) films are displayed in Figure 5.05. The M-T
data of all the films were recorded during warming cycle (FW mode) under the
application of 100 Oe field in the temperature region between 30 K and 750 K. From
the M-T data, it is evident that these austenite films too do not show any FOPT
corresponding to the M<>A transformation just like the austenite Ni-Mn-Sn films
discussed in chapter 3. However, the second-order ferromagnetic to paramagnetic phase
transition (SOPT) is observed near room temperature in all the films. The Curie
temperature (7¢) does not vary much with X element substitution, which is an

interesting feature observed in these films.

M 30K

Figure 5.05: M-T curves of all the films recorded under FW mode with 100 Oe applied
magnetic field.
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5.4 Magneto-caloric properties

Since these films show only SOPT, one can expect only direct MCE at T¢ in these
films. ASy for a field change (dH) from 0 to A has been estimated in the thin films by
integrating the M-H isotherms according to the Maxwell thermodynamic relation as
described in chapter 2 (Eqns. 2.08 & 2.09). Accordingly, isothermal initial

magnetization curves were recorded for all the films at discrete intervals of 7 across T¢.
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Figure 5.06: Initial magnetization curves recorded around 7¢ for all the films up to

maximum field of 18 kOe.
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Chapter 5: Austenite Ni-Mn-Sn and Ni-Mn-X-Sn(X=Cu, Fe, Co) thin films

Figure 5.06(a-g) shows the isothermal initial M—H curves recorded for all the
films during cooling cycle in the temperature region close to the magnetic transition
(T¢). ASm has been calculated for dH of 18 kOe for all the films using Eqn. 2.09. The
calculated ASy values across the magnetic transition (7¢) for all the films are shown in
Figure 5.07 as ASu(7) curves. It is observed that with Cu/Co substitution, (ASwm)max
value remained in the range of 36.7—39.7 (x10° erg/cc.K) or 0.44—0.48 (J/kg.K).
However, with Fe substitution, an increase in (ASy)max is observed. For 1.0 at.% Fe
substitution (Fel), (ASy)max of 48.6 x 10° erg/cc.K (or 0.59 J/kg.K) is observed which
further increased to 56.6 x10° erg/cc.K (or 0.69 J/kg.K) for 3.6 at.% Fe substitution
(Fe2). Apart from increasing ASy, Fe substitution also shifts the peak position of
ASm(T) curves to lower temperature (approaching room temperature). (ASy)max for all
the films are found to increase with increasing dH as depicted in Figure 5.08, which is

according to expectations.
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Figure 5.07: Temperature dependence of ASy of T1, Cul, Cu2, Fel, Fe2, Col and Co2
films obtained for dH of 18 kOe.

Refrigeration capacity (RC) calculated for all the films from the respective
ASM(T) curve using Eqn. 2.10 are listed in Table 5.03. From Figure 5.07 and Table
5.03, it is clear that although (ASm)max Of these films are comparatively low as
compared to Ni-Mn-Sn (series 1) films, the large FWHM of ASu(7) curves (~ 40-50
K) of Fe/Co substituted films yields larger RC value. Hence, the RC values for these

films are more than double the value of the ternary films discussed in chapter 3. Since
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larger RC provides higher operational stability for the magnetic refrigerants, these

quaternary films have an advantage over the ternary films.
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Figure 5.08: Variation of (ASm)max as function of applied field change (dH).

Table 5.03: Magneto-caloric parameters for Ni-Mn-Sn and Ni-Mn-X-Sn (X = Cu,
Fe, Co) films estimated for an applied field change (dH) of 18 kOe near 7¢.

Film T, (#1) (-ASm)max(£0.4)  RC (£6) (~ASM)max RC (£0.1)
(K)  (x10% erg/cc.K) (x10° erg/cc) (£0.01)(J/kg.K) (J/kg)
Tl 328 38.5 1499 0.47 18.3
Cul 333 37.9 1400 0.46 17.0
Cu2 335 39.7 1311 0.48 15.8
Fel 329 48.6 1847 0.59 224
Fe2 326 56.6 2498 0.69 30.4
Col 330 36.7 1948 0.44 23.3
Co2 329 37.4 2054 0.45 24.7

Very less information is available in the literature on MCE in Ni-Mn-Sn films.
Yiiziiak et. al. reported (ASy) of 1.6 J/kg.K and RC of 36.5 J/kg for dH of 10 kOe
[YUZU13] around FOPT (MT~256 K) in 200 nm thick epitaxial Ni-Mn-Sn film
deposited on MgO (100) substrate. Although the current Fe2 film shows lower ASy (as
expected since FOPT gives higher ASy than SOPT) and lower RC value, its operating
temperature is from 302 K to 347 K whereas, Yiiziiak ez. al.’s sample can operate only
well below the room temperature. Moreover, their sample requires epitaxial growth and

costly MgO substrates. ASy obtained for the current alloy films are also comparable to
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Chapter 5: Austenite Ni-Mn-Sn and Ni-Mn-X-Sn(X=Cu, Fe, Co) thin films

the value of 1 J/kg.K obtained in bulk NisyMn3;Sn;; alloy alloy for dH of 12 kOe across
Tc [KRENO5a]. This comparison brings out the potential application of the current

quaternary films in mesoscopic magnetic cooling devices.
5.5 Magneto-dynamic properties

Room temperature FMR spectra of the films were recorded at different polar angles
(6n) with applied magnetic field oriented along the film plane (85 =90°) to out of plane
(6 =0°) directions using C-FMR technique described in chapter 2. In Figure 5.09,
typical C-FMR spectra recorded at the X-band frequency of 9.44 GHz for Co2 film at
various polar angles are shown as a typical example. The FMR signal is found to shift
from high field (for 8y = 0°) to lower field (for 6y = 90°) with polar angles (similar to
the FMR spectra of austenite Ni-Mn-Sn series 1 films discussed in chapter 3) which
signifies the presence of uniaxial anisotropy in the film. It can be noticed from the
FMR spectrum depicted in Figure 5.09 that the film exhibits two absorption signals,
one at low magnetic field which is the non-resonant low field absorption (LFMA)
[GOLO12, MONTO05, MONTO06, BHATS7] and the other at higher field which is the
well-known uniform precision mode of spins (or the resonant FMR signal). Though
LFMA has been observed for the first time in Heusler alloy thin films, it will not be
investigated further in this thesis work since this thesis work will focus only on the

resonant FMR signal related to magneto-dynamic property of these films.

LFMA

dl/dH (a.u.)

0 2 4 6 8 10
H (kOe)
Figure 5.09: Typical FMR spectra of Co2 (given as example) film recorded as a

function of applied magnetic field for various film orientations (i.e., 8y =90° to 0°).
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Figure 5.10: (a-g) Polar angle (6) dependence of resonance field recorded at 9.44 GHz
for the films. Experimental data are shown as scattered points and the solid lines
represent fits to Eqn. 2.23.(h) Typical relation between 6y and 6y (Data corresponding

to T1 film is shown as an example).

The collected FMR data were analyzed by numerical fitting using Eqn. 2.23.
The numerical fitting of Eqn. 2.23 to the experimental data recorded from in-plane
(90°) to out-of-plane (0°) orientations of the film with respect to the applied magnetic
field yields an estimate of the perpendicular effective magnetic anisotropy (K;) of the
films. Figure 5.10 represents the variation of resonance field (H;) with 0y. The
experimental data are represented as scattered points and the fit to Eqn. 2.23 are
represented as continuous line. From the plot, it is clear that the magnetization easy axis

is along the film plane which is in accordance with the magneto-static (VSM) result.
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The effective magnetization term (4nM.y) was evaluated from H, versus Gy data by
fitting the same to Eqn. 2.23. Perpendicular effective anisotropy (K;) has been extracted
from the 4nM. g variation and the same are shown in Table 5.04. The anisotropy values
found for these films are in moderate range (~10° erg/cc) and the negative sign of K,
confirms in-plane easy magnetization in these films. The g values varied slightly with

X (Cu, Fe, Co) substitution.
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Figure 5.11: FMR linewidth (AH) recorded as a function of 6y at 9.44 GHz for (a) all
the films, (b-h) each film along with estimated individual contributions of AH.

Experimental data are shown as symbols and the solid lines represent fits to Eqn. 2.25.

TH-1973_ 136124649 115



TH-1973

Chapter 5: Austenite Ni-Mn-Sn and Ni-Mn-X-Sn(X=Cu, Fe, Co) thin films

AH versus 6y data was numerical fit to Eqn. 2.25 is shown in Figure 5.11. It can
be seen that the numerically modeled curves yield a good fit to the experimental data.
Upon substituting the fourth element (X), the resonance linewidth varied with different
substituents as dictated by their magneto-static properties. For Cul (1.4 at.%) and Cu2
(3.4 at.%) films, AH decreases by a very less amount (from 833 Oe for T1 to 755 Oe
for Cul and 730 Oe for Cu2 at 6y = 90°). But with Fe/Co substitution, the linewidth
decreases significantly. With 1.0 at.% Fe substitution (Fel), AH decreases to 724 Oe (at
6 = 90°) which further reduces to 566 Oe (at 0y = 90°) for 3.6 at.% Fe substitution
(Fe2). The effect is more pronounced for Co substitution. For 1.5 at.% Co substitution
(Col), AH reduces to 580 Oe (at 8y = 90°) and with 3.8 at.% Co substitution (Co2), the
lowest AH of 451 Oe (at 8 = 90°) is observed. A correlation between the M-H loop
shape and the FMR linewidth can also be found. It is observed that as M,/M ratio or
squareness increases, AH decreases. Values of a extracted from the Gilbert contribution
are listed in Table 5.04. From the table, it can be seen that 3.8 at.% Co substituted film
(Niss7Mn33 0Co3 §Sn74) exhibits the lowest a value of 0.0070. In comparison, the
lowest a value reported for Ni-Mn based system in the literature is 0.0075 for Ni-Mn-
Sn film on MgO [DUBOI11]. From the above analysis, it can be seen that Co
substitution in Nisg;Mnss4Sn;s films significantly improves the magneto-dynamic

response of the films.

Table 5.04: Magneto-dynamic parameters for Ni-Mn-Sn and Ni-Mn-X-Sn (X=Cu,
Fe, Co) films

Alloy AH (Oe) 0 AH, 47tM o5 . K, 5(ﬂ:o.z) a
at 0 =90° (Oe)  (£20) (Oe) (x10° erg/cc)  (£0.0002)
Tl 833 620 4504 2.10 -1.5 0.0080
Cul 755 620 4874 2.10 2.0 0.0080
Cu2 730 540 4819 2.10 2.0 0.0080
Fel 724 520 4682 2.08 2.0 0.0082
Fe2 566 380 3965 2.05 -0.8 0.0075
Col 580 360 4688 2.08 -1.8 0.0080
Co2 451 240 4895 2.05 -1.9 0.0070

The independent contributions of magnetic damping from different sources are

shown in Figure 5.11 (b-h) for all the films. From the figure, it is clear that three crucial
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Chapter 5: Austenite Ni-Mn-Sn and Ni-Mn-X-Sn(X=Cu, Fe, Co) thin films

factors contribute to the observed linewidth. These are Gilbert damping term (AH,,)
which is an internal property of the material, 2-magnon scattering term (AH>-mag) and
AH, term which depends on various extrinsic parameters related to the material nature.
It can be noticed that a significant amount of 2-magnon scattering contribution is
present in the AH, and AH>.m,, is higher than the AH, contribution. Large AH.mag 18
due to the large scattering of the spin waves by bulk and/or surface inhomogeneities
present in the film [KRIVO7]. The AH, contribution to total AH is ~ 4.0 % in T1, ~4.1
% in Cul, ~4.5 % in Cu2, ~4.0 % in Fel, ~5.9 % in Fe2, ~5.4 % in Col and ~7.1 % in
Co2 at 8y = 90°. AH, contribution in these films is very less which may be a drawback
for these films. However, the external factors contributing to the total linewidth which

depend on the film quality can be controlled by improving film quality further.
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Figure 5.12: Angular dependence of two important (AH.,ae, AH,,) contributions to AH.

In order to understand the role of X element substitution in reducing various
linewidth components of the total linewidth AH, a comparative analysis of three major
contributions was carried out. AH, is 6y independent and hence has a constant value.
AHj contribution in each film is mentioned in Figure 5.11 (b-h). 1.4 at.% Cu in Cul
does not change AH, from the ternary (T1) film value. However, 3.4 at.% Cu in Cu2
film reduces AH, from 620 Oe to 520 Oe. Magnetic X elements have a significant
impact on AH, with the maximum reduction in AH, being achieved by 3.8 at.% Co

substitution in Co2 film. Figure 5.12 shows the other two major contributions (AH>.mag
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and AH,) which exhibit a 8y dependence, for all the films. It is evident from the figure
that AH).mae variation among the films is much more than AH, variation. Let us
consider these contributions at any one orientation of the film, say at 6y = 90°. At this
orientation, the AH, contribution in the films varies by merely 4 Oe. Apart from this
low variation of AH, among the different films, its overall contribution to AH is < 8%
in these films. However, AH,.ys varies from 103 Oe to 175 Oe with change in X
element and its concentration. Cul film has the least contribution from AH>.mae to AH.
This comparison bring forth these conclusions: Each X element has a different
influence on each of the three contributions. In the case of AH).mag and AH,, increasing
the concentration of X increases these contributions, whereas, AH, decreases with
increase in the concentration of each X. AH, contribution to the total AH of T1, Cul,
Cu2, Fel, Fe2, Col and Co2 are 620 Oe, 620 Oe, 540 Oe, 520 Oe, 380 Oe, 360 Oe, and
240 Oe, respectively which are around 74.4, 82.1, 73.9, 71.8, 67.1, 62.1 and 53.2 % of
total AH. Hence, AH, contribution to the total AH is so strongly dominating in these
films. In such a situation, the X element which reduces this component drastically,
(such as Co in this case), would be most successful in reducing the total AH. Hence, Co
substitution yields the best magneto-dynamic response in these films. Since AH, is
related to film quality, improving the film quality can further reduce this contribution
which may lead to films with excellent magneto-dynamic response. This analysis also
shows that the film quality of the ternary austenite Ni-Mn-Sn film improves with fourth

element substitution.

5.6 Summary

A systematic investigation of structural, magneto-static, magneto-caloric and magneto-
dynamic properties of Cu/Fe/Co substituted Ni-Mn—Sn films deposited on Si (100)
substrate has been carried out. The salient features of the studies conducted on the films
are as follows:
% Structural investigations show the successful growth of Ni-Mn-Sn films with
high L2; order on low cost Si substrate upon heat treatment at 823 K for 1 h.
¢ The effect of fourth element X (= Cu, Fe, Co) substitution on the properties of
500 nm thick Ni-Mn—Sn films with austenite structure has been investigated.
s X atoms occupied the Sn-sublattice by replacing the Ni and/or Mn atoms

without changing the austenite structure of the ternary film.
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¢ The films show room temperature ferromagnetism. Ternary Ni-Mn-Sn and Cu
substituted alloy films exhibit almost similar room temperature ferromagnetic
behavior, whereas the Fe and Co substituted alloy films show softer M-H loops
with increased M,/M; ratio.

% Thermomagnetic investigations do not indicate M <> A transition in these films.
Less variation in 7¢ is observed with X (= Cu, Fe, Co) substitution in the films.

% Moderately high (-ASy)max of 56.6 x 10° erg/cc (= 0.69 J/kg.K) with RC of 2498
x 10° erg/cc (= 30.4 J/kg) is obtained for Nis; yMns; 4Fes ¢Sny4 film (Fe2).

% Very low value of o (= 0.007) was found for the first time in
Niss 7Mn330Co3 3Sn7 4 film together with perpendicular anisotropy and easy axis
along film plane.

¢ Analysis of major contributions to FMR linewidth in these films shows the role

of the X element, the dominating contribution and means to improve the

magneto-dynamic response of the films further.

The present study reveals that the functional properties of Ni-Mn-Sn films can be
improved with substitution of appropriate fourth element. For example,
NissoMns3 4Fe; 6Sny4 film with high ASy and RC can be useful for micro/nano
magnetic cooling technology or energy conversion device. Similarly, soft
ferromagnetic Niss;Mns33 0Cos gSn7 4 film with low Gilbert damping, high magnetization
can be a potential material for fabricating efficient high density magnetic recording
hard disks, magnetic random access memories, magnetic oscillator, magnetic sensors

etc. after proper optimization.
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Chapter 6: Austenite Ni-Mn-In and Ni-Mn-X-In(X=Co,Fe) thin films

In bulk form, Ni-Mn-In based alloys show better magneto-caloric properties as
compared to Ni-Mn-Sn alloy. However, thin films of Ni-Mn-In have not received so
much attention despite the fact that thin films with larger surface area are expected to
possess higher cooling efficiency. Recently, Singh et al. [SING14] studied strain
mediated coupling in PZT/Ni-Mn-In/Si thin film hetero-structure. Harish et al.
[AKKE17] found ASy of 70 x 10° erg/cc.K at 302 K and RC of 392 x 10’ erg/cc in
Nis; 1Mn349Ing sCryq 5 film for dH of 20 kOe. Jing et al. [JING15] observed EB in
epitaxial NispMnssIn;s films deposited on MgO (001) substrate indicating interfacial
spin interaction between FM and AFM clusters. Sokolov et al. [SOKO13] found
martensite transition in 10 nm NisoMnssIn;s film deposited on single crystal MgO
substrate. Niemann et al. [NIEM10] demonstrated magnetically induced austenite
phase in epitaxial metamagnetic Ni-Co—Mn—In films grown on MgO(001). Crouigneau
et al. [CROU15] pointed out that the martensite transition is very sensitive to annealing
temperature in freestanding NissCosMnseslniss film. But these results do not give
much information related to the potential of Ni-Mn-In thin films as magnetic
refrigerant. Besides that, Ni-Mn-In alloy based thin films stand out as promising
candidates for fabricating magneto-electronic devices (MED) due to their multi-
functional properties and half metallic character. Recently, strain mediated coupling of
Ni-Mn-In and lead zirconium titanate layers has been reported [SING14] which may
open up application in microelectromechanical systems. However, practical application
of these Heusler alloy films requires a clear understanding of their structural and
magnetic properties. In this chapter, structural, magnetic, magneto-caloric and
magneto-dynamic properties of Ni-Mn-In and Ni-Mn-X-In (X = Fe, Co) films on Si
(100) substrate have been studied.

6.1 Sample preparation and processing

Off-stoichiometric Ni-Mn-In and Ni-Mn-X-In (X = Fe, Co) alloy films of thickness 500
+ 5 nm each were deposited on Si (100) substrate by DC magnetron sputtering using
the system shown in Figure 2.05(b) from a NissMnj3oln,; alloy target under working
(Ar) gas pressure of 0.6 Pa and applied electrical power of 10 W. The fourth element
(X) was introduced in the films by symmetrically placed 2 x 2 mm® X chips on the Ni-

Mn-In target. Before deposition, the sputtering chamber was evacuated to a base
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pressure better than 10* Pa. As-deposited films were annealed ex sifu at 823 K under
residual Ar gas pressure of 107 Pa for 1 h. Thickness of the films was confirmed with a
surface profiler and the variation in thickness was found to be < 5 nm over the entire
film surface. The overall composition of the films was evaluated by EDS analysis to be
NigoMnzo7Iniiy (T1), Nigo1MnsgsFer Iniy  (Fel), NisiMnseoFerolniiy  (Fe2),
Nisg oMn3s8Co; oIn;12 (Col) and NiggoMnsesCosolniio (Co2). It is evident that Co has
been substituted for Mn in all the quaternary films. The corresponding valence electron
to atom (e/a) ratio of films T1, Fel, Fe2, Col and Co2 are 8.02, 8.04, 8.09, 8.04 and

8.08, respectively. These annealed films were used for subsequent studies.

6.2 Structure and morphology

The XRD patterns of Ni-Mn-In and Ni-Mn-X-In (X = Fe, Co) films recorded in the
range of 20° < 26 < 70° are shown in Figure 6.01. XRD patterns of all the annealed Ni-
Mn-In and Ni-Mn-X-In (X = Fe, Co) films exhibit austenite phase at room temperature
and all the Bragg peaks could be indexed to a cubic L2; unit cell. The presence of (111)
and (200) super-lattice peaks in all the patterns confirms the presence of L.2; order in
the austenite phase (space group Fm3m). The degree of B2 and L2, ordering in these
films have been evaluated using Eqn. 2.06 and 2.07 and listed in Table 6.01. It is
observed that the films exhibited 83 - 85 % L2, ordering. Rietveld refinement of the
XRD data was performed using an L2, (cubic) unit cell (space group: Fm3m). While
constructing the unit cell, the same atomic occupancy presumed for the Ni-Mn-Sn
systems was used. So, Ni atoms occupy the X site, Mn atoms occupy the Y site and the
excess Mn and In atoms occupy the Z site in the unit cell [UBAL17, SOKO12]. The
unit cell for Nisg,Mnj3g7In;;; (T1) film is shown in Figure 6.02(a). For the X (Fe,Co)
substituted alloys, the fourth element (X) atoms are assumed to occupy the Z-sublattice
by replacing the Mn atoms in those sites (c.f- Figure 6.02(b)). The modified unit cell for
Nigg0Mn365C030In;; 2 is also shown in Figure 6.02(b). The unit cell has been modified
accordingly for other substitution percentages. Rietveld refinement confirms that the

sample is of single phase (austenite, cubic) structure at room temperature.

The refined patterns are shown in Figure 6.01(a-¢). In the figure, open black
circles represent the experimental diffraction data and the solid red line corresponds to

the fit obtained by Rietveld refinement method using the ‘FullProf” open source
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software [RODR93, RODRO1]. The goodness of the fit from which the crystallographic
parameters of the films were extracted can be inferred from the difference data (blue
solid line) and y* values provided in the figures. The optimized lattice constants of the
films found from the refinement are listed in Table 6.01. From the table, it is clear that
small amount (~1, 3 %) Fe/Co substitution does not alter the crystal structure but
merely induces a small change in the lattice constant with respect to the ternary Ni-Mn-
In alloy film. The average crystallite (grain) size (D) of the films has been calculated
using the most intense (220) peak and Schérrer’s equation (Eqn. 2.04) and listed in
Table 6.01. It is observed that with 1 and 3 % Fe substitution, the D variation is
extremely small (15.7 nm for T1 to 16.8 nm for Fe2). But with Co substitution, a

relatively larger increase in D is found (from 15.7 nm for T1 to 18.9 nm for Co2).
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Figure 6.01: Rietvield refined XRD patterns of annealed (a) ternary T1, and quaternary

(b) Fel, (¢) Fe2, (d) Col and (e) Co2 films.

TH-1973_ 136124649 125



TH-1973_

Chapter 6: Austenite Ni-Mn-In and Ni-Mn-X-In(X=Co,Fe) thin films

‘ Ni . Mn O In . FelCo

RD D P ® >
d’@& @@0
d‘?&& dpf&

Figure 6.02: Schematic representation of off-stoichiometric (a) Nig9,Mnsg7Iny; ;, and
(b) Nig9oMn365Co030In;;, unit cells used in Rietveld refinement. Unit cells of X,YZ

have been modified to obtain these unit cells.

Table 6.01: Structural, morphological and magneto-static parameters of 823 K
annealed Ni-Mn-In and Ni-Mn-X-In (X = Fe, Co) films.

Film % of B2 % of L2, a D (£0.3) R,y Rims. M
order (Sp;) order (S;;,) (nm) (nm) (nm) (nm) (emu/cc)

T1 98 83 0.598 15.7 1.65 1.97 183

Fel 97 84 0.596 16.2 1.72 2.10 260

Fe2 98 85 0.595 16.8 2.12 2.61 308

Col 98 84 0.600 17.8 1.55 1.77 220

Co2 98 84 0.601 18.9 2.31 2.80 304

The surface morphology of the films was evaluated using AFM as described in
chapter 2. Fig. 6.03(a-e) illustrates the morphological patterns of T1, Fel, Fe2, Col and
Co2 films. The average (R,) and root mean square (R;ns) roughness of T1, Fel, Fe2,
Col and Co2 films are 1.65 and 1.97 nm, 1.72 and 2.10 nm, 2.12 and 2.61 nm, 1.55 and
1.77 nm and 2.31 and 2.80 nm, respectively. It can be noticed that Ni-Mn-In film has
uniform small grains with smoother surface. Upon Fe/Co substitution, the grain size as
well as surface roughness increases. This is consistent with the results obtained for the
Ni-Mn-X-Sn films and may be related to the way X atoms are introduced during the

sputtering process (as X chips stacked symmetrically on the ternary target).
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Figure 6.03: Atomic force micrographs of annealed (a) ternary T1, and quaternary
(b) Fel, (c) Fe2, (d) Col and (e) Co2 alloy films scanned over 2 x 2 um”area.

6.3 Magneto-static properties

Variation of magnetization of annealed Ni-Mn-In and Ni-Mn-X-In (X = Fe, Co) films
as a function of applied field (M-H curves) recorded at room temperature are shown in
Fig. 6.04. As deposited films exhibited paramagnetic nature due to poor crystallinity,
similar to other films discussed in the previous chapters. These M-H curves are not
shown here as they do not provide any new information. But upon annealing at 823 K,
these films showed ferromagnetic behavior at room temperature. Figure 6.01 and Table
6.01, show that the annealed films show high degree of L2, order which provides the
reason for the room temperature ferromagnetism in the annealed films. With the
introduction of small amounts of the magnetic X element (Fe or Co) in the place of Mn
in Ni-Mn-In film, its magnetization increases significantly as depicted in Figure 6.04

and Table 6.01.
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M (emu/cc)

Figure 6.04: Room temperature M-H loops of Ni-Mn-In and Ni-Mn-X-In films with in-

plane orientation. Inset shows enlarged view of M-H loops close to origin.
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Figure 6.05: Room temperature M-H loops of T1 film in in-plane and out-of-plane

orientations. Inset shows enlarged view of the loops close to origin.

Substitution of 1.1 at.% Fe for Mn increased the saturation magnetization (M)
of the film from 183 emu/cc to 260 emu/cc which further increased to 308 emu/cc for
2.9 at.% Fe substitution. Similarly, with 1.0 at.% Co substitution, M increased up to
220 emu/cc which further increased to 304 emu/cc for 3.0 at.% Co substitution. It
should be mentioned here that although small amounts of Fe/Co substitution do not

change the crystal structure of Ni-Mn-In alloy film, a significant change in magnetic
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properties is observed. The in-plane and out-of-plane M-H loops indicate that the easy
axis of magnetization of T1 film is along the film plane (c.f. Figure 6.05). It is observed
that in-plane loops exhibit very high retentivity and soft magnetic nature, whereas out-

of-plane loops exhibit very low retentivity. A similar trend is found in all the films.

1.10

Figure 6.06: M-T curves for all the films recorded under FW mode with 100 Oe applied

magnetic field.

Figure 6.06 shows the temperature dependence of magnetization (M-T curve) of
the annealed Ni-Mn-In and Ni-Mn-X-In (X=Fe,Co) films. The M-T data of all the films
were recorded during warming cycle (FW mode) under the application of constant
magnetic field of 100 Oe in the temperature region between 30 K and 450 K. The Curie
temperature (7¢) of the films was evaluated from the first derivative of M-T curves. T¢
for Ni-Mn-In film is 309 K. It is observed that with Fe substitution in the Ni-Mn-In
system, 7c shifts to higher temperatures (317 K for 1.1 at.% Fe and 318 K for 2.9 at.%
Fe substituted films). A similar trend is also found for Co substitution also but the shift
is smaller as compared to Fe substitution (i.e, 314 K for 1.0 at.% Co and 315 K for 3.0
at.% Co substituted films). These T¢ shifts are in accordance with the increase in the
e/a ratio with X atom substitution. From the M-T data, it is evident that these austenite
films do not show any first order structural phase transition (FOPT) corresponding to
the M<>A transformation. However, the second-order ferromagnetic to paramagnetic

phase transition (SOPT) is observed near room temperature (c.f- Figure 6.06).
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6.4 Magneto-caloric properties

As seen from the M-T data, austenite Ni-Mn-In and Ni-Mn-X-In films exhibit only
SOPT only as seen in the case of austenite Ni-Mn-Sn and Ni-Mn-X-Sn films in the
previous chapter. Hence, only direct MCE can be expected in these films across 7¢. To
evaluate the same, initial M-H isotherms at discrete temperature intervals have been
recorded for all the films across 7T¢. ASy for a reasonable magnetic field change of dH
(0 to H) has been estimated using the relation 2.09 from these curves. Figure 6.07(a-¢)
shows the isothermal initial M—H curves recorded for all the films in the temperature

region close to 7¢.
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Figure 6.07: Initial magnetization curves recorded for applied field of 18 kOe around

Tc for all the films.
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Figure 6.08 displays the ASm(7) curves for all the films for dH = 18 kOe
calculated from the initial M-H isotherms depicted in Figure 6.07. The maximum ASy
value estimated for 18 kOe field change has been listed in Table 6.02. From Figure
6.08, it is observed that Nisg,Mnj3g 7In; 1 film shows a maximum ASy value ((ASy)max)
of 79.3 x 10° erg/cc (or 0.98 J/kg.K) and the ASm(7) curve shows a broader full width
half maxima (FWHM) over the temperature region of 294 K to 322 K. With 1.1 at.%
Fe substitution in the film, (ASy)max value increases to 95.5 x 10° erg/cc (or 1.18
J/kg.K) and shifts to higher temperature (since 7c shifts to higher temperature). The
FWHM for the film spreads over 25 K (300 K to 325 K). For 2.9 at.% Fe substitution,
the (ASm)max value further increases to 127.9 x 10° erg/cc (or 1.58 J/kg.K) with FWHM
ranging from 302 K to 328 K. Co substitution also shows similar behavior with lower
magnitude. 1.0 at.% Co substitution increases the (ASy)max value to 88.3 x 10° erg/cc
(or 1.09 J/kg.K) with a shift of 5 K towards high temperature. The FWHM for 1.0 at.%
Co substituted film is in the temperature region of 299 K to 323 K. For 3.0 at.% Co
substitution, (ASm)max Was found to be 99.9 x 10° erg/cc (or 1.23 J/kg.K) with FWHM
spread from 301 K to 327 K. From the above results, it is clear that for all the films
FWHM of ASu(T) curve lies around room temperature, and hence suitable for room
temperature MCE application. It is also found that with small amounts of Fe/Co
substitution in these films, the MCE can be enhanced. The impact of Fe substitution is

more compared to Co with regards to enhancement of MCE in these films.
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Figure 6.08: Temperature dependence of ASy; of all films obtained for dH of 18 kOe.
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The other important parameter, viz., refrigeration capacity (RC) of these films,
has been calculated using Eqn. 2.10 and the corresponding values are shown in Table
6.02. ASy values obtained for these films near room temperature are high compared to
those reported for Ni-Mn-Z films. For example, (ASy)max~1.14 X 103 erg/cc.K has
been reported by Singh et al. [SING15] for Ni-Mn-In film for dH of 2 kOe across
FOPT, (ASMm)max~8-8 J/kg.K at 353 K for dH of 90 kOe was found for epitaxial Ni-
Mn-Co-In film on MgO (100) substrate around the metamagnetic martensitic transition
[NIEM10], and (ASy)max~ 94 X 103 erg/cc.K was found for Nisg3Mnz69Sby s film at
297 K for dH of 20 kOe across FOPT [BARM15]. Actually, ASy values estimated for
the present films are comparable to bulk Ni-Mn-In alloys values. For example, (1)
(=ASM)max=2.3 JkgK for dH=30 kOe at 330 K was reported for MnsoNis;Ing melt-
spun ribbons across SOFT [LIHF15], and (2) (—ASm)max= 2.25 JkgK for dH =50
kOe at 195 K was reported Ni gssMn; 312100 64 alloy across martensite 7c [PRAM16].

Figure 6.09 represents the variation of (-ASy)max for dH up to 18 kOe for T1,
Fel, Fe2, Col and Co2 films. It is clear that for all the films, (-ASy)max increased with
increasing applied field (and hence with increasing dH). The variation of (-ASw)max and
RC with Fe/Co substitution for Mn in Ni-Mn-In film is shown in Figure 6.10. (-ASwm)max
increases with increasing Fe/Co substitution and the variation is more for Fe
substitution as compared to Co substitution. Similar behavior is seen for RC also as
depicted in Figure 6.10. The nearly linear increase in (-ASy)max and RC in this range of

dH permits more control on the magnetic refrigeration process.
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Figure 6.09: Variation of (ASy)max With applied field change (dH).
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Figure 6.10: Variation of RC with Fe and Co at.%. Inset shows variation of AS), with
Fe and Co at.%.

Table 6.02. Magneto-caloric parameters of Ni-Mn-In and Ni-Mn-X-In (X=Fe, Co)
films estimated for an applied field change (dH) of 18 kOe near 7.

Film T¢&l) (-ASm)max (£0.4) RC (£6) (-ASM)max RC (+0.1)
(K) (><103 erg/cc.K) (><103 erg/cc) (£0.01)(J/kg.K) (J/kg)
T1 309 79.3 1983 0.98 24.5
Fel 316 95.5 2389 1.18 29.2
Fe2 317 127.9 2816 1.58 34.7
Col 314 88.3 2208 1.09 274
Co2 315 99.9 2599 1.23 31.9

6.5 Magneto-dynamic properties

Room temperature FMR spectra of all the films were recorded at different polar angles
(6n) ranging from applied magnetic field orientation along the film plane (6 =90°) to
out-of-plane (6 =0°) directions using C-FMR technique described in chapter 2.
Typical C-FMR spectra recorded at the X-band frequency of 9.44 GHz for T1 film at
various polar angles are shown in Figure 6.11 as a typical example. The FMR signal is
found to shift from higher field (for Oy =0°) to lower field (for 6 =90°) with change in
polar angles, which signifies the presence of uniaxial anisotropy in the film. This
behaviour is consistent with VSM analysis. The anisotropy constant (K;) corresponding

to the films has been evaluated by fitting H, versus 8y data to Eqn. 2.23.
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Figure 6.11: Typical FMR spectra (data of Tlshown as example) for magnetic field

orientations from parallel (6 =90°) to perpendicular (6y =0°) to field plane.
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Figure 6.12: (a-e) Angular dependence (fy) of resonance field (H;) at 9.44 GHz for all

the films.(f) Typical Oy vs. 6y plot obtained for the films (T1 data shown as example).
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Chapter 6: Austenite Ni-Mn-In and Ni-Mn-X-In(X=Co,Fe) thin films

Figure 6.12 (a-e) illustrate H, variation as a function of &y for all films, where
symbols represent experimental data points and the fitted curves are represented by
continuous solid lines. As & is decreased from 90° to 0°, H, increases rapidly to a few
kOe, confirming in-plane easy axis in the film as observed in magneto-static (VSM)
measurements. The good fitting obtained for the experimental data is evident from the
figure. Saturation magnetization (Ms) determined from VSM measurements was used to
extract the value of anisotropy constant K; from evaluated from the 4mMy¢ term by
fitting. Estimated K are tabulated in Table 6.03. Figure 6.12(f) represents the variation
of equilibrium angle of magnetization (6y,) with 6y for T1 film. All films show similar
behaviour. For all the films, the anisotropy value (K;) found was of the order of ~10°
erg/cc with a negative sign. Negative value of K| ensures in-plane magnetisation
irrespective of the value of M; of these films. During the analysis, the g values used for

the films are also listed in Table 6.03. Best fitting was obtained for the given g values.

The damping of magnetization precession was analyzed from the broadening of
the linewidth (AH) of the FMR spectra using Eqn. 2.25. AH versus 6y data obtained
from the out-of-plane FMR spectra recorded as a function of polar angle are depicted in
Figure 6.13 as scattered points. It can be seen from Figure 6.13 that the numerically
modeled curves yield a good fitting to the experimental data. The independent
contributions to the total linewidth from different sources mentioned in Eqn. 2.25 are
depicted in Figure 6.13(b-f) for all the films. The dimensionless Gilbert damping
constant (a) for the films was found to be low (0.0080 =+ 0.0002). The o value obtained
in the present work is the lowest reported so far for any Ni-Mn-X-In films deposited on
low cost Si substrate and similar to other Heusler alloy films like Ni-Mn-Sn film on
MgO substrate (oo = 0.0075) [DUBOI11] and other Ni-Mn-Sn films discussed in
previous chapters. A careful look at Figure 6.13 would reveal that with Fe substitution
for Mn, AH increases with respect of the ternary film. On the other hand, upon Co
substitution, AH decreases although the internal (Gilbert) damping constant (o) remains
almost invariant in both the cases. To understand the role of various factors
contributing to AH in a explicit manner, different contributions to AH have been
individually plotted in Figure 6.13 (b-f). It is found that the major contributions to AH
arise from the (1) internal contribution due to Gilbert damping (AH,) and (2) external
contributions due to both angle dependent 2-magnon scattering (AH>.,..¢) and angle

independent constant broadening (AH)).
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Figure 6.13: (a) Angular dependence (fy) of FMR linewidth (AH) recorded at 9.44

GHz for all the films. (b-f) Angular dependence of individual contributions (AH>_pqg,
AH, and AHjg) to total FMR linewidth AH. Angle independent AH, value is also given.

A detailed discussion about the origin of these contributions to damping has
already been provided in the previous chapters. Hence, the role of these terms in
linewidth broadening of these present films will only be discussed here. Figure 6.14
portrays the angular varation of AH, and AH>.,., terms for all the films. From the figure
it is clear that the AH, shows very small change with X element substitution. However,
the AH;. ., contribution reduces with X element substitution. The deviation in the
curves near 20° is due to the change in dragging factor on account of slightly different
variation in effective magnetization (4nM.g) for each films. From the Figure 6.13, it

can be seen that the major contributions to total linewidth for T1 film comes from 2-
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magnon scattering (AH>.,q, 15 one order higher than AH, at 6y = 90°). AH,, amounts to
~9 % of AH for T1 film. With 1.1 at.% Fe substitution (in Fel film), AH increases
although the data is flattered in nature as compared to T1 (i.e. variation of AH with
angle is less as compared to T1). Since AH,, does not vary much, the hike in AH can be
understood with the introduction of 140 Oe from the angle independent AH, term. Here,
it should be noted that the AH}.,,4, term decreased with 1.1 at.% Fe substitution (from
~318 Oe for T1 at G = 90° to ~253 Oe for Fel at 6;;= 90°). AH, amounts to ~7.5 % of
AH for Fel film. For 2.9 at.% Fe substitution (Fe2), AH value increases further. Here
too, the increase is mainly governed by the increase in AHjterm (240 Oe). The AH>. 40
term reduces further with 2.9 at.% Fe substitution (from ~318 Oe for T1 at 6 = 90° to
~216 Oe for Fe2 at = 90°). But the AH, contribution to AH is reduced significantly
(~6 %). However for Co substitution, the reverse effect is observed. With 1.0 at.% Co
substitution (Col), AH value decreases as compared to the T1 film. Only a small
amount of AH, contribution (40 Oe) is found for this film. Hence, the decrease in AH
for the film can be associated with the decrease in AH>. ¢ contribution (from ~318 Oe
for T1 to ~283 Oe at 0y = 90° for Col at Oy = 90°). AH,, amounts to ~9 % of AH for
Col film. 3.0 at.% Co substitution (Co2) results in the lowest AH value among all the
films. Though the AH, contribution increased to 140 Oe for this film, the AH) g
contribution is significantly lower (from ~318 Oe for T1 at 6y = 90° to ~167 Oe for
Co2 at 6y = 90°), which reduces the overall AH value. AH, contribution to AH

remained unchanged at ~9% for the Co2 film as compared to the Col film.
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Figure 6.14: Angular dependence of individual contributions of AH>._,.e and AH,, to AH.
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The above discussions show that small amounts of Fe/Co substitution (1-3 at.%)
significantly affects the magneto-dynamic properties of austenite Ni-Mn-In, even
though ~3 % Fe and Co substitution gives similar magneto-static behavior. The internal
AH, contribution related to Gilbert damping constant (a) also remains same for both the
substitutions. But Co substitution reduces the overall AH which is desirable for
application point of view. Hence, Co substitution in austenite Ni-Mn-In appears more
appropriate for enhancing device related properties of the film. It is also evident from
the above investigations that AH, contribution to total linewidth AH is considerably
small in these films which may be a limitation for their applications. However, this
factor can be improved by improving film quality further. The frequency and angle
independent linewidth term AH,, which should be ideally zero, also contributes
significantly to AH. Epitaxial growth films can reduce AH, significantly
[DUBOI11].Thus, the current study reveals the presence of low Gilbert damping
constant (a) of 0.008 along with higher magnetic saturation, high perpendicular
anisotropy and easy axis along film plane in the Ni-Mn-X-In films. This study also
shows the critical factors contributing to the FMR linewidth and provides clues to

control them.

Table 6.03: Magneto-dynamic parameters for Ni-Mn-In and Ni-Mn-X-In (X= Fe,
Co) films

Alloy AH (Oe) 0 AH, 47tM 55 g K, 5(ﬂ:o.z) a
at0g=90° (Oe)  (£20) (Oe) (x10° erg/cc)  (£0.0002)
Tl 369 0 4261 2.10 -1.8 0.0080
Fel 410 140 4421 2.10 4l 0.0082
Fe2 505 240 5185 2.10 2.0 0.0082
Col 357 40 3855 2.10 -1.2 0.0080
Co2 346 140 4488 2.10 -1.0 0.0080

6.6 Summary

The current study on Ni-Mn-In and Ni-Mn-X-In (X=Fe,Co) films reveals several
interesting properties for the first time. Some of the important results obtained are listed

are listed below:
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Chapter 6: Austenite Ni-Mn-In and Ni-Mn-X-In(X=Co,Fe) thin films

®
L4

Annealed films show room temperature stable L2; structure with room
temperature ferromagnetism.

As much as 120 emu/cc increase in magnetization is achieved when ~3 at.% Fe
or Co is substituted for Mn in Ni-Mn-In alloy film.

(-ASM)max 1n the vicinity of 7¢ increased from 79.3x10° erg/cc.K (0.98 J/kg.K)
to 127.9x10° erg/cc.K (1.58 J/kg.K) for the film with 2.9 at.% Fe and 99.9x10°
erg/cc.K (1.23 J/kg.K) for the film with 3.0 at.% Co, for dH of 18 kOe. These
values are the highest achieved in Ni-Mn-In thin films and comparable to values
obtained in bulk Ni-Mn-In alloys.

FMR study of these films revealed for the first time low a (= 0.008), which did
not show significant variation with substitution of Fe or Co. Co substitution

decreases AH significantly.
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Chapter 7: Mixed phase Ni-Mn-In and Ni-Mn-Fe-In thin films

In the previous chapter, austenite Ni-Mn-Fe-In films exhibiting high ASy and large RC
showed promise for use as magnetic refrigerants. These films also showed low Gilbert
damping constant and high anisotropy and saturation magnetization. However the
martensite phase of Ni-Mn-In alloys has not been explored yet. Considering several
interesting properties exhibited by martensite Ni-Mn-Sn films, it would be interesting
to study martensite Ni-Mn-In films. It is attempted to stabilize the martensite phase in
Ni-Mn-In and Ni-Mn-Fe-In films and explore their structural and magnetic properties

in this chapter.
7.1 Sample preparation and processing

Off-stoichiometric Ni-Mn-In and Ni-Mn-Fe-In films of 500 nm thickness were
deposited on Si (100) substrate by DC magnetron sputtering from a 1 inch diameter
NisoMnssln;s alloy target of 1 mm thickness using the sputtering system displayed in
Figure 2.05(a) in chapter 2. The working (Ar) gas pressure was maintained at 1.8 Pa
and the electrical power applied on the magnetron gun was 35 W. Fe was introduced in
the films by symmetrically placed 2 mm X 2 mm size Fe chips on the Ni-Mn-In target.
It can be noticed that the target composition and sputtering parameters used in this
study are different from the ones used to obtain the austenite films in the previous
chapter. These were done to obtain films with structural characteristics quite different
from the ones obtained in the previous chapter. The substrate holder was rotated at 15
rpm to ensure uniform film thickness. Before deposition, the sputtering chamber was
evacuated to a base pressure of <10™ Pa. As-deposited ternary and quaternary films
were annealed ex situ at 823 K and 973 K under residual Ar gas pressure of 107 Pa for
1 h and designated as NiMnln 823 and NiMnln 973, NiMnFeln 823 and
NiMnFeln 973, respectively. To evaluate the effect of film thickness on the properties,
Ni-Mn-Fe-In films of 250 nm, 800 nm and 1000 nm thickness were also deposited by
only varying the deposition time while maintaining all other deposition conditions
identical. All the Ni-Mn-Fe-In films of thickness 250 nm, 500 nm, 800 nm and 1000
nm are annealed ex situ at optimised temperature of 973 K for further studies.
Uniformity in thickness of the films was confirmed with a surface profiler and the
thickness was found to vary < 5 nm over the entire size of the films. Composition of the
films was evaluated to be Nis37MnygsInieg (500 nm), Nigg9MnygsFeq¢lnizo (250 nm),

Ni4g,5Mn29_6Fe4,gIn17,1 (500 nm), Ni48.gMn29.6F€447In1649 (800 nm) and
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Nigg 6Mnyg sFes 9lni79 (1000 nm) using an energy dispersive X-ray spectroscopy unit
attached to a field emission scanning electron microscope. The corresponding valence

electron to atom (e/a) ratio of films are 7.94, 7.83, 7.82, 7.83 and 7.83, respectively.
7.2 Structure and morphology

Figure 7.01 shows the XRD patterns recorded for as-deposited and 823 K and 973 K
annealed Ni-Mn-In and Ni-Mn-Fe-In films. The XRD pattern of as-deposited Ni-Mn-In
film confirms the amorphous nature of the film like other films discussed in previous
chapters. The amorphous nature is observed in all the as-deposited films. After the
annealing treatment, the films show polycrystalline behaviour. Peaks in the XRD
patterns of the 500 nm thick Ni-Mn-In film annealed at 823 K and 973 K correspond to
reflections from the orthorhombic (311), (501), (341), (820) and (840) planes of the
martensite phase. The XRD pattern of 500 nm thick Ni-Mn-Fe-In films annealed at 823
K exhibit orthorhombic martensite phase along with a weak (220) cubic peak of the
austenite phase. On the other hand, the XRD pattern of the 973 K annealed film
indicates the presence of reflections from (111), (200), (220) and (222) planes of cubic
L2, austenite phase as well as the above mentioned reflections from the orthorhombic
martensite phase planes. This shows the co-existence of orthorhombic martensite phase
and cubic austenite phase at room temperature in the annealed Ni-Mn-Fe-In films.
Moreover, presence of (111) and (200) super lattice peaks confirms L2; ordering with
space group Fm3m in the austenite phase. A weak peak around 2@ = 35° corresponding
to (111) reflection from MnO phase is also observed in the annealed films. This is a
consequence of minor surface oxidation of the films during annealing process, which
could not be avoided. Ni-Mn-Fe-In films of other thicknesses annealed at 973 K also
exhibit the mixed phase structure as shown in Figure 7.02. Though there are no reports
on these alloy compositions in the literature, the presence of the mixed phase structure
can be understood on the basis of the e/a ratio of the alloy compositions from the phase
diagram [PLANOQ9]. The phase diagram indicates a martensite phase transition near
room temperature in bulk samples with these e/a ratio values. It has been pointed out
[AUGE12, MODAI18b] that the first order structural phase transition may get
broadened, resulting in coexistence of both martensite and austenite phases over a wide

e/a range.
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Figure 7.01: Room temperature XRD patterns of as-deposited, 823 K and 973 K
annealed 500 nm thick Ni-Mn-In and Ni-Mn-Fe-In films.
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Figure 7.02: Room temperature XRD patterns of 973 K annealed Ni-Mn-Fe-In films of
250 nm, 500 nm, 800 nm and 1000 nm thickness.

Percentages of cubic austenite phase in 250 nm, 500 nm, 800 nm and 1000 nm
quaternary films has been estimated to be 52 %, 41 %, 70 % and 69 %, respectively, by
a simple method of comparing the area under the most intense austenite and martensite
peaks in the XRD patterns shown in Figure 7.02. This preliminary analysis indicates
that the austenite phase dominates in higher thickness quaternary films. The structural
parameters of the cubic and orthorhombic phases in the thin film samples calculated

from the XRD patterns using Eqns. 2.01 and 2.02 are listed in Table 7.01.
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Figure 7.03: AFM images of (a) as-deposited (500 nm thick) and annealed Ni-Mn-Fe-
In films of (b) 250 nm, (c) 500 nm, (d) 800 nm and (e) 1000 nm thickness.

Table 7.01: Composition and structural parameters for 973 K annealed Ni-Mn-In
and Ni-Mn-Fe-In films

Cubic Orthorhombic Rav.  Rims.

Thickness 12, M

Film T nm nm
m lype *5) (nm) % % (nm) a b c (nm) (nm)
(nm) (nm) (nm)
Ni-Mn-In 500 0 100 - 1.625 1.037 0.614 - -

Ni-Mn-Fe-In 250 58 42 0577 1.618 1.034 0.605 3.5 4.4
Ni-Mn-Fe-In 500 41 59 0577 1.618 1.031 0612 3.6 4.5
Ni-Mn-Fe-In 800 70 30 0577 1.618 1.034 0.605 3.9 4.8
Ni-Mn-Fe-In 1000 69 30 0577 1.618 1.034 0.605 4.0 5.1

Figure 7.03(a-e) portray the atomic force microscope images of as-deposited
and annealed Ni-Mn-Fe-In films captured at room temperature over a scan area of 5
um x 5 um. The average roughness (R,y) and root mean square roughness (R; ) of as-

deposited and 250 nm, 500 nm, 800 nm and 1000 nm annealed films are found to be
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Chapter 7: Mixed phase Ni-Mn-In and Ni-Mn-Fe-In thin films

1.6 and 2.1, 3.5 and 4.4, 3.6 and 4.5, 3.9 and 4.8 and 4.0 and 5.1 nm, respectively. It is
evident that upon annealing, the surface roughness of the films increases due to

crystallization of the L2; and martensite phases.
7.3 Magneto-static properties

Isothermal variation of magnetic moment of 823 K and 973 K annealed 500 nm thick
Ni-Mn-In and Ni-Mn-Fe-In films recorded as a function of applied field (M-H loops) at
room temperature are shown in Figure 7.04. As-deposited amorphous film shows
paramagnetic behaviour (cf- inset in Figure 7.04) which is in expected lines since
spontaneous magnetism is observed only in crystalline Heusler alloys. Annealed films
exhibited ferromagnetic behaviour which can be related to the crystalline nature of the
films [VINO15]. Annealed Ni-Mn-In film is weakly magnetic with very low magnetic
moment, which can be associated with its martensite structure. It is obvious from
Figure 7.04 that the magnetic moment of Ni-Mn-In film increases slightly as the
annealing temperature is increased from 823 K to 973 K which may be due to
improvement in the crystallinity of the films at higher temperatures. With the
substitution of Fe for (mostly) Ni, the annealed film structure changes to a dual phase
structure and the presence of the cubic austenite phase induces significant spontaneous

magnetization in the film.
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Figure 7.04: Room temperature in-plane M-H loops of annealed 500 nm thick Ni-Mn-
In and Ni-Mn-Fe-In films. (Inset) Paramagnetic nature of as-deposited Ni-Mn-In film.
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Figure 7.05: Room temperature M-H loops of 973 K annealed Ni-Mn-Fe-In films of
thickness 250 nm, 500 nm, 800 nm and 1000 nm.
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Figure 7.06: In-plane and out-of-plane M-H loops for 250 nm Ni-Mn-Fe-In film
annealed at 973 K.

Careful look to M-H loop as shown in Figure 7.04 shows that Ni-Mn-Fe-In film
annealed at 823 K shows significantly high magnetic moment which may be correlated
with the introduction of Fe and formation of small amount of austenite phase (~ 10%).
Ni-Mn-Fe-In films annealed at 973 K shows the highest magnetic moment and it is
related with the austenite phase percentage (40-70 %) present in these mixed phase

films. Figure 7.05 represents the M-H loops for 973 K annealed Ni-Mn-Fe-In thin films
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Chapter 7: Mixed phase Ni-Mn-In and Ni-Mn-Fe-In thin films

of different thickness. From the figure it is apparent that all the films are ferromagnetic
at room temperature. Analysis of the phase percentage shows that in the 250 nm and
500 nm thick films, the cubic phase percentage is 58 % and 41 %, respectively which
explains the decrease in magnetic moment of the 500 nm thick film. The lower
austenite phase percentage in the 500 nm thick film might be due to improper
annealing. Similarly, the 800 nm and 1000 nm thick Ni-Mn-Fe-In films have nearly
70% austenite phase (see Table 7.01), which clarifies the higher magnetic moment of
these two films. The M-H loops recorded for in-plane and out-of-plane directions for
973 K annealed 250 nm thick Ni-Mn-Fe-In film is shown in Figure 7.06. The close
similarity between the two curves signifies very low effective magnetic anisotropy in
the film which also indicates that its magnetic property does not vary much when its
orientation with the applied magnetic field is changed. This is a very interesting feature

observed for the first time in Ni-Mn-Fe-In films.

Table 7.02: Magneto-static parameters of Ni-Mn-In and Ni-Mn-Fe-In films.

Thickness Annealing M;

Film (nm) Temp. (K) (emu/cc) Te (K)

Ni-Mn-In 500 823 8 -
Ni-Mn-Fe-In 500 823 33 -

Ni-Mn-In 500 973 15 -
Ni-Mn-Fe-In 250 973 72 673
Ni-Mn-Fe-In 500 973 65 680
Ni-Mn-Fe-In 800 973 79 682
Ni-Mn-Fe-In 1000 973 80 683

Thermo magnetization (M-T) curves of the annealed 250 nm, 500 nm, 800 nm and
1000 nm thick Ni-Mn-Fe-In films have been recorded from room temperature to 800 K
under the application of 1 kOe magnetic field. Figure 7.07 reveals that the films have
high Curie temperature (7¢). It is also seen that with increase in thickness, the 7¢ does
not vary much whereas the magnetic moment increases sharply for higher thickness
films (c¢f. Table 7.02). The M-T curve for Ni-Mn-In film is not resolvable due to very

low moment of the sample.
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Figure 7.07: Thermo-magnetization (M-7) curves of 973 K annealed Ni-Mn-In and Ni-
Mn-Fe-In films recorded with an applied magnetic field of 1 kOe.

7.4 Magneto-dynamic properties

FMR spectra were recorded for 973 K annealed Ni-Mn-Fe-In films at various angular
positions of the films with respect to the magnetic field direction (6y) ranging from out-
of-plane (0°) to in-plane (90°) orientations. Since Ni-Mn-In film is very weakly
magnetic and the room temperature moment is very low, FMR spectra recorded were
noisy and could not be analyzed with clarity. Hence, only the FMR spectra of 973 K

annealed Ni-Mn-Fe-In films have been analyzed.
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Figure 7.08: Room temperature FMR spectra of 973 K annealed 1000 nm thick Ni-Mn-

Fe-In film recorded at different polar angles () at microwave frequency of 9.44 GHz.
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Typical spectra obtained for 973 K annealed 1000 nm Ni-Mn-Fe-In film are
shown in Figure 7.08. From the figure, it is obvious that the resonance field (H;) varies
only by a few hundred Oe when the applied magnetic field is varied from in-plane to
out-of-plane direction. This implies very low effective magnetic anisotropy in these
films which is in accordance with nature of the M-H loops of the films. Similar
behavior has also been observed for martensite Ni-Mn-Sn and Ni-Mn-Co-Sn films
discussed in chapter 3 and 4. Variation of resonance field (H,) as a function of 6y for
973 K annealed Ni-Mn-Fe-In films of all thicknesses have been extracted from the
FMR spectra, which are shown as scattered data points in Figure 7.09. The H; versus 6y
data of all the films have been numerically fit to Eqn. 2.23 and the best fits are shown
as solid lines in Figure 7.09. The numerically calculated values yielded a good fit to the

experimental data.
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Figure 7.09: Polar angle (fy) variation of FMR resonance field (H;) obtained at 9.44
GHz for 973 K annealed Ni-Mn-Fe-In films of different thicknesses.

The effective magnetization (4wMy¢) was extracted from the analysis of H,
versus Oy data and used in the linewidth analysis. The effective perpendicular
anisotropy (K;) was estimated from 4w M¢ using M value determined from magneto-
static (VSM) measurements and found to be ~10* erg/cc. These K values (~10* erg/cc)
are unusually low for Heusler alloy films which are usually of the order of 10° erg/cc
[GOLU(09, MODA17]. The low magnetic anisotropy of these films could be a

consequence of the mixed phase structure, since it is known that poor crystallinity
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results in low anisotropy [MCHEOQO]. Very low magnetic anisotropy of these films
results in magnetic properties which are almost independent of film orientation. Such
films are expected to have a large number of stable states as compared to the two stable
states in conventional magnetic films with high anisotropy. This unusual property may
lead to possible applications in memory storage and logical devices in computer
circuitry [JOHNS58, KEFA70].

The magnetic relaxation dynamics in these mixed phase films was explored by
fitting the AH data as a finction of 8y to Eqn. 2.25. Figure 7.10 shows numerically
estimated total linewidth as solid lines and the experimental data points as scattered
points. It can be seen that the numerically modeled curves yielded a good fit to the
experimental data. The Gilbert damping factor (o) has been extracted from Eqn. 2.25
and o value of 0.009 £ 0.001 has been obtained. It has to be pointed out that this study
is the first of its kind on Ni-Mn-Fe-In films. The observed a value in the present Ni-
Mn-Fe-In films can be compared with those reported for other Ni-Mn-based Heusler
alloy films (~0.0075) in the literature [DUBO11] and as observed in previous chapters
(~0.0070-0.0085). The slightly higher a obtained for these films as compared to other
Ni-Mn-X-In(Sn) films might be due to the mixed phase structure of these films.
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Figure 7.10: Polar angle (6y) variation of FMR resonance linewidth (AH) of 973 K
annealed Ni-Mn-Fe-In films of different thicknesses acquired at 9.44 GHz.

[¢%)
[«))]
N
P
©

152

H
H
H

[N



Chapter 7: Mixed phase Ni-Mn-In and Ni-Mn-Fe-In thin films

Table 7.03: Magneto-dynamic properties of Ni-Mn-Fe-In films annealed at 973 K.

il 4nM oy (£5) K, (£0.2) AH, a
(Oe) (x10* erg/cc) (Oe) (£0.001)
250nm  2.10 183 4.0 740 0.009
500 nm 2.10 157 3.0 800 0.009
800nm  2.10 180 4.0 678 0.009
1000 nm ~ 2.10 180 4.0 683 0.009
1500 O men A ra O | g
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Figure 7.11: Angular dependence of individual contributions (AH>.pee, AH, and AHpg)

to total FMR linewidth AH of 973 K annealed Ni-Mn-Fe-In films of different

thicknesses.

The independent contributions of magnetic damping from different sources to
the total FMR linewidth of all the Ni-Mn-Fe-In films are shown in Figure 7.11. From
the figure it is clear that there is a large external contribution from the 2-magnon
scattering (AH>.mag) and frequency independent inhomogeneity (AH)) term (c.f. Figure
7.11). The same trend is observed for all the film thicknesses. The origin of this may be
attributed to the high surface roughness induced due to the high temperature post
annealing treatment and the presence of dual phase structure, which have resulted in
more scattering centers in the films. From the linewidth analysis, it is also noticed that

the linewidth of 500 nm thick Ni-Mn-Fe-In film is larger than 250 nm thick film which
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may be related to the lower percentage of L2, phase percentage in 500 nm Ni-Mn-Fe-In
film. As the L2, phase percentage in 800 nm and 1000 nm Ni-Mn-Fe-In films are
significantly high, the linewidth is narrower for these films. From the figure, it is also
evident that the variation in total linewidth (AH) for these films is completely governed

by the variation in AH, term. The value of a did not vary much among the films.

7.5 Summary

Structural, magneto-static and magneto-dynamic properties of Nis; 7Mnyg5In;6s and
Nigg 9Mnyg sFes gIni7 films deposited on Si (100) substrate have been investigated in

this chapter. Some of the exciting results found in this analysis are mentioned below.

¢ Ternary Nis3 7Mnygslnjeg film with room temperature orthorhombic martensite
phase has been obtained for the first time.

% Upon Fe substitution for Ni in the alloy film, mixed crystallographic phase
(austenite cubic L.2; and martensite) appear at room temperature.

% Magneto-static characterization confirmed the presence of room temperature
ferromagnetism in annealed Fe substituted films with high Curie temperature
(~683 K).

% Analysis of angular variation of FMR spectra revealed very low effective
perpendicular magnetic anisotropy (~10* erg/cc) and moderately low Gilbert
damping constant (o) of 0.009 £ 0.001 for the first time in Ni-Mn-Fe-In films.

¢ The unique combination of these magnetic properties indicates the possibility of

using these films in isotropic magnetic storage devices.
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Chapter 8: Conclusions and scope for future work

8.1 Conclusions

The main objective of this study was to explore various physical and functional
properties of Ni-Mn-based thin films deposited on cost effective Si (100) substrate.
Ternary Ni-Mn-Z (Z=Sn, In) alloy films of specific composition and the effect of
fourth element such as nonmagnetic Cu and magnetic Fe and Co, substitution on
structural and other functionally important parameters have been investigated. The
chosen Ni-Mn-Z (Z=Sn,In) alloys are well investigated in bulk form and known to
display martensite to austenite (M <> A) phase transition for specific compositions.
Due to this unique feature, these alloys show several interesting properties like large
MCE, EB, magneto-resistance etc. But, these alloys have not been well explored in
their thin film form. So, the question, ‘how these properties will change in reduced
dimension?’, remains unanswered. This work is primarily focused on exploring two
different properties of these alloy films from two different application points of view,
viz., MCE properties in terms of AS),and RC for magnetic refrigerant application and
magneto-dynamic properties in terms of damping parameters especially, a. for
spintronic applications. Most of the results presented through these investigations are
new which would be of interest not only from the fundamental view point of
understanding the effect of thickness, composition, forth element substitution of
magneto-static, magneto-caloric and magneto-dynamic properties of these alloy films
but also from the application aspect. Some of the salient results obtained and

conclusions drawn from the current thesis work are highlighted below:

Ternary Nisg 14Mn3g.14Sn3 7, alloy films of thickness from 250 nm to 1500 nm
crystallized in austenite phase with high L2; order upon annealing at 823 K for 1 h.
These austenite films exhibit ferromagnetic behavior with T close to room temperature
without showing any signature of M <> A phase transition. Highest (-ASy)max of 65.3
10° erg/cc.K (0.81 J/kg.K) with RC of 451 x 10° erg/cc (5.6 J/kg) were obtained near
room temperature for a field change of 12 kOe for the 250 nm thick film whereas the
highest value of RC 845 x 10° erg/cc (10.5 J/kg) was achieved in 1500 nm film. Very
low value of a (= 0.0070) was found for 500 nm film for the first time. Significant
change is observed in properties with Cu, Fe, Co substitution in austenite Ni-Mn-Sn
films. Small amounts of Fe (1.0 and 3.6 at.%) and Co (1.5 and 3.8 at.%) substitution

modifies the M-H loop shape noticeably with increasing M,/M; ratio and decreasing H.
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with more of Fe/Co substitution. The effect on the magneto-static properties is more for
Co substitution than Fe. But, in regard to MCE, Fe substitution enhances the (-ASwm)max
values comparably more than the other substituents. Moderately high (-ASy)max of 56.6
x 10° erg/cc (= 0.69 J/kg.K) and maximum RC of 2498 x 10° erg/cc (= 30.4 J/kg) were
obtained for Niss 9Mns3 4Fe; 6Sny4 film. Co substitution has a positive influence on the
magneto-dynamic properties of Ni-Mn-Sn films. Very low value of a (= 0.007) was
found for the first time in Niss7Mn330Co38Sn74 film together with perpendicular
anisotropy and easy axis along film plane. Thus, small amounts of X (Cu, Fe, Co)
element substitution in ternary austenite Ni-Mn-Sn alloy films improve their quality,
although each element has its own influence on various properties. Hence, a proper
choice of fourth element is required for enhancing a particular property of the ternary
film.

Nis3 4Mn33,8n;3 4 films of different thicknesses (360 nm to 1000 nm) deposited
under different deposition conditions exhibited for the first time room temperature
martensite phase with a modulated 14M structure. Room temperature ferromagnetism
is observed in these films with very high 7¢ (~560 - 570 K). A weak M <> A transition
was observed in films of thickness > 500 nm when D > 90 nm, although the transition
was spread over a wide temperature range. The MCE parameters of these films were
very low. But these films showed very low K| (~10* erg/cc) with low o (~ 0.008) which
may lead to possible applications in multistate memory storage and logical devices in
computer circuitry. This unique property is observed for the first time in Ni-Mn- based
alloy films. With Co substitution in martensite Nis3 4Mnj33,Sn;34 films, nearly 300 K
increase in 7¢ is observed. Though these films also show room temperature martensite
phase, the M <> A transition is swamped out in these films. A 3.8, 2.3, 1.7 and 1.6 fold
increase in (-ASMm)max 1S observed in these films as compared to Nis3 4Mn33,Sn;3.4 films
for 360 nm, 500 nm, 700 nm and 1000 nm films. Like the ternary film, the Co
substituted films also possess low K; (~ 10* erg/cc) and o of 0.0085.

Nig92Mn397In;;; film of 500 nm thickness showed austenite phase with high
L2, order upon annealing at 823 K for 1 h. This film did not reveal any signature of M
<> A transition though it exhibited room temperature ferromagnetism. Moderately high
(-ASym)max 0f 79.3 x 107 erg/ce.K (0.98 J/kg.K) with RC of 1983 x 10° erg/cc (24.5 J/kg)
was observed for 18 kOe field change near room temperature for this film. Substitution

of Fe/Co in small amounts (1 % and 3 %) improved its properties just as in the case of
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Ni-Mn-Sn film. An increase in magnetization is observed with Fe/Co substitution and
~120 emu/cc increase in found for 3 at.% Fe/Co substitution. Like Ni-Mn-Sn films,
here also Fe substitution has more effect on MCE properties than Co. Both Fe and Co
enhance (-ASm)max and RC values of the films. Highest (-ASm)max of 127.9 X 10°
erg/cc.K (1.58 J/kg.K) with RC of 2816 x 10° erg/cc (34.7 J/kg) was found for 2.9 at.%
Fe substitution for 18 kOe field change. This is the highest value achieved in Ni-Mn-In
thin films and comparable to values obtained in bulk Ni-Mn-In alloys across SOPT.
FMR study on these films revealed that Co substitution is more suitable for improving
the magneto-dynamic properties since it reduced AH more than Fe substitution. For the
first time, low a (= 0.008) with moderate K, (~10° erg/cc) is reported for Ni-Mn-In
films.

Another set of Nis37;Mnygslnieg films deposited from a different ternary target
and annealed at 823 K and 973 K showed orthorhombic martensite phase with very low
magnetization (~15 emu/cc). Upon Fe substitution (<5 at.%), the magnetization
increases to ~ 65 emu/cc, with the formation of a mixed crystallographic phase
(austenite cubic L2; and martensite). The cubic L2, phase has a dominant role in
determining the magnetization of these dual phase films. FMR analysis revealed very
low effective perpendicular magnetic anisotropy ~10* erg/cc smilar to martensite Ni-
Mn-Sn films) and low Gilbert damping constant (o)) of 0.009 £ 0.001 for the first time
in Ni-Mn-Fe-In films.

8.2 Scope for future work

The present studies on ternary Ni-Mn-Z (Z = Sn, In) and quaternary Ni-Mn-X-Z (X =
Cu, Fe, Co) Heusler alloy films sputter deposited on low cost Si (100) substrates reveal
how the structural, magneto-static, magneto-caloric and magneto-dynamic properties of
these alloy films could be tailored by atomic substitution and thickness variation.
However, the questions pertaining to the M <> A transition could not be explored in
these studies as a prominent signature of this transition was not observed in these films.
It is however clear that the grain size of the films are crucial for observing this elusive
transition. Hence, ways to improve the grain size of Ni-Mn-X films grown on Si (100)
need to be explored such as use of underlayers, deposition of heated substrates, etc.

In the present work, a rigorous analysis on magneto-dynamic properties of these

films has been done for the first time. The analysis revealed several new results which
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may be useful for future generation sensors and spintronic device applications. In order
to realize these applications, the film quality has to be improved further so that the
external contributions to the FMR linewidth can be reduced further. Preparing epitaxial
or single crystal films would be good solutions for achieving better film quality.
Magneto-dynamics, magneto-resistance and EB studies on multilayered structures
made of these optimized film compositions are also suggested since these studies can
reveal more applications for these films.

LFMA observed for the first time in Heusler alloy films have not be been
investigated in this thesis. Focus on LFMA signal observed in Ni-Mn-X-Sn films may
reveal several new insights on this poorly understood phenomenon. Moreover, a
careful analysis on the LFMA signal in these films is required since these films are
potential candidates for fabricating low magnetic field sensors in microwave frequency

range.
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