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Abstract

Heusler alloy (HA) materials are an extremely important class of magnetic material that are
expected to have a wide range of spintronics or spin based electronics applications such as, in
magnetic recording medium, in thermoelectricity, magneto-optical device applications, shape
memory alloy etc. In this thesis, we have worked towards development of Co2Fe-based HAs thin
films and nanocrystals using novel growth schemes. CozFe-based HAs are an exciting Heusler
class of materials having high magnetic ordering temperature, with capability to support large spin
polarization current and are also predicted to exhibit interesting topological properties. This thesis
presents new approaches towards alternative methods beyond conventional techniques to grow
HA nanostructures. The thesis further presents evaluation and understanding of the magnetic
properties of these HA nanostructures for magneto-optical and magneto thermal applications. The
deposited films show a large degree of magneto-optical Kerr rotation as well as high saturation
magnetization at room temperature. The Kerr measurements show rotation reaching up to a
maximum value of = 0.3° on polycrystalline copper substrate and =~ 0.8° on a single crystalline
platinum substrate which is comparable with the films grown by conventional techniques. Using
Kerr microscopy studies we understand the formation and evolution of the magnetic domains in
these electrodeposited films. Through these studies we develop an understanding of surface
magnetization reversal in the electrodeposited films. The static MOKE measurements also reveal
that electrodeposited samples possess strong uniaxial magneto-crystalline anisotropy which is very
important for device applications. Furthermore, angle dependent MOKE measurements reveal a
two-fold symmetry in the electrodeposited Co-FeSn films that can be expected in highly ordered
crystalline Heusler alloy phase. We also synthesized highly B2 ordered Co2FeSn and L2; ordered
CooFeAl HA nanocrystals. These studies show the possibility of growing highly crystalline and
well-ordered Heusler nanoparticles. The structural optimization is found to lead to improved
magnetic properties for both cases. Magneto thermal measurements under oscillating magnetic
field show that these Heusler nanoparticles are capable of generating heat that can be useful for

hyperthermia studies.
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Chapter 1. Introduction to Heusler alloy

Chapter 1

Introduction to Heusler alloys and their Properties

ﬁ this chapter, the background of Heusler alloy, their types, and propertib
along with different applications has been discussed. The application of

Heusler alloy in the field of spintronics, thermoelectricity, shape memory
alloy, and magneto-optical devices are also being reviewed. The importance
of cobalt iron based Heusler alloys and challenges in growing their thin films
and nanostructures, especially for those that are thermodynamically difficult

to prepare is introduced. Finally an overview of the thesis work is presented

Kby briefly introducing the various chapters of this thesis. /
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Chapter 1. Introduction to Heusler alloy

1.1 Background of Heusler alloy:

Since the discovery of a new class of intermetallic material by Friedrich Heusler [1] in
1903, research in this field has strongly developed because of their interesting electronic,
optical, magnetic, magneto-optical properties. Heusler compounds are multifunctional
magnetic materials and have been extensively studied due to their potential spintronics
applications. The first Heusler alloy was a mixture of three non-magnetic metal Cu, Mn
and Al (formula- Cu2MnAl) [2]. Depending upon the stoichiometric ratio, there could
be two types of Heusler alloys, Half Heusler (XYZ) and Full Heusler alloys (X2YZ)
where, X, Y are the transition metal elements and Z belongs to sp elements group of the

periodic table.

H ‘ X,YZ Full Heusler J _ | He |
lﬂlm XYZ7 Half Heusler _ B _ N|O | F Ne .
Na [SVIg Cl | Ar
'K | ca PSOTRICE Br |Kr |
'Rb | sr | ¥ [ Zr | Nb | Mo I |Xe |
' Cs | Ba|lm | HE| Ta | W At |Rn |

Fr | Ra | Act

Lanthanides
|La |Ce |Pr [Nd |Pm |Sm |Eu [Gd |Tb |Dy |Ho |Er |Tm [Yb [Lu |
Actinides

| Ac

Th |P:| [1} ‘Np |Pu [Am‘Cm|Bk [cr ‘Es |Fm[Md‘No |Lr ‘

Figure 1.1: The periodic table showing the X, Y, Z components for the formation of Heusler

alloy.

From the periodic table (Fig. 1.1), it is clear that an enormous number of Heusler alloys
can be designed but unfortunately not all of them are stable. The first Heusler alloy was
ferromagnetic at room temperature, but later on, it was found that those alloys could
exhibit antiferromagnetic [3,4], paramagnetic [5], ferrimagnetic [6,7] as well. Those
alloys have wide applications including topological insulators  [8,9]
superconductivity [10,11], magneto-calorics [12,13], magnetic-tunnel junctions [14],
thermo-electrics [15,16]. The detail application of Heusler alloy will be discussed in the

later part of this chapter.
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Chapter 1. Introduction to Heusler alloy

1.2 Different properties of Heusler alloy:

1.2.1 Crystal structure of Heusler alloys

There are over 2000 known compositions of Heusler alloy and those alloys can be
semiconductors, ferromagnets, half-metallic ferromagnets, superconductors, shape
memory alloys etc. After the discovery of Heusler alloy in 1903, its crystal structure was
unknown for a long duration because X-ray diffraction of crystalline structure was not
discovered at that time. It took several decades to understand the crystal structure of
Heusler alloy. In 1934, O. Heusler [17], son of F. Heusler was the first to determine the
crystal lattice of this type of compound. Heusler alloy consists of four interpenetrating
face-cantered cubic (fcc) lattices. In the same year, A.J. Bradley and J.W. Rodgers also
proved that indeed Heusler alloy consists of four interpenetrating face-cantered cubic
(fcc) lattices [18].

The physical properties and electronic structure of Heusler alloys heavily depend on
their degree and type of crystal structures. The Heusler materials family is basically
divided into 2 large subclasses: half-Heusler compounds (XYZ) and full Heusler
compounds (X2YZ). The full Heusler (X2YZ) and half-Heusler (XYZ) alloy crystal
structures are shown in figure 1.2. Full Heusler alloy consists of four interpenetrating fcc
sublattices in which two are equally occupied by X atoms. The unit cell contains total
eight cubes with four X atoms at its centre while Y and Z atoms sit at the corner so the
lattice constituents 4 interpenetrating sublattices. Generally, full Heusler X>YZ
compound crystallizes in the cubic CuzMnAl structure (space group no. 225: Fm3m, L2;)
with 2:1:1 stoichiometry [19-21]. The most electronegative transition metal X occupy
Wyckoff position 8c (1/4, 1/4, 1/4), less electronegative transition metal Y atom
occupying the 4b (1/2, 1/2, 1/2) while the non-magnetic main group element Z occupies
the 4a (0, 0, 0) Wyckoff position. This crystal structure is generally called as L2; cubic
structure which is considered as a highly ordered structure for a full Heusler alloy
material. On the other hand, the non-centrosymmetric cubic structure so called half-
Heusler alloy (space group no. 216, F43m, Clp) with formula XYZ has 1:1:1
stoichiometry. The half-Heusler lattice can be visualized as three interpenetrating fcc
sublattices. The Z atom occupies the 4a (0, 0, 0) Wyckoff position, the Y atom occupying
the 4b (1/2, 1/2, 1/2) position and X atom occupy Wyckoff position 4c (1/4, 1/4, 1/4).
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Chapter 1. Introduction to Heusler alloy

Figure 1.2: Depiction of the crystal structures of (a) cubic full-Heusler, X,YZ and (b) cubic
half Heusler, XYZ compounds described in the face-cantered cubic space groups Fm3m and

F43m respectively.

There are two more types of Heusler alloy, one is inverse Heusler alloy and another
one is quaternary Heusler alloy. Figure 1.3 (a-b) shows the crystal structure of inverse
and quaternary Heusler alloy, respectively. The CuHg2Ti-type inverse-Heusler alloy
has space group F43m similar to the half-Heusler crystal structure and it has the 2:1:1
stoichiometry like the full Heusler. In this structure, X atoms only change the
Wyckoff position. The Wyckoff positions of atoms are similar to the half-Heusler
alloy where X atom sits at 4c (1/4, 1/4, 1/4) and the Y atom occupy 4d (3/4, 3/4, 3/4)
position and 4b (1/2, 1/2, 1/2) Wyckoff position and the Z atom at 4a (0, 0, 0)
Wyckoff position.

The prototype of LiMgPdSn (XX'YZ, space group F43m, space group no. 216)
structure, generally known as quaternary Heusler alloy [22—-24] shown in figure 1.3-
b. The quaternary Heusler structure has no inversion symmetry and is called Y-type
structure. In this structure, the Wyckoff positions are 4c (1/4, 1/4, 1/4), 4d (3/4, 3/4,
3/4), 4b (1/2, 1/2, 1/2) and 4a (0, 0, 0) for X, X', Y and Z atoms respectively. Figure
1.4 shows how the different Heusler alloys can transform from each other depending

upon the addition, substitution or exchange of different elements.
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Figure 1.3: The crystal structures of (c) Inverse Heusler, XY>Z and (d) Quaternary Heusler,
XX'YZ compounds.
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Figure 1.4: The transformation of different Heusler alloys depending on the exchange of X, Y
and Z elements.
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1.2.2 Types of chemical disorders in crystal structure of Heusler alloys

Based on different atom positions, various types of site disorders have been observed in
Heusler alloys. The most ordered structure L2;, partially ordered B2, DOs and fully
disordered A2 are shown in figure 1.5. For the B2 disorder structure, a small degree of
half-metallic properties are maintained but for A2 and DO3 disorder structures the half-
metallic behavior is destroyed [25]. The atomic disorder also heavily affects different
properties of alloys such as the electronic, structural, magnetic, and transport properties
of the material [19,26,27]. Even for few cases, it is also observed that the magnetic
moment per unit cell and the lattice parameters are also very sensitive to crystal
structure [28].
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Figure 1.5: Crystal structures of preferential types of disorder: B2 (CsCl), B32a (NaTl), DO3
(BiF3) and A2 (W).
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Although, there is an infinite number of ways in which X, Y and Z atoms can be
distributed among the four sublattices, but there are only 4 types of disorder observed in
Heusler alloy. In the case of B2 type-disorder structure, the Y and Z atoms are randomly
intermixed with each other, which results in a CsCl like structure. For B32a disorder,
prototype to NaTl-structure, the X atoms which occupy one fcc sublattices is mixed with
the Y atoms whereas the X' atoms on the other sublattices are mixed with the Z atoms.
However, this type of disorder is very difficult to realize experimentally. When the X
and Y atomic positions are mixed, the lattice reduces to the D03 crystal structure. This
structure can be attributed to BiFs-type disorder. When all the atomic sites become
intermixed with each other, the structure becomes the A2 type crystal structure. The X,
Y and Z sites become equivalent leading to a body-centered cubic lattice, which is also
known as a tungsten-type structure which is the most disordered structure of Heusler
alloy material. Table 1.1 denotes the crystalline symmetry of the various ordered and

disordered structures of Heusler alloys including structure type and space group.

Table 1.1: This table denotes the site occupancy, general formula, space group and space group
number for all Heusler type compounds. ICSD is the nomenclature used for Inorganic Crystal

Structure Database and SB is the Strukturberichte.

Site General | Structure | Structure | Structure Space
occupancy | formula type type (SB) type group
(1ICSD) (Pearson)
X, XY, Z | XX'"YZ | LiMgPdSn Y cF16 F-43m (no.
216)
X=X,VY,Z X2YZ Cu2MnAl L2; cF16 Fm3m (no.
225)
X, X'=Y,Z XX"Z CuHg2Ti X cF16 F-43m (no.
216)
X=X'=Y,Z XsZ BiFs3 DOs3 cF16 Fm-3m (no.
225)
X=X'"Y=Z X2Y2 CsClI B2 cP2 Pm-3m (no.
221)
X=X'=Y=Z Xa W A2 cl2 Im-3m (no.
229)
X=Y, X'=Z XaX'2 NaTl B32a cF16 Fd-3m (no.
227)
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The simulated powder XRD pattern using VESTA software of Co2FeSn under different
crystal structures is shown in figure 1.6- a. Figure 1.6- b shows the zoom view of (111)
and (200) reflections which are most important peaks for distinguishing different types

of ordered and disordered in the crystal structures.
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Figure 1.6: Calculated X-ray diffraction patterns of CozFeSn in different order types: (a) Full

range spectra; (b) Zoom-in of the (111) and (200) reflections. X-ray photon wavelength: 1.54 A.
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A full Heusler (L21) and inverse Heusler (X) structure is identified by looking at the fcc-
typical (111) and (200) reflections and their relation to the (220) reflection. However, the
(111) and (200) reflections are very low in many alloys that’s why much care has to be
taken to visualize those reflections. Sometimes distinguishing between L2; and X
becomes difficult due to intermixing of atoms and fcc-like symmetry. In B2 type
structure, only (111) reflection vanishes whereas (200) reflection appears. In the case of
B32a, the (200) reflection disappear and for A2 type both (111) and (200) reflections
disappear. The difference between L2; and DO3 is very difficult using powder X-ray
diffractions. A technique known as anomalous XRD can be utilized to distinguish
between them. For some cases, a small disorder in an ordered compound cannot be
detected by normal XRD so some other valuable techniques such as EXAFS [29],
Mdossbauer spectroscopy [30,31], nuclear magnetic resonance (NMR), neutron
diffraction (ND) [32] are required to get the detail information of the Heusler alloys.

1.2.3 Slater-Pauling rule for magnetic moment

Most of the half and full Heusler alloy compounds follow a generalized rule for the
prediction of magnetic and electric properties, which is widely known as the Slater-
Pauling (S-P) rule [32,33]. They showed that the ferromagnetism in Heusler alloy
originated from the spin on the electrons in the 3d-orbitals. Despite being 3d based
compounds they show localized magnetism and integer magnetic moments in terms of
uB /f.u.. Slater-Pauling behavior provides the method to estimate the magnetic moment
(M) of alloy per unit cell as a function of the total number of valence electrons (Z:) per
atom. For the half-metallic full Heusler compounds such as Co,MnSn, the Slater-Pauling

rule is,

Mi=2Zi-24 (1.2)

When the total number of valence electrons is more than 24, it is assumed that the gap in
the density of states at Er is in the minority band. When the number of valence electrons
is less than 24 (which leads to a negative magnetic moment), the half-metallicity is
caused by a band gap in the majority band at Er. In the case of half Heusler alloy such as
NiMnSb, the generalized Slater-Pauling rule [34,35] is,

Mi=2Z:-18 (1.2)
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Figure 1.7 shows the total spin magnetic moments for the full Heusler alloys as a function
of the total number of valence electrons (Z:). Theoretically, it was found that half-metallic
Heusler compounds follow the Slater-Pauling rule rigorously, and later on, it was proved
experimentally [30,36,37] . In figure 1.7, the dashed line is the perfect Slater-Pauling
line and it is clear that most of the alloys lie on the line except for a few exceptions. Rh-
based Heusler alloy and a couple of Co-based Heusler alloys are out of the line. We also
can observe that there is no element with a magnetic moment of more than 7uB, this is
because in the minority spin band there are only 7 unoccupied states above the Fermi
level. Fe2VAI is non-magnetic [38,39] because it has total 24 number of valence
electrons so the magnetic moment for this alloy is zero from the S-P rule. Co,TiAl and
Co.TiSn show deviation in magnetic moment from the S-P rule because of the Ti atom.
In both cases, it is experimentally [40] proved that Co atom is only responsible for total
magnetic moment of the system and Ti atom is nonmagnetic being very difficult to
magnetize. Cobalt based Heusler alloys have almost all the properties which make them
promising material for spintronics applications. Table 1.3 shows a few cobalt-based
Heusler alloy and their experimental magnetic moments and theoretical moments from
S-P rule.
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Figure 1.7: The Slater-Pauling curve for the half-metallic full Heusler alloy. Dashed line
represents the Slater- Pauling behavior and the hollow circles represents the compounds

deviating from the SP curve. (Adapted from [33]).
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Table 1.2: Summary of a few cobalt based Heusler alloy with theoretical and experimental

magnetic moments.

Heusler Ny Mco my mz Miot Mexp Ref.
compounds

Co:MnAIl | 28 | 0.768 | 2.530 | -0.096 3.970 4.04 [33,41,42]
Co2MnSi 29 1.02 2.97 -0.07 4.94 4.90 [41,43,44]
CoMnSn | 29 097 | 323 | -0.08 5.03 5.08 [43,45]
Co,MnGe | 29 0.98 3.04 -0.06 5.00 4.93 [41,43]
Co2CrAl 27 | 0.755 | 1536 | -0.10 2.95 1.55 [46,47]
CozFeAl 29 1.129 | 2.730 | -0.099 4.89 4.96 [48,49]
CooFeSi 30 1.39 285 | -0.031 6.0 5.59 [49,50]
CozFeGa 29 1.142 | 2.795 | -0.044 5.035 5.042 [51,52]

The contributions of magnetic moments from different elements have also been shown
in table 1.2. It can be concluded from table 1.2 that, most of the Co-based alloy follows
the generalized S-P rule. So, the spin density of states at the Fermi level can be control
easily and material can be studied accordingly to get a specific magnetic moment. On the
other hand, one can replace any element from alloy by substitution with other elements

and magnetic moment can be calculated with the help of S-P rule.

1.2.4 Curie temperature

Curie temperature (Tc) is one of the most important parameter for any kind of
applications of any type of ferromagnetic materials. Curie temperature is defined as that
temperature above which a ferromagnetic material behaves like a paramagnetic one
because the net magnetic moment is zero due to random thermal fluctuations of the
moments. High Curie temperature is always expected for any device point of view.
Whenever, the Curie temperature goes less than room temperature the importance and

applications of the material goes down drastically.
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Table 1.3: Crystalline structure, Curie temperature and lattice parameters of mostly used Co-

based Heusler alloys.

Heusler Lattice parameter | Curie temperature Crystalline
compounds (A) (K) structure
Co2MnAl 5.756 693 B2
[53] [41,46]
Co2MnSi 5.654 985 L2:
[53] [41,46]
Co2MnSn 5.984 829
[54] [41,46]
Co2MnGe 5.743 905 L2:
[53] [41,46]
Co2CrAl 5.727 334
[55] [47]
CozFeAl 5.730 1000 B2
[54] [55]
CozFeSi 5.640 1100 L2:
[55] [55]
CozFeGe 5.737 1093
[51] [51]

The lattice parameter and Curie temperature of a few Co-based alloy have been shown
in the table 1.3. Most of them show Curie temperature more than room temperature
except for Co,TiAl and Co2VSn (from figure 1.8- a). Co-based (Co2YZ) Heusler alloy
show very high Curie temperature comparable with the 3d metals elements because of
very strong interaction between Co-Y and Co-Co on different sublattices. From figure
1.8, it is interesting to note that Curie temperature of Co-based alloy follow linear
dependence with number of valence electron and magnetic moment per atom. There is a
little variance for those alloys which have 27 number of valence electrons. The origin of
linear dependency and the discrepancy has been investigated using ab-initio calculations
in the local spin density approximations within the frozen magnon approach by Kubler
et al. [56,57]. The authors have used the following equation to calculate the Curie

temperature,
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(1.3)

2 1 1 171
kpTe = %07 [;an%]

In the above equation, ¢; is the local magnetic moment at site T and exchange interactions
within a sublattices and between sublattices are denoted by j,(q). So the term in the

square bracket represents the average exchange interaction.
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Figure 1.8: (a) Measured Curie temperature versus valence electron per unit cell for few Co-
based Heusler alloy (b) Curie temperature as a function magnetic moment per atom (T¢ of Co,
Fe, Sn are shown for comparison) (taken from [58,59]).

1.2.5 Half metallic behavior in Heusler alloys

For any device point of view in spintronics, half metallicity is an important parameter.
In this section, half metallicity in Heusler alloy is discussed in detailed. In 1983, Groot
et.al [60] observed that Mn based Heusler alloy show unusual electronic property using
spin-dependent band structure ab-initio calculations. They found that majority spin
channel is metallic and minority spin channel is semiconducting or insulating. This
property of material is known as half-metallicity. In this type of material Fermi level laid
within the gap for the minority spin band and the conduction electrons are 100% spin
polarized at the Fermi level. Few other systems such as magnetite FesO4, Cr oxides, the
double perovskites (SroFeReOs) [61] has also shown half metallicity.

Before going in detail of half metallic nature, let’s have a look at the density of
states of the paramagnet, ferromagnet and half-metallic ferromagnets. The degree of spin

polarization is totally dependent on the density of states.
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Figure 1.9: Schematic presentation of density of states of paramagnetic, ferromagnetic and half-

metallic ferromagnet.

The theoretical value of spin polarization for a ferromagnet is given by,

D1(Ep)—DI(EF)

P = DT(Ep)+DL(Ep)

(1.4)
Where, P is spin polarization, D1 (EF) is density of states for spin up electrons near Fermi
level and D| (EF) is density of states for spin down electrons. From figure 1.9, it is clear
that P=0 for paramagnetic as D1 (Er) = D| (Er). For a ferromagnet P < 1 as D% (Er) #
D| (EF). On the other hand, for a half metallic ferromagnet P=1 [62,63] because D| (EF)

=0 as down spin electrons do not cross the Fermi level.

After the discovery of half metallicity in NiMnSb and PtMnSb, people have looked for
half metallicity in other types of Heusler alloy and found some of them are indeed half
metallic. S. Ishida and his coworkers [64-67] extensively studied the Co-based Heusler
alloy and their half metallic property. They investigated CooMnZ (Z= Al, Ga, Si, Ge, Sn)
using density of states function theory and found that only Z= Si and Ge are half metallic
and others are normal metals. They also found that the in case of Z= Al, Ga, Sn, the Fermi
level is sitting near the energy gap of spin down band which means one can change the
number of electrons per formula unit and get the half metallic behavior. The
nonstoichiometric system with Co2MnZ1.xZ'x is expected to be half metallic when the

number of valence electrons of p-block element per unit formula is 4. Another Co-based
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system namely Co.TiZ (Z= Al, Si, Ge, Ga, Sn, Sbh) has been widely studied theoretically
as well as experimentally for half metallic nature [68-72]. Half metallic nature is
observed when Z= Sn, Al, Si and Ge and total moment per unit cell is about 2ug and
located mostly at the Co atoms. Co>TiGa is nearly half metallic, and Co2TiSb shows a
large minority DOS at the Fermi energy like a normal metal. Although the half metallicity
in Co2TiAl is little uncertain because Ti—Al disorder significantly degrades the half
metallicity [57]. The main problem with Co.Ti based alloy is their low Curie temperature
which makes them unimportant. For example, Co,TiSi has Curie temperature of 375 °K
but a substitution make their Curie temperature very high. Another interesting low Curie
temperature (334 °K) Heusler alloy Co2CrAl is expected to show half metallic
behavior [73-75].

Figure 1.10 shows the spin projected DOS of CoCrAl from which it is clear that
for spin down electrons there is zero DOS near Fermi level. It is well known that that in
Co2CrAl, the half-metallicity is robust against Cr-Al substitutional disorder. So, with the
substitution of Fe namely, Co (Fe, Cr) Al, the Curie temperature can be increased to 630

°K but as the same time Fe will destroy the half-metallicity of the system [25,77].

total = —total
==-Co
Cr

CoyCrAl

NE), eV I

Figure 1.10: Calculated spin-projected density of states (DOS) for Co,CrAl and CozFeAl [76].

1.2.5.1 The origin of half metallicity

I. Galanakis et al. [33] have discussed the origin of half metallicity and formation of
minority gap near the Fermi level using the full-potential screened Korringa-Kohn-
Rostoker (KKR) method. In their study, they used CooMnZ (Z= Al, Si, Ga, Ge) along
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with a few other Heusler system and explained their half metallic nature in a systematic
way. According to their model, the four sp-orbitals sits below the Fermi level so they
don’t contribute to the minority gap in channel of these materials. The strong d-orbitals
hybridization of all X, Y, Z elements leads to the gap in the band structure of those
materials. In the case of Co.MnZ the hybridization of Co-Co d-states and d-orbitals of
Mn atom creates the gap in the minority gap.
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Figure 1.11: Schematic representation of hybridization of different elements in Heusler type
materials. The number in front of the orbitals is the degeneracy of each orbital. (Taken from
ref. [33]).

Figure 1.11 shows the possible hybridization scheme of different d-electrons and presents
them systematically. The d1, d2, d3, d4, d5 orbitals of Co atoms correspond to dxy, dy,
dzx, dsz% and dsx?y? respectively. The d4 and d5 orbitals of the interacting Co atoms
form low energy double- degenerated bonding eg and high energy antibonding e, orbitals.
On the other hand, d1, d2, d3 form triple-degenerated less energy bonding tog and high
energy antibonding ti, orbitals. Now, the contribution of Mn 3d-orbitals comes into
picture. The 3d-orbitals of Mn hybridize with Co-Co. It can be clearly seen from figure
1.11 that the d4, d5 of transition element Mn hybridize with doubly degenerate eq of Co-
Co to give low energy bonding ey which is again doubly degenerate and doubly
degenerate anti-bonding eq which lies above the Fermi level. Similarly toy of Co-Co
interact with d1, d2, d3 triply degenerate high energy anti-bonding tog and less energy

bonding t2g. The band gap is created between higher tyg states or valence band and lower
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eg States of conduction band. The anti-bonding states e, and ti, do not interact with the
Mn d-orbitals. However, the Fermi level in situated between this two anti-bonding of Co
orbitals with a gap in the minority spin band which leads to the halt-metallic behavior.
The main-block element Z has sp- orbitals which have with less energy so it does not
contribute in the gap. Although Galanakis [33] showed that the Z-element act as electron
reservoir and it could easily shift the Fermi level. Finally a single elemental half-
metallicity concept is not possible because of requirements of ordering in the 3d and 4s
orbitals in the band structure.

1.3 Magneto Optical Kerr Effect (MOKE):

Magneto Optical (MO) effect is the interaction between magnet and light. It was Michael
Faraday in early 1845 [78] who discovered that plane of polarization of linearly
polarized light rotated when transmitting through a piece of lead borosilicate glass in
presence of magnetic field. This effect is known as Faraday Effect according to his name.
He also verified that the rotation of plane of polarization of the transmitted light is totally
dependent on the strength of the magnet. Initially, Faraday Effect was explained
classically by Lorentz in 1884 because quantum mechanics was not discovered at that
time. He proposed that left and right circularly polarized light coupled differently to

classical electron oscillators in the solid so there is change in the plane of polarization.

Later on, in 1932, H. R. Hulme et al. [79] proposed that the spin polarized electron
motion in the presence of spin orbit (SO) coupling causes the Faraday Effect. The
problem with H. R. Hulme’s theory was that he only included the spin orbit induced
splitting of the energy eigenvalues, but he neglected the effect of spin orbit coupling on
the wave functions. Finally, P. N Argyres [80] in 1955 gives the complete formulation
where he includes both spin orbit interaction and spin polarization. The application of
Faraday Effect was proposed by him, he suggested that this can be used to characterize
the magnetic material as the rotation of plane of polarization is proportional to applied
magnetic field [81]. Unfortunately, study of Faraday effect on ferromagnetic cobalt, iron
films proved that the linear dependence is no longer valid [82]. Figure 1.12 shows the
Schematic representation of Faraday effect.

17| Page



Chapter 1. Introduction to Heusler alloy

Figure 1.12: Schematic representation of Faraday Effect.

Another type of MO phenomena is Zeeman effect [83,84] which says that there is a
splitting in the spectral lines of Na atom in presence of a magnetic field. Another effect
is Cotton-Mouton effect [85] where the occurrence of magnetic double refractions is
observed in paramagnetic liquids. Among all the MO effects only Kerr effect and
Faraday effect are linearly proportional to the magnetization of material or applied

magnetic field.

MOKE, widely known as magneto optical Kerr effect [86] is another type of magneto
optical effect. It was discovered by Scotch scientist John Kerr in 1875. He observed the
rotation of polarization plane of linearly polarized light when the light is reflected from
the surface of magnetic piece of iron. The electric and magnetic component of incident
light interacts with magnetic surface and this way the plane of polarization rotate. The
amount of rotation of plane of polarization is proportional to the magnetization of the
sample. This makes the MOKE very efficient for surface magnetization study at very low
scale. MOKE is also used to study the magnetic reversible process in magnetic thin films.
This effect is used to obtain the hysteresis loops. This technique is also useful for the
visualizing surface and subsurface magnetic domains. In 1962 Conger et al. [87] showed
that it could be employed to readout suitably stored magnetic information. Since then,

MO recording has become a leading technology in the data storage industry [88]. This
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technique is highly sensitive and it can influence the subatomic layer magnetism within

the skin depth region, typically 10-30 nm for metals.

MOKE is comparatively simple technique compared to other technique for
magnetic study but one has to understand the different terminology related to this. Light
IS a transverse electromagnetic wave by nature but one can manipulate this nature and
convert it into plane polarized, circularly polarized or elliptically polarized by using
different polarizer. The term polarization was first depicted by Etienne-Louis Malus in
1811 and since then this term has been used for not only in optics but also in other branch
of physics. In optics, plane of polarization is refereed to that plane which contains the
electric field E and direction of propagation k. So, based on the polarization of electric
field there could be two type of polarization i.e. p-polarize and s-polarize. In p-polarized
light the electric field is polarized in the plane of the incidence. When the electric field
is polarized in the perpendicular to the plane of incidence is known as s-polarized light.
As we know circularly polarized light can be consists of two perpendicular plane wave
equal magnitude but 90 degree difference in phase. So, there could be two type of
circularly polarized light namely right circularly and left circularly. Right circularly
polarized (R-polarized) means the electric field is rotating in the anticlockwise direction
with respect to the direction of propagation whereas Left circularly polarized (L-
polarized) means the electric field is rotating in the clockwise direction with respect to

the direction of propagation.

1.4 Magneto Thermal Effect:

Magneto-thermal (MT) effect is the heat generation by the application of AC magnetic
field. This effect has been studied extensively especially for applications related to the
field of magnetic hyperthermia therapy (MHT) to treat cancer and other diseases. The
required heat to destroy the affected cell is generated by different magnetic nanoparticles,
fully dispersed in solution, by exposing in a high frequency AC magnetic field [89-93].
Different kinds of alloys, such as FeCo, NiCo, spinel oxides CoFe204, MnFe2O4 have
been studied extensively for magnetic hyperthermia treatments [94-97]. In this thesis,
we have shown the Magneto-thermal effect in CozFeSn and Co.FeAl Heusler alloy

nanoparticles that may be useful for MHT application.

A deep understanding of physics, development of magnetic nanoparticles having

precisely controlled shape, size and magnetic properties of nanoparticles and dynamics
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of nanoparticles in the solution are essential to develop MHT. On the other hand, it is
also very important to understand the possible mechanism that produces heat in the MHT.
The concentration of nanoparticles in the solution should be high so that it can generate
enough heat to damage the cell. For MHT application, the nanoparticle should have high
saturation magnetization (Ms) which will produce large amount of heat by the application
of alternating magnetic field (AMF). The heat generation is also dependent on the
magnetic moment per atom, coercivity (Hc), magnetic anisotropy (Hk), viscosity of fluid,
remanent magnetization (Mg) and Curie temperature (Tc). Figure 1.13 shows a typical
hysteresis loop for a ferromagnetic material and all the parameters related to the loop.

The particle size should be 10-80 nm so that it should not have any other side effects.

There are possible three mechanisms in which the magnetic materials dissipate
magnetic energy in the form of thermal energy. Those mechanisms are (a) Hysteresis
loss: Most of the ferromagnetic materials are multi domain [98] and hysteresis 10ss is
the dominant mechanism for heat generation in multi domain magnetic nanoparticles. To
minimize the magnetic energy loss in a magnetic material, domains are being formed and
when we apply an external magnetic field those domains interact with the field. Some

domains expand and some shrink as long as they align themselves to the external field.

-He +Hc Hy > +H

Magnetic field strength

-M

Figure 1.13: Representative figure of the B-H curve with important parameters of a

ferromagnetic material.
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The domain wall motion in multi domain materials is accompanied by the loss which
causes the heat generation. Enhanced magneto-crystalline anisotropy of the nanoparticles
also contributes to increased hysteretic losses results in more heat generation. (b) Eddy
current loss: When a magnetic materials are exposed to a magnetic field the material
produces a circular current known as Eddy current. This current then generates a
magnetic field which then tries to oppose the source of the current. In this way, the waste
magnetic energy produces heat. Although, such losses have not been so effective to create
efficient heat for the MHT application. (c) Relaxation loss: When the particle size is less
than a critical value known as single domain limit the required energy to form the domain
wall is higher than the magneto elastic energy loss so the nanoparticles prefer to form a
single domain. In single domain nanoparticles the heat is generated via two process i.e.
Neel relaxation and Brown relaxation. In Neel relaxation, the heat is generated by the
magnetic anisotropy energy which hinders the reorientation of the super-spin. In Brown

relaxation, heat is generated by the friction of shear stress in the viscous fluid.

1.5 Applications of Heusler alloys:

1.5.1 Spintronics

The understanding of magnetism in nanoscale region such as electrons is purely a
relativistic quantum effect. Spintronics widely known as spin electronics deals not only
with the charge of electrons but their spin degree of freedom as well. This field gained a
huge thrust after the experimental discovery of giant magnetoresistance (GMR) in 1988
by Albert Fert [99] and Peter Griinberg [100] (independently), later they won the Nobel
Prize in Physics in 2007. They have realized the GMR in Fe/Cr multilayers later on in
1996 magnetic tunnel junctions (MTJ) consists of tri-layer hetero-structures composed
of two ferromagnetic (FM) layers separated by a very thin non-magnetic (NM) insulating
barrier layer. After a few years of the discovery of GMR, it was the IBM Company that
first introduced GMR based read heads commercially, which can very sensitively detect

small magnetic fields.

On the other hand, tunnel magnetoresistance (TMR) was discovered by Julliere
in 1975 [101] where he observed a 14% of resistance change at 4.2K in an amorphous
insulating layer. The TMR ratio in the ferromagnetic/insulator/ferromagnetic layer can

be estimated by the Julliere model [101] using the following equation,
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Rap—Rp _ 2PiP,
Rp 1-P,P,

TMR = .100  (in %) (1.5)
Where, R, is the resistance when two magnetic layers are magnetized antiparallel to
each other and R,, is the resistance when the layers are magnetized in parallel. P, is the

spin polarization of one electrode and P, is the spin polarization of other electrode. P is

defined by the following equation,

__ N1—N,

o N1+N, (16)

Where, N; is the majority density of states at Fermi energy and N; is minority density of
states at Fermi energy. The GMR and TMR ratios are directly proportional to the spin
polarization of the electrodes so the electrode should possess a high value of spin
polarization. Spin polarization of conventional 3d-elements are less than 50% so there
has been a huge demand to increase this value to get closer to 100%. In 1983 R. A. de
Groot [60] revealed that some Heusler compounds are “half metals’ (theoretically 100%
spin polarized) using band structure calculations. Since then there are so many full and
half Heusler alloy have been reported as half metals. A TMR ratio of 550% at low
temperature was reported by Y. Sakuraba et.al [14] in Co.MnSi Heusler alloy with
amorphous aluminium oxide spacer. Another report on Co2MnSi/MgO/Co,MnSi by T.
Ishikawa et.al [102] shows a tunnel magnetoresistance ratios up to 180% at room
temperature and 700% at 4.2 K temperature. Co2FeAl is considered to have the highest
spin polarization among all the Heusler alloy and MTJ consisting of Co2FeAl/MgO/CoFe
showed a magnetoresistance ratio of 330% at room temperature and 700% at 10 K
temperature [103]. Along with the half metallicity, Heusler alloy also have high Curie
temperature Tc more than room temperature, large band gap at the Fermi level which
makes Heusler alloy a perfect candidate for spintronics applications.

1.5.2 Magneto-optical application

The surface magnetization is generally studied by Kerr rotation or circular dichroism
which is also known as magneto-optical effect. Half Heusler PtMnSb [104] shows a
huge Kerr rotation of 2.5 degrees at 720 nm in room temperature which is the highest in
all Heusler families. Later on PAMnSb, NiMnSb, and PtMnSn were also studied but they

showed less response compared to the PtMnSb [105] because of the unnatural electronic
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structure of this alloy. In PtMnSb, one spin channel is metallic while is semiconducting
is the reason for such a high magneto-optical response. In 2001 R. Carey [106] found
the giant Kerr rotation of 5 degrees in PtMnSb at low temperature. Co-based Heusler
alloy [54,107] also shows high and interesting magneto-optical properties. Although the
magneto-optical effect can be enhanced with doping [108,109] or some external stimuli.
Such a giant Kerr rotation is very important for next generation high density magneto-

optical applications.

1.5.3 Thermoelectricity

Heusler compound also holds an important application in thermoelectricity. When the
total number of valence electron is 18, the compound is expected to be
semiconducting [110,111] and these compound show a high Seebeck coefficient and
low electrical resistivity. Mostly the half Heusler alloy based on Ti- and Zr- are the
candidates for the thermoelectric applications [112-117]. There are few full Heusler
alloy with valence electron of 24 also showed an enhanced Seebeck coefficient [118-
120]. The Heusler alloy with martensitic transition have interesting properties like large
shape memory effect and large magneto-caloric effect as well. Figure 1.14 shows all the
possible application of Heusler alloy.

Half-metallic
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Magneto
thermal

Magneto
optical
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Spin Transfer
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Figure 1.14: Possible application of Heusler alloy
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1.6 Literature review on Co.FeSn Heusler alloy:

CooFeSn is expected to be a versatile spintronic material due to large spin polarization
[122, 123] and possible topological property [124]. According to the Slater-Pauling rule
CozFeSn Heulser alloy (CozFeSn) should have large magnetic moment of 6us. K.
Ozdogan et al. [121] theoretically calculated the moment which is 5.52us. N. I. Kourov
group [122] showed that bulk Co2FeSn has Curie temperature of ~ 968 K. In 2015, H.
L. Huang et al. [123] theoretically studied anomalous Hall Effect and current spin
polarization in the cubic L2; structure of Co2FeSn) by using the highly accurate all-
electron FLAPW method. According to them, the spin polarization of the longitudinal
current (PL) in Coz2FeSn is =~ 100% and the static spin polarization (PD) is less with
differing in sign from PL. The calculated anomalous Hall conductivities (AHCs) is 200
S/cm according to their study. Three years later in 2018, J. Noky et al. [124] proposed
that Heusler compound CozFeSn exhibit only very small anomalous Hall conductivities
(AHC) but a strong anomalous Nernst conductivity (ANC). Moreover, CozFeSn is
expected to host a nodal line structure with strong Berry curvature around 100 meV
above the Fermi level. Due to this distance from Er, the topological property cannot be
detected in the anomalous Hall conductivity. Thus it gives a strong anomalous Nernst
conductivity near the Fermi level, which they explained via a detailed analysis of the

underlying mechanisms of the two effects in a real system and a minimal effective model.

However, a major challenge in realizing CozFeSn stems from the fact that it has
positive formation energy that makes it thermodynamically difficult to prepare [125].
As a result thin film growth of Co2FeSn has been found to be untenable using ultra high
vacuum based physical vapor deposition (PVD) methods [126]. On the other hand, the
formation energy of binary phases like CoFe, FeSn and CoSn that leads to phase
segregation. Hence it is important to look beyond conventional PVD growth methods
and it is proposed that a non-equilibrium method like electrodeposition can lead to
successful growth of Co2FeSn. Previously C. Chisholm et al. [127] deposited
amorphous Sn—Co—Fe ternary alloys using an electrodeposition method and studied their
structural and magnetic properties. Later on, in 2013 J. Duan et al. successfully deposited
Co2FeSn film [128] using constant current mode (chrono-potentiometry) and later on in
2015, N. Watanabe et al. [129] also deposited Coz2FeSn films using constant voltage
mode (chrono-amperometry). The problem with all those deposited films is that they

were deposited at high voltage or current which leads to thick film with poor morphology.
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Also these films had A2 type fully disordered crystal structure. There has been few
reports on the growth of Co2FeSn nanowires by electrodeposition technique. In 2018, H.
Lu et al. [130] first reported the successful deposition of nanowires which have soft
ferromagnetism and their easy magnetization axis is perpendicular to the long axis of
nanowires and the nanowires show magnetic reversal as well. This was followed by
growth of CozFeSn nanowires by L. Galdun el al. [131]. These nanowires were show

to have high spin polarization values of better than 0.85%.

1.7 Overview of thesis work:

This thesis presents new methods and critical understanding for the development cobalt-
iron based Heusler alloy nanostructures namely that of Co.FeSn and CozFeAl for
possible magneto-optical and magneto thermal applications. Following is an overview of
the chapters presented in this thesis work:

(1) Introduction: In this chapter, the introduction and the background of Heusler alloy
including all the fundamental aspects as well all the possibilities of applications are
elaborated. Different properties such as crystal structure, types of disorder in HA, Slater-
Pauling rule for magnetic moment, Curie temperature and origin of half metallicity, etc.
are also discussed. In the end, this chapter concludes with a brief summary of previous
studies and importance of Co2FeSn Heusler alloys and the difficulties to grow them using

the conventional vapour deposition techniques.

(2) Film deposition and characterization techniques: Chapter 2 presents various
experimental methods used in this thesis work. This include different techniques used for
synthesis, deposition and characterization of the Heusler alloy systems presented in this
thesis. The structural characterization techniques such as X-Ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), and Atomic Force Microscopy (AFM),
Scanning electron microscope (SEM) are also described in this chapter. The basis and
working principle of vibrating sample magnetometer (VSM) and superconducting
guantum interference device (SQUID), Magneto-optical Kerr effect (MOKE) technique

and MOKE microscopy method for studying magnetic properties is discussed in details.

(3) Electrodeposited Heusler alloy films with enhanced magneto-optical property:
A major challenge in the realization of thin films of Heulser alloys is to grow systems

that are thermodynamically unstable using the conventional physical vapor deposition
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method. Chapter 3 discusses a novel scheme developed in this thesis [132] to
electrodeposit high quality Co2FeSn films. The chapter describes a modified three-step
electrochemical growth method for thin film deposition of thermodynamically unstable
Heusler alloys. Using this scheme we have successfully grown CozFeSn thin films on
polycrystalline copper substrate. The chapter also presents the magneto optical property
study of these films [132]. These electrochemically grown films are found to show
excellent magneto—optical property using the magneto-optical Kerr effect (MOKE)
technique.

(4) Growth of Co2FeSn thin film on single crystalline silicon substrate and their
magneto-optical applications: Chapter 4 of this thesis presents a scheme for
improvement of crystalline quality and roughness of CozFeSn films by developing a
method for electrodeposition of Co2FeSn thin films on a single crystalline substrate
[133]. These electrodeposited film show good morphology with a finite L2; ordering as
confirmed by the high-resolution hard X-ray diffraction. The deposited films show a
large degree of magneto-optical Kerr rotation (MOKE) as well as high saturation
magnetization at room temperature. The Kerr measurements show rotation reaching up
to a maximum value of ~ 0.8° on a single crystalline substrate which is comparable with
the films grown by conventional techniques [133]. Using Kerr microscopy studies we
understand the formation and evolution of the magnetic domains in these
electrodeposited films. Through these studies, we develop an understanding of surface
magnetization reversal in electrodeposited films [133]. The static MOKE measurements
also reveal that electrodeposited samples possess strong uniaxial magneto-crystalline
anisotropy which is very important for device application point of view. Furthermore,
angle dependent MOKE measurements reveal a two-fold symmetry in the
electrodeposited Co2FeSn Films that is typical of highly ordered crystalline Heusler alloy

phase.

(5) Strain and crystallite size controlled ordering of Heusler nanoparticles having
high heating rate for magneto-thermal application: Yet another challenge in the
development of Heusler alloy nanostructures is to grow structurally ordered
nanoparticles. In this chapter the thesis presents development of highly B2 ordered
Coz2FeSn HA nanocrystals [134]. CozFeSn nanoparticles were synthesized using the
reduction and decomposition method embedded in silica matrix. We have shown that by
controlling the product of strain and coherent crystallite size of the nanoparticles the
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crystalline and structural ordering in Heusler nanoparticles can be optimized. The
structural optimization is found to lead to improved magnetic property. Furthermore to
evaluate the heat generation efficiency of the Heusler nanoparticles, magnetic
hyperthermia efficiency was performed. A large specific absorption rate (SAR) value of

about 112 W/gm was obtained at moderate strength of the alternating magnetic field.

(6) Growth of L21 ordered CozFeAl Heusler nano-crystals for magneto-thermal
applications: This chapter discusses growth, magnetic property and hyperthermia
studies of highly crystalline Co2FeAl nanocrystals. The CozFeAl nanoparticles were
grown in PEG matrix that crystalizes in L2; phase. To study the magneto-thermal
property, the hyperthermia measurements were employed. The nanoparticles shows a
good heat generation capability leading to rise in the temperature with high SAR value

under application of alternating magnetic field.

(7) Conclusion: This chapter briefly presents the conclusion and future outlook of the

research work carried out in this thesis.
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Chapter 2

Experimental techniques

In this chapter, different techniques used for synthesis, deposition and
characterization of the Heusler alloy systems are discussed. Section 2.1
describes different synthesis/deposition techniques for the thin film along
with those techniques used for deposition of CozFeSn thin films. Section
2.2 devoted to describe the structural characterization techniques such as
X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), and
Atomic Force Microscopy (AFM), Scanning electron microscope (SEM).
In section 2.3, discusses the basis of vibrating sample magnetometer
(VSM) and superconducting quantum interference device (SQUID). In
last section, Magneto-optical Kerr effect (MOKE) technique and MOKE

Qroscopy method will be discussed. /
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2.1 Different synthesis techniques:

2.1.1 Arc melting technique

One of the most earliest and important synthesis processes of Heusler alloy is arc melting
process [1-4]. Even, F. Heusler used this process to synthesize the CuoMnAl bulk alloy
in early nineties. Later on, hundreds of alloys have been synthesized using this technique.
In a typical arc melting system, polycrystalline sample can be prepared. An arc melting
system consists of three main parts- the vacuum chamber, cooling system and the power
source. Inside the chamber, a water-cooled cylindrical copper hearth is placed which acts
as the anode and also functions as a crucible for melting the samples. The water cooled
tungsten sharp tip acts as a cathode. To avoid any oxygen contamination, chamber must
be evacuated to a base pressure using the rotary and turbo-molecular pump then argon
gas backfilled to achieve the atmospheric pressure. All the metals should be placed inside
the copper hearth and tungsten tip should bring close towards the metals. When the
distance between them is very less, there will be arc discharge and argon plasma will be
formed. As the temperature of the plasma is very high it melts every metal placed inside
the hearth. To make sure, the uniform distribution of all metals, it is necessary to re-melt
the sample again and again. To achieve the right stoichiometric ratio in the sample, one
must consider the mass loss during the meting process because different elemets has mass

loss during evaporation.

2.1.2 Magnetron Sputtering

Magnetron Sputtering is another famous technique to deposit the thin films of Heusler
alloys [5-7]. In this technique, atoms are ejected from the surface of target by
bombarding the energetic ions via energy transfer process. This technique can control
deposition capability of wide range of material irrespective of its conductivity, deposition

over Iarge area, etc.

The Figure 2.1 shows the schematic diagram of a typical sputtering deposition system.
Firstly, the chamber is evacuated using pumps to a high vacuum range (base pressure).
Then argon gas is filled inside the chamber to get the working pressure. At working
pressure, gaseous plasma will be formed and it will sputter the atoms from target
material. There are mainly two kinds of sputtering available- DC sputtering and RF
sputtering unit. In DC sputtering unit, two electrodes are placed inside the chamber which

helps to form the argon plasma. It is useful to deposit any kind of conducting material.
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Figure 2.1: Schematic for sputtering deposition technique in a vacuum chamber. The Ar™ ions
(red circles) hits the target after a voltage is applied to it. The target atoms (blue circles) are

ejected upon momentum transfer and deposit on the substrate.

In RF sputtering, an radio frequency is used to form the plasma inside the chamber. RF

sputtering is used to deposit non-conducting material mostly different metal oxides.

2.1.3 Electrodeposition technique

The electrodeposition technique is widely known as the electroplating. By definition, it
is the technique which uses an electrical current to reduce the positive ions of a desired
elements from an electrolyte solution and deposit those elements as a smooth thin film
onto a conductive substrate surface. This technique has been extensively used in industry
coating technology, for decoration and protection, to achieve the desired electrical and

corrosion resistance of any surface, to improve the electrical conductivity.

There is two kinds of electrodeposition setup available: one is two electrode system
and other one is three electrode system. Figure 2.2 shows the diagram of a three electrode
electrodeposition system. In a typical electrochemical workstation, three electrodes are
presents namely: working electrode/cathode (red in color), counter electrode/anode
(black), reference electrode (blue). The current that passes through the electrolyte is
measured across the working electrode and counter electrode. The reference electrode is
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to control the voltage. For the deposition of materials, cathodic deposition is used because
most of the metals are positive ions. The other important component of electrodeposition
is electrolyte solution which provides the ions to be deposited on the substrate.
Electrolyte can be agueous or non-aqueous which should contain all the metal salts.
Metals salts are mostly positive ions and those ions accelerated towards the cathode
which is the substrate. After reaching the cathode, the ions sees a huge electron cloud

where ions receive electron and become neutral atoms.
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Figure 2.2: lllustration of the electrodeposition system with potentiostat, booster and

conventional three electrode cell.

pH of the electrolyte is very important factor which controls the deposition rate.
Sometimes, different additives are used in the electrolyte to form the complex, to enhance
or lower the deposition rate. The third component is power supply to drive the current
through the electrolyte. There is three process to deposit the metals ions: (a) at any
constant voltage where current will be changed with respect to time is known as
potentiostatic mode deposition, (b) at constant current supply where voltage will be
changed with respect to time is known as galvanostatic deposition. (c) using a current or
voltage waveform known as pulse deposition. The process which is responsible for
deposition can be outlined as, at cathode M**(aq) + ze” — M(s) and at anode M(s) —

M=*(aq) + ze". The Faraday law governs the amount of metals deposited which says that,
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the amount of chemical change produced by an electrical current is proportional to the
quantity of electricity that passes through the electrolyte and the amounts of different
substances liberated by a given quantity of electricity are inversely proportional to their
chemical equivalent weights. We have used Autolab based PGSTAT302N from
Metrohm AG electrochemical workstation for the thin film deposition. This instrument

was equipped with the booster for high current deposition.

Other available methods to prepare the single crystal Heusler alloy are Bridgman
method, the floating-zone method and the Czochralski technique. Molecular beam
epitaxy, plasma quest high target utilization sputtering are also known method to deposit

the thin film of Heusler alloy.

2.2 Different characterization techniques:

2.2.1 X-ray diffraction (XRD)

The X-ray diffraction (XRD) is the most important and non-destructive tool to identify
the crystal structure of any kind of oriented materials. Using XRD one can find preferred
crystal orientations, lattice spacing, phases, average grain size, crystallinity, crystal
defects and strain etc. A schematic diagram of XRD shown in figure 2.3 where two
identical beams incident on a crystalline plane and scatter off of two planes of atoms

within the crystal.

The X-rays were discovered by Wilhem Rontgen [8] in 1895 and this are
electromagnetic radiations wavelength ranging from 0.01-10 nanometers. As the inter
planer distance between atoms in any crystal lattice is also in the same order of nanometer
so according to diffraction rule the incident x-rays and atomic planes can interact with
other. It was Max von Laue who first gave the explanation about this x-rays scattering
process from an atomic planes. When the x-ray scattered off from the sample most of the
wave cancel each other due to destructive interference. From the figure 2.3, it can be seen
that the path difference between to rays is 2dsin 6, where 0 is the angle of incidence and
d is the inter planer spacing in the crystal. Only constructive interference between rays
will give the intensity peak and the condition was given by Bragg’s law [9] which states

that the path difference needs to be an integer number of wavelengths.

41 |Page



Chapter 2. Experimental techniques

/7
4,
/
/
AN
AN

//
X
\\
X\

Figure 2.3: Schematic of XRD showing Bragg’s diffraction from atomic planes

2d sin@ = nA (2.1)

the wavelength of the radiation source is 4 and 6 is called Bragg’s angle. A typical X-
ray diffractometer consists of three main components i.e. an X-ray tube, a sample holder,
and an X-ray detector. For most of the case x-rays are generated in a cathode ray tube
where, electron are produced from a filaments and then the electron are accelerated
towards the target material by applying a positive voltage. When the electron are
bombarded with the target materials, the inner cell electron of target materials excited
giving rise a characteristic wavelength of the target materials. For target materials mostly
Fe, Cu, Mo, Cr are used. The characteristic x-rays contain different component so filters
are used make the beam monochromatic. The monochromatic x-ray then incident onto
the sample and the reflected x-rays are collected at the detector. As the source and
detector are rotated a peak in intensity occurs when the incident x-rays satisfy the Bragg’s
equation. The detector then processed the data and give a sharp intense peak for any
highly crystalline sample. The design of the instrument is such that the source is rotated
at an angle 8 and detector is mounted on other arm, rotated at an angle 26. This kind of

arrangement is known as goniometer type arrangement.
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In this thesis work, Bruker make 8A ADVANCED ECO model powder diffractometer
was used for phase analysis of deposited thin films and powder samples. Copper is used
as a target material in this instrument, with Cu K, radiation = 1.5418A. The x-ray tube
in this machine is working at 40kV voltage and 25mA current. For the thin film study,
we have used grazing angle incidence XRD (GI-XRD) because the normal 6-26 mode
XRD may not be useful for thin films study and the signal strengths are very week. On
the other hand, due to low angle incidence the skin depth is very low and signal strengths

are strong in the case of GIXRD.

2.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a very powerful tool to investigate the
internal structural and chemical properties, morphology, and composition of any sample
down to the atomic level. In 1926, H. Busch had discovered that the magnetic lenses are
able to focus an electron beam in a certain direction. Keeping this in mind, in 1931, E.
Ruska and M. Knoll [10] built the first transmission electron microscope (TEM) that
consisted of two electromagnetic lenses. For this discovery, Ruska was awarded with
Nobel Prize in 1986. Modern TEM have sufficient resolution to image individual atomic

planes in crystalline solids.

Incident high-kV beam

Secondary electrons (SE)
Back-scattered electrons (BSE) (-
Characteristic x-rays

Auger electrons

\ /ViSible LT

Absorbed Electron-hole
— Thin specimen —_—
electrons pairs

/ \ Bremsstrahlung x-rays

Elastically scattered electrons In-elastically scattered electrons
Direct beam

Figure 2.4: Interaction of an electrons with a specimen and the possible generated signals [11].

Typically a modern TEM can display a magnified image of a specimen by the range of
2,000x to 1,500,000x. TEM generally works in high vacuum of the order of 101° mbar.
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Figure 2.4 shows the interaction of an electron with the specimen. The incident electron
(primary electron) scattered by the atom of the positively charged nucleus at an angle
more than 90° is known as backscattered electrons. These electron electrons have the
same energy as the primary electron. The electrons which are scattered by electrostatic
interaction with the positively charged nucleus of an atom at an angle of less than 90° is
known as elastically scattered electrons. Those electrons which loose its energy is known
as in-elastically scattered electrons. Loosely bounded electrons which are mostly from
the conduction band can easily be ejected are known as secondary electrons (SE). All the
electrons or the radiation can be detected to get the information about the specimen.
Different properties of the specimen such as topography, elemental composition, selected
area electron diffraction (SAED) pattern can be deduced depending on the scattered

electrons or radiations.

Figure 2.5 shows a schematic diagram of a TEM machine. A typical TEM consists of
three major compartments i.e.: (1) an electron gun at the top of the column which
produces broad electron beam due to heating of the wire by an electric current (thermo-
ionic emission). The electron source generally is made up of tungsten wire or lanthanum
hexaboride (LaBs) because the work function id very low of those materials. The cathode
and the control grids are kept in a negative potential and is isolated from the rest of the
instrument. Then there is electron accelerator which accelerate the electrons. The
electrons are accelerated in the range of 100kV-300kV. The condenser coils helps to
focus the electron beam onto the specimen (sample). (2) The heart of the system is the
objective lens which decides the ultimate resolution of the microscope. This
compartment also contains the specimen stage, intermediate lens and projector lens.
Projector lens focused the electrons, which are passing through the sample to form the
clear and magnified image. The intermediate lens is of different strength so one can
image the sample or record the diffraction pattern by changing the strength (3) The final
part is called image-recording system. This is also very important part of the instrument
where electron images are converted into some form which can be visible to human eye.
This part of the instrument is consists of a fluorescence screen and CCD camera. The
screen is used to visualize and focus the sample. The charge coupled device (CCD)

camera is used to record the images.
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Figure 2.5: Schematic diagram of a TEM instrument.

2.2.3 Atomic Force Microscopy (AFM)

Scanning Probe Microscopy (SPM) is truly a marvelous tool that provides the surface
properties such as the local height, friction, magnetic properties, and constructs a map of
this data to form an image of the surface. There are two category SPM that exist i.e.
Scanning Tunneling Microscope (STM) and Atomic Force Microscopy (AFM). STM
was invented by Gerd Binnig and Heinrich Rohrer [12] in 1981 for which they received
the Noble prize in 1986. The problem with STM was it can only image materials that can
conduct a tunneling current i.e. samples must be a conducting one like metals and
semiconductors. To overcome this problem, Atomic Force Microscopy (AFM) was
introduced by Gerd Binnig and Quate [13]. AFM is a microscopy technique in which 3-
dimensional topographical images of all type of sample surface can be visualized. AFM

which is used in laboratories can go down to atomic resolutions of 10-2° m or one tenth
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of nanometer. AFM can image all kinds of materials such as single molecules,

semiconductor devices, nanoparticles, thin films, biological samples, etc.

A schematic diagram of the setup of the AFM can be seen in figure 2.6. AFM works
on the principle that it measures the force between a sharp tip and the surface of the
sample at a very short distance typically 0.2-10 nm separation. The sharp tip is connected
to a flexible cantilever. The cantilever is made up of a very low spring constant material
silicon nitride (SisN4) or silicon. When the tip scans the sample surface, the force between
tip and sample changes according to the sample surface. The force is measured using
Hooke’s Law which says that amount of force between the probe and sample is
dependent on the spring constant of the cantilever and the distance between the probe

and the sample surface.
F=—-k.x (2.2)

Where, F is force, k is spring constant (units of N/m) and x is the cantilever deflection.
When the tip scans across the sample surface different types of interaction could occur
i.e. capillary, Van der Waals forces, electrostatic, double layer forces, etc. While the tip
moves above the sample surface, tip oscillates according to the sample surface
topography and this induces a motion in the cantilever. To measure the induced motion
in the cantilever, a high-gain transducer of cantilever deflection plus a feedback

mechanism is needed.
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Figure 2.6: Schematic diagarm of an Atomic force microscopy (AFM).

Among all techniques the optical beam deflection technique is often used to detect the
cantilever deflection. A piezo-electric crystal is also used to maintain a constant bending
of the cantilever. To detect the bending of the tip a laser light is used which is reflected
from the backside of the cantilever towards a position-sensitive photodetector consisting
of four side by side photodiodes. The deflected laser beam has information about the
bending at the cantilever and can measure the actual position of the cantilever. There are
three types of mode in which AFM generally works: contact mode, tapping mode, non-
contact mode. The distance between the tip-sample and different forces is shown in figure
2.7. Contact mode is also known as repulsive mode where the tip is kept in soft physical
contact with the sample surface. The tip moves across the samples and the topography of
the sample surface is measured. The main drawbacks of this mode are that due to physical
contact sample might get damaged and sometimes AFM tip breaks because of physical
contact. Tapping mode is known as an attractive mode. This is the most preferred mode
for high resolution topographical images for any kind of sample. In this mode, cantilever
oscillates at a resonant frequency by a small piezoelectric material connected to the
multimode AFM tip holder. The tip lightly touches or taps the surface while scanning
and the oscillation vary from 10-100 nm. The last one is non-contact mode which is
similar to tapping mode but here tip never touches the sample surface. The tip oscillates

with small amplitude but the frequency is larger than its resonance frequency.
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Figure 2.7: Different modes of AFM and tip-samples distance curve and interacting forces

between them (concept from ref. [14]).

2.2.4 Scanning electron microscopy (SEM)

The working principle of the scanning electron microscope (SEM) is very similar to the
transmission electron microscope (TEM). SEM also uses the high energy electron beam
to generate the signal from the sample after the interaction. The sample-electron
interaction produces secondary electrons, backscattered electrons, photons, and
diffracted backscattered electrons. Using SEM, we can study different properties of the
sample such as morphology (texture), topography, crystalline structure, chemical

composition, and orientation of materials.
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Figure 2.8: different components of a typical scanning electron microscope.
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Figure 2.8 shows a scanning electron microscopy setup and its different components. The
electron gun is kept at top of the instrument which is generally made up of tungsten wire
or a LaB6 material. Electron gun continuously produces electrons due to thermo-ionic
process or field emission process. The electron then passes through a metal plate (anode)
which accelerates the electron towards the lenses. To get high quality images without
any aberration, the condenser lenses are used. These lenses make the electron beam as
narrow as possible. Generally, one condenser lens is enough but two condenser lenses
are used to produce a reduced image of the source. The first lens is strong which is
adjustable to change the beam diameter and beam current and the second lens is to focus
the electron beam into the objective lens. The main component of SEM is the objective
lens which focuses the electron beam onto the sample and then form a primary image of
the sample. Focusing of the image is done by changing the strength of the objective lens.
Mostly secondary electrons are detected to produce SEM images of the sample. The
backscattered electrons give the idea about the crystal structure and orientation of sample
on any substrate. Another important feature of SEM is that it can give us the elemental
composition of the sample. In this case, the electron has high energy to produce X-rays
from the sample and those X-rays are then detected to get the elemental composition of

the sample.

2.3 Magnetic characterization techniques:

2.3.1 Vibrating sample magnetometer (VSM)

Measuring the magnetization M (magnetic moment per unit volume) of any magnetic
material always required the external magnetic field. Although there are few ways to

measure the bulk magnetization of magnetic sample, such as,

(a) Force method: In this method a magnetic dipole is kept in a filed with gradient and
the force experienced by the dipole is measured using an analytic balance. The change

in the energy of a dipole in a magnetic field is given by,

E=-— % uomH 2.3)
If the change is in the x-direction then the force is given by,

OE 1
F==5 =gk

d(MH)
dx

(2.4)
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For a ferromagnetic material M is constant so

0E 1
F = —E—E‘L{OVM

a(H)
o (2.5)
An important aspect of force measurement is that applied has been changing with respect
to the position. An example which use the force method is alternating gradient

magnetometer.

(b) Electrical method: Hall Effect magnetometer is an example of electrical method
which measures the magnetization of the magnetic sample. In this method, the magnetic
field is measured by measuring the hall voltage within the sample by the applied field

then it is used to find out the net magnetization of the sample.

(c) Induction method: The vibrating sample magnetometer (VSM) is an example of the
induction method. It is basically the application of Faraday’s law induction which states
that an electromagnetic force is generated in a loop coil when there is a change in flux
through the pick-up coil. The induced e.m.f. is proportional to the rate of change of the
field and the direction of the induced current is given by Lenz’s law. VSM was first
described by S. Foner, in 1959 [15,16] at the Lincoln laboratories. After this there were
different types of VSM have been introduced [17-20] but the working principle is same
for all the cases. Figure 2.9 shows the Quantum Design make PPMS (Model Evercool
I1) used in the present work. In a typical VSM, the magnetic sample is placed on a rod
inside the cryostat. The chamber is placed inside the electromagnets which produced a
uniform external magnetic field of different magnitude. The sample is connected to the
rod which could vibrate vertically (vibrating sample magnetometer) at a certain given
frequency. The pick-up coils are connected to the poles of the electromagnet. The
magnetic flux associated with the pick-up coil changes due to the sample and induces an

electromotive force in the coil. The induced flux is given by,

¢ () = upoH (2.6)

Where, p is the point dipole and H is external applied magnetic field. If the sample is

vibrated vertically then the induced voltage is given by,

_ A9
V(t) =—N 0

V() =-N2DE 2.7)
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Where, N is the number of coils in the pick-up coils and z is the position of the sample
along the vertical direction. The induced voltage is detected and measured by a lock-in
amplifier. If we know the amplitude of the oscillation A, frequency of the oscillation f,
where o=2nf, then one can use the following equation to find out the magnetic moment

of the sample,
Vinducea = MwACc sin wt (2.8)

Where c is the coupling constant and m is the magnetic moment of the sample. A typical
PPMS-VSM has less sensitivity than SQUID but high sensitivity than conventional
VSM. With a VSM one can find the complete information of magnetic thin films or
nanoparticles or any other nanostructures or bulk samples. Various magnetic parameters
such as, magnetic moment, coercivity, saturation magnetization and remanence can be
found using a VSM (from M-H plot)
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Figure 2.9: Schematic of a vibrating sample magnetometer (VSM)
2.3.2 Superconducting quantum interference device (SQUID)

A typical SQUID [21,22] uses a Superconducting Quantum Interference Device
magnetometer which can detect a tiny change in the magnetic flux. This technique is
used to detect the magnetic property (AC and DC both) of magnetic samples. SQUID
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can detect and measures magnetic moment (m) of any given sample at various applied
fields, H, and temperatures, T and using m, one can find out the magnetization of the
sample. SQUID can also use as an ac susceptometer where a small alternating magnetic
field H is applied and the time dependent response, m(t), is recorded. From these
recorded data, one can calculate the ac susceptibility of the sample. SQUID technique is
extremely sensitive and the sensitivity can reach up to 10 flux quanta of @ variation in
magnetic field that makes the SQUID possible to measure all kinds of magnetic samples

including impurities even in low magnetic field strength.

The superconducting state, first observed in mercury by Heike Kamerlingh- Onnes in
1911. By cooling the mercury with liquid Helium-4, which boils at 4.2K, the resistance
of mercury dropped sharply to a value close to zero at a certain temperature known as
critical temperature Tc. Most of the normal superconductor has critical temperature
almost from 1 K to 23 K. There are few ceramic based materials which have a high
critical temperature ranging from 90 K to about 138 K. The most successful theory that
explains the superconductivity was given by Bardeen-Cooper-Schrieffer (BCS theory) in
1957. According to BCS theory, lattice vibrations force the electrons to pair up into teams
(Cooper pairs) that could pass all of the obstacles which caused resistance in the

conductor.

The operation of SQUID is based on the Josephson junction effect [23]. This effect
was proposed by B. D. Josephson in 1962 for which he was awarded the Nobel Prize in
physics. Later this effect was experimentally observed in 1964 by Anderson and
Rowell [24]. When two superconductors are separated by a layer of the insulator which
is thin enough, superconducting electrons would be able to tunnel from one
superconductor, through the thin gap to the other superconductor, resulting in the flow
of a resistance less current through the insulator even with no voltage applied between
them. Such currents are called Josephson currents and physical systems composed of two
layer of superconductor that exhibit this type of property are called Josephson junctions.

Figure 2.10 shown a simplified circuit for a dc SQUID magnetometer.
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Magnetic shield

Pre amp integrator

Feedback coil

Figure 2.10: Simplified circuit for a dc SQUID magnetometer

Flux quantization (®o) plays an important role to understand the dc SQUID working
principle. An external magnetic field can penetrate a superconductor if and only if the

magnetic field is an integer multiple of the magnetic flux quantum ®o,

By =2 =2x10"15Wh 2.9)

2e

where / is the Planck’s constant and e is the charge of the electron. Figure 2.11 shows a
pick-up-coil geometry along with the superconductor loop. In SQUID, magnetic flux is
calculated in terms of voltage. A change in the voltage is monitored in order to determine
the magnetic flux that is coupled to the superconducting loop. From Figure 2.11 it can
be seen that a sample is mounted inside the pick-up coils (detection coil) and vibration
(up down through the pick-up coils) is applied to the sample that leads to an alternating
magnetic flux in the pickup coil. The pick-up coil is consists of a superconducting wire
wound in a three coil configuration in a second order gradiometer geometry. The upper
coil is a single turn wound clockwise, the center coil comprises two turns wound
counterclockwise, and the bottom coil is again a single turn wound clockwise. The reason
for this kind of configuration is that the detection coil can only sense the magnetic stray
fields of the sample and any component coming from the external fields is canceled out.
When the sample moves vertically kept inside the pickup coils, the magnetic moment of

the sample induces an electric current in the pickup coils. This modification in the
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detection coil gives rise to a generation of persistent current in the pickup coils which is

proportional to the change in the magnetic flux.

flux transformer Iz-translatlon

SQUID\ \ /—>

I —

C ) -—4_ sample

L— \
> Pick-up coils
— — ]

Figure 2.11: A typical pick-up coils geometry.

The pickup coils, superconducting wires, and SQUID are connected in a loop so it then
converts the magnetic flux into a voltage which is proportional to the magnetic moment

of the magnetic sample.

2.3.3 Magneto Optical Kerr Effect (MOKE)

The basic and fundamentals of MOKE has already been discussed in the introduction
chapter. Here, I will discuss the types and working priciple of MOKE. Depending upon
the orientation of magnetization with respect to incident plane and sample plane, there
are three types of MOKE effects. J. Kerr in 1875 while discovering Kerr effect, he used
a pole of a magnet to reflect the incident light so this called polar MOKE (P-MOKE). So
in P-MOKE spontaneous magnetization of the sample lies in perpendicular to the sample
surface and parallel to the propagation vector of light. Second type is longitudinal MOKE
(L-MOKE) where magnetization of the sample is in parallel to the sample surface. L-
MOKE is responsible for both Kerr rotation and Kerr ellipticity and it is sensitive to in-
plane component of magnetization. Last one is transverse MOKE (T-MOKE) where
magnetization of the sample is parallel to sample surface but perpendicular to the plane
of incidence. T-MOKE is responsible for the change in the intensity of reflected light by

magnetic reversal.
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Figure 2.12: Different types of MOKE: (a) Polar MOKE, (b) Longitudinal MOKE, and (c)
Transverse MOKE.

When an incident light comes off from a magnetized sample generally two things happen,
firstly its plane of polarization rotated over a small value known as Kerr notations (6k)
and secondly the reflected light become elliptically polarized known as Kerr ellipticity

(ex). So, the mathematical equation is something like,
eK == GK + igK (210)

Generally MOKE is described macroscopically by a dielectric tensors € (DK) [25].

Equation 2.10 can be written as,

i&xy

@(1 _gxx)

Where, exx and exy are diagonal and off-diagonal elements of the DK tensor, respectively.

eK = HK + igK = (211)

However, the off-diagonal term are linearly dependent on the magnetization. This is
responsible for the magneto-optical response because there is different absorption of left
and right circularly polarized light. On the other hand, the diagonal elements describes
the optical reflectivity. The dielectric tensor in the case of magnetic material is in the

form following matrix,

1 iQ, —iQy
E=¢liQ, 1 iQ, (2.12)
iQy —iQ, 1

Where, Qx , Qy and Q are proportional to the three components of the magnetization
vectorin the material. Figure 2.13- a, b are the conventional MOKE set up for
magnetomatry in different types of MOKE effect. At first the light beam passes through
the liner polarizer from a laser source and a photo elastic modulator (PEM) superimposes
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Figure 2.13: Schematic diagram of a MOKE in different configuration (a) polar and (b)

longitudinal/transverse mode.
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periodic quarter-wave retardation (+A/4 ) to this beam, before it reaches the sample. After
the beam is reflected, the light beam again passes through a linear analyzer and then the
signal is collected at the detector. Detailed discussion on MOKE technique is discussed
in ref. [26,27].

The Kerr microscopy is a technique in which magnetic domain images can be
recorded at each point of the hysteresis loop. Initially, this technique was considered
weak method and it was difficult to record images of any sample which were not flat and
smooth. On the other hand, this method was spatially limited by the diffraction criteria
of the visible light. But with the development of imaging technique, Kerr microscopy is
now considered as one of the best techniques for imaging magnetic domains because the
contrast of non-magnetic background can be digitally subtracted from the contrast of
magnetic domains. This technique is also faster than other techniques such as magnetic
force microscopy (MFM), Lorentz transmission electron microscopy (LTEM), X-ray
photoemission electron microscopy (XPEEM), etc. This technique is also non-

destructive with local probing for the study of nanostructures.

Polarizer Analyzer

Image plane

Figure 2.14: A conventional MOKE-microscopy setup for imaging magnetic domain.

There are two types of Kerr microscopy, first one is wide-field microscopy which is
mostly used and provides an absolute domain image of a certain sample area. Another
one is laser-scanning microscopes, in which a laser spot is scanned relative to the sample
surface building up the image sequentially. Wide-field microscopy technique is applied
to the Kohler illumination technique, which was introduced in 1893 by A. Kohler from

Carl Zeiss corporation, to obtain homogeneously illuminated images at maximum

57| Page



Chapter 2. Experimental techniques

resolution. An experimental lay out of Kerr microscopy setup is shown in Fig. 2.14.
Typically, light from an LED source passes through a polarizer and becomes plane
polarized then the light incident on the magnetic sample. For magnetized sample let
consider that the sample has two domain states which is anti-parallel to each other as
shown in figure 2.14. After reflection, plane polarized light indicated by 2 might rotate
by an angle +0 and the beam indicated by 1 rotated by the same angle but with opposite
sign as they have interacted by oppositely magnetized domains. Now, if the analyzer is
so adjusted that it is crossed with respect to reflected beam 1, this beam becomes
extinguished and it will give the dark domain on the Kerr image. At the same time for
beam 2 the analyzer is not crossed. So, beam 2 is not distinguished and hence the domain
appears bright color. In this way, one can find the contrast between two different domains
by Kerr microscopy. To improve the contrast of the image first one should take the
reference image of the film in its saturated state, which was then substrate digitally from
the subsequent images which contain the magnetic contrast. The Kerr microscope used
for domain imaging in this thesis is manufactured by Evico Magnetic Ltd., Germany.
The highest resolution of the microscope is obtained by oil immersion (n = 1.5) based
100X objective lens. For in-plane and out-of-plane magnetized systems, We have studied

them in longitudinal and polar mode, respectively.
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Chapter 3

Electrodeposited Heusler alloy films with enhanced

magneto-optical property

Growth of Heusler alloy films through techniques other than conventional
physical vapor deposition presents a challenge for spintronic materials
research. In this study, a novel electrochemical deposition scheme is
developed for growing Heulser alloy films. By using magneto optic Kerr
effect and Kerr microscopy measurements a systematic study of surface
magnetization reversal behavior of these films is presented. The results
demonstrate that the growth of sub-micron films of CozFeSn (CFSn) leads
to significant enhancement in magneto optic Kerr rotation. A large Kerr
rotation value up to = 300 mdegree was observed for thin films of
thickness ~ 200 nm. The modified scheme reported here opens up a path
for exploration of electrochemical method as a facile route for fabricating

Heusler alloys with improved surface property.

M. R. Karim, et.al. Mater. Today Commun. 25, 101678 (2020)

6l|Page



Chapter 3. CozFeSn thin films with enhance magneto-optical property

3.1 Introduction:

Heusler alloy is an extraordinary class of intermetallic that is expected to be the material
of the next generation spintronic devices [1,2]. Heusler compounds of the form X>YZ,
with Cobalt (Co) and Iron (Fe) being X and Y respectively, has been at the forefront of
spintronic material research due to their useful properties like high Curie temperature,
low Gilbert damping coefficient, and large spin polarization [3,4]. Tunnel
magnetoresistance greater than 100% has been observed in magnetic tunnel junctions
consisting of CoFe based Heusler alloys in combination with magnesium oxide barrier
layer [5]. Recently, it has been predicted that CFSn can host topological properties with
a large berry curvature [6]. Due to this a strong anomalous Nernst conductivity is
expected in CFSn. Such topological properties are vital for spin based thermoelectric
applications [7]. Furthermore, CFSn is a promising spintronic material as it is predicted
to support large spin polarization current [8]. However, density functional theory
calculations show that CFSn has formation energy of 0.05 eV/f.u. which makes it
thermodynamically unstable [9]. As a result, CFSn alloy is prone to phase segregation

and is challenging to grow even using UHV based physical evaporation methods [10].

As electrodeposition is a non-equilibrium process, it can be employed to grow films
of CFSn [11] and Fe2CoSn alloys [12]. Additionally, the electrochemical method
provides a huge advantage of flexibility and ease of growth compared to the vacuum
based techniques. Following this, few attempts have been made to electrodeposit thick
films of CFSn [11,13]. However, these electrodeposited films have been plagued by poor
morphology marked by island-like growth with cracks and exhibited weak magnetic
properties. Here we present, a modified three step scheme to electrochemically grow high
quality CFSn thin films with excellent morphology. The films show high value of Kerr
rotation reaching a value up to 300 mdegree. Intriguingly, our results show a thickness

dependent giant enhancement of magneto-optic property of CFSn films.

3.2 Experimental methods:

CFSn thin films were electrodeposited on a polycrystalline copper plate. The CFSn films
were deposited using a sulphate bath having neutral pH. The pH of the bath was
controlled using NaOH solution. The electrochemical bath contained Sodium gluconate
(0.57 M), boric acid (0.3 M), peptone (2.5 mg), along with CoSO4.7H.O (0.075M),
FeS04.7H20 (0.04M) and SnSO4 (0.015M), as metal precursors for Co, Fe and Sn
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respectively. The solution was stirred for 1 hour to form a well-mixed electrolyte. Sodium
gluconate was added to the electrochemical bath to act as a complexing agent that binds
metal ions before they are electrodeposited. This reduces the propensity of metal oxide
deposition. All the depositions were carried out at a constant voltage of -1.3 V in chrono-
amperometry mode, using an electrochemical work-station [Autolab PGSTAT302N
from Metrohm AG]. The choice of electrodeposition voltage was guided by the
observation that higher voltage caused thicker films with poor morphology [11,13].
Figure 3.1-a shows the dependence of the atomic ratio of Fe:Co and Sn:Co on the
electrodeposition voltage. Figure 3.1-(b-c) shows the variation of the atomic ratio of
Fe:Co and Sn:Co on the molarity of sodium gluconate and SnSO4 respectively used in

the electrochemical bath.
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Figure 3.1: Variation of atomic ratio of Fe:Co and Sn:Co as a function of (a) electrodeposition

voltage (b) molarity of sodium gluconate and (c) molarity of SnSO4

Prior to the growth of the films, the copper substrates were electropolished in a 50%
phosphoric acid bath. The electropolishing time and voltage were optimized to fifteen
minutes and 1.4 V respectively. A higher value for these parameters were found to
enhance surface roughness, while lower values were insufficient to obtain a clean surface
(Fig. 3.2 a-c). The introduction of the pre-deposition step was found to be critical in
obtaining good quality films. Freshly cleaned substrates were immediately placed in a
three electrode electrochemical cell for CFSn film deposition, wherein the
electropolished copper was used as the working electrode. A platinum plate served as the
counter electrode while Ag/AgCl was used as the reference electrode. The
electrodeposited films were subsequently annealed at 200°C in argon (Ar) atmosphere

for 2 hours.
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100pm

Figure 3.2: SEM images of copper substrate electropolished for (a) 5 minutes (b) 15 minutes (c)

30 minutes.

The annealed films were rinsed with DI water to remove any other residual metal ions
from the top of the film, leaving behind a smooth and a strongly reflecting intermetallic
alloy surface. The three step process of pre-cleaning, electrodeposition and subsequent

annealing, leads to a very high quality CFSn film is shown in figure 3.3.

Step 1: Electropolising Step 2: Electrodeposition Step 3: Annealed and washed

Pure Cu Electropolished Cu As deposited film Crystalline smooth film

Figure 3.3: Schematic of three-step process followed to obtain smooth and crystalline Co,FeSn

film.

3.3 Results and Discussion:

3.3.1 Structural analysis and morphology

The SEM images of rinsed and annealed CFSn film (Fig. 3.4-a), clearly exhibit
significant improvement in the surface morphology compared to that of the as-deposited
film ((Fig. 3.4-b). Energy dispersive X-ray analysis (Fig. 3.5) shows an elemental ratio
of Co:Fe:Snof 2(+0.1):1((x 0.1)):1(x 0.1) confirming stoichiometric growth of the CFSn
films. The EDX spectra has no other peaks except Co, Fe, Sn and the substrate Cu. The
quantity of oxygen was found to be negligible which indicate that suraface oxidation is

very less on the deposited films.
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Figure 3.4: (a) SEM image of as-deposited CozFeSn film (b) SEM image of annealed and

deionized water rinsed CFSn film.

The roughness of the CFSn films were found to be varying for different thickness.
Roughness for films having thickness of = 200nm and ~ 1.5um was found to be about ~

2.2nm and ~ 1.8nm respectively (Fig. 3.6 a-b).
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Figure 3.6: AFM images of CoxFeSn film having thickness about (a) 200nm and (b) 1.5um.

65| Page



Chapter 3. CozFeSn thin films with enhance magneto-optical property

The grazing incidence X-ray diffraction (GIXRD) data (Fig. 3.7-a) show presence of
three strong peaks around 43°, 51° and 74.5°. The diffraction peak at 43° (Fig. 3.7 a, b)
has two components with one at 43.3° and the other at 43.4°. The intensity of the second
peak at 43.4° is found to be more intense in GIXRD measurements (Fig. 3.7-b). As
GIXRD is a surface sensitive technique, the observed second diffraction peak is related
to the film. Furthermore the intensity of the 43.4° XRD peak is found to increase with
the thickness of CFSn film (Fig. 3.7-b). Hence this peak can be associated to the
crystalline order of the film. This peak is expected in the cubic B2 ordered CFSn system
as the most intense Bragg reflection corresponding to (110) diffraction [14]. No other
film related diffraction peaks were conspicuous in the measurements. Thus the XRD
results indicate that the electrodeposited CFSn films could be of A2-type or of
disordered-B2 type. The corresponding inter-planar spacing for (110) plane is 2.08 A.
No diffraction peaks corresponding to any binary phases of Co-Fe, Fe-Sn or Co-Sn was

observed that confirmed absence of any phase segregation in these films.
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Figure 3.7: (a) Comparative plot showing both the GIXRD and conventional 6/20 XRD scans
for the same CozFeSn film. The GIXRD data clearly shows enhancement of peak intensity at
43.4° (b) XRD of =20 um, = 1.5 um, = 300 nm and = 200 nm thick films.
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The full width half maxima (B) of the film related peak obtained after subtracting
instrumental broadening are, ~0.048° and ~0.033° for the thin (<300 nm) and the thick
films (>1.5 um) respectively. This can be used to roughly estimate a value of the strain
(¢) in the film using the formulae € = f/4tan6, neglecting crystallite size broadening [15].
This yields a value of € = 0.013 and = 0.009 for the thin (<300 nm) and the thick (>1.5
um) films, respectively. This indicates that the thin films have higher strain compared to

that of the thicker films.
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Figure 3.8: (a) High resolution de-convoluted X-ray photoelectron spectra (XPS) of Co 2p (b)
XPS of Fe 2p and (c) XPS of Sn 3d.

The X-ray photoelectron spectroscopy was performed using a photoelectron
spectrometer at a base pressure of ~ 107 Pa at room temperature with Al Ko X-ray source.
The survey scan contains the photo emission peaks of Co, Fe Sn and low intense oxygen
because of surface oxidation. To get more insight of the interfacial interaction the de-
convoluted spectrum is plotted and shown in the figure 3.8 a-c. The core level of Co 2p
is shown in figure 3.8-a. The photoemission of the due to Co 2ps2 and Co 2p1. appears
at ~ 779 eV and = 793 eV, respectively, which correspond to metallic phase of Co. The
difference in the doublet of 2p is about 14 eV which is close to reported 15 eV energy.
Figure 3.8-b shows the de-convoluted spectrum of Fe 2p peak. The spectrum has two
peaks around =~ 712 eV which correspond to 2par and ~ 719.5 eV which is because of
2p12. The last plot (Fig. 3.8-c) shows the core level of Sn 3d peaks. The de-convoluted
spectrum shows doublet peaks at = 485 eV and =~ 493 eV which correspond to 3ds2 and

3ds/2 respectively of Sn.

3.3.2 Magneto-optical Kerr measurement (MOKE)

Longitudinal MOKE measurements were carried out on the electrodeposited films using

a p-polarized laser light of 632 nm wavelength. The light was incident at an angle of =
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45° on the film. The film was placed between an electromagnet. The reflected light
passed through a photo-elastic modulator and was focused on an optical bridge detector.
The reflected signal was measured using a lock-in amplifier. Magnetic domain imaging
was carried out using a Kerr microscope equipped with an electromagnet.

The MOKE measurements (Fig. 3.9) of the electrodeposited CFSn films show room
temperature ferromagnetism marked by clear appearance of a hysteresis loop. Films
having thickness less than 300 nm (Fig. 3.9- a, b) exhibit large Kerr rotation, with a value
of =0.3° for =200 nm film. The Kerr rotation value decreases with increase in film
thickness (Fig. 3.9- ¢, d). For = 1.5 um film, the Kerr rotation reduces to ~ 0.04°. Similar
thickness dependence is observed for the coercive field that attains a value of 75 Oe for
200 nm film but reduces with increase in thickness. As the film roughness does not
significantly vary with thickness, the observed strong magneto-optic response in the thin
films indicate enhancement in surface ferromagnetic behavior of the submicron thick
films. The variation of magneto optic response with the change in thickness can be related
to the associated change in magnetic anisotropy. As the film thickness is reduced the
shape anisotropy contribution [16,17] to the total magnetic anisotropy increases. This
is also observed in the films grown here and is further discussed in the following
paragraph. The shape anisotropy in thin films can lead to strong in-plane
magnetization [16]. The strong in-plane magnetization results in enhanced longitudinal
MOKE signal.

The hysteresis loops of CFSn thin films (<300 nm) exhibit mildly wasp-waisted shape
with weak signature of steps (marked by arrows in Fig. 3.9- a, b). Multistep loops have
been earlier observed in magnetic [18] and Heusler alloy thin films having high degree
of crystallinity [19]. This can occur either due to presence of two competing
anisotropy [18] or due to complex domain structure comprising of simultaneous
presence of different domains such as, 90° and 180° domains [19]. Competing magnetic
anisotropy can appear in a well ordered cubic systems like Heusler alloy [19] due to
presence of strong intrinsic magneto-crystalline anisotropy and an uniaxial anisotropy.
The uniaxial anisotropy can either be caused by substrate-film interaction or by shape

anisotropy.
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Figure 3.9: MOKE signal of CozxFeSn films having thickness (a) = 200 nm, (b) = 300 nm, (c)
~1.5 um, (d) = 20 um. The arrows in (a) and (b) indicates weak step-like feature in the hysteresis

loop.

Substrate mediated strain anisotropy is expected in ultrathin films grown on oriented
substrates [20]. In this study the effect of substrate induced anisotropy can be ruled out
as the films are grown on poly-crystalline copper. Furthermore, the shape of the
hysteresis loop is found to change from wasp-waisted for thin films (Fig. 3.9-a, b) to
continuously varying for thicker films (Fig. 3.9- c, d). This indicates that the observed
competing anisotropy is thickness dependent. Hence, the observed anisotropy can be
related to the shape anisotropy that increases with reduction of film thickness [21]. So,
the observed weakly wasp-waisted loops can be attributed to the combination of the

shape anisotropy and the magneto-crystalline anisotropy.

The Kerr microscopy images (Fig. 3.10) of magnetic domains in CFSn films show
presence of two colors: one dark grey and the other light grey. The two colors show
domains oriented in opposite direction without any complex domain structure. At large

negative magnetic field a fully saturated dark grey image is observed. As the magnetic
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field is reduced to zero, the films stay in remanence and a dark grey image is primarily
observed. However, as the field direction is reversed both the dark and the light grey

regions are observed. This indicates simultaneous presence of opposite domains.

Figure 3.10: Magnetic domain images recorded at varying magnetic field for Co,FeSn film
having thickness of (a—) (= 200 nm) (g—/) (= 300 nm) and (m-r) (= 1.5 um).

The presence of oppositely oriented domains away from remanence is well known in
cubic crystalline thin films [22,23]. Such opposite domains may be related to the fact
that Heusler alloys are predominantly cubic crystalline system [24]. With the increase
of magnetic field the light grey domains expand at the expense of the dark domains (Fig.
3.10 c—e, i—k, 0—q). At the saturation field, a full light grey domain appears (Fig. 3.10 f,
I, r) which indicates completion of magnetization reversal. This shows that magnetization
reversal occurs primarily by domain-wall motion, wherein the domains in the direction
of the magnetic field expands due to the domain-wall displacement [25]. The
magnetization reversal in the thick (= 1.5 um) film occurs at much lower magnetic field
compared to that in the thin films. This occurs because the saturation magnetization field

is lower in the case of the thick films compared to that of thin films.

To check the anisotopry, we have changed the angle angle between the sample surface
and the angle of applied magnetic field. Interestingly, the hysteresis loop (Fig. 3.11) does
not change as such with the applied field.
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Figure 3.11: The hysteresis loop of the film with different angle of applied magnetic field with

the sample suraface.

Figure 3.12: MOKE microscopy images at different angle and coercive field.

The MOKE microscopy images has aslo been takem at the coercive field of the hysthesis
loop (Fig. 3.12). At the coercive field the, the domains are randamly oriented at any

direction so the dark grey and the light grey colours are randamly oriented.
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3.3.3 Vibrating sample magnetometer (VSM) measurements
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Figure 3.13: Room temperature magnetization vs magnetic field plot, for Co.FeSn films of

varying thickness.

Figure 3.13 shows room temperature magnetization (magnetic moment per unit volume)
measurement on CFSn films as a function of in-plane applied magnetic field. The
saturation magnetization is found to increase with the decrease in the film thickness. The
saturation magnetization (saturation magnetic moment per unit volume) value is found
to be = 0.12 emu/mm? for the = 200 nm thick film compared to a value of =~ 0.02 emu/mm?
in the = 1.5 pum thick film. This enhancement in magnetization is in consistence with the
observed thickness dependent increase in magneto-optic response in the thin films. Using
the predicted lattice constant of 6 A for CFSn [8], the corresponding value of magnetic

moment for the = 200 nm thick film is about 2.6 pg per unit cell.

3.4 Conclusion:

In summary, the possibility of electrochemical growth of Heusler alloy film with sub-
micron thickness control without using physical vapor deposition methods has been
demonstrated [26]. The results show that electrodeposited CFSn films of sub-micron
thickness exhibit magneto-optical Kerr rotation comparable to the values observed in

highly ordered Co-based Heusler films grown by conventional vacuum deposition
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methods [26]. The electrodeposited films show significant improvement in their magneto
optical property at sub-micron thickness. This work is paradigm to realize novel

intermetallic alloy films for magneto optical applications.
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Chapter 4

Growth and magneto optical response of
electrochemically prepared crystalline and ordered

Heusler alloy film

ﬁactrochemical growth of Heusler alloy film with good morphologim

quality and crystalline order by using single crystalline substrate is

demonstrated. The film shows good crystalline property with a finite L2;
ordering. Static magneto optic Kerr effect studies are employed to reveal
the surface magnetization reversal of the films. MOKE measurements
reveal the presence of strong uniaxial anisotropy. The results presented here
open up an opportunity to further explore electrochemically grown

intermetallic alloy films on crystalline substrates, for realizing possible

aneto optical and spintronics applications. /

M. R. Karim, et.al. J. Phys. Chem. C 125, 10483 (2021).
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4.1 Introduction:

Intense research over the last decade has established Cobalt (Co) based full Heusler
alloys (FHA) as the frontrunner material for various spintronic applications. Especially,
Co2FeX FHAs (X being sp-element), show extremely useful properties of large spin
polarization, low magnetic damping and high Curie temperature [1-4]. Due to such
exceptional properties, FHAs show large magnetoresistance when used as a spin
polarizing layer in magnetic tunnel junction (MTJ) [5-7]. Conventionally, high vacuum
evaporation methods have been used to grow Heusler alloy. However, some studies have
explored the possibility of using electrochemical methods to grow Heusler alloy films,
especially for those that are thermodynamically hard to grow using conventional
methods [8,9]. Electrochemical method opens up an opportunity of both ease and cost
optimization of the growth process. But the earlier attempts of electrochemical growth
of Heusler alloy, has shown limited success in achieving crystalline order as well as good
morphological quality of the films. This may be related to the fact that these

electrochemical growth have been carried out on polycrystalline metallic plates [8-10].

In this study, we explore the possibility of electrochemical growth of Co.FeSn
(CFSn) Heusler alloy films on ultrathin metal films, supported on single crystalline
silicon substrate. CFSn is an important candidate in the Co based FHA material class, as
recent theoretical calculations predict that it has a large Berry curvature and can exhibit
topological effects [11]. The growth of CFSn thin films using sputtering method has been
found to be di-cult and prone to phase segregation [12]. It has been proposed that
electrodeposition being a non-equilibrium process can be used to grow CFSn films [8,9].
Earlier attempts of electrodeposition of Heusler alloy films have used two possible
growth mode. These modes are namely, the constant voltage deposition
(potentiostatic) [8] and the constant current deposition (galvanostatic) mode [9].
However, irrespective of the electrodeposition mode employed, the films were grown on
polycrystalline copper substrates. These films were found to show poor morphology
along with A2 type disordered Heusler phase.

Here we report, the growth of CFSn thin films on Pt(2nm)/Ta(2nm)/Si(111)
substrate. Our results show a remarkable improvement in the crystalline quality of the
electrochemically grown Heusler alloy films, compared to the earlier studies of growth
on polycrystalline substrates. We employ magneto optical measurements to study the
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surface magnetic behavior of these films using static Magneto optic Kerr effect (MOKE).
Angle dependent MOKE is routinely used to study the magnetic anisotropy of Co based
Heusler alloys [13]. Angular dependent MOKE measurements on these films show

presence of a uniaxial anisotropy.

4.2 Experimental methods:

The electrodeposition process requires metallic electrodes for driving stable current
through the electrochemical cell. Platinum is a stable electrode material that shows high
degree of chemical inertness. A Ta under layer is known promote crystalline growth and
adhesion of Pt on Si(111) surface [14]. At first Ta and Pt was deposited on a Si(111)
substrate using DC magnetron sputtering. The base pressure prior to sputtering was better
than 1 x 10°8 mbar. The Pt(2nm)/Ta(2nm)/Si(111) substrate was subsequently used as
the substrate for the electrodeposition of CFSn films. Immediately prior to the
electrodeposition, the substrate were electropolished in a 50% phosphoric acid bath. The
CFSn films were electrodeposited from a sulfate solution bath using an electrochemical
workstation (Autolab, Metrohm AG). Following previous reports [8,9], the
electrochemical bath was composed of a thoroughly mixed solution of sodium gluconate
(0.57 M), boric acid (0.3 M), peptone (2.5 mg), along with CoSO4.7H20O (0.075M),
FeS04.7H20 (0.04M) and SnSO4 (0.015M). The growth of thin films was carried out by
employing a modified approach of electrodeposition and subsequent annealing. The
annealing was done at 200 °C under argon atmosphere. Annealing at higher temperature
was found to be detrimental for the sample. The annealed samples were mildly dipped in
and out of distilled water to remove any unreacted residual metal ions from the surface.
During the electrodeposition, the substrate acted as the working electrode while a
platinum plate served as the counter electrode along with a Ag/AgCl as the reference

electrode.

X ray diffraction (XRD) measurements of these films were carried out at the high
resolution hard X-ray diffraction (BL-18B) beamline, using the synchrotron light source
of the photon factory, Japan. The XRD data was collected using monochromatic X ray
photons having wavelength of 0.884 A. The details of XRD results are discussed later.
Magnetization versus temperature measurements were carried out using SQUID
magnetometer (MPMS3) designed by Quantum design, US. Measurements were carried
out following two protocols, namely, zero field cool (ZFC) and field cool (FC). ZFC and
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FC measurements were respectively carried out by cooling the sample in absence and
presence of magnetic field. In both cases, magnetization was measured during the
warming cycle at 30 Oe magnetic field. Magneto optic measurements were carried out
on =~ 100nm thick CFSn films at room temperature. Static MOKE measurements were
carried out in longitudinal geometry, with simultaneous recording of the hysteresis loops
along with magnetic domain images. The MOKE data was collected under the
application of variable in-plane magnetic field using Kerr magnetometer and microscope,
manufactured by Evico Magnetics Ltd.,, Germany. Angle dependent MOKE
measurements were performed by varying the angle between the external magnetic field

and the easy axis of the sample at 10° interval.

4.3 Results and discussion:

4.3.1 Structural analysis and morphology

The EDX analysis of the films (Fig. 4.1- a), shows a stoichiometric growth of
2(£0.01):1(£0.01):1(x0.01) of Co: Fe: Sn. The EDX spectra has no extra peak other than
the CFSn and Si peak. This indicates that the film has no oxide or any other phase other
than the CFSn and substrate peak.
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Figure 4.1: (a) EDX spectra of the deposited film.

The AFM measurement of the CFSn films (thickness~ 100 nm) shows a roughness of
about 1.8 nm (Fig. 4.2-b). The measured roughness is less compared to the films grown
on the polycrystalline copper substrate.
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Figure 4.2: (a) AFM image of CozFeSn film.

The XRD data (Fig. 4.3) of CFSn film shows crystalline peaks at around 14.9°, 24.7° and
34.9°, in addition to the substrate related peaks. These peaks respectively corresponds to
[111], [220] and [400] reflections of CFSn. This is consistent with the XRD simulation
of L2: ordered CFSn with a lattice parameter of 5.9 A. The diffraction pattern
calculations were carried out using powdercell program, with Co, Fe and Sn occupying
Wyckoff positions of 8c, 4a and 4b respectively [15]. Both the experimental data and the
theoretical calculation show that the [220] reflection is the most intense diffraction peak.
This is subsequently followed by the peak of [400] and [111] in the descending order of
intensities. The appearance of [111] peak albeit with relatively low intensity, clearly
reveals that CFSn forms an ordered crystalline phase with weak L2; order. The degree
of L2; ordering could not be determined from the experimental data due to the

overlapping background signal from the substrate related diffraction peaks.
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Figure 4.3: X-ray diffraction data recorded with 0.884 A X-ray for (a) Pt/Ta/Si [111] substrate
and (b) CozFeSn film grown on Pt/Ta/ Si [111] substrate. The I7symbol indicates film related
diffraction peak. The * symbol indicates substrate related diffraction peak adjacent to [220]
diffraction peak of CozFeSn. The inset shows enlarged view of CozFeSn related [111] diffraction
peak that clearly appears on top of an extended background from the adjacent substrate related
peak. The dotted line in the inset shows a representative simulated background obtained by
interpolating with a spline fit. The solid line is a guide to the eye. (c) XRD simulation of L2;

ordered Co,FeSn films under 0.884 A wavelength X-ray photon excitation.

4.3.2 Magnetization measurements

Figure 4.4 shows the M-H curve of the deposited film at 5K and 300K. The film shows
a strong ferromagnetic with high saturation magnetization value. The coercive field is
400 Oe and 50 Oe at 5K and 300K, respectively.

Figure 4.5 shows magnetization versus temperature plot for ZFC and FC

measurements. The data shows a clear branching between ZFC and FC traces at 350K.
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Such branching is well known to occur when the sample is magnetically ordered. This
clearly indicates that the samples have magnetic ordering temperature greater than 350K.
The ordering temperature has also improved in the case of single crystalline substrate
compared to the polycrystalline copper substrate. This was also expected because of

higher Kerr rotation in the sample grown on single crystalline substrate.
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Figure 4.4: M-H curve of the deposited CozFeSn film at (a) 5K, (b) 300K.
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Figure 4.5: Magnetization vs temperature plot recorded using ZFC (shown red color) and FC

(shown by blue solid line) protocol. The data is recorded at 30 Oe magnetic field.

4.3.3 Magneto-optical Kerr effect (MOKE)

Figure 4.6-(a-d), shows MOKE hysteresis measurements on the CFSn film. With the
variation of the direction of application of the magnetic field along the surface plane of
the film, the shape of hysteresis loop is found to change reversibly from square to oblique

and back. This change is related to the presence of a hard and an easy magnetization axis

81 |Page



Chapter 4. Growth and magneto optical response of crystalline film

due to strong magnetic anisotropy. The hysteresis loop is square when parallel to the easy
axis (EA). The dependence of the coercivity on the angle between applied field and the
easy axis shows a twofold symmetry [Fig. 4.7]. The maximum and minimum values of
the coercivity are respectively around 14 Oe and 7 Oe. Such a two-fold symmetry of the
hysteresis is indicative of presence of a strong uniaxial magnetic anisotropy. In an
ordered cubic crystalline Heusler alloy structure a biaxial anisotropy is expected [13,16].
However uniaxial anisotropy has been previously observed in crystalline Co-based
Heusler films that is attributed to weak L2, ordering [17]. This indicates that the observed
change in magnetic hysteresis loop and the associated uniaxial anisotropy is related to

the growth quality of the electrochemically grown film having weak L2; order.
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Figure 4.6: (a-d) shows MOKE hysteresis loop recorded for different directions of applied
magnetic field with respect to the easy axis (EA) of magnetization. The magnetic field direction
is (a) parallel to the EA (b) 90° with respect to EA (c) 180° with respect to EA and (d) 270° with
respect to EA.
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Figure 4.7: Polar plot of coercivity vs angle of applied magnetic field with respect to the EA.

MOKE microscopy images (Fig. 4.8) of the magnetic domains measured along the easy
axis, reveal the magnetization reversal process of the CFSn films, from a state
magnetically saturated along one direction (Fig. 4.8(l)) to the opposite (Fig. 4(VI1I)).
During the magnetization reversal process, only two types of magnetic domain contrast
that of black and light grey are observed in the MOKE images. This indicates presence
of two domains oriented opposite to each other and separated by 180° domain wall. Such
a magnetization reversal along easy axis is characteristic of thin films having uniaxial
anisotropy [18-20]. The reversal begins on application of a sufficiently strong magnetic
field in the opposite direction that initiates nucleation of reversed magnetic domains (Fig.
4(111)). With further increase of the reversed magnetic field, the nuclei begins to grow
and form larger domains (Fig. 4(1V)-(VII)). Finally reversed saturated state (Fig. 4(VIl))

is achieved by the expansion of the magnetic domains at the saturation magnetic field.
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Normalized Kerr Rotation

Figure 4.8: (a) Different regions of magnetization reversal marked between | to VII on the
MOKE Hysteresis plot recorded along the easy axis. (I)- (VII) shows the MOKE microscopy
domain images for the different regions of the hysteresis plot. (1) The regions correspond to fully
saturated magnetization observed evidenced by a single light gray image. (lI) Saturation
remanence. (I11) Magnetization reversal initiation marked by appearance of dark domains
indicated by encircled area. (1V) Expansion of reversed magnetization domain. (V) Growth and
expansion of reversed magnetization domain. (VI) Predominantly reversed magnetization
domain. (VII) Fully saturated reversed magnetization evidenced by a single dark image.

4.4 Conclusion:

In conclusion, we have demonstrated that the electrochemical growth of Co based
Heusler alloy film supported on a single crystalline substrate shows improved film
quality [21]. The film shows good crystalline property with a finite L2; ordering. Using
Kerr microscopy studies we understand the formation and evolution of the magnetic
domains in these electrodeposited films [21]. Through these studies we develop an
understanding of surface magnetization reversal in the electrodeposited films [21]. The
static MOKE measurements also reveal that electrodeposited samples possess strong
uniaxial magneto-crystalline anisotropy which is very important for device application
point of view. Furthermore angle dependent MOKE measurements reveal a two-fold
symmetry in the electrodeposited CFSn films that is typical of highly ordered crystalline
Heusler alloy phase [21]. The results presented here opens up opportunity to further
explore electrochemically grown intermetallic alloy films on crystalline substrates, for

realizing possible magneto optical and spintronics applications.
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Chapter 5

Strain and crystallite size controlled ordering of
Heusler nanoparticles having high heating rate for

magneto-thermal application

Magnetic Heusler alloy has several advantageous properties that when
prepared in the form of nanoparticles can render them as an important
class of material for magneto-thermal applications. However, the
investigation of heat dissipation due to application of oscillating magnetic
field has been lacking in Heusler alloy nanoparticles. Here we present a
detailed understanding of the interplay of the growth parameters that can
be used to efficiently control crystallinity, disorder, and magnetic
transition temperature of Heusler nanoparticles supported on silica
matrix. It is found that optimization of the product of strain with
crystallite size leads to higher B2 ordering and higher magnetic transition
temperature. Furthermore, using magnetic hyperthermia measurements

we evaluate the heat generation capability of the nanoparticles under an

oscillating magnetic field. A high specific absorption rate of the order of
112 WI/g is obtained under moderate magnetic field.

M. R. Karim, et.al. Nanotechnology 33, 235701 (2022)
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5.1 Introduction:

Magnetic Heusler alloys are an exciting class of intermetallic materials that are known
to exhibit high spin polarization, high curie temperature and low magnetic damping
parameter [1-3]. These unique characteristics are ideal for above room temperature
magneto-thermal applications. The heat generation in magnetic systems is related to the
change in their energy density in presence of time varying magnetic field. When the
magnetic field varies in time, the magnetization of the system lags behind the variation.
This leads to a magnetic work done that gets dissipated as heat via spin-phonon
coupling [4,5]. Magnetic nanoparticles provide an excellent opportunity for heat
generation under oscillatory/alternating magnetic field that has applications ranging from
spintronics to hyperthermia for cancer treatment and magnetically triggered drug
delivery [6,7]. Therefore, it is of urgent interest to develop Heusler alloy nanoparticles

that are capable of generating heat at a high rate in presence of alternating magnetic field.

Heulser alloys are mostly intermetallic ternary alloys. The ternary HAs appear in two
forms, one that of the X>YZ type, known as full Heulser alloys (FHA) and the second
that of XYZ type, known as half Heusler alloy. Ternary FHASs have a cubic crystalline
structure with Fm3m symmetry that can be interpreted as interpenetrating lattices of
different atoms (X,Y,Z) of constituent elements [2]. A fully ordered Terneray FHA is
called L>1 ordered. However Heusler alloys are prone to postional disorder of atoms.
Depending on the extent of intermixing of atomic positions FHAs are classified as fully
disordered A2 type and partially ordered B2 type. In A2 type Heulser alloys any of the
X,Y and Z elemental atoms can interchange their positions amongst each other. While
in B2 type ordered HAs, only partial intermixing of atomic positions of Y and Z atoms
occurs. Though HAs have been extensively studied in thin film and bulk forms, but there
has been limited success in growth of crystalline magnetic Heusler nanoparticles [8-10].
On the other hand, among the various magnetic nanoparticles explored for magneto-
thermal studies, iron oxide has been the most extensively studied system [11,12]. Cobalt-
Iron (CoFe) nanoparticle is yet another class of material that has been reported to show
promising magneto-thermal effects with high rate of heat release [13-15]. Therefore, it
is important to explore development of cobalt-iron based Heulser alloy nanoparticles and

evaluate its heat generation capability.
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There has been few reports on CoFe based HA nanoparticles that mainly includes growth
of Co.FeGa nanoparticles with mixed crystalline order [9,10,16] and A2 type Co2FeAl
nanoparticles having strong chemical disorder [17]. Recently Co2FeGe nanoparticles
were grown for exploring catalytic applications [8]. CFeSn based FHA is yet another
important class of HA that has been studied in thin film form and is predicted to support
topological properties [18-22]. Here we report growth of CFSn Heusler nanoparticles
supported on silica matrix and explore its heat generation. capability under oscillating
magnetic field. By combining X-ray diffraction, Fourier-transform infrared (FTIR)
spectroscopy and magnetic measurements, we present an understanding of how an
interplay of growth parameters can be used to efficiently control crystallinity, disorder

and magnetic transition temperature of Heusler nanoparticles supported on silica matrix.
Our results show that by tuning the strain in nanoparticles it is possible to improve the
crystalline ordering. It is found that optimization of the product of strain with crystallite
size leads to improved magnetic property. Furthermore, we carry out hyperthermia
measurements to evaluate the heat dissipation capacity of these nanoparticles under
alternating magnetic field. Through these studies, we demonstrate growth of highly
ordered B2 type CFSn nanoparticles of = 10nm size embedded in silica matrix that is
found to yield a high specific absorption rate of better than 112 W/g of heating under

application of alternating magnetic field.

5.2 Experimental methods:

CFSn nanoparticles were grown using silica assisted growth by decomposition and
reduction method. In this approach the Co, Fe and Sn are first impregnated in mesoporous
silica. Figure 5.1 shows the systematic pathways to synthesis the nanoparticles. First,
505.99 mg cobalt sulphate (1.8 mmol, CoSO4.7H20, 281.1mg), 278 mg iron sulphate (1
mmol, FeSO4.7H,0, 278 02mg), 150.32 mg tin sulphate (0.7 mmol, SnSO4, 214.77mg)
was mixed in m50mL methanol and stirred well to prepare a precursor solution. Fumed
silica (MW- 60.08 g/mol, d:2.3 Ib/cu.ft, n20/D 1.46(lit)) was then added to the precursor
solution. The solution was further stirred for a homogeneous loading of silica pores.
Finally, methanol was evaporated using a rotary evaporator. The obtained powder was
then dried in vacuum oven at 60 °C temperature. The dried powder was grounded to
obtain a fine powder. Finally, the fine powder was deoxidized by heating under 20%
hydrogen balanced argon atmosphere. The nanoparticles were grown under different

conditions by adding different amount (200mg, 400mg, 600 mg, and 800mg) of silica.
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The nanoparticles were annealed in different temperature as well and the 900 °C

temperature was optimized for further analysis.

CoSO4 TH,0
Silica
SnSO, Rotary

I evaporator
‘ 15 min 15 min i)

stirring stirring

— — »

Methanol (50mL)

dried at
60°C

)

CozFeSn NP

Figure 5.1: Systematic pathway to synthesis the Co.FeSn nanoparticles.

X-ray diffraction (XRD) measurements were carried out using a Bruker D8 Advance
diffractometer equipped with Cu Ko X-ray source. High-resolution transmission electron
microscopy (HRTEM) images were taken using a JEOL JEM 2100 TEM operating at
200 kV acceleration voltage. FTIR spectra were recorded using ATR-FTIR Bruker
Vertex 70 setup. Absorption spectra was obtained by subtracting transmittance from
unity. DC magnetization studies were performed using physical property measurements
system (Dynacool-PPMS, Quantum Design) equipped with vibrating sample
magnetometer. Temperature dependent magnetization data was recorded by employing
zero field cooled (ZFC) and field cooled (FC) measurement protocol by cooling the
sample in absence and presence of 200 Oe magnetic field, respectively. To evaluate the
heat generation efficiency of the Heusler nanoparticles, magnetic hyperthermia
efficiency was measured using DM2-DM100 nanomagnetic heating system setup (nB
nanoscale Biomagnetics, Zaragoza, Spain). For the hyperthermia measurements an
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aqueous colloidal solution (Img/ml) of the nanoparticles was prepared. The data was
measured by applying AC magnetic field at 380 kHz while recording the time
dependence of the rise of temperature of the magnetic colloidal solution using an
integrated fluro-optic thermometer fiber probe. The hyperthermia or heat generation
efficiency was measured in terms of the specific absorption rate (SAR). SAR is defined
as the power dissipation per unit mass of magnetic nanoparticle (W/g), and is given
as [23,24]:

C dr
SAR = —— (5.1)

m dt
where, C represents the specific heat of the solution which for these measurements is
assumed to be same as that of pure water (C = 4.185 J/g/K). dT/dt is the initial rate of
rise of temperature and is obtained from the initial slope of the temperature vs. time

graph. m is the weight of the nanoparticles in the solution.

5.3 Results and Discussion:

5.3.1 Structural analysis and morphology

Figure 5.2 shows XRD data for the nanoparticles grown with different amount of silica
in the precursor solution. The data shows three strong peaks around 45°, 65° and 83°,
corresponding to [220], [400] and [422] Bragg reflection of CFSn HA [20,22,25,26].
These three reflections are well known to prominently appear in Co2FeX (X is a sp-
element) type of FHAs [8,27-29]. The small peak at around 31° corresponds to [200]
Bragg reflection. The [200] reflection is missing in case of disordered A2-type phase but
appears when there is either a B2 or L2; type of ordering [8,28-31]. In case of L2; type
of ordering [111] reflection is additionally observed. Here, the appearance of [200]
reflection but absence of [111] in the measured XRD data (Fig. 5.2) is a clear signature
of growth of B2 ordered CFSn nanoparticles [8,16,25-27,29].

Interestingly, the intensity of the [200] diffraction peak was found to vary with silica
content (insets Fig. 5.2 a-d). The strongest [200] peak appeared in the case of the sample

grown in 600 mg silica.
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Figure 5.2: Normalized XRD data for Co,FeSn nanoparticles grown in a precursor solution containing
(a) 200 mg (b) 400 mg (c) 600 mg and (d) 800 mg silica. The normalization is carried out with respect to
the peak intensity of [220] peak. The inset shows a detailed XRD scan of [200] peak that is normalized to
the intensity of [220] peak.

The relative intensity of the [200] super lattice diffraction peak with respect to the
fundamental diffraction peak provides a measure of B2 ordering in Heusler
alloys [16,32,33]. The degree of B2 ordering in the nanoparticles were calculated using
the formula [32-34],

S = (Izoo)exp)*(lzzo)order) (52)

(Izoo)order(lzzo)exp

Where, (I200)exp and (1220)exp are experimental observed intensities. (1200)order and (1220)order
are theoretically expected intensity for fully ordered system. (l200)order o [2% fco — fre —
fonl? and (l220)theo o [2% foot+ fret+ fsnf?, Where fco, fre and fsy are the atomic scattering
factors of Co, Fe, and Sn respectively. Using the atomic scattering factors

(|200)order/(|220)order was calculated to be = 0.054 [35]
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Figure 5.3: Variation of (a) the degree of B2 ordering and (b) the product De value of strain ()
with coherent crystallite size (D), as a function of the amount of silica used during growth of

CozFeSn nanoparticles.

The degree of B2 ordering (Fig. 5.3-a) was found to vary non-monotonically with change
in the amount of silica used for growth of nanoparticles. This indicated that by changing
the silica content it is possible to control the crystalline quality and the degree of atomic
positional ordering in the nanoparticles. CFSn nanoparticles that were grown in a
precursor solution having 600mg of silica were found to yield the highest degree of B2
ordering. To further explore the optimization of the structural ordering of the
nanoparticles as a function of silica content, the coherent crystallite size (D) and strain
(¢) of the nanoparticles were estimated (Table- 5.1) from the full width at half maxima
(FWHM) (B) of the diffraction peaks using the following equation [36],

fcosO = %1 + 4¢esinf (5.3)

Figure 5.4 (a-d) shows linear plots between Bcosf and 4sinf. The constant value is the
crystallite size of the nanoparticle and slope is the strain in the nanoparticles. Though
the values of D and e were found not to vary in a specific manner with the silica content,
but the product of crystallite size with strain of the nanoparticles exhibited (Fig. 5.3-b)
an interesting dependence as a function of silica content. The variation of the De product

is found to have an opposite behavior compared to that of the degree of B2 ordering [Fig.
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5.3(b)], wherein with an increase in the De value, the degree of B2 ordering in the
nanoparticles decreased. The De value was found to be the lowest for the nanoparticles
having highest degree of B2 ordering. This clearly indicates that the product

minimization of the crystallite size and strain leads to a maximization of structural

ordering in the Heusler alloy nanoparticles.
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Figure 5.4: Variation of full width at half maxima (B) of diffraction peak plot with change in
angle 6, plotted as fcosO vs 4sin for nanoparticles prepared in (a) 200mg (b) 400 mg (c) 600
mg and (d) 800 mg silica. The solid line is the fit of using the equation fcos6 = KA/D + 4esind.

Table 5.1: Calculated D and ¢ obtained for Co,FeSn nanoparticles grown in different amount of

silica.
Silica used (mg) Strain (g) Coherent Crystallite size (D) (A)
200 0.147 12.8
400 0.151 12
600 0.140 12.5
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800

0.192

9.2

Figure 5.5 shows HRTEM images of the nanoparticles grown using 200, 400, 600,

800mg of silica. All TEM images show that the particles are roughly spherical in nature.

The particle size histograms were plotted using ImageJ software by considering a large
number of individual particles from each clusters.
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Figure 5.5: TEM micrographs of different silica loaded nanoparticles (a) cluster of particles
with 200 mg silica, (al) size distribution histogram of particle size, (b) cluster of particles with
400 myg silica, (b1) size distribution histogram of particle size, (c) cluster of particles with 600
mg silica, (c1) size distribution histogram of particle size, (d) cluster of particles with 800 mg

silica, (d1) size distribution histogram of particle size.

From the histogram, it is clearly seen that the particle size and the distribution are
increasing with increasing the silica concentration (Fig. 5.5 a-d). The variation of particle
size with silica loading is shown in the figure 5.6-a. We observe an increase in the particle
size from 6.5 nm (200mg silica) to 11.2 nm for 800 mg silica. As the 600 mg silica loaded
sample has highest B2 ordering so we did a detail study of TEM for this sample. The
single particle image (600 mg silica) show clear lattice fringes indicating high crystalline
quality (Fig. 5.6-b). To check the crystallinity of the nanoparticles selected area electron
diffraction (SAED) (Fig. 5.6-d) was done. The SAED pattern is consistent with XRD
results which confirm that nanoparticles have well defined crystalline phase. The inverse
fast Fourier transform (IFFT) (Fig. 5.6-c) confirms the d-spacing of 0.21 nm which

correspond to the [220] plane of CFSn nanoparticles.
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Figure 5.6: (a) Particle size with different silica concentration, (b) HR-TEM image, (c) inverse-
FFT pattern of selected area from, (d) the SAED pattern, of 600 mg silica loaded sample.

To check the chemical composition, the EDAX was done after drop casting the 600 mg
silica loaded sample on copper plate. CFSn nanoparticles showed Co: Fe: Sn elements in
the ratio of 2(+0.01):1(£0.01):1(x0.01) as shown in the figure 5.7. There is no other

impurity in the sample.

5.3.2 Fourier transform infrared spectroscopy

FTIR measurements were carried out to further understand the interaction of the silica
with the nanoparticles. The FTIR measurements (Fig. 5.8 a-c) show presence of three
well known absorption peaks of silica centered around ~ 1080 cm™, 800 cm™ and 456
cm ! that respectively corresponds to antisymmetric stretching (A), symmetric stretching
(S) and rocking vibrations (R) of Si-O-Si bridges in the silica network [37-40].
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Figure 5.7: EDAX spectra of Co,FeSn nanoparticles prepared in 600 mg silica.

Figure 5.8 (d-e) presents the relative peak intensity ratio of R-peak (around 456 cm™?)
and S-peak (around 800 cm™) normalized by intensity of the A-peak at 1080 cm™.
Interestingly, the R/A peak intensity ratio (Fig. 5.8-d) shows significant variation with
the amount of silica used for growth of nanoparticles, though the S/A peak ratio (Fig.
5.8-e) remains mostly unchanged with change in the amount of silica used. The R/A peak
ratio (Fig 5.8-d) is highest for nanoparticles prepared in 600mg silica compared to that
of the nanoparticles grown in presence of 400mg and 800mg silica. This indicates that
the rocking vibrations are less constrained in nanoparticles prepared using 600mg silica
that as discussed earlier have the highest degree of B2 ordering. This indicates a lower
constraint on rocking vibrations of silica in the better structurally ordered Heusler
nanoparticles compared to that of less ordered ones. This is indicative of weaker surface
interaction of silica with the Heusler nanoparticles in case of better ordered system that
allows greater degree of freedom for different possible vibrations. This weaker surface
interaction can be a possible cause for lowering of the product value of strain with
crystallite size (De) for the nanoparticles having higher B2 ordering, as observed from

the diffraction results.
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Figure 5.8: Normalized FTIR spectra of Co,FeSn nanoparticles prepared in (a) 400 mg (b) 600
mg and (c) 800 mg silica. Normalization is done with respect to the intensity of A-peak
corresponding to antisymmetric stretching vibration. The inset shows the zoomed section for
comparison of intensities of R-peak and A-peak. Variation of (d) R/A peak intensity ratio and (e)
S/A peak intensity ratio as a function of the amount of silica used for the growth of nanoparticles.

5.3.3 DC Magnetic studies

DC magnetization measurements were carried out to study the effect of structural
ordering on the magnetic property of the nanoparticles. Figure 5.9 (a-d) shows ZFC-FC
plot of the nanoparticles grown in presence of 200mg, 400mg, 600mg and 800 mg silica.
The ZFC-FC plot for all the nanoparticles show clear branching above room temperature
which is a signature of magnetic ordering in these nanoparticles. The branching
temperature varied with the nanoparticles having different degree of B2 ordering. The
magnetic ordering temperature is highest for nanoparticles having the highest degree of
B2 ordering grown in the presence of 600mg silica and is found to be 380K. The magnetic
ordering temperature of the nanoparticles grown in 200mg silica, 400 mg silica and 800
mg silica are around 340K, 350K and 360K respectively. This is consistent with the
observation of highest degree of B2 ordering in nanoparticles grown in 600 mg silica and
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Figure 5.9: ZFC-FC plot of magnetization vs temperature for nanoparticles prepared in (a) 200
mg (b) 400 mg (c) 600 mg and (d) 800mg silica.

lowest degree of B2 ordering in 200mg. Clearly the magnetic ordering temperature is
found to improve with the degree of B2 ordering (Fig. 5.10-a). The magnetization
measurements as function of the magnetic field (Fig. 5.10-b) clearly demonstrates

ferromagnetic nature in the nanoparticles marked by presence of hysteresis.
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Figure 5.10: (a) Degree of B2 ordering vs magnetic ordering temperature plot. (b)
Magnetization versus magnetic field plot for nanoparticles having highest degree of B2 ordering

prepared in 600 mg silica.
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The corresponding coercive field for the nanoparticles having highest degree of B2
ordering is 200 Oe (inset Fig. 5.10-b).

5.3.4 The hyperthermia measurements

Magnetic hyperthermia measurements were performed to evaluate the heat generation
capability of the B2 ordered CFSn nanoparticles by applying alternating magnetic field.
The measurements were performed on an aqueous colloidal solution (1mg/ml) containing
the nanoparticles. Figure 5.11 shows results of hyperthermia measurements for colloidal
solutions containing HA nanoparticles grown in different amount of silica. The
measurements clearly demonstrate the heat release by the nanoparticles that consequently
lead to an increase in the temperature of the colloidal solution. The rise in temperature
(Fig. 5.11) was found to be maximum in the colloidal solution containing nanoparticles

prepared in 600mg silica that corresponded to the highest B2 ordered samples.

/A 400 mg silica -
61 = 600mgsilica -
| * 800mgsilica_ ="
-
. - ***
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Figure 5.11: Hyperthermia measurements taken at 380 Oe and 380 KHz on solution containing

CoFeSn nanoparticles grown in 400mg, 600mg and 800mg silica.

This indicated improvement in heat generation capability of the Heusler nanoparticles
with improvement in their structural ordering. A large specific absorption rate (SAR)
value of about 112 W/g was obtained for the highest structurally ordered samples under
the application of 380 Oe AC magnetic field at 380 kHz. Furthermore, hyperthermia
measurements were carried out for varying magnetic field strength (Fig. 5.12-a). The
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SAR value shows a quadratic dependence on the strength of the applied magnetic field
(Fig. 5.12-b).
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Figure 5.12: (a) Hyperthermia measurements plot of rise in temperature AT versus time taken
at varying alternating magnetic field strength. The measurements are performed at 380 kHz on
CozFeSn nanoparticles grown in 600mg silica that has highest degree of B2 ordering. (b) SAR
value vs magnetic field strength plot. The solid line is guide to the eye that shows a quadratic

dependence on magnetic field strength.

Similar magnetic field dependence of the SAR has been earlier observed in the
hyperthermia studies of magnetic iron oxide nanoparticles and is attributed to the fact
that magnetic power dissipation is proportional to the square of the magnetic field
strength [41-45].

5.4 Conclusion:

To summarize the results presented here demonstrates a novel possibility of growth of
Heusler alloy nanoparticles having high rate of heat dissipation [46]. The results present
an important finding of a unique parameter related to the product of strain and coherent
crystallite size of the nanoparticles, which when optimized can lead to the enhancement
of crystalline and structural ordering in Heusler nanoparticles [46]. This improvement of
the structural ordering of the nanoparticles is found to lead to higher magnetic transition
temperatures. This work provides a new understanding and opportunity for the
development of Heusler alloy nanoparticles capable of heat generation that will stimulate
further studies on finding magneto-thermal applications using this less explored class of

materials.
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Chapter 6

Growth, magnetic and hyperthermia property study

of L2; ordered Coz2FeAl Heusler nanoparticles

ﬁoZFeAI is an extremely important class of cobalt iron based Heu&

material that has been widely studied in thin film and bulk. There is an
urgent need to develop nanoparticle of CozFeAl that has been mostly
restricted to A2 disordered phase. Here we report growth of less than 10
nm size well ordered crystalline CozFeAl nanoparticles having L2; type of
ordering. We further study its magnetic property that shows high saturation
magnetization value of 190 emu/gm. Through these measurements we
estimate their internal Neel and diffusive Brownian relaxation time.

Hyperthermia measurements are carried out to evaluate their heat

@eration capability under oscillating magnetic field. /
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6.1 Introduction:

Cobalt iron based Heulser alloys are an important class of intermetallic alloys due to its
possible spintronic applications. In this class of materials CozFeAl is considered to be
one of the unique system that has useful properties like high spin polarization, high
saturation magnetization, high transition temperature and large magnetic anisotropy [1].
These useful properties have led to extensive studies on thin films of CoxFeAl for
possible use in magneto resistive device structures [2-5]. There has been considerable
interest in developing Heulser nanoparticles especially those of CoxFeX (X being sp-
element). Recently giant magnetocaloric effect has been reported in disordered CozFeAl
nanoparticles having a size of about 16 nm, wherein a huge change in entropy has been
observed during transition from ferromagnetic (FM) to paramagnetic (PM) state around
1250 K [6]. This opens an important question of exploring other useful magneto thermal
effects such as hyperthermia that may be significant in Co2FeAl in the magnetically
ordered state below the FM to PM transition temperature.

Magnetic nanoparticles are known to release heat under application of alternating or
oscillating magnetic field [7—12]. The heat released is associated to change in internal
energy as magnetization lags in following the variation of magnetic field [13,14]. This
property is useful for applications like hyperthermia which is related rise of temperature
of ferrofluids containing magnetic nanoparticle due to heat release under oscillating
magnetic field [15]. Recently hyperthermia measurements on partially ordered Coz2FeSn
based nanoparticles have shown high rate of heat generation [16]. Therefore it is
intriguing to explore the possibility of heat generation using Co2FeAl nanoparticles in

oscillating magnetic field.

The degree to which magnetic nanoparticles can generate heat in presence of time
varying magnetic field depends upon the rate of relaxation of magnetic moments. The
magnetic moment of nanoparticles dispersed in ferro fluid undergoes two kind of
rotations in presence of oscillating magnetic field. The application of magnetic field can
lead to diffusive rotation of the complete nanoparticle along with internal rotation of
magnetic moment within the nanoparticle itself. The former rotation leads to Brownian
relaxation and the later to Neel relaxation [17]. The two relaxation process adds up to
give the effective magnetic relaxation in the nanoparticles. The rate of heat release
strongly depends on the effective magnetic relaxation time. Therefore it is useful to
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estimate the Neel relaxation time (tn) and Brownian relaxation time (tg) of the magnetic

nanoparticles.

A major problem in development of Heusler nanoparticles is to attain good crystalline
and chemical order with minimal atomic site mixing of constituent elements. There has
been reports on partially ordered CoxFeX Heulser nanoparticles that includes
CozFeGa [18-20], CozFeSn [16], and Co2FeGe [21]. Using coprecipitation method
disordered A2 type CozFeAl nanoparticles has been prepared of size ranging between
50-400nm [22] and around 16nm [6,23] having saturation magnetization value of 135
emu/g and 180 emu/g respectively. A2 type disorder in Heulser structures of type X>YZ
corresponds to atomic site mixing among all constituent elements [24,25]. There has
been also reports on growth of A2 type disordered CozFeAl nanoparticles of size more
than 10 nm using hydrothermal method [26] and thermal decomposition method [27,28].
Interestingly, A2 type CozFeAl antiparticles have been also functionalized for effcient
detection of SARS COV-2 [29]. Hollow A2 disordered CozFeAl nanoparticles capped
with polyethylene glycol (PEG) has been also reported [29].

Here we report growth, magnetic property and hyperthermia studies on less than 10
nm size CozFeAl nanoparticles capped with PEG. The nanoparticles show good
crystalline quality with L2; ordering which indicates no mixing of atomic sites of
constituent element. The nanoparticles show high saturation magnetization and a large
magnetic anisotropy constant. The saturation magnetization is found to be larger than
those reported for A2 disorderd nanoparticles [6,23] Furthermore we estimate the
Brownian relaxation and Neel relaxation time scales of these Heulser nanoparticles. The
results show that the size and the magnetic property of these nanoparticles are such that
g about two orders of magnitude higher than zn. Furthermore hyperthermia studies on
the L2; ordered nanopartcles reveal that these Heusler nanoparticles can effciently

generate heat under alternating magnetic field.

6.2 Experimental methods:

CooFeAl nanoparticles were grown using co-precipitation method using PEG as capping
agent followed by and thermal annealing. The synthesis was carried out by first preparing
a precursor solution of all the metal ions, i.e. Co, Fe and Sn. For this CoSO4 .7H20 (1.8
mmol), FeSO4 .7H20 (1 mmol), and Al>(SOa4)z (1 mmol) were dissolved in 5 mL of
distilled water and was stirred for 15 minutes for homogeneous mixing. Separately a
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solution of 2gm PEG (molecular weight 600 gm/mole) in 5 ml distilled water was
prepared. The PEG solution was added drop wise to the precursor solution. The mixed
solution was stirred for 10 hours. For the co-precipitation of metal ions, the pH of the
mixed solution was adjusted to 9 by slowly dropping 12 mmol NaOH solution (prepared
in 80 mL distilled water). The pH controlled solution was stirred for 16 hours followed
by filtering and washing several times in distilled water to obtain residue. The residue
obtained was dried at 80 °C for 3 hours. The dried residue was gently grinded to get the
fine and homogenous powder. The powder was deoxidized by annealing at 900 °C in
20% balanced hydrogen and argon gas mixture. The sample grown at 9 pH and at 900
°C showed partial signature of L2; ordering. Growth of nanoparticles in carried out at
lower or higher than 9 pH led to disordered Heuser phase. These results are later
discussed in details. Figure 6.1 describes the pathway to synthesis the CooFeAl

nanoparticles.

CoS0,7H,0 Polyethylene glycol

AL(SOy);

h

pH=7
(NaOH)

Stirred

]

900 °C

. Filter and dry

Co,FeAl NP

Figure 6.1: Systematic way to synthesis the ordered CozFeAl nanoparticles.

X-ray diffraction (XRD) measurements were carried out using a Bruker D8 Advance
diffractometer equipped with Cu Ko X-ray source. High-resolution transmission electron
microscopy (HRTEM) images were taken using a JEOL JEM 2100 TEM operating at
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200 kV acceleration voltage. DC magnetization studies were performed using magnetic
property measurements system (Evercool SQUID, Quantum Design) equipped with
super conducting quantum interference device (SQUID). Temperature dependent
magnetization data was recorded by employing zero field cooled (ZFC) and field cooled
(FC) measurement protocol by cooling the sample in absence and presence of 200 Oe
magnetic field, respectively. To evaluate the heat generation efficiency of the Heusler
nanoparticles, magnetic hyperthermia efficiency was measured using DM2-DM100
nano-magnetic heating system setup (nB nanoscale Biomagnetics, Zaragoza, Spain). For
the hyperthermia measurements an aqueous colloidal solution (Img/ml) of the
nanoparticles was prepared. The data was measured by applying AC magnetic field at
380 kHz while recording the time dependence of the rise of temperature of the magnetic
colloidal solution using an integrated fluoro-optic thermometer fiber probe. The
hyperthermia or heat generation efficiency was measured in terms of the specific
absorption rate (SAR). SAR is defined as the power dissipation per unit mass of magnetic

nanoparticle (W/g), and is given as [31,32]:

SAR = L& 6.1)

m dt

where, C represents the specific heat of the solution which for these measurements is
assumed to be same as that of pure water (C = 4.185 J/g/K). dT/dt is the initial rate of
rise of temperature and is obtained from the initial slope of the temperature vs. time graph

and m is the weight of the nanoparticles in the solution.

6.3 Results and Discussion:

6.3.1 Structural analysis and morphology

Figure 6.2 (a)-(c) shows X-ray diffraction (XRD) data for the nanoparticles grown at
different pH conditions. All the nanoparticles show presence of three peaks around 44.8°,
65.2° and 82.8°, corresponding to [220], [400] and [422] Bragg reflection of Co.FeAl
Heuser compound [6]. These three reflections are well known to prominently appear in
CooFeX (X is a sp-element) type of FHAs [20, 22, 31]. The XRD data (Fig. 6.2-(a)) of
the sample grown at 8 pH is typical of A2 disordered Heuser phase of Co.FeAl [23].

The nanoparticles grown at 10 pH shows additional diffraction peaks (marked by arrows
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in Fig. 6.2-(b)) beyond those belonging to the Heusler phase, indicating poor growth
quality. Interestingly the nanoparticles grown at pH 9 shows an additional peak at 26.5°.
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Figure 6.2: Normalized XRD data of Co,FeAl nanoparticles grown at (a) 8 pH (b) 10 pH and
(c) 9pH. The normalization is with respect to the most intense peak of [220] reflection. (d)

Normalized XRD data simulated for B2 ordered Co,FeAl having lattice parameter of 5.72 A.

This peak at around 26.5° corresponds to [111] Bragg reflection of CozFeAl [33]. The
[111] Bragg reflection is known to appear only in L2; ordered Heusler phase and not in
A2 disordered phase [32]. This indicates L21 ordering in the nanoparticles grown at 9
pH. The XRD peaks measured are in confirmation of the corresponding Bragg reflections
found in the powder diffraction simulation of an L2; ordered Co.FeAl having lattice
parameter of 5.72 A. The simulation is done using powdercell program [34]. In the
simulation Co, occupies Wyckoff positions of 8c with the crystal having Fm3m space
group symmetry. Atoms of Fe and Al are assumed to occupy 4a and 4b positions

respectively.

Figure 6.3 shows HRTEM images of the nanoparticles grown at 9 pH and that exhibit
L2: ordering. The average size of the nanoparticles is ~ 8nm (Fig. 6.3-(b)). The high
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resolution image (Fig. 6.3-(c)) show clear lattice fringes indicating high crystalline

quality of the nanoparticles.

14
12] ®

10

Counts

o N &~ O ©

7 8
Particle size (nm)

Figure 6.3: (a) HRTEM image of CozFeAl nanoparticles grown at 9 pH. (b) Size distribution
analysis of CozFeAl nanoparticles. (¢) High resolution TEM image clearly showing presence of
lattice fringes revealing the highly crystalline nature. The inset shows inverse fast Fourier

transform pattern of an area selected over the lattice fringes.

The inverse fast Fourier transform (inset Fig. 6.3-(c)) of the HRTEM image of the
nanoparticle shows fringes corresponding to an inter-planar spacing of = 2.02 A between
[220] planes of Co2FeAl which is consistent to the XRD data.

6.3.2 DC magnetization study

DC magnetization measurements were carried out to study the magnetic property of the
L2, ordered nanoparticles. The ZFC-FC plot (Fig. 6.4-(a)) for the nanoparticles show
clear branching between ZFC and FC data. The branching temperature was above room
temperature and beyond the measurement range of 400 K. This is a signature that the
magnetic transition temperature of these nanoparticles are higher than 400 K. This is
consistent with the fact that Co>FeAl has high Curie temperature of 1250 K in bulk [6].
The branching of ZFC-FC indicates a blocked magnetic state for nanoparticles wherein
the orientation of magnetic moment is frozen in a stable state against thermal
fluctuation [35,36]. The isothermal field dependent magnetization measurements at 300
K (Fig. 6.4-(b)) shows opening of a hysteresis with coercive field of 150 Oe. The coercive
field is seen to increase up-to 250 Oe at 10 K (Fig. 6.4-(c)). The magnetization versus
field plot (Fig. 6.5) recorded up-to high magnetic field shows a large saturation
magnetization value of 190 emu/gm at 300K. The Ms value is higher than those reported

earlier for disordered Coz2FeAl nanoparticle [6,23].
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Figure 6.4: (a) ZFC-FC plot of magnetization vs temperature for L2; ordered Co:FeAl
nanoparticles prepared at 9 pH. The measurements were done under 200 Oe magnetic field.
Isothermal hysteresis measurements L2; ordered Co.FeAl nanoparticles recorded at (b) 300 K
and (c) 10 K.

N
o
o

3

Q

=

§ 150 3

= | 5

= £

£ 1004 S

(o] (3]
255§

c 1r =

& 05—
= 0 4 8 12 16

kOe

Figure 6.5: Magnetization versus magnetic field data taken up-to saturation field for Co,FeAl
nanoparticles. The inset shows the high field data. The line shows the fit to the data using eqn.
6.2.
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The magnetic anisotropy (K) of the Heusler alloy nanoparticles can be obtained by fitting

the high field magnetization versus field data using the equation [20,37]:

0.07619K* _ 0.0384K>
2 33
H2M, H3M3

M(H) = Mg <1 — > + xpH (6.2)
where, Ms is the saturation magnetization, and yp is high field paramagnetic
susceptibility. The fit yields a value of 1.074 x 10° J/m®. The temperature dependence of
the anisotropy constant (Fig. 6.6) shows a decrease with increasing temperature. This is
consistent to the earlier observation of reduction of K with increase in temperature in
cobalt ferrite nanoparticles [37,38]. Using the values obtained for anisotropy constant
and an average size (= .8nm) for the nanoparticles as obtained from TEM measurements,

the Neel relaxation time was calculated using the relation Ty = 1, % [39]. Here, Vis
B

the volume of nanoparticle and 7o is of the order of 10™°s - 107%° s, This leads to a Neel

relaxation time of tn~ 6.7 x 107 s.

1.074x10°4

—~ 1.068x10°
£ )

—

= 1.062x10°
¢ . X

1.056x10°-

L U R . S —— N—— S— .I
300 320 340 360 380

Temperature (K)

Figure 6.6: Temperature dependence of anisotropy constant of L2; ordered Co:FeAl

nanopatrticles. Solid line is guide to the eye.

In order to compare this with the Brownian relaxation time of these nanoparticles in

water, the corresponding relaxation time ts was calculated using the relationship [40].
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3nVy
TB = U
KpT

, here V4 is the hydrodynamic volume of the nanoparticles in the aqueous

solution and 1 is the viscosity coefficient of water. The hydrodynamic size was obtained
by carrying out DLS measurements on the aqueous solution of the CozFeAl nanoparticles
dispersed in water. The measurements yielded a hydrodynamic particle size of = 60 nm.
Using a value of n = 8.90 x 10~* Pa-s for water at room temperature, the corresponding
Brownian relaxation time was obtained to be around 2.5 x 107 s. The high values of

relaxation times makes these nanoparticles suitable for heat generation.

6.3.3 Hyperthermia measurements

Magnetic hyperthermia measurements were performed to evaluate the heat generation
capability of the L2; ordered CozFeAl nanoparticles by applying alternating magnetic
field. The measurements were performed on an aqueous colloidal solution (1mg/ml)
containing the nanoparticles. Fig. 6.7-(a) shows results of hyperthermia measurements
for colloidal solutions containing Heusler nanoparticles measured under an oscillating

magnetic field excitation of 370 Oe strength and 387 kHz frequency.
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Figure 6.7: (a) Hyperthermia measurements plot of rise in temperature AT versus time measured
under application of oscillating magnetic field of 370 Oe strength and 387 kHz. (b) Hyperthermia
measurements recorded under application of 370 Oe magnetic field strength for different
excitation frequency. (c) SAR value vs Excitation frequency plot. The solid line is guide to the

eye that shows a linear dependence on excitation frequency.

The measurements clearly demonstrate the heat release by the nanoparticles that
consequently lead to an increase in the temperature of the colloidal solution. The rise in
temperature (Fig. 6.7- (a)) was found to be more than 5 °C after application of field for
700 s. The heat release capacity was found to decrease with decrease in excitation
frequency (Fig. 6.7-(b)). A specific absorption rate (SAR) value of about 38 W/g was
obtained for the CozFeAl Heusler nanoparticles under the application of 380 Oe AC
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magnetic field at 380 kHz. The SAR value is found to vary linearly as a function of

excitation frequency (Fig. 6.7-(c)).

Table 6.1: Comparison of SAR value with other materials

Compounds Coating Magnetic | Frequency | SAR value Ref.
Field (Oe) (kHz) (Wigm)
CozFeSn Silica 370 387 120 [16]
CozFeAl PEG 370 387 38.5 This
work
FesO4 Chitosan 335 265 118.8 [41]
FesO4 Tetramethyl 791 126 135.9 [42]
ammonium
hydroxide
FesO4 Lauric acid 188 300 120 [43]
MnFe204 Lauric acid 188 300 97 [43]
CoFe204 Lauric acid 188 300 37 [43]
Ag@ Fes0s brick-like 402 313 100 [44]
coreshell
FesOq 157 500 108 [45]
FesO4 Oleic acid 335 265 91.4 [46]

6.4 Conclusion:

To summarize the results presented here demonstrates the possibility of growth of
CozFeAl Heusler nanoparticles of size less than 10 nm and having good crystalline order
of L2; type. The results show that these nanoparticles have high saturation magnetization
and high magnetic transition temperature. Hyperthermia studies on these nanoparticles
show heat generation capability under the application of oscillating magnetic field. This
work provides an opportunity for further development of Heusler compound

nanoparticles capable of heat generation for possible magneto-thermal applications.
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7.1 Conclusion:

The Heusler alloys are extremely useful materials due to their exotic properties and
possible integration in future generation spintronics devices. This thesis aims to find
beyond physical vapor deposition methods for developing Heusler alloy nanostructures
that may be useful for spintronics such as magneto optical and magneto thermal
applications. To conclude this thesis, consists of two parts. In the first part, development
of thin films of an extremely important Heusler material namely CozFeSn is being
explored and it’s magnetic and magneto optical properties have been studied in detail. In
the second part, we have developed highly ordered and high crystalline quality Co.FeSn
and CozFeAl Heusler nanoparticles. Further we have studied their magnetic and

hyperthermia properties for magneto-thermal applications.

The deposition of Co2FeSn Heusler alloy film is very difficult due to phase
segregation and is thermodynamically difficult to prepare. So, in the first part of this
thesis, we have successfully developed an electrochemical deposition based method for
growing thin films of CoxFeSn. The three step electrodeposition process developed in
this thesis leads to a smooth and crystalline thin film on polycrystalline copper substrate.
Through a systematic study, the deposition voltage, deposition temperature, molarity of
the precursors, stoichiometry ratio, thickness, post-annealing temperatures were
optimized in this work. The magnetic and magneto-optical properties of these
electrodeposited films has been investigated in detail.

However for application, low roughness and high crystallinity are important
consideration. For this, we further developed method to replace the polycrystalline
copper substrate with single crystalline silicon substrate. The deposited film show
improved morphology and crystalline quality with a finite L2; ordering. Magneto optic
Kerr measurements show Kerr rotation reaching up to a maximum value of = 0.8° which
is comparable with the films grown by conventional vapor deposition techniques.
Samples possess strong uniaxial magneto-crystalline anisotropy. Angle dependent
MOKE measurements reveals that two-fold symmetry exists in the electrodeposited
Co2FeSn films.

Apart from thin films, growth of highly ordered Heusler nanoparticles is a subject of
intense research but has been mostly limited to disordered A2 type nanoparticles. In this

thesis we show development of B2 type ordered CozFeSn and L2; type ordered CozFeAl
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nanoparticles. Furthermore the magneto-thermal effect has not been much explored in
the Heusler alloy nanoparticles. Here we present for the first time hyperthermia studies
to demonstrate the possibility of generating heat under application of oscillating
magnetic field using highly ordered CozFeSn and Co.FeAl nanoparticles. The results
show that Co.FeSn has heating rate better than those reported for non Heusler alloy CoFe

based nanoparticles.

7.2 Future perspectives:

In 2015, H. Atsufumi et al. [1] showed a roadmap for all possible magnetic tunnel
junctions and spin-valve junctions using Heusler materials to inject the spin-polarized
electrons efficiently into a non-magnet. The fascinating and unusual properties such as
half metallicity at room temperature, large perpendicular magnetic anisotropy, small
damping constant make them interesting to study their fundamental aspects as well.
However, thermodynamic difficulty in preparing many Heusler materials using
conventional physical vapor deposition methods and high cost has been a limiting factor
in their development. The work in thesis opens up opportunity to explore beyond physical
vapor deposition method for developing such Heusler alloy systems

The demonstration of the possibility of generating heat using Heusler alloy
nanoparticles through hyperthermia measurements, presented in this thesis brings in a
new material class for such applications. These may be used for application like

hyperthermia based cancer treatment.

To summarize this thesis presents several new results that promises to open new

avenues both for development and application of Heusler alloys.
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