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Summary

Modern day information technologies not only rely on miniaturization and den-
sification of data processing and data storage, but also on fast data transmitters and
receivers. Current CMOS based technologies are limited to tens of GHz read and
write speeds, at least for ambient temperature operation. Alternative approaches
come from areas like spin electronics, using different principles and material sets.
Here we build an approach relying on highly spin-polarized low-moment magnetic
materials as the active building blocks in switching and oscillation devices.

One particular material class, which has been predicted in 1995 by val Leuken:
the zero moment half metals (ZMHM) could potentially offer solutions for achiev-
ing high-frequency operation magnetic devices, well into the THz region. Despite
the early prediction, the potential of ZMHMs was not realized experimentally un-
til 2014, with MnyRu,Ga (MRG) being the first known prototype. Narrow-band
ferromagnetic resonance, well above 0.2 THz, where the central frequency is deter-
mined by the anisotropy field within the material, has already been demonstrated
in the Mn-Ga family. Tantalizing prospects emerge, for the realization of spintronic
oscillators and switchers, operating well into the THz region, by exploiting higher-
order anisotropy effects and non-linear excitation, relying on either high galvanic
current densities and spin-transfer or spin-orbit torques, or on optical excitation,
using ultra-short laser pulses.

Here we deploy a number of primarily electronic transport-based techniques to
shed light over all essential effective parameters necessary for device design using
MnGa-based materials, including junction transport in superconductor-ferrimagnet
dynamically-formed contacts, anomalous Hall effect in lithographically defined bars
at both low and high current densities. The basic spintronics theory is introduced
first, before details are provided on the theoretical framework for the analysis of
specialized measurement data, such as point contact Andreev reflection (within the
modified Blonder-Tinkham-Klapwijk formalism) and spin-orbit torque, within the
sub-lattice macrospin approximation.

A separate chapter is dedicated to the description of the measurement techniques,
methodologies and equipment used in this work, including examples from the lit-
erature, before going into discussing experimental and modelling efforts in three
complementary directions: systematic investigation of the Fermi-level polarization
as a function of the composition in the MRG-family of materials, an exhaustive
determination of the effective low-frequency dynamics and quasi-statics torque pa-

rameters, and the changes in these in the high-current density transport regime. The
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investigation of the possibilities of Fermi level engineering of MRG films, primarily
by tuning electronic pressure, (using the Mn/Ru ratio in the films), is presented first.
It highlights the importance of electronic pressure (via a combination of substrate-
induced strain and chemical pressure) in MRG for the achievement of very high
Fermi level spin-polarization ( > 63% has been observed). Here the quantification
of spin-polarization is done by means of point contact Andreev reflection (PCAR)
spectroscopy.

A detailed analysis of the magnetocrystalline anisotropy of MRG samples by means
of the spontaneous or anomalous Hall effect (AHE) follows. In MRG, the AHE is
sensitive towards the out of plane component of the magnetization of primarily one
of the two spin sub-lattices, which contributes most of the DOS at the Fermi level.
It also allows for the determination of the torque acting on the same. This is rather
useful in thin epitaxial films, of low-moment materials, where the conventional bulk
techniques (such as SQUID magnetometry) run out of sensitivity. A new methodol-
ogy is proposed for the comprehensive determination of the anisotropy constants in
thin film with substantial AHE, which relies on obtaining data for different field ro-
tations, conducted at varying field strengths. In MRG, the out of plane anisotropy
constants are determined as follows: K; = 4.0 x 10* J m™ (K;/M = 0.655T),
Ky = 254 x 10" J m™3 (Ky/M = 0.416 T) and in-plane effective anisotropy con-
stant is evaluated as K3 = 3.48 x 10° J m™® (K3/M = 0.057T), all by fitting the
anomalous Hall resistance to a consistent set of torque models, under the macrospin
approximation. First order reversal curves (FORCs) and a classical Preisach hys-
teresis (hysterons) model are deployed in the modelling of the hysteretic response
of the structures and assert the validity of the macrospin approximation and help
to determine effective magnetic viscosity parameters.

The measurements of current induced spin orbit torques in single-layer MRG films
are presented and discussed last. The effective spin-orbit field is high, without
the need to involve any heavy metal over-layers, with values in excess of 5 x
1072 TA 'm? at low current density and 75 x 107!2 TA='m? at a current den-
sity of only j = 2.5 x 10! Am?2. The high values of the observed intrinsic spin-orbit
torques in MRG suggest alternative approaches to the realization of spintronic os-
cillators for the upper GHz and the THz bands, relying on high current densities
conducted in-plane, within essentially all-metal micronic-size structures, rather than
perpendicular-to-plane through critical tunnel barriers, within nano-pillars.

In the conclusions of this thesis we argue that highly-polarized compensated ferri-
magnets may indeed hold the right combination of high effective torques, low preces-
sion moments, low damping and high resonance frequencies to put spin electronics
back into the beyond CMOS race.
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Introduction

1.1 Introduction to magnetism

While the phenomenon of magnetism was known from the ancient times, it has been
only explained after the discovery of quantum mechanics. Magnetism is caused by
the quantum-mechanical behavior of predominantly electrons. In fact, magnetism
continues to be the testing ground to our understanding of complex quantum and

statistical physics both theoretically and experimentally.

1.1.1 Classification of (spontaneous) magnetic order

Spontaneous magnetism is a collective behavior of electrons,! where spin and orbital
moment of electron participate during the interactions. These mutual interactions
lead to breaking the momentum symmetry of the system, which results in the or-
dered ground states. A simplified Hamiltonian of the interacting electrons can be

written as:

1
H= —§Zji,jsi'sj+zgﬂoﬂBH‘Si, (1.1)

irj i
where, S, is the moment on the i’* atom, ¢ is the gyromagnetic ratio, pg is the
permeability of free space, up is the Bohr magneton and H is the applied magnetic
field. .J;; is the exchange constant, if J; ; > 0 it is lower energy if i"* and j"* moments
are aligned, on the other hand if J; ; < 0 then antialigned moments lower the energy.

The value of J; ; drops rapidly as the separation between moments increases. In a

L Although, magnetism of nuclei does exist, it is much smaller (factor of ~ 2000) than the
electronic moment.
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system where only neighboring moments are assumed to interact with the same

strength, equation 1.1 can be rewritten as (Heisenberg Hamiltonian);

1
(0.3) ‘
e Ferromagnets: If J > 0 then moments will try to stay aligned together

developing a macroscopic magnetization (M > 0), see figure 1.1.

e Antiferromagnets: If J < 0 then it is favorable for nearest neighbor mag-
netic moments to align antiparallel to each other. If moments on the neighbor-
ing sites are equal in magnitude then the net magnetization collapses (M = 0)
but yet it has magnetically ordered states. It may be realized in a magnetic

system, where two sub-lattices have equal and opposite magnetic moments.

e Ferrimagnets: A ferrimagnet can be regarded as an antiferromagnet with
two unequal sub-lattices. The unequal sub-lattices are due to nonequivalent
chemical composition and/or crystal environments. In this case, two sub-
lattices are not equal therefore material has a net magnetization (M > 0). Due
to the different crystallographic environment, each sub-lattice has different
temperature dependency, therefore net magnetization itself has a complicated
temperature dependency. If one sub-lattice dominates at low temperature
and another at high temperature, then the net magnetization may collapse

and change sign at a temperature known as the compensation temperature

(Teomp)-

Most oxides with a net magnetic moment are ferrimagnets. One of the famous ex-
amples is yttrium-iron garnet (YIG), Y3Fe5015. Here Ye*™ shows 4d state, so no
magnetic contribution from it. However, Fe3*, 3d®, ions occupy two different crys-
tallographic sites, one at the octahedral site and another at the tetragonal site with
neighbouring oxygen. These two sites are antiferromagnetically coupled so that the
net moment is 5upg. Another oxide family, which shows ferrimagnetic properties is
ferrite, with formula DO - Fe,O3, where D is the divalent cation such as Co?*, Mn?*,
Fe?t, Ni?* or Zn?**. Here D*" occupies the tetrahedral sites (say A) and Fe?" takes

the octahedral sites (say B) of spinel structure. In inverse spinel structure Fe?+

2
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and D?T occupy the site A and site B respectively, and their moments are antifer-
romagnetically coupled so that total magnetic moment of sample is given by D?**
ions only.

Note that the compensation temperature of ferrimagnetic materials depends on the
relative strength of intralattice and interlattice exchange constants. The Hamilto-

nian for a ferrimagnetic system with lattice indices A and B can be written as:

1 AQA QA 1 BgB @B 1 ABQA QB
H= _§izj‘]i,jsi S; _§izj‘]i,jsi S; _§ij‘ Si -S;j +;9"‘0/‘BH'S“ (1.3)

/[:7.].
where, Ji‘g- and JI% are intralattice ferromagnetic exchange constants at site A and B
respectively. J;zB is the interlattice exchange constant. The net magnetic moment

M = M4 + Mg, in general, shows a complicated temperature dependency, due to a

relative strength of ij, ij and ijB )

Ferromagnetic Antiferromagnetic Ferrimagnetic

e ittt
NERREARANRARD

|J<0;M =0] |7 <0;M >0

Figure 1.1: An illustration of various spontaneous magnetic systems. In the case of
positive exchange constant J > 0, moments align parallel to each other developing
a net macroscopic magnetization (M > 0). This is a ferromagnetic state. On
the other hand, J < 0 leads to an antiparallel moment configuration. In case of
neighboring sites have equal moments, the net magnetization collapses (M = 0).
This is an antiferromagnetic state. However, a ferrimagnetic state is realized when
J < 0 and neighboring sites have unequal moments.

Figure 1.2 shows two different situations, a magnetic compensation point is not
realized if [J2AP] > |74, |77, while the compensation can be seen in a situation
when [JZ| > |JAP[,|J24]. Most of the ferrites samples come under the first situa-
tion, where no realistic compensation is realized. On the other hand GdsFe;O15 has
compensation temperature &~ 290 K as it falls under the second condition.

Most Oxide ferrimagnets are electrical insulators, which makes them useful for many



Introduction

applications such as in a high frequency circuits. This is because conventional fer-
romagnets are a lossy media for high frequency applications.

There are many metallic ferrimagnetics alloys of rare earths (RE) and transition
metals (TM), such as GdFeCo [19], TbCoj [20], DyCos [21]. In addition, a number
of Heusler alloys such as MnyRu,Ga [22], Mn; 5V 5FeAl [23], MnsAl [24], also show
ferrimagnetic properties. The Transport properties of a ferrimagnetic sample often
show a change in the sign of corresponding coefficients for a temperature above and
below the compensation point, such studies on highly ordered MnsRu,Ga thin-films

are presented in the chapter 4.

(a) (b)

M

A

Magnetization, M

Temperature, T

Figure 1.2: A typical temperature dependence of the sub-lattice magnetization of
a ferrimagnet, (a) when |J%| > |J2], |72, no magnetic compensation is realized,
(b) a compensation point (Tuomp) is achieved when |J5| > |J2P[,|J2]. The graphs
are after Coey [1].

1.1.2 Stoner criterion for ferromagnetism

Band splitting for an itinerant electron system in the absence of external magnetic
field at the first glance seems unfavourable, as band-splitting costs extra energy to
the system. However, in a situation where the density of states (DOS) at the Fermi
level is very high and the band is sufficiently narrow, the energy gain of the process
of placing electron from one spin-band to another spin-band may overcome the cost
of energy require for exchange splitting. Thus, the bands split spontaneously and

ferromagnetism occurs in some itinerant electron systems. This governing condition

4
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is set by the Stoner criterion:

INT7¢ (EF) >1, (14)

where, [ is the exchange integral and N} | (EF) is the DOS per atom for each spin
state at the Fermi level. Fe, Co and Ni meet the above criterion, consequently

exhibit spontaneous ferromagnetism.

1.1.3 Magnetic anisotropy

A magnetic material shows magnetic anisotropy as its free energy depends on the ori-
entation of local magnetization (M). The anisotropy favours an orientation, known
as easy axis (or cone/plane), of magnetization for which energy is minimum, while
the hard axis (or cone/plane) is the orientation for which energy is maximum. In
fact, the anisotropy is often evaluated by measuring the energy needed to saturate
the sample along the hard axis as compared to saturating along an easy axis. The
anisotropy arises due to contributions from the intrinsic material properties, shape
of the material and stress exerted on the material.

In fact, magnetic anisotropy plays a key role in many electronic devices. It deter-
mines the read/write speed and volatility of magnetic-based memory technologies.
Anisotropy is also crucial for the thermal stability of nano-pillars. Hence, its study

is essential in order to understand the dynamics of magnetization in devices.

1.1.3.1 Magnetocrystalline anisotropy

Microcrystalline anisotropy arises from the intrinsic properties of the material. The
physical origin of magnetocrystalline anisotropy is spin-orbit coupling. The spin-
orbit interaction couples the spin with the orbital degree of freedom. Orbitals are
strongly coupled with the local crystal lattice. Therefore any attempt to change the
direction of spin moment, using magnetic field, experiences a torque from orbitals.
Since, coupling of orbitals depends on the symmetry of the material (local crystal
field), a natural preferred orientation of magnetization emerges.

Thus magnetocrystalline energy can be written in terms of series expatiation of

magnetization orientation. Anisotropy energy for a number of symmetry are shown
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Figure 1.3: Anisotropic energy landscape for cubic crystal as described by equa-
tion 1.5. Here Kg = 0.2, K; = 0.8 and Ky = 0. Both radial distance and color-map
indicate the energy. The color of anisotropic energy landscape denotes the arbitrary
values from low (blue) to high (red). There are 6 easy axes along < 100 > and hard
axes along < 111 >.

below:

Cubic: E, = Ko+ Ki(aja3 + asa; + a3ad) + Kyafasas + . .. (1.5)
Tetragonal :  FE, = Ky + K;sin?(0) + K,sin*() + K3 sin*(6) cos(4¢) (1.6)
Hexagonal : E, = Ky + K, sin®(6) + Ky sin*(8) + K3sin®(0) + K, sin®() sin(6¢)

(1.7)

here, «; are the direction cosines of magnetization, while 6 and ¢ are the polar and
azimuthal angle of magnetization. K are the anisotropy constants of order <.

In a cubic system, for K; > 0, directions along < 100 > are easy axes while < 111 >
are the hard axes, as shown in figure 1.3. This kind of anisotropic behaviour is ob-
served in body-centred-cubic iron (Fe). On the other hand, when K; < 0, easy axes
are along < 111 > and hard axes are along < 100 >, see figure 1.4. The face-centre-

cubic nickel (Ni) shows similar properties.

Furthermore, in a Hexagonal system, for K; > 0, uniaxial easy axes are along

< 100 >, which leads to an uniaxial anisotropy of the sample, as shown in fig-

6
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Figure 1.4: Anisotropic energy landscape for cubic crystal as described by equa-
tion 1.5 . Here Ky = 0.5, K1 = —0.8 and Ky = K3 = 0. Both radial distance and
color-map indicate the energy. The color of anisotropic energy landscape denotes

the arbitrary values from low (blue) to high (red). Here, the easy axes are along
< 111 > and hard axes are along < 100 >.

ure 1.5. Hexagonal closed-packed cobalt (Co) shows such properties. However, for
K; < 0 an easy plane in zy-plane is realized, see figure 1.6.

A stable equilibrium position of the magnetization vector, in presence of applied
magnetic field, can be obtained by finding the minima of energy landscape. For ex-
ample in the simplest situation of tetragonal /hexagonal crystal system, the effective

energy (FE,) is given in terms of magnetocrystalline energy and Zeeman energy :
E, = Ko+ K;sin?(0) — oM H cos(ag — ), (1.8)

where, ay is the polar angle of applied magnetic field with respect to the easy axis,
see figure 1.7. If field is along the hard axis, (g = 7/2) then minimizing E, by
evaluating 0F, /00 = 0 and setting § = 7 /2, provides the anisotropy field H,:

2K,

H, = .
poM

(1.9)

A thorough discussion of evaluating the anisotropy constants for a tetragonal system

7
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Figure 1.5: Anisotropic energy landscape of a hexagonal crystal system as de-
scribed by equation 1.7. Here Ky = 0.1, K1 = 1 and K, = K3 = 0. Both radial
distance and color-map indicate the energy. The color of anisotropic energy land-
scape denotes the arbitrary values from low (blue) to high (red). In this situation
easy axes are along < 100 >.
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Figure 1.6: Anisotropic energy landscape for hexagonal crystal. Here Ky = 1.2,
Ki = —1 and Ky = K3 = 0. Both radial distance and color-map indicate the
energy. The color of anisotropic energy landscape denotes the arbitrary values from
low (blue) to high (red). For K; < 0 an easy plane in zy-plane is realized.
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Figure 1.7: An illustration of co-ordinate system for the magnetization M and a
applied magnetic field H. Here, easy axis is considered along z-direction. 6 and ¢
are the polar and azimuthal angles of magnetization M with respect to the easy
axis z. Similarly, ag is the polar angle of applied magnetic field H.

(MnyRu,Ga) is presented in chapter 4.

1.1.3.2 Shape anisotropy

Shape anisotropy is also referred as magnetostatic anisotropy. It arises from the
dipole interaction of moments. A material prefers to magnetize in such way that it
has fewest poles, hence minimum magnetostactic energy. This is the reason behind
a non-spherical sample getting easily magnetized along its long axis.

The shape anisotropy is related to the demagnetization field, Hy. It contributes
to the total energy of the magnetic system, which depends on the direction of

magnetization of a sample. It is not an intrinsic property of the material as it
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depends on the shape of the sample. In case of ellipsoid sample, H, is given by:
Hgi = —Ni;M; (1.10)

where, V; ; is the demagnetization tensor. When the magnetization is parallel to
one of the principle axis of ellipsoid, the demagnetization tensor is essentially a
diagonal matrix with trace equal to unity.

In case of a spherical sample, N, = N, = N, = 1/3. Hence H, is isotropic in nature.
For a long cylinder, with axis along z, N, = N, = 1/2 and N, = 0. Therefore no
demagnetization field along the long axis, hence M align along z-direction. On the
other hand, for a thin film, with thickness along z-direction, N, = N, = 0 and N,

= 1. Thus most thin films have shape anisotropy along the plane of a sample.

1.1.3.3 Magnetoelastic anisotropy

Magnetoelastic anisotropy arises in a sample when it is subjected to stress. The
origin of this is also spin-orbit coupling. When stress is applied on a sample, it alters
the local symmetry in the neighborhood of atoms, and consequently the magnetic
behavior. For a cubic system, magnetoelastic anisotropy energy density Ey g is

given by [25]:
Evg = B1(€11a% + 622045 + 633Oé§) + 2By (€120 00 + €2300003 + €3103001) + ..., (1.11)

where, ¢; ; is the strain tensor, B; are the magnetoelastic coefficient and «; are the
direction cosines of the magnetization vector. Thus an uniaxial strain in a cubic

system induces an uniaxial magnetoelastic anisotropy.

1.2 Spin electronics

Spin electronics or spintronics refers to the study of both charge and spin degree of
freedom of electron in condensed matter physics [26]. It primarily exploits the spin
of the electron in order to understand the physical properties of a system [27, 28].

For example, study of transport and relaxation properties of spin in metals and

10
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semiconductors is not only a fundamental interest but also demonstrated in various
spin-based devices, such as in gaint magnetoresistance (GMR), tunnel magnetore-

sistance (TMR) sensor, spin-oscillators, etc.

1.2.1 Spin polarization
The Fermi level spin polarization? is defined by:

B DTU,Z‘T — Di’l)i

= 1.12
Dyvi + Dyvy (1.12)

where, Dy}, 1}%( 1) are the density if states (DOS) and Fermi velocity of spin-up (spin-
down) channel, and ¢ = 0,1, and 2. For i = 0 , it represents the bare DOS spin
polarization and is usually measured by spin-resolved photoemission spectroscopy.
On the other hand, transport measurements measure a different spin polarization,
which includes the Fermi velocity. In the ballistic regime, electrons do not lose their
momentum and energy in the transport channel. Therefore, DOS is weighted with
linear Fermi velocity v ( ¢ = 1) and P, is measured on a particular axis. In the
diffusive regime, electrons lose both momentum and energy in a transport channel,
hence the weighting is quadratic in v (i = 2) and P, is measured. P; and P, can be
measured by point contact Andreev reflection spectroscopy (PCAR).

The spin polarization value of non magnetic metals is zero and, for magnetically
ordered states, its value lies between 0 and 1 (Figure 1.8). In an extreme case,
where there is a spin gap in one of the spin channel, spin polarization reaches the
maximum value of 1, and the material is named half-metal. Some Heusler alloys, like
NiMnSb and MnyRu,Ga, Perovskite (STRuOj3) and transition metal oxides (CrOs)
show half-metallicity.

1.2.2 Spin valves

In 1988, a large magnetoresistance in Fe/Cr multilayers was observed by Binasch et
al. [29] and Baibich et al. [30]. In this multilayer, the thickness of the nonmagnetic
layer is chosen in such as way that two consecutive ferromagnetic layers are anti-

ferromagnetically coupled to each other through Ruderman—Kittel-Kasuya—Yosida

2This is the polarization which matters for the transport phenomena.

11
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Fermi level

T P=0 ¢ T0<P<1J’ 1\P=1 ¢
Metal Ferromagnetic Metal Half-metal

Figure 1.8: Schematic of spin dependent density of states (DOS) of typical metal
P =0, ferromagnet 0 < P < 1 and half metal P = 1.

(RKKY) interaction [31]. Thus, ferromagnetic layers have opposite polarities at
zero applied field. Furthermore, the oscillatory nature (between ferromagnetic and
antiferromagnetic) of RKKY interaction was established by Parkin et al. [32, 33].
When a current flow in the plane of sample, the resistance of antiparallel alignment
is more than the parallel alignment. The parallel alignment is achieved by applying
magnetic field in the plane of sample. The resistance of the parallel state was found
to be ~ 50% lower than than the parallel state at 4.2K. Therefore, such multi-
layer device is called a spin-valve or giant magnetoresistance (GMR) device. The

corresponding GMR ratio is given by:

GMR(%) = % x 100, (1.13)

P

where, Rp and R4p are the parallel and antiparallel resistance respectively. GMR
can be realized either in current-in-plane (CIP) or current-perpendicular-to-plane
(CPP) configuration. The GMR effect arises from a complex spin-dependent scat-
tering at bulk and interface. It can be phenomenologically understood under the
Mott two-current model where current is split into up, IT, and down, I* current
components. The electron of IT scatters less in a magnetic layer where majority
electron is also align along the same direction. On the contrary, it scatters more,
when its spin is anti-aligned in the magnetic layer. GMR in CPP geometry is shown
in figure 1.9.

GMR ratio in CIP-GMR is often very small. It has reached a maximum of value 10%

12
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Parallel configuration Antiparallel configuration

= =

Figure 1.9: An illustration of CPP-GMR in both parallel and antiparallel con-
figurations. Here under Mott two current model, electron with parallel spins have
longer mean free path compared to spin aligned antiparallel.

at room temperature, in CoFe/Cu/CoFe multilayer. However, a much higher room
temperature GMR ratio (75%) was reported in a epitaxial CosFeg 4Mng ¢Si/Ag/CosFey 4Mn

structure [34].

1.2.3 Tunnelling magnetoresistance

Another spin-valve in the field of spintronics is the tunnelling magnetoresistance
(TMR). It is also known as magnetic tunnel junction (MTJ). MTJ is very similar to
GMR-valve where the non-magnetic spacer is replaced by a thin (< 2nm) insulating
layer (AlO,, MgO, AIN and SrTiOj are some of the common choice). The first ob-
servation of TMR was made by Julliere [2] with Fe/Ge/Co structure. The reported
TMR is around 11% at 4.2 K at zero bias, and it drops quickly with temperature and
bias, see figure 1.10. A significant improvement was made in 1995, by Moodera et
al. [3] and Miyazaki et al. [35] when TMR in excess of 10% , at room tempearture,
has reported with amorphous AlO, barriers. A further higher value of TMR was
observed in 2004 by Parkin et al. [36] and Yuasa et al. [4] with crystalline MgO
barrier. Interestingly, TMR as high as 1010% at 5K and 500% at room tempera-
ture was demonstrated by Ikeda et al. [37] in 2008 with CoFeB/MgO/CoFeB MTJ
structure.

In a simplest model, proposed by Julliere, the tunnelling current is proportional to
the product of DOS of two ferromagnetic layers at the Fermi level. The MTJ and
its transport effects is shown in figure 1.11. The tunnelling probability is high in
the parallel due to excellent overlap of spin-resolved DOS. On the other hand, in
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Figure 1.10: (a) The first demonstration of TMR in Fe/Ge/Co at 4.2K, after
Julliere [2], (b) high TMR at room temperature across CoFe/A1,03/Co MTJ. The
pictures are after Moodera et al. [3].

antiparallel situation a poor overlap of spin-resolved DOS leads to lower tunnelling
probability. Note that Julliere’s model ignores the band structure of the insulating
barrier, which is the case of incoherent tunnelling. This condition is only valid for
all amorphous barrier, such as AlO,.

However, in the case of a crystalline barrier (MgO), the band structure of the bar-
rier and corresponding coherent tunnelling across the barrier comes into the picture.
For example in CoFe[001]/MgO[001]/CoFe[001] , the tunnelling matrix elements is
dominated by A; symmetry which decay slower than A, and Aj states [5]. The

tunnel process across crystalline barrier is shown is figure 1.12.

1.3 Transport properties

1.3.1 Spontaneous Hall effect

In 1879, Edwin Hall [38] discovered the generation of transverse voltage (Hall volt-
age) across an electrical conductor when a perpendicular magnetic filed is applied.
This phenomenon is popularly known as the normal or ordinary Hall effect. Later,
he also observed spontancous Hall [39] voltage in a ferromagnetic material, even in

the absence of external field, which gained the name spontaneous Hall effect (SHE).
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Figure 1.11: An illustration of TMR effect in MTJ, (a) when both magnetic
layers are parallel, in this case electrons have higher tunnelling probability due
to significant DOS overlapping, (b) in the antiparallel situation where tunnelling
probability is low due to very low DOS overlapping. The pictures are after Yuasa
et al. [4].
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Figure 1.12: (a) Tunnelling DOS across Fe(001)/MgO(001)/Fe(001) MTJ struc-
ture for & = 0. A; state decay much slower across the MgO barrier as compared to
Ay and Aj states. (b) Incoherent tunnelling across AlO, barrier and (c) coherent
tunnelling across crystalline MgO barrier. The pictures are after Yuasa et al. [4]
and Butler et al. [5].
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An empirical relation for the Hall resistivity can be written as,
Pay = R H, + R M, , (1.14)

where, R, and R, are the normal and spontaneous Hall coefficients respectively.
H. is the applied magnetic field perpendicular to sample and M, is the normal
component of the magnetization vector.

The ratio of SHE resistivity p,, to longitudinal resistivity p,, is known as Hall angle

oy, defined as,

oy = tan™! (@) . (1.15)

Pz
Note that SHE is a non-linear Hall effect arising due to the normal component of
magnetization. However, a thermal gradient and complex spin-orbit interactions
can also contribute to the non-linearity in the Hall effect, hence named as anoma-
lous Hall effect (AHE). Strictly speaking, SHE and AHE may be associated with
quite different physical phenomena. Nevertheless, in this thesis SHE and AHE are
interchangeably used owing to the presence of non-linearity in the Hall effect.
Although, the theory of AHE is still under debate, Karplus and Luttinger [40] had
first proposed that spin-orbit interaction (SOI) attribute to the AHE. The SOI can
be associated with either the crystalline potential (intrinsic contribution) or with
impurities associated potential (extrinsic contribution). The net asymmetric impu-
rity scattering (also known as skew-scattering) of charge carrier leads to a linear
dependency of p,, with p,,. Additionally, another extrinsic scattering mechanism,
side-jump, scaled has scaling p,, x p2, similar to the intrinsic mechanism. The
intrinsic contribution is attributed to the resultant net Berry phase acquired by a
Bloch state in a Brillouin zone (BZ). The intrinsic Hall conductivity can be evalu-
ated from [41]:
e? A3k

«__© i 1.1
%ij h Bz(27r)3§fk o (1.16)

where, (2, ;; is the Berry curvature tensor and f,x is the Fermi-Dirac distribution.

The AHE is proportional to the degree of spin polarization at the Fermi level and
magnetization of the dominant sublattice. Material with high anomalous Hall angle

are expected to have a high degree of spin polarization. However, the spin polariza-
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tion must be verified by other techniques, such as point contact Andreev reflection
(PCAR) spectroscopy . A correlation between spin-polarization and anomalous Hall

angle is presented in chapter 3.

1.3.2 Point contact Andreev reflection spectroscopy

The conversion of normal current to supercurrent at metal/superconductor (n/s)
interface is called Andreev reflection [42]. Point contact Andreev reflection (PCAR)
relies on the principle of Andreev reflection, which is the only allowed process of
injection of electrons into the superconductor when applied bias voltage is lower
than superconducting gap (|U,| < A). For |U,| < A, when an electron (say spin
up) in a metal with P = 0 propagates towards the interface, a hole of opposite spin
reflects back into the spin down DOS due to unavailability of single particle DOS
in superconductor (Andreev reflection). This reflection of a hole acts as a parallel
conduction channel to the initial electron channel, which gives rise to doubling of
the normal conductance (Figure 1.13A & B). On the other hand, if a metal has
polarization P = 1 then due to unavailability of spin down DOS in the metal near
Fermi level, Andreev reflection is fully suppressed which leads to the drop in the
normal conductance (Figure 1.13C & D). For intermediate polarization values, the
normal conductance lies between these two limiting cases. Strictly speaking, PCAR
can measure the Fermi level spin polarization (with meV resolution) of magnetically
ordered states by measuring the conductance across a ferromagnet /superconductor
interface. The PCAR spectrum can be analyzed using Blonder-Tinkham-Klapwijk
(BTK) model [43]. The net current through the interface can be written as,

I = (1= P)Lypot + Pl , (1.17)

where, Inp0 and I, are the spin polarized and spin unpolarized current respec-
tively. In BTK model, I,,po and I,,,; currents are evaluated by solving the Schoérdinger

equation for metal/superconductor (n/s) interface. Interface potential strength

U(z) = Wo(x) can be included in the BTK theory. The effective interface bar-
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rier strength (Z) is defined as,

W\? 1-—g2
7 = — 1.18
\/(wa) + 4r ( )

where, r = vp1/vpe is the ratio between Fermi velocities in superconductor and

metal, vg is the equilibrium Fermi level velocity. Thus, Z parameter absorbs a few
different physical effects: Fermi level mismatch between metal and superconductor,
oxide at the interface and general interface scattering.

The normalized conductance of for spin polarized /nonpolarized current can be writ-

ten as,

G’VZS
GTLTZ

— (1129 / [F(E—eV)|(L+ A(E) — B(E)dE,  (L19)

where, G, is conductance through metal/metal interface. f’ is the first derivative
of Fermi distribution. A(F) and B(F) are the Andreev and normal reflection coef-
ficients. Spin polarization can be found by substituting the value of I,,p0 and Ipy
from equation 1.19 to equation 1.17.

It can be shown that Andreev reflection probability is inversely proportional to the
barrier strength, A(E) oc Z72. As the transparency of interface decreases (Z in-
creases), Andreev reflection at low voltage is suppressed. For very high Z (Z > 5),
Andreev reflection is fully suppressed and the spectrum is analyzed in the tunnelling
regime. In fact, for very high Z, the spectrum for P = 0 looks similar to the Fig-
ure 1.13(D). Therefore, to be analyzed for spin polarization, spectra with very high
Z values should be avoided.

Another important aspect of PCAR has to do with transport regimes. Transport
through the point contact can be in three different regimes: ballistic, diffusive and
inelastic. The type of transport is determined by the contact size d, elastic mean
free path [, and inelastic mean free path [;,. For ballistic regime, d < [, the elec-
trons statistically do not undergo any scattering withing the contact region. Thus
both energy and momentum-resolved spectroscopy can be performed. On the other
hand, if d > [;,, (inelastic or thermal regime), the electrons undergo both elastic and
inelastic scattering, thereby lose both momentum and energy. This is the transport
regime which must be avoided, as the energy resolution is not well defined. In ad-

dition, since electrons dissipate energy within the contact region, the Joule heating
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effectively raises the temperature of contact which could lead to the quenching of
the superconducting tip. The last regime is diffusive, l,; < d < [;,, where, electrons
undergo predominantly elastic scattering. Therefore, the electrons lose momentum
information but retain the energy resolution. Hence, energy resolved spectroscopy
can also be realized in the diffusive transport regime. In short, an easy to interpreted
PCAR spectrum can be measured only in the ballistic or the diffusive regime.
Furthermore, one has to take into account the superconducting proximity effect
into BTK model, which results into two superconducting gap A; and A, in the
mathematical model. This is popularly known as modified BTK (mBTK) theory.
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Figure 1.13: Schematic representation of Andreev reflection for (A) P = 0, non-
polarized metal (Cu) and (C) P = 1, half-metallic ferromagnet (CrOs) . Corre-
sponding experimental spectra are shown in (B) and (D). The pictures are after
Soulen et al. [6].
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1.4 Magnetization dynamics

1.4.1 Spin-transfer torque

When a spin-polarized current passes through a ferromagnet, it exerts torque on
the local magnetic moment, due to the fact that the spin-polarized current carries
a net angular momentum, see figure 1.14. This phenomena is called spin-transfer
torque (STT), and was first proposed by Slonczewski [44] and Berger [45] in 1996.
If the quantization axis (vector) of spin-polarized current and magnetization are o
and m respectively, the STT arises due to transverse (non-collinear) component of
o acting on m. The equation of motion of the local magnetic moment under spin-
polarized current, within macrospin approximation, is described by the Landau-

Lifshitz-Gilbert (LLG) expression:

om

ot

= —ym X ,uoHeff + am X —m —asrm X (0' X m) — bFLm X o, (120)

ot

where, the first term of equation 1.20 is the Larmor precession of m around local
effective field Heyy. The effective magnetic field takes contribution from external
field, anisotropy field and other quantum mechanical effects. Hery can be written

in term of an energy function E:

1 OF

Hoyp=——S2 1.21
£r o OH (1.21)

The second term of equation 1.20 is the dissipative term arising from the damping
within the material, here « is the material damping constant. The third and forth
terms describe the contribution from STT, arising from net the angular momentum
transfer from the spin-polarized current to the system, where agy, is a Slonczewski-
like coefficient and bry, is a field-like coefficient.

The Slonczewski-like torque and field-like torque can be associated with an effective
current-induced field along o x m and o respectively.

An important consequence of STT is that under a suitable critical current (j.), a

stable precession or even switching of magnetization are achievable, see figure 1.15
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Figure 1.14: In illustration of STT. When spin, o, of indecent electron is non-
collinear with the m of the ferromagnetic layer, passes through the magnetic layer it
exerts the torques on the magnetization. The outgoing electrons align itself parallel
to the magnetic moment after losing its angular momentum. The lost angular
momentum is absorbed by the ferromagnetic moment m, which gives rise to a STT
effect. The picture is after Brataas et al. [7].
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Figure 1.15: magnetization dynamics in various situation under applied spin-
polarized current (a) Initial magnetic configuration, (b) for a low threshold current
value, magnetization eventually settles along the field due to finite damping present
within the sample, (¢) when current is high enough to compensate the damping
term, a stable precession is achieved, (d) when current is more than the threshold
value, a switching process occurs. Here the current induced torque is well in excess
to the torque experienced through the anisotropy of the sample. The picture is after
Ralph and Stiles [8].
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Figure 1.16: (a) Spin Hall effect in a heavy metal , (b) Rashba—Edelstein interfa-
cial effect at the interface of FM/HM. E is the effective electric field induced from
the inversion asymmetry at the interface. Note that current is biased along a longi-
tudinal direction of the sample. The picture is after Ramaswamy et al. [9].

1.4.2 Spin-orbit torque

The spin-orbit torque (SOT) provides an efficient alternative way to control the
magnetization dynamics as compared to STT. The SOT is more commonly realized
in a bilayers system composed with heavy metal (Pt, W, Ta, etc, i.e. nonmagnetic
material with sizable spin-orbit coupling) and a ferromagnet. The origin of SOT
in this hetrostructure combine the spin-Hall effect [46, 47] and Rashba—Edelstein
effects [48]. In spin-Hall effect, a transverse net spin current is generated when a
charge current passes through the heavy metal (HM) due to high spin-orbit coupling
strength of HM. The spin current accumulates at the ferromagnet (FM) and HM
interface, then further diffuses into the FM, exerting torques on the local moment
mainly through exchange interaction, see figure 1.16. In case of Rashba—-Edelstein ef-
fect, the inversion asymmetry across the FM/HM interface induces the spin-splitting
in the band, which leads to a non-vanishing spin-orbit field. In fact the presence of
inversion asymmetry in a bulk sample, with a appropriate symmetry, can also give
rise to a spin-orbit field in the sample. A further discussion on SOT is presented in
chapter 5. SOT has emerged as a more efficient method to control the magnetization
as applied current is biased along the longitudinal direction of sample (figure 1.16).

An investigation of bulk SOT is discussed in chapter 5.
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1.5 Zero moment half-metals

In 1995, van Leuken and de Groot first predicted a new class of half metal called
‘half-metallic antiferromagnet’ [49]. Such materials are immune to the external
and demagnetizing fields, and at the same time are highly spin polarized at the
Fermi level. These are expected to show spin dynamics, lying in terahertz gap
(from hundreds of GHz to sub terahertz range frequencies), due to their low damp-
ing parameters and high magnetic anisotropy. Several potential candidates such as
CrMnSb, Fes VGa and D03 MnsGa have been predicted theoretically as half-metallic
antiferromagnets.

Since the theoretical prediction, such a class of materials had never been realized
experimentally. Several attempts were carried out to fabricate experimentally, but,
all efforts ended with failure, mainly because, either the proposed materials crys-
tallize in a different crystal structure or they are non-magnetic. However, in 2014,
MnyRu,Ga (MRG) was finally realized experimentally by Kurt, et. al., as a proto-
type material [22].

MnsRu,Ga crystallizes in the cubic inverse L2; structure, where Mn occupy two
inequivalent sublattices 4a and 4c, as shown in Figure 1.17a. Moments at 4a and 4c
sublattices are antiferromagnetically coupled, while those on the same sites are fer-
romagnetically coupled. Due to inequivalent crystal environments both sublattices
moments have different temperature dependencies. It has been confirmed through
X-ray absorption and dichroism spectroscopy that moment of Mn*® has smaller tem-
perature dependence compared to the moment of Mn?® sublattice (Figure 1.17b).
Thus, a perfect compensation point can be tuned by altering the composition and/or
by inducing crystal distortion. In MRG, at the Fermi level, the delocalized states
are dominated by the Mn?*® site, thereby the transport phenomena is dictated by
Mn?¢ electrons. DFT calculations, PCAR (P > 58%) and large anomalous hall
coefficient confirm its half-metallic properties [22, 50]. Therefore, the unique com-
bination of low net moment, high spin polarization at the Fermi level and high
magnetic anisotropy identify MRG as a potential candidate for the next generation

THz oscillators/receivers.
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Figure 1.17: (a) Crystal structure of MRG (cubic inverse L2; structure) . (b)
Temperature dependency of site-specific spin moments 2 (S,) of MRG; L-edge X-
ray absorption and dichroism allow the independent determination of the spin and
orbital moments. Perfect compensation near 300 K is clearly visible. The picture is

after Betto et al. [10].
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2.1 Introduction

This chapter discusses the various experiment techniques utilized to fabricate and
analyse the samples under investigation within this thesis work. A high-vacuum
Shamrock sputtering tool was used to grow the thin-film samples. The crystal-
lographic properties of blanket samples were investigated using standard X-ray
techniques, namely X-ray diffraction (XRD) and X-ray reflectometry (XRR). Fur-
thermore, the magnetic properties of the blanket thin films were studied using
a Superconducting QUantum Interference Device (SQUID) magnetometer. The
magneto-transport studies of the blank thin-films and micro-patterned devices were
performed using electromagnet (GMW) and more sophisticated, superconducting
magnet (PPMS) tools. The micro-patterned devices were realized using a standard
photolithography, Ar-ion etching and lift-off process. Moreover, the Fermi level
spin-polarization of the blanket thin-film samples were examined with the help of
point contact Andreev reflection (PCAR) spectroscopy, using superconducting Nb
tips.

2.2 Thin-film deposition techniques

2.2.1 Direct-current (DC) magnetron sputtering

DC magnetron sputtering is a physical vapour deposition (PVD) technique, which is

used for epitaxial growth of the thin-film of a wide range of mostly metallic materials.
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Figure 2.1: Schematic illustration of a DC magnetron sputtering system. A static
potential difference is applied between the target (cathode) and the substrate (an-
ode). The magnetic flux from the permanent magnets, underneath the target, en-
hances the Argon plasma density near the target. The highly energetic Ar™ ions
remove target material after colliding with the target. The ejected material gets
deposited onto the substrate.

This is a widely used method in mass production within the semiconductor industry
due to its associated low cost, high-yield and low-maintenance characteristics. In
this technique, the atoms are sputtered-off from the target material using a cloud of
highly energetic ions in a pre-pumped vacuum chamber. Figure 2.1 shows the basic
components and mechanism of a DC magnetron sputtering system.

In a sputtering system, constant static electric potential is applied across anode
(substrate) and cathode (target). A noble gas (typically Argon) at partial pressure
between 1 to 100 mTorr is maintained inside the chamber in order to ignite and
sustain the plasma. The positively charged Ar™ ions accelerate towards the cathode
(target) and bombard the target with sufficiently high kinetic energy (~ 100 eV).
Consequently, a stream of atoms from the surface of the target is sputtered-off.
The ejected atoms (material) then eventually get deposited on substrate through
a drift and diffusion mechanism. The purpose of the permanent magnet structure
underneath the target is to trap the ions in a cycloid-like motion which enhances
the plasma density near the target even at a reduced Argon partial pressure. Con-
sequently a higher deposition rate can be achieved. Also, the local magnetic field

traps and deflects the trajectory of the electrons present in the plasma to prevent it
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heating the substrate. However, a drawback of using magnets is that the enhance
plasma cloud has a annular shape due to the a characteristic magnetic flux line near
the surface of target (see figure 2.1). This results in a uneven consumption of target
material in the sputtering process, which leads to the formation of a race-track on
the target.

In this technique, the deposition process is not directional due to much shorter mean
free-path of ejected adatoms as compared to the substrate to target distance. The
ejected atoms collide multiple times before settling on the substrate. As sputtering
is not a directional deposition technique it has limited application for lift-off pro-
cesses.

Moreover, the DC sputtering method can not be used for the non-conducting (semi-
conductor or dielectric) targets. This is because the continues bombardment of
ions builds up charge on the surface of the target. Consequently, sudden dendritic
electric discharge processes (arcing) destabilize the plasma, resulting in an uncon-
trolled deposition rate. In fact, for a sufficiently strong electric discharge event, the
strength of surface electric field reaches a point, at which it can produce cracks on

the surface of a target material.

2.2.2 Radio-frequency (RF) magnetron sputtering

The radio-frequency (RF) magnetron sputtering technique is used to deposit the
non-conducting (semiconductor or dielectric) targets. In this technique, a RF source
of frequency usually ~ 13.50 MHz is used to bias the target, which prevents the build
up of charge on the surface of the target. This is because, in the positive half-cycle
of the RF-bias, electrons are attracted to the target, while in the negative half-cycle
Argon ions are attracted towards the target. Since, the Argon ions are much heavier
than the electrons, the overall polarity of target (cathode) remains negative, which
is preventing the arcing type electric discharge processes.

The RF sputtering method can provide a slower deposition rate and a smoother film
as the plasma can be sustained at a lower partial pressure of Argon. In addition,
due to the oscillatory nature of the motion of ions near the target, the formation of

race-track can be significantly minimized.
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Figure 2.2: A schematic of Shamrock sputtering tool. Here the cassette module
(CM), transfer module (TM), target facing target (TFT) gun and various other
components are illustrated. Each module are briefly described in section 2.2.3.

In fact, the RF deposition technique can be used to deposit from metallic targets,
where the lower deposition rate might be useful to improve the film quality due to

the time given to atoms to migrate on the target surface.

2.2.3 The Shamrock deposition tool

A vast number of thin-films for this work were grown in the Shamrock sputtering
tool, located in the class 10000 cleanroom at CRANN, TCD. A schematic of the
tool is shown in figure 2.2. It is a fully automated deposition tool with two growth
chambers, (chamber A and B), interconnected via a robot arm in transfer module
(TM). The tool is also equipped with a cassette module (CM) which helps to load
up to 16 wafers on the sample stage without compromising the vacuum of main

sputtering tool.

Cassette module (CM)

It is a high vacuum load-lock chamber pumped with a turbo pump. It has a sample

loading rack capable of loading up to sixteen wafers (diameter< 6 inch).

28



Thin-film deposition techniques

Transfer module (CM)

It has a fully automated robotic arm to pick and park the samples from the CM
and the deposition chambers A and B.

Chamber A

It is a deposition chamber with a turntable fitted with four planets. The four plan-
ets allow to process up to four samples (diameter < 6 inch) simultaneously. The
plants are also equipped with an array of permanent magnets arranged so that a
uniform magnetic field (B = 10 mT) can be applied during the deposition process.
The presence of magnetic field during the deposition helps to define the easy axis
or exchange field direction in the multilayer stacks (GMR,TMR). The chamber can
reach a base pressure of 3 x 107 Torr using a turbo molecular and a cryogenic
pump. The chamber has six DC magnetron guns with an option to bias two of the
guns with an RF source as well. The reactive deposition is usually performed under
oxygen or nitrogen atmosphere. Typical growth rates between 0.1 As™" to 1As™!
can be achieved under normal operating conditions. The presence of turntable with
planets allow to deposit up to six different materials in a sequential manner to grow
multilayer stacks. The deposition process can be set into a computer-automated

recipe to perform the task sequentially. The chamber also includes an ion gun to

in-situ clean the samples, which is very convenient for many applications.

Chamber B

Chamber B has two DC clusters consist of three confocal DC guns. The three con-
focal guns allow the growth of metallic alloys through the co-sputtering deposition
technique using more than one target. For example the, MnsRu,Ga compound (this
ordered alloy is the heart of the thesis) can be deposited by co-sputtering from the
Mny;Ga and Ru targets. The relative composition can be set by altering the power
supplied to each gun. The chamber also includes two off-axis, target-facing-target

(TFT), RF deposition guns where two target face each other. The TFT allows to
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grow dielectric materials such as MgO, AlO,, SrTiOs, SiOy, etc., where the energy
of ejected atoms and deposition rate is relatively low to promote better growth
conditions. The typical pressure in the chamber is 3 x 1078 Torr. A substrate tem-
perature up to 500 °C can be obtained using an infrared heater. The chamber also

includes a separate RF gun with local gas injection capability.

2.2.4 Trifolium Dubium deposition tool

The Trifolium Dubium (TD) is a versatile multi-technique cluster tool. It is located
in the class 10000 cleanroom at CRANN, TCD. A 3D rendered image of the tool
is shown in figure 2.3. It is a DCA® instrument built deposition tool, which is
designed for full ultra-high vacuum (UHV) conditions. It is a highly automated
deposition tool with a capability to run various inter and intra chamber deposition
process with easy to use sequential routines. During the course of this thesis only

SP1 and SP2 have been used to prepare a few Mn,Ru,Ga samples.

e Loadlock: It has a cassette with sample rack for up to 10 wafers. The inbuilt
heater allows it to bake-out the chamber at 200°C in order to remove water

vapour.

e Central distribution chamber (CDC): It has a fully automated robot arm
to transfer the wafers into several UHV chambers. The UHV (< 1x 107! Torr)

of the CDC is achieved using ion and Titanium sublimation pump.

e Sputter 1 (SP1): It is a UHV only metal deposition chamber. The base
pressure can reach down to 1 x 1071% Torr. It has six guns compatible with
two-inch targets, and can be arranged in a confocal manner for co-sputtering.
The relative angle of confocal targets can be altered using mechanical knobs.
Out of the six guns, three can be biased with RF sources for RF deposition.
The position of the sample stage with respect to the gun can be altered as well.
A retractable quartz crystal monitor (QCM) provides the ability to monitor

the deposition rate.

e Sputter 2 (SP2): It is very similar to SP1 but can be used for dielectric and

reactive deposition. Additionally, it is equipped with a differentially pumped
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residual gas analyser (RGA) to analyse the UHV quality. A target-facing-

target gun is also available to deposit dielectric materials.

Pulsed laser deposition (PLD): It has six target slots and is capable
to handle one inch circular targets. The Quantel YGI81E Nd:YAG laser
generates the second, third and fourth harmonic for output wavelengths of
1064 nm, 532 nm, 355 nm, and 266 nm. The chamber includes a QCM, RGA
and reflection high-energy electron diffraction (RHEED) tool.

Molecular beam epitaxy (MBE): It has four high-temperature (2000 °C)
effusion evaporation cells. The chamber temperature can be controlled with

water cooling or liquid nitrogen. The base pressure of MBE is < 1x 107! Torr.

It is also equipped with RHEED and RGA.

X-ray photoelectron spectroscopy (XPS): The XPS/UPS chamber uses
a PHOIBOS 150 hemispherical analyser, with a 2D detector for angular re-
solved photoelectron spectroscopy (ARPES). It includes a monochromated
X-ray source utilising Ag and Al electrodes, and a plasma discharge He UV

source.

2.3 X-ray crystallography

In this thesis, the standard X-crystallography! techniques are used to investigate

the crystal structure, grain size, defects, film thickness and density of the samples.

2.3.1 X-ray diffraction

The spacing between atoms in solid is of the order of few Angstrom, which is com-

parable to the wave length of X-rays. A detailed modelling of X-ray interaction

involves elastic and inelastic scattering, refection, reflection, absorption, etc. In the

case of solid materials the elastic scattering is the dominating interaction. Moreover,

!There are several other crystallography techniques with different kind of sources, such as
electron, neutron. For each technique, matter interacts differently and hence provide different
complementary measure of the properties of the sample.
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Loadlock

Figure 2.3: A 3D rendered image of Trifolium Dubium (TD). Some of the impor-
tant component of TD such as Sputter 1 (SP1), Sputter 2 (SP2), Pulsed-laser de-
position (PLD), Molecular beam epitaxy (MBE), X-ray photoelectron spectroscopy
(XPS), Central distribution chamber (CDC) and Loadlock are labelled.
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Figure 2.4: A schematic diagram of Bragg’s X-ray diffraction law. A constructive
interface is obtained when it satisfies the equation 2.1. Here 6 is the incident angle
of wave and d is the interplanar distance.

the scattering cross-section for the elastic mechanism is given by Thomson’s scatter-
ing formula where scattering cross-section is inversely proportional to the particle
mass. Therefore, in X-ray diffraction scattering from electrons dominates. A com-
plete calculation of elastic scattering from each scattering centre is computationally
intensive process, where the phase and direction of the scattered wave is taken into

account to formalize the constructive and destructive interference of scattered waves.

However, a much simpler formalism can be established in real space using the
Bragg’s diffraction law, as shown in figure 2.4. When a monochromatic X-ray beam
incident on the periodic lattice at an angle 6, the specularly reflected beam interferes

constructively when it satisfies Bragg’s condition:

2dsinf = nA (2.1)

where, d is the interplanar distance and A is the wave length. n is the order of

diffraction which takes the integer values.

Alternatively, X-ray diffraction can also be understood via von Laue formalism.

According to it, a constructive interference occurs when the change in the wave

33



Ezxperimental techniques

Figure 2.5: An illustration of Ewald’s sphere for a two dimensional reciprocal
lattice. Here, k;,, ko, and G are the indecent wave vector, scattered wave vector
and reciprocal lattice vector respectively.

vector Ak is equal to a valid reciprocal lattice vector, i.e.,
kowe — kin = Ak = G, (2.2)

where, k;,, kot and G are the indecent wave vector, scattered wave vector and
reciprocal lattice vector respectively. For the elastic scattering mechanism |kout|2 =
|kin|?, defining a sphere in the reciprocal space, called Ewald’s sphere. Therefore,
the diffraction from a given family of planes occurs when the corresponding point

in reciprocal space lies on the Ewald’s sphere, as shown in figure 2.5

Bragg’s or von Laue condition is a necessary but not the sufficient condition to
observe the intensity of the diffraction pattern. The intensity of the diffracted beam
depends on the structure factor S(G) and form factor F'(G) of the lattice, given by:

Lo |S(G)]F-|F(G)*. (2:3)

The structure factor arising from the atoms occupying different lattice sites, while
the form factor is given by the Fourier transform of the electronic charge distribution

at the various lattice sites.
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Figure 2.6: The XRR data and fit of bilayers stacks compromise of
MgO(sub)/MnsRu,Ga /AlO,.

2.3.2 X-ray reflectivity

X-ray reflectivity (XRR) is used to determine the film thickness, interface roughness,
density of materials in multilayer thin-film stacks. XRR relies on the total external
X-rays reflection effect near the critical angle (6.). In this method an X-ray beam
is incident on the surface at a grazing angle (f <10deg) and the reflected beam
is studied. Below the critical angle a total reflection effect dominates. Above the
critical angle, (6.), the X-rays penetrate the films. The X-ray beam reflects from
each surface where electronic density changes. The partial reflected beams from each
surface/interface interfere and form an oscillatory pattern, as shown in figure 2.6.
The film thickness, density and interface roughness can be obtained by fitting the
XRR data, regardless of the crystalline quality of layers. In other words, XRR can

be used for polycrystalline, amorphous or single crystal samples.

2.3.3 X-ray diffractometers

For this work two X-ray diffractometers: the Philips PANalytical X’Pert (PANalyt-
ical) XRD system and Bruker D8 Discover diffractometer (Bruker) were used, see
figure 2.7. The central X-ray wavelength for both the instrument is at A\ =1.5405 A

(Cu K,). A multi-strip detector capable of fast data acquisition over all 26 range
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(b)

Figure 2.7: (a) Philips PANalytical X'Pert (PANalytical) X-ray diffractometer,
(b) Bruker D8 Discover diffractometer (Bruker) X-ray diffractometers.

in both the diffractometers. The PANalytical is normally used for XRR and low
resolution XRD measurement while the Bruker is used for high-resolution XRD
measurements. Additionally, Bruker provides a parallel incident beam while PAN-

alytical has a divergent beam.

2.4 Micro-fabrication

In this section the methods used to fabricate micron-sized device, such as Hall bars

are, discussed.

2.4.1 Optical lithography

Devices of micrometer scale are fabricated using optical lithography in the OAI™
Ultra-Violet (UV) mask aligner, located in the CRANN class 100 cleanroom. Clean
substrate is coated with photoresist (a photo-active polymer) by rotating at a high
speed on a centrifuged spinner. The thickness of the coated layer is determined
by the viscosity of the photoresist and the spinner speed profile. After drying the
excess solvent present in the resist, the same is exposed with UV light through a
photomask. Then it is developed in a resist developer (a basic pH solution). The UV
exposed area either dissolves in the solution (positive photo-tone resist) or doesn’t
dissolve in the developer (negative-tone resist). In my work, I have used both kinds

of resist to fabricate the devices. Further, hard baking is performed depending upon
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the next fabrication step of the process.

2.4.2 Ton milling

The device fabrication process involves the removal of the unwanted layer(s). One of
the common method is ion milling. In this method, highly energetic beam of noble
gaseous (typically Argon) ions created by an ion gun, are accelerated towards the
sample. The accelerated beam of ion bombards the sample and physically removes
the material. Therefore, in order to achieve a desired microstructure, some parts
are covered with relatively thick photoresist material, while the rest are directly
exposed to the beam.

The Millatron ion milling tool is available in the SNIAM building cleanroom. It
consists of a high vacuum chamber and a CCR Technology COPRA DN250 plasma
beam source. A pair of Helmholtz electromagnetic coils is used to enhance the
ionisation rate and the stability of plasma. An RF source (P =300W) is used to
generate the plasma. The sample stage and plasma source are cooled using chilled
water-based coolant. The system can be pumped using a cryogenic pump to achieve
a base pressure of value 5 x 10~7 Torr. The orientation of the sample stage can be
manually adjusted between 0 deg and 90 deg.

Millatron also contains a Hiden secondary ion mass spectrometry (SIMS) end-point

detector to detected and monitor in real time the etch process.

2.4.3 Recipe for Hall bar fabrication

The following recipe was used to fabricate the Hall bars of a metallic thin-films

deposited using magnetron sputtering on 10 x 10 mm? MgO substrates.

Patterning of Hall bars is a two stage process. In the first stage Hall bars are

defined as per the following procedure:

1. Sonicate the sample in acetone for 5min in order to remove the organic con-
tamination on the sample. This is followed by a 2min wash in isopropyl

alcohol (IPA).

2. Dry the sample with dry nitrogen prior to baking the sample on the hot plate
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at 100°C. This helps to get rid of moisture present on the surface of the

sample.

3. Spin-coat the negative photoresist MaN-1410 at 3000 RPM for 30s. The

approximate thickness of photoresist will be around 1 pm.
4. Pre-bake at 100°C for 90s.

5. Align the substrate with the designated mask on OAI™. After that expose
with UV light (A =365nm) for 20s. It requires an exposure dose of around
450 mJ cm~2.

6. Bake the sample for 2min to enhance the stability of the negative photoresist.
7. Develop in ma-D 533/S for 30s.
8. Etch the uncovered film in the Millatron at 85 deg.
9. Deposit a SiO4 layer to planarise the surface.
10. Lift-off the photoresist and SiO, in acetone or 1165 remover.

After competing the first stage, a well defined Hall bars can be obtained. In the

second stage electrical contacts are made, as per the following procedure:
1. Spin coat S1813 (positive) photoresist at 5000 RPM for 50s.
2. Pre-bake at 115°C for 2 min.
3. UV expose for 5.5s on OAIL

4. Develop for 60s in MF 319 developer.

ot

. Deposit Ti(5nm)/Au(20nm) in an evaporation tool (for the contact pads).

D

. Lift-off by immersion in acetone with occasional gentle sonication.

A resultant Hall bar after the contact deposition and lift-off process is shown in

figure 2.8
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Figure 2.8: An optical image of a litho-graphically obtained Hall bar. IT and
[™ are the applied current electrodes. V;fy and V_ are the Hall voltage electrodes
whereas V' and V__ are the electrodes used to measure the longitudinal voltage.

2.5 Magnetotransport measurement

The magnetotransport investigations of magnetic thin-films were performed using

both Van der Pauw and Hall bar geometries.

2.5.1 Van der Pauw and Hall bar method

The Van der Pauw technique is an easy to use method to probe the magnetotrans-
port properties and sheet conductivity of the sample. This is because it does not
require a micro-patterning process. A uniform conducting film of preferably square
shape (of any size) can be measured, provided that the area of four contact pads
are much smaller than the area of sample under investigation [51, 52].

The measurement involves applying current across two contact and recording the
voltage across remaining two contacts. For example if current is biased across con-
tacts 1 and 2 while voltage is recorded across contact 3 and 4, the corresponding
resistance is defined as Ry234 = V34/ 119, as shown in figure 2.9. The sheet resistance

of the sample is given by:

Rp

(2.4)

p_ T R12’34+R14’23f Rigaa)
t In2 2 '

Risp3

where, p and t are the resistivity and thickness of the film respectively. f is

correction factor, whih depends on the exact sample geometry.
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0

Figure 2.9: A schematic of Van der Pauw measurement configuration, with current
is biased along contact 1 and 2, while voltage is measured across contact 3 and 4.

The Hall measurement of the sample can be achieved when current is biased along
one of the diagonally opposite contacts and voltage is recorded along the remaining

diagonally opposite contacts. The Hall resistivity can be defined as:

Py = 324t (2.5)

Alternately, a more accurate Hall effect and sample resistivity measurements of the
films can be performed in the Hall bar geometry, shown in figure 2.8, as the current

density is forced to be much homogeneous within the Hall bars.

2.5.2 Physical properties measurement system and GMW

The magneto-transport measurement of several samples were measured in the phys-
ical properties measurement (PPMS™) system, located in CRANN, within Van der
Pauw and Hall bar geometries. The PPMS is a liquid helium-cooled cryostat where
the magnetic field from the superconductive solenoid can reach up to 14T. The
temperature of the sample space can be controlled between 2 K and 400 K. It is a
versatile tool where a wide variety of measurements such as magneto-transport, re-
sistivity, heat capacity, thermal transport, vibrating sample magnetometry (VSM),
etc. can be easily performed. Here, the sample space is not in the direct contact
with Helium vapour, rather it is thermally connected to a cooling annulus via vac-
uum sealed sample receptor, which makes a thermal bridge between outer wall of
cooling annulus. Helium in the cooling annulus is filled through a vacuum insulated
bubble formation impedance valve. The temperature of the cooling annulus, and

hence sample space, is controlled by pumping on the Helium gas within the cooling
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Figure 2.10: (a) A physical properties measurement system (PPMS) used for
various trasnport measurement, (b) the electrical probe with single axis sample
stage rotator. Note that here sample is mounted perpendicular to the stage in order
to access the field rotation within the sample’s plane.

annulus using a scroll pump.

An automated sample rotator stage (see figure 2.10b) with angular resolution of
0.01 deg, is used to rotate the sample in various planes, in order to investigate the
complete picture of the quasi-static dynamics of magnetization (see section 4.6).
The magnetotransport properties of samples are also studied using a GMWR® elec-
tromagnet (Model 5403), see figure 2.11. Here, a magnetic field of magnitude up
to 2T can be achieved. The strength of the magnetic field is measured using a
Lakeshore Gaussmeter. During this work, the GMW instrument is mostly used for
the room temperature Van der Pauw and first order reversal curves (FORC) mea-
surements. During the FORC measurement, a magnetic field controled resolution

of 5mT is used.
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Figure 2.11: The GMW electromagnet tool (located in CRANN). It is utilized
to measure magnetotransport properties of samples at room temperature. The
maximum obtainable magnetic field is 2'T.

2.6 SQUID magnetometer

Superconducting QUantum Interference Device (SQUID) magnetometries are some
of the most sensitive instruments to measure the absolute magnetic moment of
a sample, with a sensitivity of < 10~ Am? in DC and can reach to a value of
107'2 Am? as an AC magnetometer. The governing principle behind the SQUID
is the Josephson junction effect. The heart of the SQUID is a superconducting
loop with RF' bias one Josephson junction where current through the junction is in-
fluneced by the variable magnetic flux passing through the loop. When a magnetic
sample is vibrating along the z-axis, the change in flux is picked up using a super-
conducting pick-up coil (second order gradiometer). A typical response curve of the
pickup coil is shown in figure 2.12. The moment of the sample can be evaluated by

fitting the response curve.

In this work the magnetic moment of the samples is measured using the Quantum
Design Magnetic Property Measurement System (MPMS) SQUID system (located
in SNIAM building) with an Evercool option. A maximum magnetic field of mag-
nitude 5T can be used. The sample temperature achievable is between 1.8 K and

400 K, without a sample space oven.
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Figure 2.12: Schematic of second order gradiometer (pick-up coil) of SQUID, inset
shows a typical response curve of second order gradiometer as a function of sample
position (z). The picture is after Buchner et al. [11].

2.7 PCAR measurements

PCAR measurements are performed using two-point differential conductance (d//dV)
detection across a metal/superconductor (NM/SC) junction. (dI/dV) curve is ob-
tained by modulating at very low frequency (f =~ 0.5Hz) triangular waveform of
the DC bias, of a relatively small amplitude AC carrier signal (f ~ 1.23kHz). The
resultant current due to the DC bias V' and the small AC bias v = vy sin(wt) can
be written as,

IV4+v)=I(V)+ %UO sin(wt) . (2.6)

The modulated signal waveform is fed across the NM/SC junction and the output
current is passed through the current pre-amplifier (SR570), where it is amplified
with band pass filtering (300 Hz - 3kHz, 6 dB/octave). The amplified signal is
then recorded by a lock-in-amplifier (LIA), synchronised with the DC bias function
generator TG102. The data is first temporally stored in the buffer memory of one
of the LIAs for the upward trend of the triangular waveform. A schematic of the
acquisition electronics is shown in Figure 2.13. In order to record the other half

of waveform, the TTL signal from TG102 generator is delayed using an HP 4284A
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Figure 2.13: A schematic illustration of the PCAR experimental setup and the
electronic measurements circuit. Triangular quasi DC signal from Thandar function
generator is modulated with a sinusoidal AC signal (OSC out of LIA) using a voltage
divider. A slave and master LIA is used to record the data in for the full waveform.
The details of measurement methodology are discussed in the main text.

waveform generator, so that a second ’slave’ LIA can be triggered for the second
half of triangular waveform. Hence, with this setup two LIAs can acquire the data
concurrently on both side of the triangular DC bias wave form, which helps to
monitor the PCAR signal in the real time, with a cadence of 2Hz. The real time
measurement of differential conductance helps to determine any perturbation in the

specta, including perturbations due to contact thermal and field drift.

Most of the PCAR measurements are performed in a Quantum Design physical
property measurements system (PPMS). Figure 2.14 shows an image of the actual
PCAR probe. The sample space of the probe is shown in figure 2.15 . The sample
is mounted on a set of piezo stepper stages. Three different steppers can easily ma-
nipulate the sample position on all three axes (x,y, and z). A mechanically sharpen
Niobium (Nb) tip is used to make SC/NM junctions on the fly. Niobium has critical
temperature (7,) of the value of 9.2 K. A Cernox™ temperature sensor is mounted
just underneath the sample stage to monitor the temperature of the sample. The
PCAR data is flittered and fitted under modified-BTK model using programmes

written in Mathcad™. The fitting includes a dynamically optimized non-linear re-
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Sample Space Aluminium baffle Probe Head

Figure 2.14: Picture of the wired PCAR probe used in the PPMS system. The
bottom of probe is the sample space (described in Figure 2.15) and at the top of
the probe is the probe head, where all the cables connect to the external of the
electronics setup (Figure 2.13). The four aluminium baffles are used to reduce the
amount of infrared radiation received at the bottom of the probe.

X-y piezo stepper z piezo stepper || Sample Nb-tip

Cernox temperature sensor

Figure 2.15: Picture of PCAR sample space. Few important components are
indicated, namely, Nb tip, piezo-steppers/scanner and Cernox sensor.

gression algorithm. The more details about the fitting can be seen in section 3.4.
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3.1 Introduction

Materials with high Fermi level spin polarization play a vital role in various spintron-
ics applications and phenomena, such as in giant magneto-resistance (GMR) [53,
54], tunnel magneto-resistance (TMR) [2, 3], magnetic random access memory
(MRAM) [55], spin-transfer torque magnetic random access memory (STT-MRAM) [44,
45, 56] and various form of spin dependent computing [57, 58]. The performance of
these spintronics devices highly depends on the degree of spin polarization of the
material of choice. Therefore, a material with 100% spin polarization is ideal for
advanced spin-based devices. One such type of materials is the half-metal, where
band structure for one spin direction is metallic while insulator or semiconductor

1. There are direct consequences of half-metallicity in

for the other spin direction
spintronics applications. For example the electrical transport solely takes place by
charge carriers of one spin direction, thereby huge improvement in the efficiency of
spintronics devices comes about?. Additionally, magnetic moment per unit cell for
a half-metal is an integral number?.

Realizing, a ideal half-metal in practice is elusive due to imperfect stoichiometry, dis-

order [61], impurities, finite spin-mixing conductance® [62], thermal excitations [63],

'The concept of two-spin channel is valid as long as the electron spin is a good quantum number.
In a situation where spin-orbit interaction is larger than exchange energy, the description of two
spin channel fail.

2GMR/TMR device made using ideal half-metal should, theoretically, show infinite GMR/TMR
ratio.

3This is the basis for standard Slater-Pauling rule to characterize the half-metallicity in a
metallic alloy [59, 60].

4Presence of spin-orbit interaction leads to spin-mixing conductance.
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pressure [64], etc. Therefore, only few half-metallic’> examples are available, such as
some Heusler alloy [65, 66], Perovskite [67], spinel [68], transition metal oxides® [71],
etc.

Most of the half-metals reported are ferromagnets, which have the major drawback
of large intrinsic net magnetic moment. Consequently, the associated long-range
dipolar interactions hinder the performance of multilayer structures or nearby bits
and devices. Therefore, development of a new class of materials started, where
blend of zero magnetic moment and high spin polarization are present. One such
material is the antiferromagnetic half metal (AFHM), first proposed in 1995 by van
Leuken and de Groot [49]. However, an antiferromagnet (AF) with half-metallic
property is not compatible because two or more sublattices of AF are chemically
and crystallographically equivalent. Hence, AF poses rotational symmetry and
zero spin polarization. In the contrast, for a compensated ferrimagnetic half-metal
(CFHM), presence of crystallographically inequivalent magnetic sublattices, which
are antiferromagnetically coupled, possess interesting possibilities, including half-
metallicity. Thus, CFHM facilitates the possibility of next generation spintronics
devices. There have been many such materials theoretically proposed, especially
Heusler alloy [72, 73, 74|, but realizing CFHM remains elusive due to the unstable
structure, presence of zero gap at the Fermi level and loss of magnetic properties.
However, the first experimental realization of CFML was achieved by Kurt et.al. in
2014 with MnyRu,Ga (MRG) thin-films [22].

MRG crystallizes in the near cubic inverse Heusler XA structure, space group F43m,
where Mn occupies two inequivalent sublattices positions, 4a (Mn*®) and 4c (Mn*°),
as shown in figure 3.1. Magnetic moments of 4a and 4c¢ sublattices are antiferro-
magnetically coupled, while those on the same sites are ferromagnetically coupled.

The details of MRG and their properties are presented in chapter 1.

One of the striking properties of MRG is the high degree of spin polarization

at the Fermi level. However, further studies have suggested that in such samples,

5Technically the experimental evidence of true ~100% Fermi level spin polarization has never
been realized, except in rutile CrOg (P ~ 96%).

6CrO, is a famous ferromagnetic half-metal which has rutile structure. Even though an ex-
perimental evidence of more than 96% spin-polarization at low temperature has been achieved in
this material [69], the nature of its metastable phase in ambient atmospheric conditions limit its
application. Its surface spontaneously decomposes to the more stable phase of CraO3 [70].
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Mn4a Ru4d Gaflb Mn4c

Figure 3.1: Crystal structure of MRG. It consist of four interpenetrating fcc lattice,
where Mn*® (red) occupy 4a while Mn?® (green) 4c Wyckoff positions. Also, Ru
(black) and Ga (blue) occupy 4d and 4b Wyckoff positions respectively. Moment
at Mn?® and Mn?*¢ antiferromagnetic coupled with each other. In this case both 4c
and 4d sites are fully occupied by Mn and Ru atoms respectively.

the Fermi level actually lies below the spin gap [50]. A possibility to bring the
Fermi level in the gap arises by carefully tuning the Mn-Ga and/or Mn-Ru relative
concentration. Altering the relative concentration, changes the electronic pressure
within the MRG unit cell, which eventually leads a shift of the Fermi level.

In this chapter a further insight into half-metallicity is pursued by altering stoichiom-
etry and disorder of MnyRu,Ga, where 1.2 < y < 2.6 and x = 0.5,0.7 and 0.9. The
chapter begins with the samples’ preparation and various measurements techniques
used to characterize the samples. Then, structural, magnetic and magnetotransport
properties are discussed before presenting the spin-polarization investigation. The
spin-polarization of MRG samples was evaluated using point contact Andreev re-
flection (PCAR) spectroscopy. The aim of this study is to identify the appropriate

stoichiometry of Mny,Ru,Ga, which shows optimal desirable properties.
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3.2 Methodology

A series of epitaxial thin films of varying Mn and Ru ratios in MnyRu,Ga, with
1.6 < y < 26 and z = 0.5,0.7 and 0.9, were prepared using DC magnetron
sputtering system on a 10x10 mm? MgO (100) substrate. All the films were co-
sputtered under an inert environment (Argon gas) from MnzGa, Mny2Ga and Ru
targets onto the substrate maintained at 350 °C. The required stoichiometry ratio of
MRG is realized by a careful calibration of the sputtering parameters. All the films
were further capped with ~3 nm of amorphous AlO, in order to prevent excessive
oxidation.

The structural properties of MRG films were characterized using the standard X-
ray crystallographic techniques. Symmetric 260 — 0 scan was realized in Bruker-D8
high resolution X-ray diffractometer of wave length 154.06 pm to evaluate the out-
of-plane lattice parameters, ¢, of the MRG. In-plane lattice constants, a and b, of
the film were determined using reciprocal space mapping (RSM), where the scan is
performed around the MgO (113)7 peak. Additionally, the scan is repeated around
the other intense peak of MgO (206). The thickness and density of the films were de-
termined using low-angle X-ray reflectivity (XRR) measurements, performed with
a Panalytical X'Pert Pro diffractometer. Anomalous Hall effect (AHE) measure-
ment were performed in a Quantum Design Physical Property Measurement Sys-
tem (PPMS) up to a field of 14T. AHE and longitudinal resistivity of MRG were
realized in four-point Van der Pauw measurement geometry.

PCAR spectroscopy was performed to determine the Fermi-level spin-polarization
of MRG, using a mechanically-sharpened superconducting Nb-tip in the PPMS sys-
tem. The z,y, and z motion of the sample are positioned using three precisely con-
trolled Attocube” piezo-steppers/scanners. A large number of differential conduc-
tance spectra were recorded to achieve a statistically stable signal. The PCAR spec-
tra were analyzed by fitting the data using a modified Blonder-Tinkham-Klapwijkv
(m-BTK) model. More details can be found in chapter 1.

The magnetic moments of the MRG samples were determined in a 5T Quantum

Design’s MPMS SQUID magnetometer.

"MgO (113) reflection is parallel to the MgO (204) peak.

20



Structural, magnetic and magnetotransport properties of Mn,Ru, Ga

3.3 Structural, magnetic and magnetotransport

properties of Mn,Ru,Ga

A series of MnyRu,Ga samples with varying y and x were investigated within a
structural, magnetic and magnetotransport study. A complete list of samples are
shown in table 3.1. These samples are the subset of sample MnyRu,Ga so that

their magnetic compensation point lie above 0 K.

Series-1 Series-2 Series-3
MHQ.QRUO.E’)Ga Mng_oR,ll()jGa. Mnl,gRuo.gGa
MH2,4R110,5 Ga MHQ.QRquGa an_oRuO,gGa
MHQ,GRUO{)G& Mn2_4Ru0_7Ga Mn2_2Ru0_9Ga

Table 3.1: List of Mn,Ru,Ga thin-film for various x and y, deposited using mag-
netron sputtering techniques.

X-ray diffraction patterns for Mn,Ru,Ga are shown in figure 3.2. The presence
of two strong peaks for MRG (002) and MRG (004) in all samples suggest the growth
of a highly textured film in the inverse XA crystal structure. The out-of-plane lat-
tice constant ¢ has value around 605 pm, as obtained from 26 value of MRG (004)
peak (see table 3.2). A slight change in ¢ for different MRG samples is due to change
in the thickness of films. Furthermore, the value of in-plane lattice constant (a) of
value around 596 pm was determined from RSM scans performed about MRG (206)
peaks. The value of in-plane parameter suggests that the growth direction for all
the film is along the diagonal of MgO substrate (v/2ayg0 = 596.6 pm). Therefore,
it confirms a tetragonal distortion ([c — a] /a) of value around 1.5%, in the films.
The presence of tetragonal distortion leads to a strong out-of-plane anisotropy in
the films, which determines several interesting properties of MRG [75, 76, 77, 18].
The relative intensity of the (002) and (004) reflections provides the information
about the degree of order in the film. A higher value of (002)/(004) suggests a less
ordered film. The summary of these ratios is listed in table 3.2. The values sug-
gest that order parameter for Ru = 0.5 remains constant for all Mn stoichiometry.
However, the order parameter falls as the Ru amount increases in the unit cell, with

further possibility of improvement by increasing the Mn content.
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The values of films’ thickness and density were determined by XRR measurements.

The average thickness of the films is around 50 nm.

The magnetic compensation temperatures (Tiomp) of the samples were deter-
mined by measuring the temperature evaluation of perpendicular magnetic moment
using SQUID magnetometer (see figure 3.3). The measurement begins by saturating
the sample with 5T magnetic field at appropriate temperature range (away from
compensation point), then temperature scans are performed at zero magnetic field
to avoid the strong paramagnetic contribution of the MgO substrates®. The mag-
netization measurements for the whole series of samples are shown in figure 3.3. A
summary of magnetic magnetic properties is presented in table 3.3. Here, the Curie
temperature was evaluated by fitting the data under mean field theory, as discussed
by Siewierska et al. [78]. It is evident that a desirable range of compensation points,
from well below the room temperature up to well above the room temperature, are
attainable by tuning the Mn and Ru concentration, highlighting their adaptability

for various spintronics applications.

a (pm) c (pm) | <=2 x 100 igggi; Density
(kg/m?)
Mns sRug 5Ga 597 605 1.3 0.05 8003
Mns 4Rug 5Ga 596 604 1.3 0.04 8135
Mnj, gRup 5Ga 595 604 1.5 0.05 7840
Mns gRug 7Ga 598 605 1.2 0.10 8293
Mngy oRug 7Ga 596 605 1.5 0.09 8365
Mny 4Rug 7Ga 596 606 1.7 0.09 8359
Mn; sRug oGa 596 608 2.0 0.29 8513
Mns gRug oGa 596 606 1.7 0.18 8496
Mns sRug oGa 597 607 1.7 0.11 8496
Table 3.2: Table of various parameters of MnyRu,Ga. a and c are the in-plane
and out-of-plane lattice constants respectively, % provides a degree of order

parameter, < x 100 is the substrate induced out-of-plane strain, and finally density,
as obtained from the XRR fit (total internal reflection angle).

An increment of Tty is observed as Mn concentration for a given Ru concen-
tration increase. This is attributed to the fact that the excess Mn occupy the Mn*
sites, which leads to increased moment on the Mn*¢ site. Detail understanding can

be achieved using model shown in figure 3.4. A previous report of site-specific mag-

8MgO has strong paramagnetic contribution below 100 K. This is due to the presence of traces
of Fe atoms
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Figure 3.2: XRD patterns for Mny,Ru,Ga for various values of x and y. The top
panel corresponds to x = 0.5, the middle and bottom for x = 0.7 and =z = 0.9
respectively. Peaks of Mn,Ru,Ga (002) and (004) are clearly labeled along with
the MgO substrate (002) peak. This work is also included in Siewierska’s Ph.D.
thesis [12].
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M MY | Ty (K) | Tc (K)
(kA/m) | (jp/Mn)
MHQ.QRUO_5Ga; 34 0.20 = 550
Mn, 4Rug 5Ga 6 0.03 130 ST
Mn, 6Rug 5Ga 38 0.22 278 992
Mny oRug 7Ga 13 0.08 165 530
MHQ.QRquGa 43 0.25 311 543
Mn2_4Ru0,7Ga 67 0.39 381 494
Mnl.gRUQ_gGa 36 0.65 436 491
an'oRU.()_gGa 61 0.35 375 513
an,QRuo_gGa 111 0.65 436 491

Table 3.3: Table for various parameters of Mny,Ru,Ga. M} is the net magnetic
moment as obtained by SQUID both in kA/m and pp/Mn unit, Ty, is the com-
pensation temperature and T¢ is the Curie temperature.

netic moments in MRG suggests that the moment of Mn*® changes as temperature
varies, whereas the moment of Mn?® remains almost constant [10]. Therefore, Teomp
of MRG can be altered by the occupancy of Mn atoms on the different sub-lattices.
For example, if excess Mn is added to the Mn*® site, Ttomp of the sample shifts to
lower temperatures (figure 3.4(a)). On the other hand, if it occupies the Mn site,
Teomp increases. A summary of the consequences of adding and removing Mn in

MnyRu,Ga and its effect on T¢,,,, are shown in Table 3.4.

Mn concentration | Moment | Teomyp
Adding Mn*® increase | decrease
Removing Mn*® decrease | increase
Adding Mn* increase | increase
Removing Mn*® decrease | decrease

Table 3.4: A summary of the effect of the adding or removing Mn atoms from
the different sublattices of Mn,Ru,Ga for a given Ru values and its impact on the
moment, and Tiop,p.

Another crucial property of MRG is the presence of large anomalous Hall coef-
ficient. AHE in MRG is proportional to the vertical component of moment of Mn*
sites, rather than the total magnetic moment. This is because bands at the Fermi

level are mostly populated by Mn*® [76, 79]. Thus AHE in MRG can be written as;

Vay o M* cos() (3.1)
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Figure 3.4: An illustration of the effect of Mn doping in MnyRu,Ga. (a) If Mn
is added (removed) to Mn*® site, moments increase (decrease), Tyom, shifts to lower
(higher) temperature. (b) Mn is added (removed) to Mn*® site, moments increase
(decrease), Tromyp shifts to higher (lower) temperature.

where, 6 is the polar angle between M*¢ and easy axis. The detail understanding
of AHE in MRG can be illustrated by the model shown in figure 3.5. The figure
illustrates the Mn** and Mn?® sublattice moment along with the net magnetic mo-
ment M", when an applied magnetic field jioH is projected along the easy axis
of MRG [76]. Below the compensation temperature (T.om, ), the moment of Mn*
(black arrow) is larger than Mn** (green arrow) and M™ (red arrow) is parallel to
the Mn'®. At Teomps M"™ is zero but the direction of sublattice moments have not
changed with respect to the jioH. Above Ty, Mn*® reverses its direction (provided
poH exceeds the coercive field), while M™" follows the direction of pgH. Since, the
direction of spin polarization is governed by the direction of moment of Mn** sub-
lattice, the reversal of its direction above and below the compensation point causes
the reversal of the sign of AHE signal (V,,). As an example, the change in sign of
AHE signal, above and below the compensation in Mns gRug 5Ga sample, measured
using Van der Pauw method, is shown in figure 3.6a. A finite AHE signal at the
compensation point also suggests that AHE in MRG is not given by M" rather
it is dictated by M*. The anisotropy field, Hx = 2Hz/M"™*, at the compensation

temperature is high, exceeding more than 14 T due to vanishing net moment, M"°t,
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Figure 3.6: AHE measurement on Mny gRug5Ga using van der Pauw method, (a)
reversal of Hall signal above and below the compensation point is due to change
in the direction of moment of Mn*, as disused by model shown in figure 3.5 |
(b) AHE measurement on Mns ¢Rug5Ga at 300 K, near compensation temperature,
highlighting the presence of huge coercivity (H. > 14T).
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Figure 3.5: An illustration of the two-sublattice macrospin model to understand
the magnetotransport properties of MRG in the presence of applied magnetic field
poH directed along the easy axis of MRG. Below (above) Tiopy, the sublattice mo-
ment Mn* (black arrow) is parallel (antiparallel) to M"* (red arrow).
Furthermore, a comparison between magnetization and AHE is shown in fig-
ure 3.7. The in-plane (IP) and out-of-plane (OOP) magnetic moment of MRG were
measured at 300 K in a SQUID magnetometer. A four point Van der Pauw method
was utilized to measured the AHE at 300 K for low magnetic fields (using GMW) and
high magnetic fields (using PPMS). The OOP magnetization has two step switching,
first a soft component switches at lower field and second hard component, which
switches at field values matching with the coercivity of corresponding AHE. The

soft component is attributed to the noncolinearity of 4a and 4c sites, arising due
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disorder and interstitial occupancy of access Mn atoms. In order to understand it
in details, consider the ideal unit cell of MnyRug 5Ga, where, Mn*®, Ga* and Mn?*®
have 100% occupancy at 4a, 4b and 4c Wyckoff positions. On the other hand Ru*?
has occupancy of 50% on the 4d sites (see figure 3.1). However, it has been reported
that vacancies at 4d sites are filled by the Mn atoms in films prepared by sput-
tering techniques [78]. With excess Mn in MRG, a further reduction in vacancies
occurs, where Mn atoms occupy/replace 4d and 4b sites. Therefore, Mn*¢ experi-
ences competitive positive and negative exchange interaction with neighboring Mn
atoms occupying the 4d and 40 sites. This competitive exchange interaction leads
to a noncolinear ferrimagnetic state. Consequently, a few degree of deviation of
the M“ from the easy (c) axis is reported, whereas, a deviation of up to 40 deg for
M"¢ has been reported in zero applied magnetic field near compensation point [78].
Thus the noncolinearity of M leads to easy cone anisotropy state, whereas M
has approximately uniaxial easy axis state. Additionally, an increase in the Mn and
Ru concentration enhances the noncolinearity due to a reduction of the exchange
constants J* and J.

Thus the noncolinearity of M™ accounts for the two-step magnetic hysteresis loop

of figure 3.7.

3.4 Spin polarization of MnyRu,Ga

PCAR is a very well establish experimental technique to measure the transport
spin polarization of ferromagnetic and ferrimagnetic samples. The value of trans-
port spin polarization provide a true measure of polarization of charge/spin carrier
for spintronics applications.

PCAR spectra on the series of Mn,Ru,Ga samples were measured in a PPMS sys-
tem, as discussed in section 3.2. Figure 3.8 and 3.9 show the measured spectra and
corresponding m-BTK fits. The modified BTK model takes into account the prox-
imity effect (Ay), the effective barrier strength (Z), the spin polarization (P) and
the electronic temperature (7,), while estimating the spectrum. All PCAR spectra
were normalized using background data (normal conductance, G) collected after

quenching the superconducting tip, Nb, above its critical temperature (7, ~ 9.2K).
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Figure 3.7: Magnetization and AHE measurements of Mn,Ru,Ga at 300 K(a)
for x = 0.5, (b) z = 0.7 and (c) 0.9. OOP and IP magnetization curve has two
states switching mechanism due to the presence of noncolinear magnetic states in
Mn,Ru,Ga. M™ has a easy cone anisotropy state, were as M has an approx-
imately colinear easy-axis state. This work is also included in Siewierska’s Ph.D.
thesis [12].
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Therefore, Ay, Z, P and T, are the only fitting junction-specific parameters of the
model. Additionally, the spectrum broadening, quadratic high-bias background cor-

rection have been taken into account in the fitting model.

The additional broadening in the measured data is due to the presence of the

sample resistance, which is in the series with the contact resistance. Consequently,
the actual bias voltage across the contact is less than the applied bias signal from
the source. Therefore, it leads to an apparent broadening of the PCAR signal. The
resistance of the sample may have bulk as well as surface contributions. For exam-
ple, in the case of MRG, the presence of thin capping layer (AlO,) can provide an
additional resistance to the samples. Although, all efforts have been taken to punch
through the thin AlO, using sharp Nb tips, the complete elimination of the layer is
a difficult choice to make, as desperate attempts may lead to destroying the tip®.
The m-BTK model takes into account the superconducting proximity effect at the
junction. The value of A; for all the measured sample lies between 1.3 meV to
1.5 meV | which is very close to the bulk superconducting gap of Nb, Ay, = 1.5
meV. This suggest that order parameter of proximity effect decays very fast near
the contact. A quick decay of order parameter near the junction is attributed to the
large energy mismatch between two spin bands and/or the presence of significant
spin-orbit coupling in MRG.
Another important parameter is the effective transport temperature of the electron,
also known as electronic temperature 7T,. In the case of all the measured PCAR
spectra of MRG, this value lies between 4 K and 7 K, which is well above the mea-
surement bath temperature ~ 2 K. The possible reasons for such a high electronic
temperature are several fold, such as transport in the tunneling regime (non-§ bar-
rier) and joule heating at the junction. In the presence of any physical barrier (a
thin capping layer in this case) or a Schottky barrier, transport is dictated by the
higher energy electrons (also called hot electrons). Hence, its manifestation in the
higher electronic temperature.

The o-barrier strength parameter, Z, includes the effect of any non-conducting thin

9PCAR spectrum highly depends on the transport regime. For a large contact area, transport
is in a completely diffusive limit where both energy and momentum information are lost, and hence
the essence of PCAR measurement.
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layer at the junction. Furthermore, the quadratic background of the spectra at high
bias is attributed to the some existence of tunneling components and the presence of
non-flat bands at the Fermi level. The corrections for these terms have been taken

into account in the fitting model.

The resultant value of spin polarization (P) is shown in figure 3.10 along with
the anomalous Hall angle (AHA). The value of the spin polarization decreases signif-
icantly as the Ru content in MRG increases, which is also in-line with the reduction
of AHA by the same proportion. This is due to the fact that either s-like electrons
from Ru reduce the band gap at the Fermi level, or the extra electrons originat-
ing from the Ru (2 electron per Ru atom) shift the Fermi level above the gap. A
maximum value of P ~ 63% is obtained for Mns4Rug5Ga, which is one of the
highest experimentally reported values among Heusler alloys. The observed spin
polarization of Mn,Ru,;Ga for Mn deficient alloys decreases from around 60 % to
51 % as the Mn concentration decreases from 2 to 1.6, which indicates the Fermi
level shifts further away from the spin gap. The drop in the value of spin polariza-
tion is also correlated with AHA measurements. This is due to poor crystallinity
and site-disorder mixing the spin states, which result in lower spin polarization.
However, excess of Mn results (2 < y < 2.4) in slight increase on spin polarization
due to the Fermi level shifting towards the spin gap. Furthermore, for very high
Mn concentration (y > 2.4), the spin-polarization starts rolling down again. This
may be due the spin band mixing for excess Mn concentration, which is caused by
deviations from the single phase near cubic (L) structure with higher Mn to Ga
ratio. It is worth mentioning that the spin polarization measured using PCAR is
difficult to match to the theoretical prediction (P = 100%) due to finite experi-
mental temperature, presence of spin-orbit coupling, spin scattering events and a
difference between bulk and surface states. All of these are often ignored or over
simplified while calculating/predicting the PCAR spectra.

Figure 3.10 also highlights a qualitative relation between spin polarization and
anomalous Hall angle of MRG. AHE is attributed to spin-orbit coupling arising
either due to intrinsic or extrinsic contributions. The extrinsic part is mainly due

to local crystal field distortion produced by disorder present in the sample. The
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Figure 3.8: PCAR spectra of Mn,Rug 5Ga along with the modified BTK fit. Pa-
rameters used in modified BTK model to fit the spectra are shown in the inset. The
extracted parameters from the fit are labeled with asterisks. Each PCAR curve is
normalized by the background data collected after quenching the the superconduct-
ing tip (Nb) above the critical temperature, 7' > 10 K.
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Figure 3.9: PCAR spectra of Mn,Ru,Ga along with the modified BTK fit. Top
panel for z = 0.7 and bottom panel for x = 0.9. Parameters used in modified BTK
model to fit the spectra are shown in the inset. The extracted parameters from the
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temperature, 7" > 10 K.
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Conclusions

locally distorted crystal field gives rise to two main scattering mechanism, namely
side jump and skew scattering, in the transverse direction. On the other hand, the
intrinsic contribution arises due to the Berry phase acquired by the Bloch function
in the presence of non-trivial spin texture in the sample. Although, for the AHE
requirement of spin-polarized carrier is not essential the effect gets amplified for the
spin-polarized carrier. The high value of AHE (65 = 2%) is an order of magnitude
higher than in conventional ferromagnetic samples. This may be due to a significant

intrinsic scattering contribution in combination with the high-spin polarized carriers

in MRG.
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Figure 3.10: (a) Spin polarization as obtained from PCAR measurement vs Mn
concentration for various Ru value, refer to table 3.1 for the sample details. (b)
Anomalous Hall angle vs Mn concentration for various Ru values. A direct corre-
lation can be seen between spin-polarization and anomalous Hall angle. A higher
spin-polarization results to a higher Hall angle.

3.5 Conclusions

High quality MnyRu,Ga films have been deposited on MgO (001) substrate. The
excess Mn mainly occupies the 4c and 4d and 4b sites, leading to a reduction in
the density of vacancies. The full occupancy in MnyRu,Ga provides noncolinearity
in the sublattices moment, due to a competing positive and negative exchange in-
teraction between Mn*¢, Mn*? and Mn*. The AHE and magnetization behavior of
MRG can be fully understood under the established noncolinear magnetic state. It
is also reported that compensation temperature (7¢omp) of MRG can be obtained for

a wide temperature range by selecting an appropriate stoichiometry. The presence
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of huge coercivity (H, > 14 T) in the AHE at the compensation point highlights the
existence of very high anisotropy field. Therefore, MTJ devices made with MRG
will not require any antiferromagnetic layer to pin the magnetization direction. Spin
polarization as high as 63% can be achieved by tuning the chemical composition
of MRG. Finally, a qualitative relation between high spin polarization and very
high anomalous Hall angle (6y) was also established. It is evident that MRG with
high spin-polarization show high 6. Therefore, AHE measurement facilitates an

alternative method to identify highly spin-polarized MRG samples.
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film

4.1 Introduction

Utilizing MnyRu,Ga (MRG) as an active layer in the spin-oscillator, sub-THz chip-
to-chip communication can be achieved as its spin excitations lie in the required
terahertz gap [80]. The sub-THz excitations of MRG are attributed to its low mag-
netic moment [22, 75|, high uniaxial anisotropy field [76], and low Gilbert damp-
ing [80, 81]. Furthermore, the tunability of the anisotropy constant and the moment
in MRG provides the freedom to alter the resonance frequencies of oscillator made
with MRG [80]. Therefore, the determination of anisotropy constants of MRG thin-
films is a prerequisite to studying their magnetization dynamics in the presence of
external stimuli. Examining anisotropy and other magnetization dynamics, in a
sample with vanishing magnetic moment, using magnetometry techniques (VSM,
SQUID) is unobtainable due to lack of resolution and sensitivity. Moreover, for a
sample with vanishingly small magnetic moment, (M), both the anisotropy field,
(H, = 2K/M), and coercive field, (H.), normally diverge, hence measuring the mag-
netic anisotropy requires impractically large magnetic field (H > 14 T, in case of
MRG). Usually, anisotropy is determined by applying external magnetic field at cer-
tain angle, (0g), to the magnetic easy axis and measuring corresponding change in
physical properties, such as magnetization [82, 83, 84], anomalous Hall effect [85, 86],
magneto-optical properties [87, 88, 89]. These recorded data are fitted convention-

ally by the torque balance method.
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This chapter presents an analysis of magnetic anisotropy and quasi-static magne-
tization dynamics of MRG thin-film, a compensated ferrimagnetic half-metal with
a tetragonal crystal structure [75], through electrical transport measurement tech-
niques. MRG exhibits a strong uniaxial out-of-plane anisotropy and small but
significant four-fold in-plane anisotropy arising from substrate-induced compressive
strain. Moreover, MRG manifests a large anomalous Hall effect along with high
magnetic anisotropy field and high Fermi-level spin polarization [22, 76], a combi-
nation which offers a direct probe to the anisotropy of MRG thin-film by electrical
means. Manipulation of the magnetization vector, (M), of MRG in a 3D space,
in the presence of a magnetic field, facilitates the analysis of various anisotropy
constants of the film. To describe the equilibrium or the dynamic response of the
magnetisation vector in an applied or induced effective field, it is essential to consider
the magnetic anisotropy of the sample. The equation of motion of magnetization,
in general, is spatially non-uniform (described by a micromagnetic model) or, in the
much simpler case, spatially uniform (described by a macrospin model). This work
uses the anomalous Hall effect to investigate magnetic anisotropy in MRG within
the macrospin model.

This chapter begins with the sample preparation and characterization techniques
used for this study. After that, a theoretical understanding of the Preisach model is
described (see section 4.3) in order to estimate the hysteresis of MRG. Section. 4.4,
introduces the first order reversal curve (FORC) method, an experimental technique
to verify the Preisach models. The validity of the macrospin model for MRG is es-
tablished within FORC and Preisach models. In section 4.5, equivalence of FORCs
and classical Preisach hysteresis (hysterons) model is identified. A detailed torque
model to evaluate the anisotropy constants of MRG using AHE is discussed in sec-
tion 4.6. Furthermore, complex static and quasi static magnetization dynamics of
MRG is discussed in section 4.7, utilizing a combined hysterons and torque model.

Finally conclusions are formulated in section 4.8.
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4.2 Methodology

The epitaxial thin film of MnyRu,Ga were grown using DC magnetron sputter-
ing system, on 10 x 10 mm? MgO (001) substrates. The films were co-sputtered
under an inert environment (Argon gas) from Mny,Ga, and Ru targets onto the sub-
strate maintained at 320°C. Further details of film growth and characterization
is described in chapter 3. Here we focus on the x = 0.9 stoichiometry and film
thickness of approx 40 nm. The compensation temperature (Ziomp) of the sample is
Teomp~375 K, determined using SQUID magnetometer, which is well above the room
temperature. The x = 0.9 is selected for the investigation as for this composition
the compensation point is well above the room temperature. Due to high com-
pensation point, room temperature coercivity field (H, ~ 0.40 T) is small enough
to study the detailed reliable quasi-static magnetization dynamics of MnyRu,Ga
at room temperature. Additionally, MnsRug¢Ga film has high crystalline quality
and low roughness at the interfaces. The films were in-situ capped with ~ 3nm
of amorphous AlO,, deposited at room temperature, in order to prevent the oxida-
tion of film. The substrate induced compressive strain (¢/a =~ 1.02), determined by
standard X-ray crystallographic techniques, accommodates the out-of-plane micro-
crystalline anisotropy to the film. To study the transport properties, the films were
patterned into a micron-sized (60 x 20 um?) Hall bars by means of UV photolithog-
raphy and Ar-ion milling. A second stage of lithography and metal deposition
were carried out to define the contacts pads, Ti (5nm)/Au(50nm), see Fig. 4.1.

Electronic transport properties were measured

in Quantum Design Physical Property Measure-
ment System (PPMS) between 2K <7 < 300 K
and |puoH| < 14T. The longitudinal and trans-

&

——————p

verse voltages were measured using the lock-in

~
+

demodulation technique at the first harmonic vt

with low excitation frequency, typically fac ~
Figure 4.1: Photographically
defined Hall bar used to measure

excitation frequencies of MRG. The angular de- magneto-transport study.

517 Hz, which is much smaller than the magnetic

pendence of the resistivity and Hall effect were measured on a rotating platform
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mounted on the PPMS probe, having an angular resolution of 0.01 deg. First order
reversal curves (FORC) measurement were performed in a 1 T GMW electromagnet

at room temperature with a field resolution of 5mT.

4.3 Preisach (hysteron) model

This section discusses the approach used to model the switching of magnetization
vector (magnetic hysteresis) using the classical Preisach (hysterons) model. Hystere-
sis modelling has been an active area of research for decades due to both physical
and mathematical interest. The most famous example of hysteresis is the mag-
netic hysteresis of ferromagnetic materials. It is well known that the multiplicity
of metastable states is the origin of hysteresis. Therefore, a micromagnetic model
has to be considered for detailed hysteresis modeling. In 1935, Preisach [90] pro-
posed a classical micromagnetic mathematical approach to describe the hysteretic
effect. Preisach model uses a large number of interacting elementary magnetic en-
tities (named hysterons) which have rectangular hysteresis loop, characterized by
operator Ry x(x) , where z is an arbitrary input variable such as an applied mag-
netic field , (figure 4.2a). The main idea is to replace a smooth hysteresis loop with
a large numbers of elementary steps, where each step (hysteron) is parametrized
by three values: ‘on’ condition, ‘off’ condition and the magnitude of the step. The
hysteresis is the result of many such hysterons that switch fully at a discrete applied
field.

The value of R, x(x) depends on the applied field history. For example, if the
applied field (z) begins from the positive saturation state (x = 00), Ry () starts
at Ry (00) = 1. The value of Ry, (z) switches to —1 when the applied field crosses
below the value h, a switch-off state, and Rj, x(z) again reach the value +1 when
the field value is above k, a switch-on state. In general, the switching fields A
and k are not equal. The interaction field experienced by a hysteron is defined by
H, = (h + k)/2, which results in asymmetric hysteron (figure 4.2a). On the other
hand, a hysteron with no interaction is symmetric in nature. Coercive field of hys-
teron is defined as H. = (h — k) /2.

In a realistic sample, the hysteresis is a sum of a large number of hysterons and
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Figure 4.2: (a) An elementary hysteron with reversal fields of value h and k. (b)
Preisach discrete model of hysteresis where a large number of hysterons are paral-
lelly connected with corresponding weighing factor ¢(h, k). Here, x is an arbitrary
variable which in this case is an applied magnetic field and y is the resultant hys-
teresis output.

corresponding weighting factor ¢(h, k), as depicted in figure 4.2b. Therefore, the

resultant hysteresis curve can be expressed as:

N
i=1

where, ¢(h, k) determines the weight of each hysteron. It is also known as hys-

teron weight or hysteron density function. In a continuum limit discrete model

(equation 4.1) becomes:

a) = [ [ ot 0 Rus(x) dba, (1.2)

k>h

where, x is an arbitrary variable which in this case is an applied magnetic field and
y is the resultant hysteresis output. The most difficult part of the Preisach model is
to uniquely defined the hysteron density function ¢(h, k). However, for an ensemble
of weakly interacting hysterons, the distribution function ¢(h, k) is often described

by a Gaussian or Voigt distribution [91, 92].

The geometrical interpretation of Preisach model can be understood with the

help of the Preisach plane, given by:

P ={(h,klk = h)}, (4.3)
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where (h, k) are the points in the Preisach plane, as shown in figure 4.3. Therefore,

h
. /\@
74
+Ms \Q) 7/
.
h k
o@
-Ms ,bﬁ\q’o
@6\
ﬁ?&
&
—k S° k
Q‘f?}
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Figure 4.3: (Inset) A hysteron with switching fields h and k, interaction field H,,.
(Main) A Preisach plane spanned lower half-square triangle. Each point on the
plane corresponds to the Preisach hysteron and their distribution. Hysterons with
no interaction (symmetric hysterons) lie along the diagonal h = —k, while hysterons
with finite interaction (asymmetric hysterons) lie perpendicular to diagonal h = —k.
The picture is after Church et al. and Fabian et al. [13, 14].

all hysterons can be represented in a lower half-square triangle, where each point on
the plane describe the Preisach hysteron and their distribution [14]. On this plane
symmetric hysterons lie along the diagonal h = —k, which describes the isolated
single domain particles [93]. In case of h # —k (asymmetric hysterons), hysterons
are shifted by some finite values. The physical realization of such shift is referred
to the interaction field H,, which is attributed to the magnetostatic interactions

and/or other long range interactions [94, 13].

To determine the Preisach distribution function ¢(h, k) of an arbitrary sample,
consider that in the beginning, in a saturation field all hysterons are in the up
position (+1) (figure 4.4a), and as the value of applied field is decreased to a reversal
field (Hg) point at the major hysteresis loop, a fraction of hysterons begin to switch

from up (+1) to down (-1), as shown in figure 4.4b. The resultant magnetization
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Figure 4.4: Geometrical representation of Preisach plane at various biasing stages.
(a) When applied field H > Hg,, all the hysterons are in the up (+1) states, (b)
at a reversal field Hg, a fraction of hysterons are in down (-1) states, (c¢) for the
hysteresis curve at the minor curve, a fraction of down (-1) states again switched
back to up state (+1).

(figure 4.4b) as a function of reversal field can be written as:
M(tn) = [ [ o BRuHR dhdk+ [ [ o bR ahdr, ()
S+ S-

where, ST and S~ are up and down hysterons. Since, hysteron operator Ry are

aligned with either +1 or -1 values, magnetization equation can be simplified to:

M(Hy) = / / 6(h, k) dh dk — / / o(h, k) dh dk (4.5)

Furthermore, magnetization in the minor loop (figure 4.4¢) can be described as

the function of applied field (H) and reversal field (Hg) as:

M(H, Hg) = S/+ / é(h, k) dhdk — S/ / é(h, k) dh dk +S( H/ !R )gb(h,k) dhdk, (4.6)

where the third integral is the area of additional small triangle as depicted in fig-
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ure 4.4c. From equation 4.5 and equation 4.5:

M(Hyg) — M(H, Hp) = —2 o(h, k) dh dk . (4.7)
A,

Therefore, the distribution function can be given by:

62

1
¢(H7 HR) = §8H8HR

[M(Hg) — M(H, Hg)] . (4.8)

Since, M (Hpg) is only a function of Hg, hence:

1 02

¢(H, HR) = _§aHaHR

[M(H, Hg)]. (4.9)

Equation 4.9 is first proposed by Mayergoys [95] to successfully obtain the Preisach
distribution. Hence, knowing the the Preisach distribution from equation 4.9 and
Preisach operator (hysteron), a physical analysis hysteresis phenomena can be re-
alized, as per the equation 4.2. However, to use equation 4.9, the input signal (M)
must be continuous and differentiable, which makes it difficult to implement in ex-
perimental data due to presence of noise in the sensors. Therefore, an alternative
and efficient method is required under such circumstances. One possibilities is to
assume that ¢(H, Hg) follows a certain statistical distribution. The most popular
choices are Gaussian function [96, 97, 98], Gauss-Lorentzian function [99], or log-
normal distribution function [100], etc. The problem with this approach is the lack
of justification about considering one particular distribution over other distribution
functions [100]. Another method involves utilizing linear combination of a family of
functions as a basis. The problem with this approach is that to obtain a Preisach
distribution of a rather continuous output (M) requires a very large set of basis
function and their coefficients [101], which quickly exhaust the computational abil-
ities, even of modern computers.

Therefore, in order to successfully obtain the Preisach distribution, Mayergoyz pro-
posed the first-order reversal curve (FORCs) method, a promising experiment tech-
nique, provided that the sample of interest satisfies the necessary and sufficient

Mayergoyz conditions [102].
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4.4 First order reversal curve (FORC) method

The most popular method to characterize a magnetic material is a measurement of
its hysteresis (M-H) loop, called the main hysteresis loop (MHL). The MHL provides
only the average properties such as saturation magnetization (M;), remanence (M, )
and coercivity (H,.) of the sample. It fails to explain other characteristic properties
such as interactions present on the microscopic level. More complex magnetiza-
tion curves, such as higher order magnetization curves, which probe the interior of
the MHL, are needed to provide further insight of magnetic interactions and other
microscopic properties [103, 104]. Higher order reversal curves are obtained when
applied field is swept from an initial point on the MHL, called the reversal point
M (Hg). One such higher order magnetization curve is obtained by first saturating
the sample at high magnetic field and then allowing the field to decrease to a point
on the descending branch (reversal point) of MHL before swiping the field in the
negative direction. The resultant curves are called the first order reversal curves.
This method can be extended to even higher order (second and third order) by
considering higher number of reversal points. The analysis on this thesis is limited

to the first order approximation.

In order to probe the interaction of hysterons, Mayergoyz [102] proposed a
FORGCs (first-order reversal curve) method, which is a promising experimental tech-
nique to evaluate the Preisach distribution. The FORC method is easy to achieve
experimentally and highly reproducible as it begins by saturating the sample each
time. The FORC method has been utilized to study various magnetic systems, such
as permanent magnets [105, 106], geological samples [107, 108], nanowires [109, 110],
etc. FORCs can distinguish between interacting and noninteracting single-domain
(SD), pseudo single-domain (PSD) and multi-domain (MD) system [111, 107]. In
fact, FORC method can be extended to any system which show hysteresis behaviour,
for example in ferroelectric samples [112, 113].

The process of FORC measurement is shown in figure 4.5. Each FORC measurement
begin by saturating the sample in a large enough positive field. Following satura-
tion, the field value is changed to a reversal value (Hg) on the MHL (figure 4.5a).
The applied field (H4) is then swiped towards the positive value and magnetization
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o 500 1000 1800 2000

H.(Oe)

Figure 4.5: FORC method. (a) definition of FORCs, (b) A set of FORCs for a
single crystal of clinopyroxene (after [15]), (c) grid of H4 and Hg used to measure
magnetization M (H 4, Hg), (similar to Preisach plane shown in figure 4.3), (d) con-
tour plot derived for the figure 4.5b in the rotating co-ordinate system, H,. and H,,.
The pictures are after Harrison et al. [16].

M (Ha, Hg) as a function of increasing field is measured, until positive saturation
is reached. In order to cover the entire area of MHL, a large number of FORCs are
measured at various reversal field (Hpy) (figure 4.5b). The values of H4 and Hp are
chosen in such a way that it spanned in a regular grid. The FORC distribution is
defined by taking the mixed second derivative of M(H 4, Hg), as shown below:

1 o

¢(HA7 HR) = _im

[M(Hyu, Hg)] . (4.10)

The equation 4.10 takes a form similar to the Preisach distribution function (equa-
tion 4.9). The contour plot of FORC distribution conveniently represented in a
rotated co-ordinate system, (counterclock wise by 45°), where z-axis is expressed
in switching field given by H. = (Ha — Hg)/2 and y-axis is expressed in terms of
interaction field H, = (Ha + Hpg)/2 (figure 4.5d).

Prior to evaluating second derivative (equation 4.10), smoothing of FORC curves

is performed in order to remove the experimental noise. While, smoothing is vital to
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reduce the experimental noise, excess smoothing may leads to distortion of FORC
distribution. Therefoe, to evaluate the FORC distribution, a weighted least square
fit is performed on each grid point (say P) of M (H 4, Hg) over the neighboring points
around P. The number of local surrounding points are carefully decided upon, as
per the data matrix density in order to evaluate the mix second derivative and at
the same time avoid excess smoothing. In the most popular method, magnetization

is fitted using second order polynomial equation:
M(Hy, Hg) = ay + asHy + asH3 + asHy + asHp + agHoHp (4.11)

Therefore, the FORC distribution at the point P is equal to —ag/2. The FORC
diagram provides the insight of magnetic interaction within the SD, PSD and MD

system (figure 4.6), which mimic like a finger print of magnetic system.

(a) Non-interacting SD (b) Interacting SD (c) PSD (d) MD
+50 L +50 L +504 L +504 .

_50 T T
0 50 100

Figure 4.6: Simulated FORC distribution of magnetic sample. First row indicates
FORC distribution. Second row indicate corresponding MHL and FORCs. (a)
Non-interacting SD, central ridge along B,, = 0, (b) Interacting SD, distribution of
interaction field is present, (¢) PSD, triangular contours, (d) MD system with broad
distribution of interaction field. The picture is after Franco and Dodrill [17].

The switching field distribution (SFD) of hysterons can be easily obtained by
integrating FORC distribution function ¢(H,., H,) over H,:

¢srp(H.) = /_ N o(H., H,)dH, . (4.12)

SFD defined by equation 4.12 indicates the intrinsic switching field distribution of

particles, which is a valid and unique Preisach distribution (equation 4.2) if wiping-
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out and congruency properties are satisfied [102].

4.5 Hysteresis of Mn,Ru,Ga

Magnetization dynamics of MRG is elusive to probe using conventional magnetome-
ter, VSM, SQUID, etc, techniques as it exhibit low magnetic moment. However,
MRG display large anomalous Hall effect (AHE) and the transport properties are
dictated by electrons from a band primarily contributed by Mn* sites. Conse-
quently electrons are highly spin-polarized at the Fermi level. Therefore, AHE is
predominantly proportional to the moment of Mn“¢ sites. Since, moment of Mn*
and Mn*® are strongly coupled with antiferromagnetic interaction, AHE provides a

tool to probe the magnetization dynamics.

A micromagnetic understanding is required to study the magnetization dynamics
of a magnetic sample. However, a macrospin model can also be utilized in samples
where the domains of highly textured films do not interact strongly. MRG grown
on MgO substrate posses highly textured film quality, where the domain size is
mainly determined by the structural defects. A typical domain size in MRG is of
the order of 10s of micron [114] and the size of domains highly depends on the thin-
film quality. In this section, an experimental evidence of non-interacting domain
in MRG, in order to validate the macrospin approximation, is discussed using the
FORC method. Furthermore, the static magnetic reversal mechanism of MRG is
established under the Preisach model. Hysteresis curve of MRG measured at vari-

ous temperatures are also analyzed under the Preisach model.

FORCs on MRG is measured on a patterned Hall bar using 1 T GMW electro-
magnet at room temperature with a field resolution of 5mT. FORCs measurements
begun with saturating the sample in a positive "high enough’ magnetic field. Then
the field was decreased to a lower field value on MHL, called reversal field (Hg),
and a R,,(Ha, Hg) was measured by sweeping the applied field H4 back to the sat-
uration field. The resultant AHE resistance, R,,(H4, Hr), is a minor curves inside

the MHL (see figure 4.7a). This process is repeated for many evenly spaced values
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Figure 4.7: (a) FORCs measurement of MRG using AHE. The main hysteresis
loop (MHL) is in red line whereas each minor magnetization curve (FORC) is shown
in black dotted lines. Each FORC curve is obtained by sweeping the magnetic field
from reversal point (Hg) to the saturation point. (b) FORC distribution of MRG
is obtained by calculating the mixed second order derivative of curve (a). (c) distri-
bution of interaction field H, obtained from FORC distribution. It highlights the
absence interacting hysterons in the MRG. (¢) SFD obtained from FORC diagram
(red line) and estimated PSD obtained under Preisach model (black line).

of Hy and Hi. The FORC distribution was obtained by the second order derivative
(equation 4.10), defined by:

1 o

O(Ha, Hp) = " 20H,0Hx

[Ray(Ha, Hp)] . (4.13)

A MATHCAD® program has been utilized to locally evaluate the partial deriva-
tive of R, (Ha, Hg) , as described in section 4.4. The resultant FORC diagram is
shown in figure 4.7b. The central ridge is observed around H, = 0 and H. = 0.387 T.
Figure 4.7c represents the local interaction field of MRG. A narrow distribution of
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H, with central point at pgH, = 0 T highlights the absence of any interaction
(dipolar, exchange, etc.) between the elementary units (hysterons). Therefore, in
the absence of inter-particle interaction the over all system can be safely approxi-
mated under the Stoner—Wohlfarth (SW) model [115].

The local coercive field distribution of FORC diagram is shown in figure 4.7d with
most probable coercive field (center point) at H. = 0.387 T. A statistical analysis
of coercive field distribution is carried out under the Preisach model. In this case,

a pseudo-Voigt distribution is considered, defined as:

V(-Hm Hcm F) = nG(Hm Hcm F) + (1 - n)L(H(N HCO7 F) ’ (414)

where, G(H., H.,,I") and L(H., H.,,I') are normalized Gaussian and Lorentzian
function. I'is the common FWHM and H,, is peak center. n (0 < n < 1) is
a weighing factor which shift the overall profile towards pure Gaussian or pure
Lorentzian by shifting the factor from 1 to 0 respectively.

Here, the Gaussian part is defined as:

G(H.. H,,.0) 1 (He—Hep)?
cydley, 0) = € 202
oV 2m r (4.15)
0= ——,
24/21n(2)
and Lorentzian part is given as:
1 r/2
L(H.,H., ') =—"- : 4.16
e tleos 1) =2 il 1 (027 10

The coercive field distribution of FORC diagram can be fitted with equation 4.14.
The long tail of coercivity distribution is attributed to the magnetic viscosity arising
from the thermal fluctuations of metastable states. The magnetic viscosity in MRG
is primarily due to rotation of magnetization vector as contribution from domain wall
motion is highly restricted by the defects and disorder present within the film [114].
Thus, viscosity can be incorporated as a sum of exponentially decaying metastable

states. Therefore, the Preisach distribution of coercive field (SFD) can be written
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as the convolution of viscosity term with the pseudo-Voigt function, i.e.:

D(H., H,,.T,7) = 7 V{(H. - ¢), H,,,T] % [exp<%§>] de (4.17)

— 00

where, 7 is the magnetic viscosity parameter with the unit of magnetic field. A
good agreement between experimentally obtained coercive field distribution and
Preisach distribution is shown in figure 4.7d. Therefore, distribution described by
equation 4.17 is a unique solution of Preisach model defined by equation 4.2. It
should be noted that here Preisach distribution is normalized by amplitude in order
to achieve a faster numerical convergence. Additionally, normalization performed
using area under curve can also be realized. The physical significance of such nor-
malization is that it directly signify the determinist switching of hysteron when
integrated over all the input space. Therefore, aerial normalization is also per-
formed later in this section.

After obtaining the required hysteron distribution a hysteresis curve of MRG can be
easily obtained by integrating over the SFD (equation 4.2). Figure 4.8a highlights
the agreement between the experimental AHE data and fit obtained under Preisach

model. The model has been also extended to out of plane hysteresis measurement
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Figure 4.8: (a) AHE hysteresis data (black dot) and corresponding estimated
Preisach hysteresis curve (red line) at 300 K. The Preisach hysteresis curve is ob-
tained using equation 4.2 after experimentally obtaining the unique hysteron dis-
tribution using FORCs method, as shown in figure 4.7d. (b) Resultant hysteron
distribution of the Preisach hysteresis model. It is equivalent to the distribution

obtained under FORCs method (figure 4.7d).

of MRG at various measurement temperatures. Figure 4.9 shows the matching hys-
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teresis loops and corresponding Preisach distribution at 200 K, 100 K and 5 K. Thus
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Figure 4.9: AHE hysteresis data and corresponding estimated Preisach curve in
figure (a) at 200K, (c) at 100K and (e) 5K. Estimated hysteron distribution in
figure (b), (d) and (f).

modeling the hysteresis of MRG with only a few parameters (H., H.,, ['and 7) has

Co

been achieved. A detailed summary of fitting parameters for various measurement
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temperatures are listed in table 4.1.

Figure 4.10 shows the variation of center point (H,,) and magnetic viscosity (7) as
Table 4.1: Presiach fitting parameters as obtained by fitting the AHE data mea-
sured at various temperatures.

T (K) H,, (T) L (T) n (T) ™ (T)
300 0.387 0.059 0.783 0.023
275 0.33 0.047 0.807 0.023
250 0.297 0.056 0.788 0.02
200 0.246 0.036 0.656 0.021
175 0.228 0.037 0.865 0.023
150 0.212 0.027 0.969 0.026
100 0.199 0.032 0.915 0.024
70 0.197 0.095 0.905 0.022
60 0.198 0.027 0.948 0.023
40 0.206 0.034 0.776 0.024
20 0.226 0.038 0.798 0.022
bt 0.26 0.094 0.933 0.025

a function of temperature for hysteresis curves measured at different temperatures.

Here, a very week dependency of magnetic viscosity parameter on temperature was
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Figure 4.10: (a) Center-point (H,,) of Preisach distribution vs temperature. The
value of H,., increases for both high and low temperatures. An increase in the
former case is due to the temperature approaching the compensation temperature
(Teomp = 375 K) whereas in the later case increase in the anisotropy constant at low
temperature leads to increase in the value of central-point. (b) Viscosity parameter
(1) vs temperature. It suggests that viscosity is approximately independent in
the measured temperature range. Therefore, domains for MRG are approximately
frozen for wide temperature range.

observed. This is due to the fact that over all energy landscape of MRG is dominated
by the anisotropy. Hence, any other weak thermodynamic fluctuations do not affect

the static dynamics of magnetization vector. The variation of center point (H,,),
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which is most probable SFD of hysterons, hence the coercivity of sample, versus tem-
perature has two separate regimes. At high temperature, coercive field increases due
to diminishing net moment (approaching the compensation point, Tiom, = 375 K)
whereas at low temperature, the increase in the effective anisotropy dominates.
Moreover, the first order viscosity parameter (7) is approximately temperature in-
dependent, which suggest that domains for MRG are approximately frozen for wide
temperature range. In fact, it is the frozen domains of MRG which greatly simpli-
fied the study of quasi-static dynamics of MRG under simplified Preisach model.
In case of non-frozen domains, the overall magnetization dynamics becomes very

computationally expensive method under Preisach model.

4.6 Torque model

Magnetization dynamics can be most easily examined within the macrospin approx-
imation. In this approximation, spatial variation of magnetisation vector is frozen
through out the equation of motion. The static and quasi-static magnetization dy-
namics of MRG can be approximated under the macrospin approximation due to
lack of hysteron interaction, as shown in section 4.5. The torque model is based on
the macrospin approximation where the equilibrium direction of the magnetization
is evaluated by balancing the torque arising from effective anisotropy field, with the
Zeeman torque. In the case of MRG, due to slightly distorted cubic crystal struc-
ture (tetragonal structure with ¢/a < 0.02), the balanced equation of torque can be

easily obtained from the magnetic anisotropy free energy expression:
E = Ky sin?(0y) + Kysin*(0y) + Kssin*(0ay) cos(4ons) — uoH-M,  (4.18)

where 0, and @), are the polar and azimuthal angle of magnetization vector M.
K, and K, are the first and second order uniaxial out-of-plane anisotropy constants
respectively. K3 is the four fold in-plane anisotropy constant. The Zeeman term

can be written as:

H-M = HM cos(0yr) cos(0) + sin(fyr) sin(0) cos(pnr — @) - (4.19)
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In case of MRG, in-plane anisotropy K3 is at least an order of magnitude smaller
than the out of plane anisotropy (K; and K3). Hence, the azimuthal angle of
magnetization vector always follows the azimuthal angle of applied magnetic field,

i.e. ¢y = pp. Hence the effective energy surface for MRG can be written as:

E = K;sin®(0y) + Kysin*(6y) + Kz sin*(0y) cos(4ons) — poHM cos(0yr — Opr) .
(4.20)
The equilibrium magnetization direction can be calculated by evaluating the ex-
trema of equation 4.20 with respect of #,; and ¢,,;. For example, the polar equilib-

rium position can be obtained by solving the following transcendental equation:

oF _ poHM sin(0y — 0y)
OE _ o Ao 1 AK 4 20p ) — =0. (4.21
20, 1+ (4K + 4K3 cos(4enr)) sin®(0yy) sin(fyy) cos(0y) 0 )
and,
O*FE
<0 (4.22)
002,

Here, we are using the anomalous Hall effect (AHE) to investigate the anisotropy
constants which is only sensitive to the out of plane component of Mn* moment,

le.:

Viy o< | M| cos(Oar)

Vv, (4.23)
= cos(fy) = Vji/’ =0,,
zy

where, V' is AHE voltage when magnetization (M) lies along the easy axis (normal
to the sample, 6y, = 0) and v, is the normalized AHE voltage. Therefore, the

equilibrium condition of equation 4.21 reduced to:

oK, (4K, 4K, ,
v + ( iV + i cos(4g0M)) (1—22)

_ (“OHU Sin(ffi ;fM)) . (4.24)

The energy landscape of MRG sample and trajectory of magnetization vector ( as

per equation 4.21 and 4.21) is shown in figure 4.11. To find out the values of K, Ko

and K3, rotational scans in different geometrical configuration were performed in
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Figure 4.11: (a) Anisotropic energy landscape for tetragonal crystal system defined
by equation 4.19. Here Ky/M = 0.7 T, K3/M = 0.3 T and K3/M = 0.1 T. (b)
Trajectory of magnetic moment under such anisotropic energy landscape.

PPMS system (see section 4.2). Note that the recorded transverse resistance has five
different contributions, namely: ordinary Hall effect (OHE), anomalous Hall effect
(AHE), planner Hall effect (PHE), ordinary Nernst effect (ONE) and anomalous
Nernst effect (ANE) as given by equation 4.25:

_ pOHE AHE PHE ONE ANE
Ry, = ROME 4 RANE | RPHE 4 RONE | RANE, (4.25)

In case of MRG, ROV? and RZN" were minimized by using a very small input bias
current signal (Igys = 50pA) which ensures the absence of any significant ther-
mal gradient within the sample under observation. Furthermore, to minimize the
temperature gradient across the Hall bar, temperatures are stabilized in a Helium
partial pressure (P ~ 100Torr) and sample was rotated very slowly, if needed. RO”
was extracted by measuring the slope of AHE at high magnetic fields (uoH > 8 T),
as shown in figure 4.12. The Hall coefficient obtained for MRG, has the value
Ry = —4.405 x 1071% m3 C~! which is at least an order of magnitude higher than
other ferromagnetic and ferrimagnetic samples. The higher value of the Hall co-
efficient is due to low carrier concentration at the Fermi level, as MRG is highly
spin-polarized material, with only one spin-band which contributes at the Fermi
level. REMP was measured by rotating the magnetic field in the plane of sample.

Figure 4.13 shows the anisotropic magneto-resistance (AMR) and PHE measured at
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Figure 4.12: AHE measured on Hall bar at 300 K. The contribution of ordinary
Hall effect is calculated by evaluating the slope of the data at high magnetic field
(lmoH| > 8T)

room temperature in the presence of a magnetic field of value 1.9 T. The observed
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Figure 4.13: (a) AMR and PHE measurement geometry, a magnetic field puoH =
1.9 T is rotated in the plane of the sample xz-plane, (b) resultant AMR and PHE
curve.

PHE is three orders of magnitude smaller than the recorded AHE, hence it can
be safely ignored from equation 4.25. AMR ratio of MRG evaluated at 300 K is
about 0.02 %, whereas PHE ratio has value of around 200 %. Therefore, the only
dominant contribution in transverse Hall voltage remains the AHE.

In order to probe the out of plane anisotropy constants, measurement geometry
shown in figure 4.14a is adopted. Here, the sample is rotated in such a manner

that applied magnetic field effectively rotates in the yz-plane. Fig. 4.14b show the
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Figure 4.14: (a) Out of plane measurement geometry to investigate the anisotropy
constants K7 and K,. (a) Magnetic field is rotated in the yz-plane, (b) resultant
AHE data recorded for 1T (black), 2T (red) and 14T (blue). (¢) Data and corre-
sponding torque modelled curves for the coherent rotation of magnetization vector.
The resultant first and second order out-of-plane anisotropy constants of MRG are
K, =4.0x10*J m™3 and K, = 2.54 x 10* J m~3 respectively.

rotational AHE loop measured at T' = 300 K, under constant applied magnetic field
of values from 1T, 2T, and 14 T. The measured data shows two different regimes,
first a continuous change in the Hall resistance (non-hysteretic segments), which is
due to the smooth coherent rotation of magnetization vector against the anisotropy
field, and secondly an abrupt change in Hall signal (hysteretic segments) due to
switching of magnetization vector from out-of-plane to into the plane or vice-versa.
The non-hysteretic part of the data can be fitted within torque model by solving
the equations 4.21 and 4.22. It should be noted that anisotopy constants are in-
dependent of the applied external field (at least up to first order). Therefore, the

non-hysteretic parts of the signals can be fitted with common fitting parameters.
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The equilibrium position of magnetization vector under the influence of external
magnetic field is numerically obtained by solving equations 4.21 and 4.22. The so-
lutions are obtained under the conjugate gradients algorithm, using simultaneous
fitting of all data. The same is performed with the optimized Leveberg-Marquard al-
gorithm. Figure 4.14c represents the data recorded with the corresponding best fits.
It is clear that all the data are in a good agreement to the model with the anisotropy
constants of value, % =0.655T and % = 0.416T, here M is the magnitude of
saturation magnetization vector. The saturation magnetization of the sample ob-
tained form SQUID measurement is 61 kAm~!. Therefore K; = 4.0 x 10* J m~3
and K, = 2.54 x 10* J m~3 is the first and second order out-of-plane anisotropy
constants of MRG. It should be noted that in this measurement geometry, AHE is
insensitive to the in-plane anisotropy due to the absence of azimuthal rotation of
magnetization vector. The in-plane anisotropy constant (K3) can be investigated in
a measurement geometry, where the azimuthal direction of magnetization is varied.
In order to probe the in-plane anisotropy, AHE is recorded in the measurement ge-
ometry shown in figure 4.15a. Here, the sample is rotated in such a manner that the
applied magnetic field effectively rotates in the xz-plane. The magnetic energy land-
scape, plotted using equation 4.20, reveals the four-fold oscillation of polar position
(0yr) of magnetization vector as a function of ¢, (see figure 4.11). Therefore, the
inplane anisotropy allows the AHE signal to oscillate as a function of the azimuthal
angle (pyr) of the magnetization vector. Figure 4.15b and 4.15¢ show the scans
collected at 300 K when a constant magnetic field of 1 T and 1.5T were respectively
applied in the plane of sample. Here the unequal amplitude of oscillation is due
to a small offset (~ 5deg) of the sample from the zz-plane. Consequently, sample
wobbling in the course of rotation leads to an additional term effecting the magneti-
zation vector position 6),. The equilibrium position of magnetization vector under
the influence of external magnetic field is again numerically obtained by solving
equations 4.21 and 4.22. The solutions are obtained under the conjugate gradient
algorithm and the wobbling contribution has been also taken into consideration un-
der Rodrigues’ rotation formula. The extracted value of inplane anisotropy constant
is % = 0.057T, or K3 = 3.48 x 103 J m~3, which is an order of magnitude smaller

than out of plane anisotropy constants K; and K. It should be noted that as the
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Figure 4.15: (a) Inplane measurement geometry to investigate the anisotropy
constants K3. (a) Magnetic field is rotated in the zz-plane, (b) resultant AHE data
recorded for 1T and corresponding estimated fit under torque model. The presence
of unequal amplitude of oscillation is due to small offset (~ 5deg) of the sample
from the zz-plane, which gives rise to sample wobbling. The estimated in-plane
anisotropy constant is K3 = 3.48 x 10% J m~3, which is an order of magnitude
smaller than out of plane anisotropy constants K; and K. (¢) AHE data and
modeled curve for 1.5T after inserting the K7, Ky and K3 values. An excellent
agreement is observed with effectively no free parameters.

field strength increases, the hysteresis of AHE become evident (compare figure 4.15b
and 4.15b). This is due to the fact that at high enough magnetic field, wobbling of

sample leads to partial switching of the magnetization vector on the sample’s z-axis.
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4.7 Combined Preisach and torque model

4.7.1 In-plane field hysteresis loop

A pure hysteresis and a pure rotation mechanisms of magnetization vector are dis-
cussed in section 4.5 and 4.6 respectively. The complex quasi-static magnetization
dynamics can be obtained by combing torque and Preisach model.

In order to study such dynamics, AHE was measured in the measurement geometry

shown in figure 4.16a. Here, the magnetic field was swept in the plane of sample
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Figure 4.16: (a) In-plane field sweep measurement geometry. (a) Magnetic field is
the swiped alsong the z- axis, (b) resultant AHE data recorded for and corresponding
estimated fit. Insets highlight the effect of sample offset on resultant curve, see main
texts for detailed discussion. (c) Preisach distribution correspond to the combined
torque and Preisach model.

(along z-axis) from +14T. The recorded AHE signal has a hysteric behavior as
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shown in figure 4.16b. Due to a small offset (0) of sample while mounting it on
the rotatory stage of the PPMS, the applied magnetic field is not exactly in the
plane of sample (see inset of figure 4.16b). The offset of around 6 ~5 deg, is present
and the exact offset value can be evaluated by fitting the data, as discussed later.
Consequently, the AHE signal has two different regimes: (i) when magnetic field
makes an acute angle with normal to the sample, (0 <90deg), a coherent rotation
of magnetization vector is observed, and (ii) when magnetic field makes an obtuse
angle with normal, (0 >90deg), the switching of magnetic vector occurs when the
field projection exceeds the coercive field. Note that coercive field in this scenario

is scaled as:
H.,

Hy— —
cos(fy)

(4.26)

here H., is the coercivity of MRG sample when magnetic field is applied along the
normal direction of the sample (0g = 0).

A complete trajectory of magnetization vector (M) is described in figure 4.16b.
After saturating the sample at 14T, point A, field is reduced to the value of 0T.
Since in this case the angle between the magnetic field (H) and the normal vector to
the sample, (1), is less the 90 deg, M coherently rotates. Therefore, AHE traces the
path-(1) from the point A to point B. After that, magnetic field is swept to the value
of —14T from a point B to C along the path-(2). In this case the angle between
H and 7 is more than 90 deg, hence M goes under both rotation and switching at
the field strength according to the equation 4.26. A path along (@) results from the
coherent rotation of M, and the path along (4) again arises due to a combination of
rotation and switching of M.

AHE curve of figure 4.16b can be defined as:
Ry, = RLM - ROV (4.27)

where, RV and REM are the contribution from torque and Preisach model respec-
tively. The numerical solution of equation 4.27 is obtained with optimized Leveberg-
Marquard algorithm. The values of the anisotropy constants (K7 /M = 0.655T and
Ky/M = 0.416'T), as obtained in section 4.6, are used while finding the solution

of equation 4.27. The resultant estimated curve, along with the data, is shown in
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figure 4.16b, indicating a very good agreement with the data. Figure 4.16¢ shows
the resultant hysteron distribution. The value of the centre point of distribution
(H.) is 3.875T. From equation 4.26 the field angle (fy) of value 84.27 deg is ob-
tained, where, H., = 0.387T (see section 4.5). Therefore, fy obtained from the

fitting function is 85.03 deg, also indicating a very close match.

4.7.2 Effective anisotropy approach

Section 4.7.1 describes the fitting of the data shown in figure 4.16b using equa-
tion 4.27 under the Leveberg-Marquard algorithm. This method is computationally
intensive, as it involves finding a global minima of a rather non-trivial energy surface
described by equation 4.27, 4.20, and 4.17.

Therefore, in this section, an alternative approach is discussed to fit such data,
where anisotropy constants K7 and K, are replaced with an effective out-of-plane
anisotropy field Hss. The equilibrium position of magnetization vector M can be

obtained by balancing the torques acting on it, given by:
M x ,lL()Heff =M x ,u()H, (428)

where, H is the applied external magnetic field. It is evident that finding solution
of equation 4.28 is less cumbersome than solving equation 4.21. Figure 4.17 shows
AHE data and corresponding fitting curve, where an excellent agreement between
data and model is achieved. An effective anisotropy field value of H sy = 1.458 T is
obtained after fitting the data. While estimating the fitted curve all other parame-
ters corresponding to Preisach model are kept constant as obtained by table 4.1. The
analytical value of effective anisotropy field can then be obtained by equating the
anisotropy free energy and Zeeman energy. The anisotrpy energy for a tetragonal
system can be written as:
F = K;sin?(0) + Ky sin*(0)

(4.29)
= K, + Ky — (K, + 2K3) cos®(6) + Ky cos(6) .
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Figure 4.17: AHE data (black dot)when field is swiped in the plane of sample.
The estimated fit (red line) using combined Preisach and torque model. An effective
out of plane magnetic field approach is utilized in the calculation.

The first two term of equation 4.29, K; and K5 are constants, which provide an
offset to the energy equation. Since, the equation of motion of magnetization vector

is independent of offset terms, equation 4.29 can be written as:

F ~ — (K, 4 2K;) cos?(0) + K cos* ()

(4.30)
~ [ (K + 2K>) cos(0) + Ko cos®(0)] cos(6) .
Now, the Zeeman free energy is given by:
1
G =—-M-Bu
2 (4.31)
= —QMBeff cos(0)

where, the factor of 1/2 arises from taking into account all surrounding magnetic
moments. Therefore, the effective magnetic field can be obtained by equating equa-

tion 4.31 and 4.30, as shown below:

Bejs = % [— (K71 + 2K5) cos(f) — Ko cos®(6)] . (4.32)
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Therefore, B.ss depends on the € position of the moment. The mean value of

effective field can be written as:

1 O
Bur =gy [ Basl0)ds. (4.33)
f 4 0;

where, 0; and 0 are the initial and final position of magnetization. After plugging
the initial and final position of moment (see figure 4.17) into the equation 4.33,
mean effective anisotropy field of value 1.467 T is obtained. This value is very close
to value obtained (H.py = 1.458T) within the effective anisotropy approach, as
described above. Therefore, a discrepancy of less than 0.6 % between B,y obtained
under analytical calculation and the fitting model highlights the success of effective

anisotropy approach in investigating the complex magnetic dynamics in the system.

4.7.3 Out-of-plane rotational hysteresis loop

The effective anisotropy model, discussed in section 4.7.2, can be utilized to de-
scribe other complex magnetization dynamics, where both the rotation and abrupt
switching mechanisms are involved.

In this attempt, AHE data is recorded in a measurement geometry shown in fig-
ure 4.18a. Here, a constant applied magnetic field is rotated in the yz-plane. The
resultant AHE data measured at 1T, 2T and 14 T are shown in figure 4.18. In these
case, Zeeman torque on the magnetization vector competes against both out-of-plane
anisotropy and applied magnetic field. For a magnetic field of value smaller or com-
parable to the strength of the anisotropy field, hysteretic phenomena are clearly
observed, as shown in figure 4.18b and 4.18c. However, as the strength of magnetic
field increases, the equilibrium position of the magnetization vector begins to be
dominate by the Zeeman term. In other words, the moment follows the magnetic
field orientation. Consequently, the observed AHE data roughly indicates a cosine
behaviour. A similar AHE signal at 14T is shown in figure 4.18d, where an abrupt
switching of the magnetization is observed around the angle of 96 deg, consequently
an abrupt change in the Hall signal is also observed. Since, the strength of ap-
plied magnetic field is much larger than the effective out-of-plane anisotropy field

(Besr =1.458 T), the hysteretic behaviour diminishes.
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Figure 4.18: (a) Measurement geometry utilized to investigate complex magneti-
zation dynamics. Here the field is uniformly rotated in the yz-plane (b) Rational
AHE curve for the 1T field, black point is the recorded AHE data and red line is
the calculated curve from combined Preisach and torque model. (c¢) AHE data at
2T and matching calculated curve (red line), (d) Data and calculated curve at 14 T.

In figure 4.18, the red line is the calculated AHE signal under the combined Preisach
and torque model. Note that, all the curves are obtained by fixing the values of all
the parameters, such as B.ss, Presiach distribution and magnetic viscosity coeffi-
cient as evaluated in the previous sections. It is evident that all calculated curves

show an excellent agreement with the recorded data.

4.8 Conclusions

In this chapter, a comprehensive method is proposed to determine the anisotropy
constants of a low-magnetic-moment sample, MRG thin-film, by means of AHE. Out

of plane anisotropy constants of value K; = 4.0 x 10* J m=3 (K;/M = 0.655T) and
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Ky =2.54x10" Jm™3 (Ky/M = 0.416 T) and in-plane anisotropy constant of value,
K3 = 348 x 10* J m™® (K3/M = 0.057T) are deduced by fitting the anomalous
Hall voltage curve with torque model under the macrospin approximation. First
order reversal curve (FORC) and classical Preisach hysteresis (hysterons) model
has been successfully implemented to describe the hysteresis behaviour of MRG. In
addition, a number of complex quasi-static magnetization dynamics dependencies
were successfully estimated with virtually no free parameters, utilizing a combined
Preisach and torque model. An excellent agreement between the observed data and
calculated model values is realized in all cases. Therefore, the proposed method can
be extended to study both linear and non-linear quasi-static dynamics of magneti-
zation vectors in an external field and/or current induced effective fields caused by

spin-orbit torque or spin-transfer torque.
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5.1 Introduction

Modern day information technologies rely on controlling and storing bits (“0Os” and
“18”) temporarily or permanently. In the state of nanoscale magnets, a popular
methods have also emerged in the last couple of decades where manipulation of
number of spin provides alternative approaches to taping the richness of informa-
tion technologies [116]. For example, magnetic tapes and hard discs still dominate
the secondary nonvolatile memory in the market due to their low cost and high
capacity. However, these nonvolatile memory unit are very slow (/~10ms) as com-
pared to main memory unit (<100ns), such as dynamic random access memory
(DRAM). To mitigate this issue, several alternative high-speed nonvolatile memory
systems such as flash memory, phase change memory, magnetic race track memory
and magnetoresistive random access memory (MRAM), have been extensively pur-
sued.

The magnetic-based memory often requires the use of bulk and cumbersome mag-
netic coils, which is energy intensive and non-scaleable. In 1996, Berger and Slon-
czewski proposed a spin-transfer torque (STT) technique to control the magneti-
zation by electrical means [44, 45]. In STT, transfer of spin angular momentum
between two noncollinear magnetic systems controls the magnetic bits of MRAM,
thus such memory is named STT-MRAM [117]. STT-RAM has the potential to
achieve speed of less than 1ns read/write operation. The STT is often realized in a
MTJ structure, where the two magnetic layers are separated by a very thin (~ 2nm)

insulating layer. Here, the switching efficiency is low and requires a very high write
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current density (j > 10'"Am™2) to effectively perform the task. Due to the high
write current requirement, the M'TJ structure remains non-durable and degradation
of thin insulating layer possess a real challenge to implement it effectively.

As an alternative to STT-MRAM, a new type of current-induced torque have been
proposed where spin-orbit torque (SOT) plays the central role, known as SOT-
MRAM [118, 119]. The SOT provides a better and potentially more efficient writ-
ing scheme. SOT is generated through spin-orbit coupling in a bulk material or
in heterostructures, where an electric field generates nonequilibrium orbital occu-
pation through spin Hall effect [46], Rashba-Edelstein effect [120], and orbital Hall
effect [121]. SOT-based devices have the typical features of low power consump-
tion, higher speed, nonvolatility and an excellent compatibility with current CMOS
technologies. More interestingly, SOT-based devices usually have separate read and
write path, which avoids exposing the ultra thin tunnel barrier to undesired high
writing current densities, thus enhancing the reliability and endurance of device.
Furthermore, SOT-based devices require only bilayer or even a single layer to real-
ize, in contrast to STT-MTJ, where high quality hetrojunctions are essential. Thus
SOT-based devices are relatively easy to design and fabricate. They have numerous
application in various modern technologies, such as MRAM, race-track memory,
nano-oscillator, and neuromorphic computing.

SOT is more commonly studied for ferromagnetic (FM)/heavy metal (HM) bilay-
ers, where FM layers are often Co, CoFeB, NiFe, etc. while Pt, Ta, W and other
heavy metals are used as HM. In these FM/HM bilayers, SOT is generated through
two main mechanism namely spin-Hall effect and interfacial Rashba-Edelstein ef-
fect (see chapter-1 for more details). In addition, SOT in single layer can be also
realized through Rashba-Edelstein effect (REE) if crystal lacks inversion symmetry,
such as in (Ga,Mn)As [122] and NiMnSb [123]. The REE has an advantage over
other current-induced effects as the generated torque is local, hence it is generally
independent of local disorder. It is a bulk effect and hence does not requite special
heterostructures to realize.

Zelezny et al. [124, 125] predicted that the REE effect can also occurs in an-
tiferromagnets with appropriate symmetry, where bulk SOT generates staggered

current-induced spin-polarization and hence staggered effective field on each sublat-
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tice. This was observed in MnyAu [126] and CuMnAs [127], where spin-sublattices
occupy inversion related lattice sites. Although, antiferromagnets have advantage
over ferromagnets due to their vanishing net magnetic moment and high-frequency
dynamics, the electrical manipulation of antiferromagnetic states requires very high

current density, j > 10" Am™2, even to switch only fraction of antiferromagnetic

domains [128, 129].

Interestingly, ferrimagnets combine the advantages of ferromagnets and antifer-
romagnets, hence provide a greater flexibility for spin-based devices. Similar to
antiferromagnets, ferrimagnets show high-frequency dynamics and possibility to ac-
quire zero net magnetic moments by compensating the sublattices magnetic moment
through stoichiometry adjustment, such as in rare earth transition metal (RE-TM)
alloy CoTb [130], GdFeCo [131] and Heusler alloy MnyRu,Ga [22]. Unlike antifer-
romagnets, where probing the magnetic state is difficult, ferrimagnets exhibit finite
magnetotransport properties, similar to conventional ferromagnets, hence allowing
them to be probed easily. In addition, electrons at the Fermi level in ferrimagnets
may have close to 100% spin polarization, as observed in MnyRu,Ga. A detail un-
derstanding of spin polarization of MnyRu,Ga is exposed in chapter 3. Moreover,
it is known that the critical current, I., for stable magnetic resonance frequency
of oscillation is given by, I. « af, where « is the coefficient of magnetic damping
and f is the frequency of oscillation. Ferrimagnets with a band gap at one of the
spin sub-band have lower magnetic damping due to the absence of spin dependent
scattering from one of the conduction bands (electrons). Thus threshold currents 1.

in ferrimagnets are much smaller [132, 133, 134].

Compensated ferrimagnetic materials, like MnsRu,Ga (MRG), perhaps have
all the required properties to implement in various spin-based application such as
in spin-oscillators, SOT-MRAM , etc. MRG thin-films crystallize in inverse XA
structure, space group F43m (see figure 5.1a) with symmetry reduced to I4m2
due to a substrate induced tetragonal distortion. Moreover, the conduction and
hence transport properties are dominated by electrons from Mn?* sites. Thus the

symmetry for all the transport properties is reduced to 42m corresponding to Mn*¢ in
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a tetragonal environment. MRG lacks inversion symmetry, hence an intrinsic spin-
orbit torque can also be realized. Lenne et al. [18] have established the presence
of both field-like (reactive) and anti-damping-like (dissipative) like torques in a
single layer of MRG. Presence of both types of torque in MRG is encouraging as the
previous findings suggest the presence of only field-like torque in bulk CuMnAS [127]
and MnyAu [126].

SOT field in MRG for the reduce point group 43m and 42m can be expressed in the

form;
1 0 O 0 m, my
Hyo=2p |10 -1 O - E+za|lm. 0 m,| E, (5.1)
0O 0 0 my my 0

where, Hgot is the current induced effective SOT field in the unit of T and the E
is the bias electric field. zy; and x4 are the coefficient for field-like, independent of
magnetization, and damping-like respectively. Thus if E is along (010), then Hgu
can be written as;

Hsot = MzTqi€x — TfiCy + mzxge,, (52)

where m; are the component of unit magnetization vector m along the unit vector
e;. Here, unit of hyy, hy; and Hgoe are in TA~'m?, which is also equivalent to Henry
(H). Figure 5.1b shows the schematic of resultant torques acting on magnetization
vector. In a linear-regime, where the change in magnetization angle Af,; is small,
harmonic anomalous Hall voltages measurements allow us to quantify the hy and
hai-

Lenne et al. [18] have quantified the hy; and hg in a single layer (=30nm) MRG,
through harmonic Hall measurements. Figure 5.2a shows the measured third har-
monics in the Hall voltage (Vf’;’), when magnetic fields are rotated in the plane
of sample. An estimated Vg;” curve, as per the equation 5.2, is also shown in fig-
ure 5.2b. Here, the applied current had value j ~ 1 x 10’ Am~2 and both first and
third harmonics signals were recorded to minimized the thermal contribution! to the
signal. It can be seen from figure 5.2 that all the features of the data such as two
deep minima at high magnetic field, uoH, = +2 T, the four-fold peaks arising from

four-fold in-plan isotropy of MRG, and a shallow minimum at very low magnetic

L Anomalous Nernst effect has same symmetry of 2w.
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Figure 5.1: (a) Crystal structure of MRG, where Mn“¢ site has 43m group symme-
try. (b) An illustration of co-ordinate system for the magnetization vector m along
with the current induced torques acting on it when current is biased along [010], (c)
An illustration of change in magnetization vector angle Af,; from the equilibrium
position 0, when current induced SOTs act. In the case of a linear regime, Afy,
is very small.
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Figure 5.2: (a) Surface and corresponding projection plot of data obtained for
anomalous Hall voltage in third harmonics, Vf;f Fields are rotated in the plane of
sample while bias current, j < 1x 10" Am™2, is kept constant (b) Estimated V3 as
per the equation 5.2, in a linear regime. It is evident that estimated curve matches
the data very closely. The picture is after Lenne et al. [18].

field closely matches with the estimated curve. The coefficients corresponding to the
computed plot are; x5 = —15 x 1073 TA~'m? and 24 = 50 x 107* TA~'m? . The
obtained effective SOT fields in MRG are at least an order of magnitude higher than
the effective field usually obtained for FM/HM bilayers. Furthermore, in FM/HM
the SOT scales inversely with the thickness of FM layer and hence it quickly dimin-
ishes beyond a few nm. On the other hand, the SOT realized in MRG is a bulk
property (as obtained in 30 nm) and can be scaled up, provided the current density
remains the same. SOT in MRG acts on Mn* lattice, which has finite moment
at the total magnetic compensation point, therefore, SOT in MRG permits it to
be implemented in various magnetoresistive applications even in the vanishing net
moment scenario.

SOT in MRG was previously performed in a linear regime, where the applied cur-
rent density was kept small enough, j < 1 x 10! Am~2 . The advantage of working
in the linear regime is that one can derive an approximate analytical solution? for
the Hall voltage in its various harmonics, utilizing the symmetry of sample (see
equation 5.1 and 5.2), which provides a root to quantify the current induced SOT

parameters. Since linear regime has additional other competitive effects (such as

2In case of small Afj; the Taylor expansion about the equilibrium position 6, can be reduced
to linear or up to quadratic terms. However, for a non-linear case this is no longer valid.
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Nernst effect, planner Hall effect) which has same symmetry of SOT, this method
may leads to spurious quantification of SOT. Moreover, the presence of defects,
disorders and distribution of crystalline order leads to a non-trivial transfer SOT
tensor (see equation 5.1) which simply can not be linearized. Also, in case of high
bias current density, the linear assumption no longer valid.“ Therefore, in this chap-
ter, an alternative phenomenological approach will be presented, where the effective

SOT field is evaluated in terms of an effective in-plane field.

5.2 Methodology

MnyRu,Ga thin-films, with z = 0.7, were grown on MgO (001) single crystal sub-
strate using the DC-magnetron sputtering technique. The films were prepared by
co-sputtering from MnyGa and Ru targets, while maintaining the substrate temper-
ature at 350 °C. The desirable Ru content in MnsRu,Ga were achieved by altering
the power delivered to MnyGa target and keeping the power to Ru target constant.
After the deposition of MRG, a thin protective layer of AlO, (~ 2 nm) was deposited
to prevent any further oxidation of the active layer. The standard X-ray crystallo-
graphic techniques were used to investigate the crystalline order, thickness, density
and roughness of the films. More details on sample preparation and characterization
are shown in section 3.2. The growth mode of MRG is coalescing-island-like with a
high degree of in-plane order. The epitaxial relation of growth is MRG [001] || MgO
[001] and MRG [110] || MgO [100]. Due to nature of growth technique used, MRG
[100] and MRG [010] directions are essentially equivalent. The deposited film has
thickness of 30 nm and a roughness of < 0.7nm. For the electrical analysis of sam-
ple, a number of Hall bars, with varying dimensions, were fabricated on the blanket
film using standard photolithography and Ar-ion etching techniques. The contact
pads were established with a lift-off process after depositing Ti/Au contacts. The
resultant Hall bar has an active length along MgO [110], hence along MRG [100] or
[010]. Harmonic measurements of the anomalous Hall effect (AHE) were performed
using SR830 lock-in amplifiers in a PPMS system, with a field upto £14T. The
samples were rotated in a constant magnetic field using the high resolution sample

rotator option. Corrections and calibrations of amplitude and phase of the lock-ins
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were carefully performed by analysing the amplitude and frequency response of a

standard resistor.

5.3 Spin-orbit torque in a high current limit

The presence of high current-induced field, (Hsor), in the low current density limit
(linear limit) [18] suggest that a high Hsor should also be observable in high cur-
rent density (non-linear) limit. A non-linear regime is realized when A#,, is large
(see figure 5.1¢). In order to investigate the non-linear regime, harmonic Hall mea-
surements (V,,) were performed at 310 K. The central idea to evaluate the SOT
field is to determine the transfer function which relates the induced effective field
and current, as described by Zelezny et al. [125, 124]. In the linear regime, the
transfer function can be evaluated by the symmetry of the sample, on the contrary
in the non-linear regime a full tensor SOT relation can not be established. In or-
der to determine the contribution of the non-linear SOT, here, a phenomenological
approach is considered. The central idea behind the approach is to normalize the
SOT induced change in the magnetization angle, 8,;, with independently measured
magnetization dynamics of MRG in presence of external magnetic field. Thus, it
allows us to establish the equivalence relation between current and external field-
induced perturbation.
In order to realize such relation, measurements begin with measuring AHE in the
first and third harmonics, and the first order contribution of SOT, VQ;EJOT, is corrected
by considering the Fourier coefficient of the AHE signal, given by

Vol = Vi 4+ 3V (5.3)

Ty

where, V2 and %3;’ are the AHE signal recorded in first and third harmonics.

The experiments were performed on a Hall bar, where the transverse and longi-
tudinal voltage on the first and third harmonics are collected simultaneously using
lock-in demodulation techniques. The measurements begin with saturating the sam-
ple in a high magnetic field perpendicular to the plane so that all magnetic states
are aligned along the easy axis. After that, a magnetic field of 0.4T is rotated

in the plane of the sample (see figure 5.3a). AHE signals are collected for various
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Figure 5.3: (a) A measurement geometry for AHE, where field is rotated in the
plane of sample (zz-plane), (b) Resultant AHE data for different values of applied
current ranging from 1 mA to 14 mA. The four fold in the signal is mainly attributed
to the in-plane anisotropy of the Mns;Ru,Ga while the high non-linear peak a the
high current density is the result of SOT.

field angles, g, at different bias currents, followed by correction as per the equa-
tion 5.3. The applied current had value from 1 mA to 14 mA, which corresponds to
a current density of 0.2 x 101 Am~2 to 2.5 x 10! Am~2. Figure 5.3b shows the
corrected AHE data as a function of ¢y and current (I). For a small applied current
(1 mA <1 <8 mA), the contribution of non-linear SOT is subtle. In this current
range the four fold anisotropy of MRG dictates the AHE signal. However, in the
higher current limit (8 mA < I <14 mA), a non-linear contribution in AHE begin
to appear. For the high value of current the effective SOT field, which is along the
z-direction, (see figure 5.1b), modulates the four fold anisotropy dominated signal
with two fold out-of-plane signal. SOT field depends on the magnetization direc-
tion (0, and ¢ur), where, the signal peaked at around 180 deg. To established that
the peak of the signal is attributed to current induced phenomena only, AHE were
recorded for both clockwise and anti-clockwise field rotation, as shown in figure 5.4.
The presence of peaks at different field angle, ¢y, indicate the hysteretic properties
of the magnetization under the current-induced field. However, the induced effect at
high currents have contributions from both SOT and thermal effects. Since, SOT

from induced spin-polarization effect is mainly dominated by the polar position,
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Figure 5.4: AHE measurements when field is rotated clockwise (magenta) and
anti-clockwise (blue) direction. Since, the maximum for clockwise and anti-clockwise
rotated AHE curve happens at two different angle, it indicated the presence of cur-
rent induced hysterics phenomena. As any thermally induced effect is rotationally
symmetric, the hysteresis must be a current induced effective field phenomena.

(0r), and azimuthal angle (¢ar)3, of magnetization vector, any ¢y independent
contribution is mainly the thermally induced phenomena. Hence, thermal contribu-
tion can be subtracted by considering the AHE at an angle, ¢ far from the 180 deg
position, where SOT effect is dominating, as shown in figure 5.5.

Figure 5.6 show the signal after removal of the thermally induced contributions.
The remaining non-linearity in the signal is attributed mainly to the SOT. It should
be noted that by subtracting the ¢y independent part, we removed the second order
contribution of SOT field which depends on the ), as well. Here, we ignore the
second order correction of SOT in @), as it is assumed to be small.

To quantify the SOT field of figure 5.6 a phenomenological approach was estab-
lished where the SOT field is normalized in terms of an in-plane effective field. In
order to evaluate the relation, magnetic field of + 14T were swept in the plane
of sample, such that the relation between magnetization angle (6,;) and in-plane
field can be established. Note that, 8, can be directly obtained using normalized

AHE signal, v,, as shown by equation 3.1. The resultant hysteresis loop is shown in

3In case of MRG ¢ ~ g due to ralatively weak in-plane anisotropy, as shown in section 4.6.
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Figure 5.5: AHE data where the thermal contribution is highlighted along a small
angle oy =30deg with a red dashed line. The thermal effect is evaluated and

subtracted as discussed in the main text.
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Figure 5.6: AHE data after subtracting the thermal contribution. Here, a presence
of non-linearity is primarily due to current induced SOT.
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Figure 5.7: A phenomenological approach to quantify the SOT. (a) In-plane field
swept to establish the relation between magnetization vector and effective in-pane
magnetic field. The fit is obtained under combined torque and Preisach model. (b)
Relation established between effective in-plane field and magnetization direction by
inverting he model, (¢) An estimated thermally driven effective field.

figure 5.7a. The hysteresis data is then fitted with a combined torque and Preisach
model, as discussed in section 4.7. An excellent agreement between data and fit is
obtained, as shown in figure 5.7a. Therefore, the relation between magnetization an-
gle 0, and effective in-plane field were established by taking the numerical inversion
of combined torque and Preisach model. Figure 5.7b shows the relation between ef-
fective in-plane field and magnetization direction, as derived from v,. Furthermore,
the ¢y independent, (thermally induced), contribution, as discussed for figure 5.6,
can also be calibrated with this inversion relation. The relation between thermally
induced effective field and current is shown in figure 5.7c. A monotonically increas-

ing thermal driven effective field with increasing current suggest a typical thermal
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Figure 5.8: A surface and corresponding projection plot for high-current-density
effective induction L.¢s as a function of the bias current and the angle, pg. The
applied magnetic field has value of 0.4T. The effective inductance reaches 75 pH,
for a current density of j = 2.5 x 101 A m~2,

gradient produced across a microstructure when most of the heat dissipate along
the substrate.

Finally, after subtracting the calibrated pp-independent effective field, the resultant
SOT contribution is shown in figure 5.8. Here the effective fields are give in term
of inductance, pH = 1 x 102 TA7'm?2. A current of value 14mA (j = 2.5 x 101°
Am~?) produces an effective inductance of value L.y = 75 pH around ¢y =180 deg.
This is equivalent to an effective in-plane field of strength 1.9T! A previously re-
ported SOT in MRG under linear-regime have value of 2y = —15 x 1071 TA~'m?
(—1.5 pH) and x4 = 50 x 107"* TA™'m? (5 pH), see page 102. Thus effective SOT
obtained here in a non-liner regime is at least 15 times stronger and more than two
orders of magnitude higher then SOT attained in FM/HM bilayers. This high field
has enough strength to magnetically switch ~ 2% of the sample, as evident from
the combined torque and Preisach model.

To further understand if sustained oscillation is obtainable, we consider a standard
device structure of 500 nm thickness and 20 pm active length. Such device has an
inductance value of around 0.1 pH. Since, the current induced inductance, 75 pH,

goes well beyond 0.1 pH, a self oscillation in such device could be attainable though
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SOT. The resonance frequency is determined by the larger of the two inductances,
i.e. the inductance due to SOT, which pushes the resonance frequency above 0.75

THz [76].

5.4 Conclusions

In summary, an alternative phenomenological method is presented to quantify the
current induced SOT in MRG under effective in-plane field. This method spotlights
an approach to study the SOT and magnetization dynamics in MRG under non-
linear regime. We report that current-induced spin orbit torque in the non-linear
regime reaches record values in single-layers of the compensated, half-metallic fer-
rimagnet MnsoRu,Ga. The obtained value is at least 15 times stronger than values
previously reported within the linear regime. Moreover, the effective SOT is well
in excess of those obtained in bilayer structures. We also deduce that with such a
high SOT induced inductance, a sustained magnetic oscillation in MRG is within
reach. A crude estimate for such a Hall-bar device suggests that oscillation beyond
0.75 THz is achievable. Therefore, MRG based SOT-oscillators could be a cheap,
compact, and tunable alternative for generating and detecting in the THz gap. It

will certainly help to claim this new realm of information technologies for magnetics.
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6.1 Conclusions

We argue that MnyRu,Ga (MRG) can be projected to become a functional de-
vice material in high-frequency magnetics - a prototypical compensated ferrimag-
netic half-metal (CFHM), an alternative to zero moment antiferromagnetic half-
metal (ZMAHM). As a CFHM, it shows various fascinating properties, common to
ZMAHMSs, such as the presence of vanishingly small magnetic moment and high-
frequency magnetisation dynamics, beside half-metallicity and sizable magneto-
transport properties (large anomalous Hall coefficient), which are absent in ZMAHMs.
This thesis has clarified some of the key device-relevant parameters of MRG, using
precise measurements and interpretation of its structural, magnetic and transport
properties. The methodologies deployed include the study of spin-polarization of
MRG using PCAR spectroscopy, torque determination using the spontaneous Hall
effect, and quasi-static field- and current-induced (SOT) magnetization dynamics.
All of these are used to build a coherent picture of this remarkable material and

define the envelope of its possible deployment in devices.

One of the crucial properties of MRG is its high spin polarization at Fermi
level. Spin-polarization, in this system, depends on various parameters, includ-
ing stoichiometry and crystal quality. In this line of thought, an investigation of
the spin polarization of MnyRu,Ga is presented in chapter 3, with various Ru
(x =10.5,0.7,and 0.9) and Mn (1.6 <y < 2.4) content. Spin polarization as high as

~ 63% was observed for the optimal composition of Mn,,Rug7Ga. This high value
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of polarization begins to drop with both increasing Ru content and decreasing Mn
content within MnyRu,Ga. We attribute the former to an enhanced contribution of
the s-like bands near the Fermi level, in addition to a shift of the Fermi level, due
to the pair of electrons, contributed from each Ru atom. A degradation of crys-
tal quality with lower Mn content in Mn,Ru,;Ga is here associated the increase
in site-disorder and spin-mixing, which then accounts for the quick drop in spin-
polarization. A key take-away message is also the presence of a large anomalous
Hall angle (AHA ~ 2%) in MnyRu,Ga. The here-stablished strong correlation be-
tween the spontaneous Hall angle and the degree of spin-polarization, justifies an
approach to material optimization, where one can be used as a proxy for the other,
thus substantially lowering the time and cost needed for device blanket material

optimization in this system.

The presence of substrate-induced tetragonal distortion and vanishing small mo-
ment in MRG leads to a strong out-of-plane magnetic anisotropy. While this fact
was already known at the start of this thesis work, as the detailed knowledge of
the rather complicated anisotropy profile of MRG is a prerequisite for the inter-
pretation and quantification of its various other properties properties, particular
focus of this work has been to establish a robust methodology for its determina-
tion. Probing anisotropy here by the standard torque of magnetometry methods
is either challenging or impossible due to the material’s low magnetic moment and
unavailability in bulk crystalline form. In chapter 4, we have firmly established the
utility of a comprehensive method for the determination of anisotropy constants,
using the far more sensitive in thin films AHE measurements. Here the torque and
Preisach model have been deployed, within a macrospin model, to experimentally
evaluate the different anisotropy constants of the samples. The primary out-of-plane
anisotropy constant K; = 4.0 x 10* Jm™ (K; /M = 0.655T), Ky = 2.54 x 10* Jm™3
(K3/M = 0.416T) and a weak in-plane anisotropy constant K3 = 3.48 x 103 Jm™®
(K3/M = 0.057T) are all determined from an overdetermined set of measurements
on a MRG (MnysRug7Ga) thin film (patterned into a micron-sized Hall bar). Yet
more remarkably, a wide range of complex quasi-static dynamic evolutions were

successfully modelled and closely compared with experimental observations, using
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a combined torque and Preisach model with virtually no free parameters. The
high fidelity and predictive power of this new model allows for the direct feeding
of parameters into more sophisticated effective Hamiltonian models, integrated via
Monte-Carlo and micromagnetic approaches, providing access to the device-relevant

close-to-resonance dynamics of the system.

Finally, in chapter 5, we report for the first time, a record current-induced spin-
orbit torque (SOT) in a single layer of MRG (i.e. a sample without any heavy
metals) within the non-linear regime. The effective SOT fields reach values as high
as 75 x 1072 TA~'m? (75 pH) at a current density of ;7 = 2.5 x 10 Am?. The
obtained value of SOT is, remarkably, one order of magnitude higher than the one
previously reported for SOT in MRG, in the liner regime (low current density), but

also well in excess of those reported in the literature for arbitrary FM/HM bilayers.

6.2 Outlook

The research on CFHMs, in particular on MRG, elucidates their interesting prop-
erties for both in terms of physical understanding and from an applications’ point
of view. MRG has demonstrated a combination of several fascinating properties as
a prototype CFHM and a candidate for application in various spin-based devices.
Although there is still a long way to go, before a spintronics device with an MRG
active layer becomes part of our everyday life, here, I propose following future di-
rections of research, which may be beneficial not only for the further refinement of
the properties of MRG, but also, in general, for an arbitrary CFHM.

The spin-polarization of MRG has reached as high as 63% by tuning its compo-
sition. This is one of the highest reported spin-polarization values in Heusler al-
loy. Therefore, a spin-valve (TMR, GMR) made with MRG should show a very
high magnetoresistance ratio. A previous attempt to realize high-TMR ratio in
MRG/MgO/CoFeB structures did not result in a very high TMR ratio, (~ 40%
at 10K) [79], due to poor tunnel barrier quality, owing to poor growth condition

and diffusion of Mn and B into MgO. However, we have recently optimized the RF-
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sputtering conditions, so that excellent MgO can now be grown on MRG directly,
utilizing the fact that lattice mismatch between MRG [100] and MgO [110] is less
than 1%. We had already demonstrated that the coercivity of MRG can also be
easily tuned in a wide field range, form fraction of Tesla to more that 14 T at the
compensation point. Therefore, a MTJ structure could be realized, with both the
free and pinned layers made of only MRG. This way it also simplifies the fabrication
process, where an MTJ can be made in just 3-4 layers, thus eliminating cumbersome
extra layer requirements (antiferromagnetic layers, diffusion barrier, etc.) used in

conventional MTJ structures.

More insight into the correlation between spin-polarization and anomalous Hall
effect in MRG can be reached by measuring PCAR at various temperatures, particu-
larly near the compensation temperature. However, forcing magnetic compensation
below the superconducting critical temperature of Nb (7, =9.2K) in MRG cannot
be easily realized. Therefore, a PCAR study with an appropriate high temperature
superconductor may provide further insight into this more fundamental question.
The successful application of macrospin combined torque-and-Preisach model to
MRG and the determination of the anisotropy constants and the interpretation of
the complex quasi-static dynamics, suggests that it can be extended to other po-
tential CFHMSs, such as MnsAl, Mn;5VosFeAl, etc. It will be also intersecting to
investigate non-collinear CFHM systems under this model, in order to provide at
least a crude estimate for the degree of non-collinearity. Moreover, the proposed
simplified effective model approach should be applicable to a wide range of magnetic
systems, such as ferrimagnets and sperimagnets, provided that the distributions of
interacting hysterons and switching fields are uniquely defined. These distributions
can be experimentally determined, with the first order reversal curves (FORCs)
method if a system fulfill congruence and wiping-out properties, a necessary and

sufficient condition, much as originally suggested by Mayergoyz [95, 102].

As far as research on SOT is concerned, the demonstration of high SOT in
MRG suggests that a sustained antiferromagnetic oscillation can be realized in a

current in-plane spin-oscillator made with MRG or related material. In this direc-

114



Outlook

tion, realizing a current controlled spin-oscillator independently or in conjunction
with MRG-based MTJs will provide a root to generate a terahertz oscillators and
detectors, which are compact integrable and cheap. The last tantalizing future
prospect I would like to mention is the possibility to realize measurements of the
SOT-induced dynamics, using stroboscopic pulsed laser techniques. Whether SOT

can be made useful on the ps timescale and below remains an open question.
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