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Abstract

Magnetic memory technology, especially hard disk drives are the leading technology
for storing data. Increasing demand for improved storage density, along with faster
processing times and low power consumption, have led to the invention and explor-
ation of more sophisticated technologies based on magnetism. In these state of the
art technologies, the primary aim is to manipulate the magnetisation state of the
material in order to store information. In the next generation of magnetic memory
technologies, the manipulation of the magnetisation state by an external magnetic
field has been replaced with electric current or electric field. More recently, the
use of strain mediated magnetoelastic coupling to change the magnetisation has
attracted a lot of interest for development of energy efficient logical processing and
information storage devices. One method to demonstrate this is to use a hybrid
piezoelectric/ferromagnetic device. A voltage across the piezoelectric transducer
induces a mechanical strain in the ferromagnetic layer and results in the manipu-
lation of the magnetic anisotropy via the inverse magnetostriction effect.

In this thesis, hybrid structures of a piezoelectric transducer and a magneto-
strictive ferromagnet alloy of Fe1−xGax have been used to investigate the strain
manipulation and control of magnetisation. The Fe rich Fe-Ga alloy has demon-
strated enhanced values of magnetostriction and has been shown to be very mag-
netically sensitive to strain both in bulk crystals and in thin film cases. Due to a
very high magnetostriction value of 3

2λ100= 395 ppm, and no rare earth constitu-
ents, the material is a competitive candidate for strain mediated magnetic storage
devices.

The investigations described in the thesis are on 5 nm bilayer films of Fe1−xGax

deposited on GaAs (001) substrates by the magnetron sputter deposition tech-
nique. The ferromagnetic layers were separated by either a Cu or Al spacer layer
of thickness 5 nm or 10 nm. The grown ferromagnetic layers had different Ga con-
centration so that they demonstrate different magnetostriction value and the mag-
netisation reversal process in each layer will be unique and independent. SQUID
magnetometry along with ferromagnetic resonance experiments and mathematical
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modelling of minimising the free magnetic energy, revealed that there is a strong
cubic magnetocrystalline anisotropy in the individual layers which was approxim-
ately equal for all the samples. The uniaxial anisotropy varied in each of the grown
samples due to variation in the interface bonds between the substrate and the
metallic stack. By modelling each of the layers to be independent, and solving at
the switching field regions, the domain wall depinning energies for each layers have
also been estimated. It is revealed that the domain wall depinning energies for the
layers grown on the substrate is weaker than the layer grown on the metallic stacks.

Ferromagnetic resonance experiments along with mathematical modelling were
also used to investigate the dynamic properties of these bilayer films. The role of
magnetic anisotropies and spacer type and thickness on the magnetisation preces-
sion in terms of the resonance frequency, Gilbert damping and linewidth have been
investigated. A narrow linewidth of 3.8 mT and 4.7 mT for the top and bottom
layers with a low Gilbert damping value of approximately 0.015 and 0.019 have
been obtained which makes these films a competitive candidate for applications of
microwave spintronic devices.

An investigation of the effects of strain on the magnetisation reversal is de-
scribed in chapter 4, by employing magnetotransport measurements on processed
Hall bar devices mounted on piezoelectric transducers. The measured transport
data containing contributions from the anisotropic magnetoresistance and giant
magnetoresistance effects arising from distinct magnetisation reversal processes of
each layer which were independent for each layer and dependent on the voltage-
induced strain. This strain-mediated modification of the measured resistances was
different for all the samples. The induced strain changed the switching fields of the
individual layers and was found to be higher for the 5 nm Al spacer samples than
the 5 nm Cu spacer samples. However, the 5 nm Cu sample demonstrated a higher
giant magnetoresistance contribution to the measured longitudinal resistance.

Finally, the working parameters for a multi-level memory cell operated by
voltage-induced strain and based on the layers studied in this thesis have been
determined. The conceptualised device is an attractive candidate for high density
magnetic information storage. The extension to more than one layer would increase
the possible storage density by utilising the third spatial dimension to stack storage
elements.
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Chapter 1

Introduction and background
theory

1.1 Introduction to spintronics
The demand for increased storage density[1, 2] and faster processing time [3, 4] has
paved the way to more efficient and densely packed storage elements. A pronounced
example in this field was the invention of the first spin electronic device employing
giant magnetoresistance (GMR) in 1988 [5–7], which paved the way towards the
emergence of a new branch of magnetism research called spintronics. [8, 9].

Spintronics or spin-electronics aims to simultaneously control and manipulate
both the charge and spin of electrons in the same device[10]. As has been mentioned
in the Nobel lecture by Albert Fert and Peter Grünberg [6, 7], GMR exploited the
influence of the spin of the electron on the mobility of electrons as previously been
suggested by Mott in 1936 [11]. What set off from the discovery of GMR effect
was to develop and engineer magnetic multilayers with non- magnetic spacer layers
with respective thickness of similar size to the mean free path of the conduction
electrons. To exploit the multifunctionality of these structure various researches
have been demonstrated which exploited the spin of the electron instead of the
charge. These involve working towards perfecting the existent GMR technology by
development of novel materials to obtain a higher and improved storage density
with faster and efficient processing times and at the same time towards the manip-
ulation and control of the spin polarised current which will build the foundation
for designing new multifunctional devices capable of data storage and logical pro-
cessing. These novel devices would then be integrated with the current traditional
semiconductor logical and digital units. Thus research in this field aims at improv-
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ing and revolutionising the magnetic storage memory architecture and the logical
integration of the computing architecture.

Long before the discovery of the GMR effect, or using the spin of electrons for
devices, William Thomson in 1850 discovered the dependence of a magnetic ma-
terial’s resistance on the direction of its magnetisation which came to be known
as the anisotropic magnetoresistance [12]. With the launch of the first commer-
cial magnetoresistive read head: IBM 9340 and 9345 using the AMR effect, it
replaced the earlier bulky storage disc drives based on core memory and disk stor-
age drives (IBM 1311). Increasing demand and competition for further improved
storage volume showed the limitation of the AMR based memory devices which at
that time were capable of storing under 5 MB of data, and the responsibility was
passed onto developing devices based on the GMR effect. Traditional GMR with
Fe/Cr multilayer followed by Co/Cu structures encouraged various other similar
experiments and design of the spin valve sensors. A spin valve structure com-
prises a non-magnetic layer sandwiched between two ferromagnetic layers. One
of the ferromagnetic layer is called the free layer and the other ferromagnet layer
is pinned to an antiferromagnet layer by strong exchange coupling. Traditional
spin valve sensors showed magnetoresistance value mathematically expressed as
∆R/R = (RAP − RP )/RP where RAP is the resistance in the antiparallel config-
uration and RP is the resistance in parallel configuration, of about 6%. This new
fundamental of spintronic technology was realised by the first commercial release of
IBM Deskstar 16GP Titan in late 1997, which had a storage capacity of 16.8 GB.
This was the first use of spin valve sensors in hard disk drives and redefined the
memory integration architecture. Further discussion about the GMR effect will be
done in the later sections of the thesis.
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Figure 1.1: Schematic of spin valve read head sensor with (a) current in plane,
and (b) current perpendicular to plane. In both the configurations, the recording
medium traverses parallel to the front face of the sensor.

Fig.1.1 shows the schematic of the current in- plane and current perpendicular
to plane spin valve sensor read head. When the magnetic bit stored as “1” passes
very close to the sensor it affects the magnetisation of the free layer such that
its magnetisation is parallel to the magnetisation of the fixed layer.Therefore the
magnetoresistance of the sensor will change to lower value which will be read as “1”
by the sensor. Conversely, if the hard disk has data stored as “0” then it aligns the
magnetisation of the free layer to be in an antiparallel configuration with respect
to the fixed layer, therefore the magnetoresistance is higher and less current passes
through the sensor which will be interpreted as “0” by the sensor then. This is
the fundamental principle of the spin valve based read sensor in hard disk drive
heads[13].

Tunnelling magnetoresistance (TMR) which replaced the non-magnetic con-
ducting layer with an insulator, thus creating a magnetic tunnel junction (MTJ)
was proposed by Julliere et all in 1975[14]. In this multilayer arrangement, the
spin current traversed from one layer to another by tunnelling with the spin of
the electrons being conserved during the process. The practical implication of the
TMR effect was realised in 1995 with the introduction of sophisticated deposition
and fabrication techniques. MTJs with single crystal MgO barrier demonstrated
magnetoresistance values up to two orders of magnitude higher than the existent
GMR devices (~600%) [15] and had an immediate impact on the magnetic memory
storage technology. The first TMR read head sensor was released by Seagate in
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late 2004. This high magnetoresistance MTJ device based on the TMR effect is
the basis of the development of the magnetic random access memory or MRAM
[16, 17], a non-volatile memory element. A schematic representation of MRAM cell
is shown in Fig. 1.2. MRAMs are basically an array of MTJs which individually
store the binary operations “0” and “1”. MRAM technology is a break through in
storage technology and it combined features like non-volatile memory, faster pro-
cessing times (5 ns for read/write operation) and high endurance. However it has
a drawback of writing, as the conduction line has a limitation of current density
due to the resistance of the insulating barrier. The other issue it suffers is the mag-
netisation induction was performed using external magnetic field applied spatially
over the device dimension. This would produce stray fields and eddy effects.

Figure 1.2: Schematic of a magnetic random access memory showing a conventional
reading procedure.

Later advanced models of MRAMs used the “Spin- transfer- torque” (STT-
MRAM)[18–20] which added the benefit of improved energy efficiency to the ex-
isting MRAM technology using spin valves. These STT- spin valves comprise a
ferromagnetic layer which is thicker compared to the other ferromagnetic layer and
a non- magnetic layer which separates these two magnetic layers. The GMR effect
determines the magnetisation and electrical state of the structure. When a high
density current is injected into the structure the magnetic layers will spin polarise
the current. When the current passes through the first layer, the magnetisation
of this layer filters the antiparallel spin with respect to the magnetisation. The
polarised spin current when traverses to the second layer, the electrons orient to-
wards the magnetisation. This difference in the spin orientation creates a torque
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the effect of which which can be understood using the LLG equation (Eqn.1.26)
discussed later in the chapter. The generated torque can then oppose the intrinsic
damping of the free layer causing the magnetisation to continue precessing [21].

Besides being used as a memory storage device, STT-MRAMs can also be used
as multifunctional logical devices to store code, informations and microcontrollers
[22–24].

Before STT-MRAMs can be adopted in more advanced and commercial applica-
tions, there is still a need to overcome the problem of high writing current and eddy
fields effects. The write current needs to be further reduced to allow more efficient
device. That being said, STT-MRAMs are a very competitive candidate[25, 26] in
the storage industry and have the potential to replace the NAND flash mass stor-
age for stand alone memory units. Recently Parkin has demonstrated magnetic
mass storage originating from the magnetic domain wall, which is known as the
“racetrack memory”[4, 27], and prospects for much better functionality with faster
processing time[28].

Table 1.1 lists some important aspects of some memory elements that are in
operation and emerging . The values have been taken from Ref. [4, 29].

Feature HDD MRAM NAND Flash STT-MRAM Racetrack
Non-volatile Yes Yes Yes Yes Yes
Read time 5 ms 20 ns 100 − 106 ns 2-30 ns 10 ns
Write time 5 ms 20 ns 100 − 106 ns 2-30 ns 10 ns
Endurance > 1015 > 1015 > 105 Unlimited Unlimited

Write power High High High Medium Medium
Density Low Medium High Medium High

Standby power High Low Low Low Low
Status Current Current Current Current Emerging

Table 1.1: Comparison of current technology to emerging technology in improving
the memory architecture.

Within the past few decades of the birth of spintronics novel, robust and efficient
concepts and technologies have been developed and postulated which have revolu-
tionised the magnetic memory storage industry. As time passes by more challenging
and interesting research continues to develop in this field. The recent discovery
of graphene based spintronics[30], molecular and organic spintronics[31, 32], an-
tiferromagnetic spintronics[33–35], superconductors and the recent Nobel winning
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topological matter[36] have made this field even more interesting and fascinating
with tremendous potential for future research. With this we conclude the introduc-
tion to spintronics section, and in the next few sections introduce some processes
and techniques which are exploited to control the magnetisation of the material,
relevant to the work described in my thesis.

1.2 Manipulation and control of magnetisation
In the last section we discussed the emerging and existent storage technology util-
ising the manipulation and control of magnetisation to store digital information
and perform logical operations. As such there have been numerous techniques to
achieve control over the behaviour of the magnetic moments. The most common
approach is to apply an external magnetic field, which however suffers the draw-
back of inducing stray effects due to spatial localisation limit, which could create
distortions in the magnetisation process being investigated.

In this section we introduce three techniques namely (a) electric field control,
(b) strain mediated control, and (c) magneto-acoustic techniques to modulate the
magnetisation processes in magnetic materials.

1.2.1 Electric field control of magnetisation

The manipulation of magnetisation of a material by using electric fields had been
conceived back in 1960s [37, 38], but due to unavailability of finding a viable ma-
terial whose magnetic moments could be affected by electric field, the technique
was not investigated further.

In most of the ferromagnetic materials, by applying a very large electric field
there still is not any observable change in the magnetic properties without break-
ing down the insulator through which the field is applied. This is due to the field
screening by the free electrons in metals. However applying an electric field to
semiconductors changes the conductivity by altering the density of the electrons in
the conduction and valence bands. Investigation into this led to the demonstration
of manipulation of carrier concentration in a class of material known as the ferro-
magnetic semiconductors specially (In,Mn)As, and (Ga,Mn)As [39, 40],by electrical
gating[41]. The first demonstration to change the magnetisation in ferromagnetic
transition metals was observed for thin film layers of FePt and FePd [41, 42]. The
manipulation in these films was achieved by changing the magnetic coercivity as a
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function of voltage applied across an electrolytic cell system comprising the mag-
netic film grown on MgO substrate in a propylene carbonate electrolyte as depicted
in Fig.1.3 which has been adapted from Ref. [42]. This paved the way to further
investigation of the electric field effects in other materials like Fe(Co)/MgO system
[43, 44]. In the Fe(Co)/MgO system it was observed that the electric field ma-
nipulated the magnetisation by changing the interface magnetic anisotropy, which
was further investigated in MTJs [45, 46]. The investigation into the electric field
manipulation in MTJ structures can be broadly classified into (a) electric field to
change the coercive fields, and (b) using the electric field to realign the magnetic
easy axis, thus inducing magnetisation precession about the new effective axis.

Figure 1.3: Schematic of the electrolytic cell containing the magnetic film (FePt
or FePd) grown on MgO substrate. The magnetic film is under the influence of the
external magnetic field H. The potential U creates an electric field E in the cell,
which produces the electrolytic double layer at the sample surface. The change in
coercivity is achieved by utilising this double electric layer at different potentials.

1.2.2 Strain control of magnetism

The strain control of magnetisation can be considered as an extension of the electric
field manipulation of the magnetisation by influencing the magnetic anisotropy of
the material. A part of this thesis describes the strain control of magnetisation in
magnetic multilayer system.

Strain control of magnetisation utilises the multiferroic property of a material
or a hybrid device via the strong cross coupling between the ferromagnet and fer-
roelectric order. There have been multiple approaches to couple the ferromagnetic
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and ferroelectric properties which include sintering of particle composites [47], in-
troduction of defects in crystal lattice and fabrication of the ferromagnetic devices
on a ferroelectric substrate with or without a buffer layer [48]. The method used in
this thesis involves bonding the ferromagnetic material ,grown on a GaAs substrate,
onto a piezoelectric transducer using a binding glue (See Sec.2.2.4).

There have been numerous developments exploiting the magneto-elastic coup-
ling effect in the ferromagnet/ferroelectric hybrid structure which includes strain
mediated magnetic anisotropy manipulation in CoFe2O4/FeBaTiO3 [49],Ni/BaTiO3

[50],Terfenol-D/PbZr1−xTixO3 [51] and many more which can be found in Ref.
[52–55]. Even though these experiments were successful in demonstrating the elec-
tric field induced strain to influence the magnetisation, the efficiency was too low
due to ferromagnet/ferroelectric mixing during the sintering process. To over-
come this issue ferromagnetic and ferroelectric layers were separately prepared and
connected together by physical techniques such as epoxy resin and polyvinyldene
fluoride (PVDF) [56, 57]. Rushforth et al[58] demonstrated this technique to in-
fluence the magnetic anisotropy in the ferromagnetic semiconductor GaMnAs by
bonding the GaAs over which the magnetic material was grown onto a piezoelectric
transducer using epoxy resin. By applying a voltage across the transducer a tensile
or compressive strain is generated depending on the sign of the voltage which gets
transmitted to the magnetic layer and alters the magneto-elastic coupling energy
and thereby the anisotropy direction. A schematic for this hybrid configuration is
illustrated in Fig. 1.4 which shows the magnetic material bonded onto a piezoelec-
tric transducer using epoxy glue.
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Figure 1.4: Schematic of the hybrid configuration for strain mediated control of
magnetisation in a magnetic material bonded onto a piezoelectric transducer. By
applying a voltage across the transducer a tensile or compressive strain is generated
which is transmitted to the magnetic layer and alters the magneto-elastic energy
term and thereby the magnetic anisotropy direction.

The configuration comprises two main components, (a) a piezoelectric material
which produces a strain when subjected to an electric potential, and (b) a magnetic
material which should be sensitive to this generated strain. This sensitivity para-
meter for the magnetic materials is known as the magnetostriction coefficient (λ)
and relates the change in the length of the material under influence of external ap-
plied field. This magnetostrictive strain coefficient is related to the magnetoelastic
coupling coefficient tensor(B) which is analogous of Young’s modulus by

B ∝ −cλ (1.1)

where c is the elastic constant.
Rare earth elements and their alloys have shown naturally high values of mag-

netostriction coefficient in excess of 2000 ppm [59], with Terfenol-D being the
highest. It is an alloy of terbium, dysprosium and iron and has the highest value
of magnetostriction at room temperature. This efficient property has made its ap-
plication in magneto-mechanical sensors, actuators, and transducers [60]. However
this rare earth element alloy has its limitations and disadvantages such as the large
negative impact on the environment, large economic costs, the non linear magnet-
isation hysteresis behaviour, low sensitivity to temperature, necessity to magnetise
them for application purpose and the stoichiometric disproportion under strain [61].
A viable candidate to replace this rare earth alloy is galfenol- an alloy of iron and
gallium with magnetostriction coefficient an order of magnitude higher than iron
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at room temperature [62]. This alloy was first developed by Clark [63, 64] and is
a very promising material for sensor and transducer/actuator applications [65, 66].
Galfenol has a magnetostriction value of ∼ 350 ppm under low magnetic field (0.01
T) and a low hysteresis behaviour. It shows a high tensile strength value (∼ 500
MPa) [62, 67] and is not very sensitive to temperature variation, which signifies the
endurance of the alloy. Even though the magnetostriction value is low compared
to Terfenol-D, this high tensile strength value makes it a more stable and durable
replacement for sensing applications in environments prone to shocks.

Table 1.2 lists the magnetostriction and saturation magnetisation values for
some materials and alloys . It is now understood that galfenol shows a high mag-
netostriction value in bulk cases. For the purpose of using this alloy in storage
architecture it must also show similar properties for thin film scenario. This has
been demonstrated by Parkes [68] and will be discussed in more detail in Sec.1.3
which describes the origin of the magnetostriction and work performed on thin
films of this material.

Material Ms

(×106Am−1)
λ100

(×10−6)
λ111

(×10−6)
Fe[69] 1.712 30 -21

Ni[69, 70] 0.49 -46 -24
Co[69, 71] 1.431 -75 50

Fe81Ga19[64, 67] 1.386 395 15
Fe20Ni80[71, 72] 0.86 8 0

Terfenol −D[59, 73] 0.8 90 1640

Table 1.2: Summary of magnetostriction values and saturation magnetisation for
some materials and their alloys

1.2.3 Acoustic methods to control magnetisation

Following from the previous discussion it is possible to change the direction of mag-
netisation via inverse magnetostriction effect or the Villari effect. In order to attain
fast magnetisation switching (100 ps) rates comparable to existent technology, the
strain which tunes the magnetic anisotropy should be of higher order of frequencies.
One way to perform this is to apply a picosecond strain pulse to one edge of the
magnetic material which then traverses through the magnetic layer. This has been
reported for (Ga,Mn)As [74] and Ni [75] and for galfenol by Jager et al [76] where
picosecond scale magnetisation precession was observed due to the excitation of
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spin waves in the lattice of the galfenol film.
In order to achieve the tunability of magnetisation by ultra-fast strain, the

experiment involves pumping a pulsed laser of about 100 fs step time to one edge
of the sample and monitoring the probe pulse on the other edge of the magnetic
sample. The optical pulse will generate a picosecond strain pulse that is transmitted
through the substrate into the magnetic layer. Depending on the substrate crystal
orientation ([001] or [311]) the strain pulse will be longitudinal or transverse [74,
77, 78]. If the frequency of this transmitted pulse matches to the precessional
frequency of the magnetic moment resonance is achieved, and it imparts an out of
plane component to the magnetisation precession (Mz in our case). If the amplitude
of the acoustic generated strain exceeds a certain threshold value, the magnetisation
would be forced to switch to minimise the energy. Fig. 1.5 highlights the schematic
of this method to generate a pulsed strain to precession of the magnetisation.

Figure 1.5: Schematic of an ultra fast acoustic method to manipulate the mag-
netisation precession. The ultra short optical pulse generates a picosecond strain
pulse which results in a out of plane kick of the magnetisation vector followed by
its precession about the effective field direction.

1.3 Galfenol for strain mediated spintronics
It has been outlined previously in Sec.1.2.2 that galfenol is a suitable and realistic
candidate for strain mediated spintronics operations due to its high magnetostric-
tion and tensile strength values. Previous works were based on the bulk properties
of this alloy with different concentration of Ga [62, 64, 79], and sometimes substitu-
tion of other metals (Al, Cr, Ni, Va, Mo, Sn, Co, Rh) to improve the magnetostric-
tion value [80, 81]. Hall had demonstrated that the magnetostriction of pure Fe can
be raised by addition of slight amounts of transition metals [82]. This encouraged
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to substitute the same elements to the binary alloy of Fe1−xGax to see any change
in the magnetostriction value . V and Cr additions were shown to increase the
magnetostriction value and also the room temperature ductility. Further details
on the doping of the alloy with other metals and the magneto-elastic property are
reported in Ref.[80, 81, 83]

In order to be used in the memory storage architecture, Fe1−xGax must also
show the similar functionality in thin film or nano length scale situations. The
work presented in this thesis involves studies on bilayer thin films of Fe1−xGax to
demonstrate strain mediated magnetisation effects and to propose a design for a
future memory technology based on the magnetostriction effect in this alloy. This
section is divided into two subsections, the first segment discusses the understand-
ing of the origin of the magnetostriction in galfenol and the second part outlines
some of the previous works performed on thin films of galfenol.

1.3.1 Magnetostriction in Fe-Ga

The magnetostriction property of this alloy has been shown to be dependent on the
concentration of Ga [64], with the highest λ100 observed for 19% Ga concentration
and ~28% Ga concentration. The origin of this peculiarity in magnetostriction has
been a subject of discussion and numerous theories have been proposed. Soph-
isticated experimental techniques involving x ray studies and theoretical density
functional theory calculations predicted that the origin is entirely intrinsic and
structural [84–88]. Based on the work by Xing et al [89], the magnetostriction for
the [100] crystal direction at different Ga concentration can be separated into four
broad segments as shown in Fig. 1.6 with different colour regions.
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Figure 1.6: Magnetostriction coefficient along [100] direction for galfenol at different
Ga%. The magnetostriction values have been divided into four different sections
depending on the concentration of Ga and have been discussed in the text. The
blue points are the values for quench cooled samples and the hollow squares are for
slowly cooled samples.

In region (I) it is seen that as the gallium concentration is increased, the mag-
netostriction value also increases monotonically till it reaches the maximum at 19%
Ga. This increase has been proposed to be due to the lattice transformation from
a disordered A2 structure to a more ordered DO3 structure (see Fig.1.7 (a) and
(b,c)). The peak at 19% Ga concentration was explained by Cao [84, 90] and
Ruffoni [91]. Their findings indicated that there was strong diffusion scattering in
the A2 +DO3 structure which would be due to the coherent nano precipitates that
form within the A2 matrix. These nano precipitates are tetragonal DO22 crystal
structure rather than cubic (Fig.1.7 (d)). The tetragonal nano precipitates cause
a tetragonal distortion to the cubic A2 structure, refelected as diffusive scatter-
ing, The relative structural density of these tetragonal domains along the {100}
direction determine the magnetostriction.

Mechanisms proposed by Khachaturyan and Viehland [92], and Rao [93] at-
tributed the magnetostriction to the nano-inclusions being cubic DO3which under
the influence of external field deform and rotate continuously to a tetragonal DO22

structure. Recent works by Cao [90], Rao [94], and He [95] have proposed that the
Ga distribution remains unchanged, but the induced tetragonality of the A2 matrix
rotates by small atomic displacements. This matrix exhibit vanishing structural
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anisotropy.

Figure 1.7: Crystal structures of Fe and Fe1−xGax. (a) is the body centred crystal
structure of pure Fe. When Ga is substituted to Fe, the crystal structure is body
centred. But the crystal can take two forms (b) Ga atoms are randomly distributed,
(c) Ga occupy the body centred sites. At 19% Ga, it nano-precipitates to a (d)
DO3 structure and are distorted to a tetragonal phase (e) DO22 and appear like a
fcc L12 structure (f).

According to their model, the minimum of the energy as a function of the
tetragonal distortion corresponds to a purely cubic structure and there is a lower
minimum in one direction, which corresponds to the tetragonal state. If an external
field is applied along the tetragonal directions, this crystal is stabilised and it is
possible to flip the tetragonal c-axis via a sequence of small atomic displacements
due to vanishing structural anisotropy.

The second peak at 28% Ga concentration has been attributed to the lattice
softening and lower lattice constants [96–98].
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1.3.2 Demonstration of magnetostriction in thin films of
Fe-Ga

In order to exploit the high magnetostriction value of galfenol for use in magnetic
memory based technology, numerous works have been done on Fe1−xGax films.
Parkes[68, 99] utilised the inverse magnetostriction effect to determine the beha-
viour of the net magnetisation of epitaxial Fe81Ga19 films to an external strain
produced by a piezoelectric transducer. For the strain manipulation of the mag-
netic moments he used a similar technique (see Ref. [58] and Sec.2.2.4) of bonding
the magnetic material to a piezoelectric transducer using epoxy resin glue. He
reported that Fe81Ga19 grown on GaAs(001) substrate possesses cubic magneto-
crytalline anisotropy which defines two distinct easy axes along the [100]/[010]
crystal orientations. The magnetisation will be preferentially oriented along these
axes in the absence of any external field. By applying a strain using the trans-
ducer, he demonstrated tuning of the magnetic easy axis of the sample. Fig.1.8
shows the magnetisation reversal field behaviour for the epitaxial Fe81Ga19 thin
film for tensile strain along the [010] (positive voltages), and compressive strain
along the [010] (negative voltages). It illustrates that by applying a strain, it is
possible to manipulate the magnetocrytalline easy axis, and thus the magnetisation
process in the material. The figure has been sourced from Ref. [68]

Figure 1.8: Magnetisation reversal loops for single layer of Fe81Ga19.(a) The field
is applied along the [010] axis while the strain favours the same direction . (b) The
field and strain both along the [100] direction. It is observed that the magnetic
anisotropy is manipulated by applying a strain along these directions. (Source:
Ref. [68])

Similar effects to change the magnetic easy axis have also been observed for
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sputter grown samples [100] implying the usability of this material at more efficient
costs and time. The values of the magneto-elastic coefficients for bulk , MBE, and
sputter grown Fe-Ga samples are presented in Fig. 1.9 and have been adapted from
Ref. [100, 101].

Figure 1.9: Variation of the magnetic free energy coefficient with different val-
ues of induced strain for Fe-Ga, Fe-Ga-B bulk and thin films grown by different
techniques. The strain anisotropy was determined using electrical transport, ferro-
magnetic resonance techniques. (Source: Ref. [68, 100])

The high magnetostrictive property of galfenol has a high potential for applica-
tions such as non-volatile memory. It was demonstrated [99] that the magnetisation
can be switched by 90◦ utilising the strain generated by the transducer, and without
the aid of any extra external field thus minimising the effect of any eddy losses due
to stray effects and Joule heating. The non-volatile nature for Fe81Ga19 has been
shown in Fig.1.10 adapted from [99]. It shows that as the magnitude and the sign
of the strain varies, it manipulates the effective magnetic anisotropy of the ma-
terial and forces the switching of the magnetic material which shows a hysteresis
behaviour.
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Figure 1.10: Non-volatile magnetisation switching mechanism demonstrated for
Fe81Ga19 films. The magnetisation orientation has been obtained by electrical
transport measurements which will be discussed in Sec.1.4.4 . (Source: Ref. [68])

The dynamic behaviour of the magnetisation in Fe − Ga films has also been
studied extensively. The behaviour of the ferromagnetic resonance linewidth and
the damping parameters for different concentration of Ga in the alloy [102] and
thickness of the film [103] have been studied. It has been concluded that the
linewidths in this alloy are narrow with small values of intrinsic damping. The
intrinsic damping or the Gilbert damping parameter has been found to be depend-
ent on the concentration of Ga and suggesting different relaxation and scattering
mechanisms (especially magnon scattering [104]) that govern the precession of the
magnetic moments. The magnetisation dynamics has also been studied when the
sample is under a compressive or tensile strain, and no change to the intrinsic
damping has been observed. This is a good indication for the microwave device ap-
plications side, which would demand for much smaller devices where the extrinsic
damping which is dependent on strain can be minimised at such length scales. How-
ever this independent behaviour is not well understood. In this thesis, we report
the under-damping and over-damping of the Gilbert parameter for the multilayer
Fe1−xGax samples which will be discussed in detail in Ch.3. The variation of the
linewidth for different Ga concentrations and strains have been shown in Fig.1.11,
sourced from Ref.[101, 102].
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Figure 1.11: Magnetisation dynamics for Fe1−xGax thin films studied by ferromag-
netic resonance experiments. (a) The variation of linewidth and damping which
is determined by the gradient, for different Ga%, (b) The enhancement of the
extrinsic damping at different strain values for Fe81Ga19. (Source: Ref. [101, 102])

This combination of high magnetostriction parameter and narrow linewidth
have encouraged research towards the spin wave generation from the lattice of the
structure. The evolution of spin wave modes in Fe-Ga thin films and stripe domains
have been studied with ultrafast laser Kerr spectrometry [76] and Brillouin light
scattering experiments [105]. The lattice excitation towards out of plane magnetic
anisotropy have been studied to understand in more details the mechanism of the
damping process in this material.

As can be understood from the mentioned features of Fe-Ga, it is a capable can-
didate for use in the magnetic material based storage technology and microwave
applications. The ability to use the magnetostriction to demonstrate non-volatile
memory with fast processing times offers a possible solution to the high power
consumption and writing problems in the present day MRAMs architecture. The
motivation of this thesis is to continue the research on magnetostrictive multilayer
films of galfenol and understand and control the magnetisation reversal process in
each layer. The investigation involves employing experimental techniques such as
magneto-optical effects, magneto-transport, SuperConducting Quantum Interfer-
ence Device (SQUID) magnetometry, ferromagnetic resonance and mathematical
calculations to investigate the magnetisation process in bilayer films of Fe1−xGax

of the same or different thicknesses. The intention is to design a strain controlled
magnetic information storage device by utilising the multilayer for improved stor-
age density. Fig.1.12 illustrates the schematic of an array of memory cells bonded
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on a piezoelectric transducer. As the strain is varied, it affects the magnetisation
differently in each layer due to difference in their magnetic anisotropy values and
magnetostriction coefficient. This would lead to an independent magnetisation re-
versal process of the bilayer films causing variations in resistance as the strain is
varied. Further details about the working of this memory cell using the anisotropy
coefficients will be discussed in the later sections of this thesis.

Figure 1.12: Design of a strain controlled memory element, in which the the extra
layers improve the storage density. The magnetisation of each layer is manipulated
by applying an external strain. The strain would cause independent switching of
the magnetisation due to difference in anisotropy and magnetostriction constant
for each layer.

The concept of having multilayer of different composition and thickness could
pave design and ideas towards design of a spin torque based logical device which
can be influenced and tuned by strain, thus minimising the stray effects.

1.4 Theory of magnetic materials
This section is intended to introduce the basic concepts of magnetism used in this
thesis as well as most of the models used for the analysis and understanding of the
experimental results.

1.4.1 Magnetic moment and magnetisation

Magnetic moment is the fundamental object of a magnetic material and quantitat-
ively determines the strength of the magnetic material. Classically it is equivalent
to a current loop or a magnetic dipole. In an atom it is associated with the elec-
tronic orbital angular momentum (L), and its spin angular momentum (S̄) and
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represented as,

µ̄L = −gLµB
L̄

~
(1.2)

µ̄S = −gSµB
S̄

~
(1.3)

where gL, gS are the Lande g- factors with values 1 and 2 respectively and
µB = |e|~/2m is the Bohr magneton. The magnetisation is the measure of the net
magnetic moment per unit volume (volume magnetisation) and expressed as Am−1

in SI units. Some materials posses a very strong magnetisation in the absence of any
external field, and are in a spontaneously magnetised state. This class of materials
are known as the ferromagnetic materials, and have regions of ordered magnetic
moments . Weiss in 1907 proposed the molecular field theory in order to explain
the spontaneous magnetisation of ferromagnets [69, 106]. He postulated that due
to the mutual interaction between the magnetic moments, the moments prefer to
be oriented relatively parallel or antiparallel to each other. This mutual interaction
is due to an internal field - Weiss molecular field (Hw). The net internal field is
therefore the vector sum of the Weiss field and the external field and is expressed
as

H i = H +Hw (1.4)

The temperature dependence of the magnetisation state was predicted from
this model (Curie Weiss model, see Eqn.1.5) and relates the phase change of the
magnetisation expressed in terms of susceptibility (χ), from ferromagnetic state to
a paramagnetic state at the critical temperature (Tc)

χ = C

T − Tc

(1.5)

Even though this model predicted the magnetisation state it did not describe the
origin of the internal field. Heisenberg in 1928 proposed that the exchange energy
interaction between two neighbouring spins plays a crucial role in ferromagnetic
state of magnetic material [107]. Mathematically the exchange energy is expressed
as

Eex = −2JexSiSjcosφ (1.6)

where Jex is the exchange integral and φ is the angle between two adjacent spins Si,
and Sj. The exchange energy is minimised when the spins are parallel or antiparallel
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depending on the sign of the exchange integral. This exchange energy theory was
able to explain Weiss’s postulate. However the limitation to explain the different
ferromagnetism behaviour led to the development of the band theory which is
based on the electronic configurations of the material, and coherently explains the
magnetic and electric behaviour in metals, insulators and semiconductors. Band
theory was first postulated by Stoner, Mott and Slater and is often referred as the
collective electron theory[108, 109].

According to this theory, the Fermi energy for a ferromagnetic material lies in
a region of overlapping 3d and 4s bands as shown in Fig. 1.13 . Assuming that the
structures of the 3d and 4s bands do not change across the 3d series and so any
differences in electronic structure are entirely due to changes in the Fermi energy
(EF )[69, 109].

Figure 1.13: Schematic of the density of states for the 3d- and 4s- for different
metals. The Fermi energy is represented by the dashed line.The positions of the
Fermi levels (EF ) in Zn, Cu, Ni, Co, Fe, and Mn are shown for representation only.
For a ferromagnetic material the EF lies in a region of overlapping 3d and 4s bands.
(Adapted from Ref. [69].)

Due to the exchange interaction (Eqn. 1.6) the energy of the 3d band for
electrons with one spin direction relative to that with opposite spin is shifted . If
the Fermi energy lies within the 3d band, then this shift in energy will cause more
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electrons of the lower-energy spin direction and hence a spontaneous magnetic
moment in the ground state. A schematic of this splitting for a transition metal is
shown in Fig. 1.14.

Figure 1.14: Schematic to show the d- band density of state for a ferromagnetic
transition metals which shows the 3d- band splitting depending on the orientation
of the electron’s spin.

1.4.2 Magnetic energies and fields

The magnetisation of a magnetic material favours to point in a direction where the
energy is minimum, and is known as the easy axis of the magnetisation[110]. The
energy of the magnetisation state is dependent on the direction of the magnetisation
with respect to the easy axis and is referred to as the magnetic anisotropy energy
along a particular direction. The origin of this energy could be the sample geometry
and shape, crystal symmetry, internal and external strain, atomic pair ordering,
and dipolar interactions between spins[69, 107, 111].

The different energies that influence the magnetisation of a material have been
discussed in this section. The intrinsic fields due to shape and anisotropy and
how they interact with the external field to influence the magnetisation process is
described here.

1.4.2.1 Demagnetising energy

Demagnetising fields are the fields that emanate from the surface of the magnetic
material due to its magnetisation and pass through the volume of the sample. Con-
sider a thin film of magnetic material with the magnetisation aligned perpendicular
to the plane of the film (Fig. 1.15a). Magnetic poles are created on either sides
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of the film. Following Maxwell’s equation (∇.B̄ = 0), there is an internal field
which is oriented opposite to the magnetisation and leads to a demagnetising field
(∇.H̄ = −∇.M̄). However when the magnetisation is in the plane of the sample
(1.15b) , the generated demagnetising fields can be approximate to zero due to
the long distance between the created poles. Therefore, to avoid the energy cost
associated with the demagnetising field, the magnetisation prefers to orient in the
plane of the sample.

The demagnetising energy is given as:

Edem = −µo

2

w

V

M̄.H̄demdV (1.7)

where V is the volume of the sample and the integration is performed over the
volume of the film.

Figure 1.15: Cross sectional view of a magnetic thin film. (a) When the magnet-
isation is perpendicular to the film plane , demagnetising field Hdem is generated
due to magnetic poles on the sides of the film. (b) When the magnetisation is in
plane of the sample, the effect of Hdem can be approximated to be zero.

1.4.2.2 Zeeman energy

Zeeman energy term describes the interaction between the external magnetic field
(Hext) and the magnetisation density. This energy term is given as

EZeeman = −µo

∫
V
M̄.H̄extdV (1.8)

The Zeeman energy term tries to align the magnetisation along the direction of
the applied external field.

1.4.2.3 Magnetocrystalline anisotropy energy

The magnetization prefers to be oriented along the easy axis, and the energy cost
to orient it along the easy axis is determined by the magnetocrytalline anisotropy
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energy, which is the change in the energy for a crystal upon rotation of the magnet-
ization. In thin films the magnetocrytalline anisotropy is different from the bulk
due to the symmetry breaking [110] and can be manipulated by changing the thick-
ness and type of a material. This energy plays a decisive role in the orientation
of the magnetisation by contributing to the free energy of the crystal. It has its
origin from the relativistic corrections to the Hamiltonian which contributes to the
symmetry breaking and invariance of the spin orbit coupling term and the dipole-
dipole interaction term.

At the macroscopic level, the magnetocrystalline anisotropy energy can be ex-
plained phenomenologically by expressing the magnetisation unit vector in spherical
coordinates as

Eani =
∫

V
f(m̄)dV (1.9)

where f(m̄) is the free energy function of the system with the magnetisation
vector m̄ = M

|M | over the spherical coordinates,

mx = sinθcosφ

my = sinθsinφ

mz = cosθ

The unit magnetisation vector can also be represented by the direction cosines
as well as shown in the representation in Fig.1.16 such that α1 = mx, α2 = my,
and α3 = mz.
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Figure 1.16: Definition of the direction cosines for magnetocrystalline anisotropy.

The magnetocrystalline energy per unit volume can then be expressed as a
power series expansion of the components of the magnetisation as shown below for
cubic systems as :[112]

Eani = K0+K1(α2
1α

2
2+α2

2α
2
3+α2

3α
2
1)+K2(α2

1α
2
2α

2
3)+K3(α2

1α
2
2+α2

1α
2
3+α2

2α
2
3) (1.10)

where Ki are the magnetocrystalline anisotropy coefficients. Table 1.3 lists the
typical values of K1 and K2 for several materials at 4.2K taken from Ref.[107].

Material K1

(×104Jm−3)
K2

(×104Jm−3)
Fe -1.8 5.2
Co 1.8 7
Ni 3 -12

Fe3O4 -0.9 -2

Table 1.3: Magnetocrystalline anisotropy coefficients for some materials at 4.2K.

For the samples described in this thesis it is known that for Fe1−xGax grown
on GaAs has the weaker uniaxial anisotropy along the [110] and a stronger biaxial
anisotropy along the [010]/[100] axes [113]. Therefore the net magnetocrystalline
anisotropy energy to the lowest order can be represented as a superposition of a
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biaxial anisotropy and uniaxial anisotropy[99, 101, 114]

Emagnetocrystalline = Euniaxial + Ecubic (1.11)

= K1sin
2(φ− 45◦) + K2

4 sin2(2φ)

where φ is the angle between the magnetisation vector (m̄) and the easy axis
along [010] axis.

SQUID MH loops showing the magnetisation along different crystal axis has
been shown for one of the experimental sample (Sample S421) in Fig.1.17. It
shows the magnetisation variation as the field is varied along three different crystal
axis, [110], [11̄0], and [100] .
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Figure 1.17: Magnetisation loop collected by SQUID on Fe1−xGax bilayer structure
along three different crystal axes, [110]: black, [11̄0]: red, and [100] : blue . Due
to different magnetocrystalline uniaxial and cubic anisotropy the magnetisation is
different for field swept along the axis. Th inset is the zoomed in MH loop for the
different directions to define the remnance magnetisation and coercive field.

The calculated variation of the magnetocrystalline anisotropy energy with the
angle of magnetisation about the easy axis is shown for zero external field in Fig.
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1.18, using the values of anisotropies as K1 = 6.2 kJ/m3 and K2 = 31.5 kJ/m3.
The two fold and four fold symmetries seen in the energy landscape correspond to
the uniaxial anisotropy energy and cubic anisotropy energy terms.
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Figure 1.18: Variation of the magnetocrystalline anisotropy energy term with angle
between the magnetisation and the easy axis along the [010]. The energy landscape
has been modelled using the uniaxial anisotropy constant as 6.2 kJ/m3 , and cubic
anisotropy energy constant as 31.5 kJ/m3.

1.4.2.4 Magnetoelastic anisotropy energy

When a stress is applied to a magnetic material it is subjected to a change in
the crystal lattice which manifests as a change in the magnetic properties due
to spin- orbit coupling. The energy which causes this change is called as the
magnetoelastic anisotropy energy. Magnetoelastic energy depends on a constant
called the magnetostrictive constant (λ), which can be positive or negative. The
magnetostriction coefficient describes a change of length of the material in the
direction of the field, while maintaining a constant volume. The coefficient at
saturating field is denoted as λ.

λ = △l

l

where l is the length of the material and △l is the change in length under the
influence of the field.
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The magnetostrictive coefficient is an anisotropic property and therefore var-
ies for different crystal axis directions. For cubic crystals, the magnetostrictive
constant is measured along the [100] and [111] directions. Details and values of
the magnetostriction constants for different materials were discussed before in Sec.
1.2.2 when we described the strain control of magnetisation.

For cubic crystals, the magnetoelastic energy term is given by

EME = B1

[
ϵxx(α2

1 − 1
3) + ϵyy(α2

2 − 1
3) + ϵzz(α2

3 − 1
3)
]

+B2 [ϵxyα1α2 + ϵyzα2α3 + ϵxzα1α3] (1.12)

where B1, and B2 are the magnetoelastic coupling coefficients, α1,α2, α3 are the
direction cosines of magnetisation discussed in last section, and ϵij with i, j = x, y, z

are the components of the strain tensor.
Eqn. 1.12 can be simplified to Eqn. 1.13 by taking in-plane magnetisation

(α3 = 0) and assuming that the strain tensor components ϵxy, ϵyz, and ϵxz are
small.

EME = B1

[
ϵxx(α2

1 − 1
3) + ϵyy(α2

2 − 1
3) + ϵzz(α2

3 − 1
3)
]

(1.13)

Following the formulation reported in ref. [68] [115][116], the magnetic coupling
constant B1 is given as

B1 = 3
2λ100 (c12 − c11) (1.14)

and the magnetoelastic energy is then given as

EME = 3
2λ100 (c12 − c11) (ϵxx − ϵyy) cos2φ (1.15)

where φ is the angle between the magnetisation and the [010] axis and cij are
the components of the elastic tensor.

The magnetostrictive property of the crystals is used to manipulate the mag-
netisation of the material by applying a strain. This is performed by the effect
known as the Villari effect or the inverse magnetoelastic effect [107, 117] and is
illustrated in Fig. 1.19 which shows the change in magnetisation of material due to
a tensile strain for a magnetic material with positive λ (Fig. 1.19(a) ) and negative
λ (Fig. 1.19(b)). What this schematic describes is that when the sample is in the
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demagnetised state the magnetisation prefers to be in domains to minimise the free
energy. By applying a small stress, it will force the domain walls to move in such
a way as to decrease the volume of the domains magnetised perpendicular to the
direction of stress.

Figure 1.19: Demonstration of Villari effect. (a) Change in the magnetisation of
the material with positive λ (b) Change in the magnetisation of the material with
negative λ under tensile stress. The stress favours the magnetisation to orient along
its direction for a positive λ and favours orthogonal orientation of magnetisation
for negative λ.

The results discussed in this thesis are based on the measurements performed
on thin films of Fe1−xGax which have been reported to show exceptionally high
magnetoelasticity along the [100] direction at different concentrations of Ga[64,
68]. For the experiments involving strain discussed in the thesis, the Fe1−xGax

multilayer films have been bonded to a piezoelectric transducer in such a way
that the strain is along the [100]/[010] directions. The strain transmitted to each
layer is different due to the attenuation through the volume of the sample, and
there is no direct way to measure the strain in an individual layer. However, we
have calibrated the approximate relative strain applied by the transducer to the
whole structure, by removing the AMR and GMR contribution to the magneto
resistance by keeping the sample at saturating fields and sweeping the piezoelectric
voltage from a negative value to a positive and vice versa. The relation between
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the resistivity and the strain have been calculated and described in Sec. 2.2.4.
Calibrated strain values for some samples have been highlighted in Appendix B.

Using the measured strain values and Eqn. 1.15 it is possible to calculate the
value of the magnetoelastic constants for the structure using the expressions given
in Ref. [118, 119] which relates the effective switching field to the magnetoelastic
coefficient and strain. The expression can be simplified as:

(
△Heff

ϵxx − ϵyy

)
Ms = B (1.16)

Here the fraction △Heff

ϵxx−ϵyy
is the change in switching field (Heff ) over the applied

strain (ϵxx−ϵyy) , Ms is the saturation magnetisation in Am−1 and B is the magneto
elastic coefficient which is equal to 3

2λ100 (c12 − c11) and has energy units.

1.4.3 Magnetisation dynamics in ferromagnetic films

The effect of time varying magnetic fields in the frequency range of MHz and GHz
on the magnetisation of the material to induce magnetisation precession is regarded
as magnetisation dynamics[120]. In this section, the motion of magnetisation vector
under the influence of time-varying field is explained. The background details of
ferromagnetic resonance are also described as it is a method employed in some of
the experimental measurements presented in this thesis.

1.4.3.1 Motion of magnetisation vector

The rate of the change of the angular momentum vector is related to the torque
on the magnetic moment µ due to an external field H as:

dL̄

dt
= µoµ̄× H̄ (1.17)

with µo = 4π107H/m. The equation of the motion of a magnetic moment under
the influence of an applied field is then expressed as[121]

dµ̄

dt
= −µoγµ̄× H̄ (1.18)

The magnetic moment precesses around the external field with Larmor fre-
quency given by

fLarmor = |γH2π | (1.19)
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with γ = 1.75 × 1011s−1T−1 is the gyromagnetic ratio.
This equation of motion (Eqn. 1.18) is modified by the interaction of the mag-

netic precession with the crystal lattice, scattering, etc. Landau, Lifshitz and later
Gilbert [122][123], proposed a continuum equation of the precession of the moment
known as the Landau− Lifshitz −Gilbert (LLG) equation and has the formula:

dm̄

dt
= − γ

1 + α2

(
m̄× H̄eff

)
− αγ

(1 + α2)Ms

m̄× (m̄× H̄eff ) (1.20)

where α is the phenomenological damping constant or the Gilbert damping
parameter and has usual values <0.01, H̄eff is the effective field taking into account
the external field, anisotropy contributions, the rf field and is usually expressed as
in Eqn.1.21.

H̄eff = H̄ext + H̄ani + h̄MW (1.21)

The first term of the LLG equation ( Eqn. 1.20) represents the precessional mo-
tion of the magnetisation vector. The second term represents the damping term,
which pulls the magnetisation vector back towards the H̄eff direction. The origin
of the damping could be attributed to induction of eddy currents due to the pre-
cessional motion, phonon drag mechanism, spin flip scattering, magnon scattering
[124, 125]. The solutions of this non linear equation determine the precession of the
magnetisation about the new effective field axis H̄eff which is the superposition of
the external field and the magnetic anisotropy fields discussed previously. By solv-
ing the LLG equation the precessional motion of the magnetisation vector about an
effective field direction calculated by using the values of anisotropies as Ku = 6.2
kJ/m3 and Kc = 31.5 kJ/m3 is shown in Fig. 1.20 . The in plane magnetic field
when subjected to an external rf field perpendicular to the plane of the sample,
kick starts the magnetisation to precess around the new effective field direction.
The orange spiral line shows the trajectory motion of the moment represented by
a black arrow at time t = 0. The trajectory was modelled by solving the LLG
equation in MATLAB using the ode toolbox[126].
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Figure 1.20: The precessional motion of the magnetisation vector for an effective
field direction calculated by using the values of anisotropies as Ku1 = 6.2 kJ/m3

and Kc1 = 31.5 kJ/m3 and α = 0.01 for a film of Fe1−xGax. The orange spiral line
shows the trajectory motion of the moment represented by a black arrow at time
t = 0.

1.4.3.2 Ferromagnetic resonance

Ferromagnetic resonance (FMR) is a well established and sensitive measurement
technique [127] to characterise a magnetic material[128]. In this thesis, by per-
forming angle, frequency, field dependent FMR measurements, the magnetic an-
isotropy constants, and saturation magnetisation for each layer in the multilayer
film of Fe1−xGax have been determined. In this section, a brief introduction to the
physics of FMR is described. The FMR experimental set up and the mathematics
of the extraction of the magnetic parameters will be discussed in the subsequent
chapters.

In a FMR experiment, an alternating microwave field h̄(t) of frequency f ex-
cites the magnetisation vector M̄ . At the same time a d.c. magnetic field is applied
which changes the precessional frequency of the magnetisation vector. The reson-
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ance condition is found by either sweeping the microwave frequency f , or by varying
the d.c. magnetic field [129][130][131]. When the precessional frequency matches to
the microwave frequency, the magnetisation is defined to be in resonance [131][132],
and the cone angle of the precessing magnetisation reaches a maximum. Experi-
mentally this is observed as absorption of microwave power. The FMR spectrum
is characterised by the peak centre related to the resonance condition and the
linewidth which is related to the damping parameter.

The ferromagnetic resonance condition can be solved by following the Kittel
approach [133] to FMR resonance condition [134][135], which is based on the geo-
metries of the magnetic material and solving the LLG equation. However due to
increasing complexity, Smit,Suhl and Beljers in 1955 [136] proposed their approach
to ferromagnetic resonance conditions [137, 138] which is based on terms of the
derivatives of the total free energy density of magnetisation.

In this thesis, the analysis to extract the magnetic parameters are based on the
approach proposed by Smit,Suhl and Beljers, so the basic mathematics have been
discussed in this section without much explanation to the mathematical derivation.
The derivations have been lucidly explained in Ref.[139].

The equilibrium conditions when an external field Hext is applied causing the
magnetisation vector M̄ to precess is given by the first derivative of the magnetic
free energy with respect to the polar angles θ, and φ as shown in Fig. 1.21.

∂E

∂θ
= 0 and

∂E

∂φ
= 0

Applying a microwave field of frequency f generates a small magnetic field h̄.
If h̄ has a component normal to m̄ it interacts with the magnetisation vector , and
microwave energy is absorbed by the magnetic material itself [131].

Using the LLG equation without the damping term as it does not affect the
resonance condition:

dm̄

dt
= −γ

(
m̄× H̄eff

)
(1.22)

The vectors in the Eqn.1.22 can be represented in the local basis of orthonormal
spherical vectors r̂, θ̂, φ̂ determined by the magnetisation vector m̄ such that m̄ =
mr̂. Therefore

dm̄

dt
= −γ(mr̂) ×

(
Hrr̂ +Hθθ̂ +Hφφ̂

)
(1.23)
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Figure 1.21: Local basis of spherical vectors r̂, θ̂, φ̂ used to calculate the resonance
condition using the Smit Suhl and Beljers approach

Eqn.1.23 can be written in matrix form as :


dm
dt

mdθ
dt

msinθ dφ
dt

 = −γ

∣∣∣∣∣∣∣∣
r̂ θ̂ φ̂

m 0 0
Hr Hθ Hφ

∣∣∣∣∣∣∣∣ (1.24)

By determining the angles of magnetisation using the first derivatives of energy,
Eqn. 1.24 yields the resonance frequency conditions which is known by the Smit
Suhl Beljers equation [136] and is shown in Eqn. 1.25

(
ωres

γ

)2

= 1
m2sin2θ

∂2E

∂θ2
∂2E

∂φ2 −
(
∂2E

∂θ∂φ

)2
∣∣∣∣∣∣

θ=θequ,φ=φequ

(1.25)

The frequency linewidth was calculated by Vonsovoskii[140] as in Eqn. 1.26

∆ω = αγ

m

[
∂2E

∂θ2 + 1
sin2θ

∂2E

∂φ2

]∣∣∣∣∣
θ=θequ,φ=φequ

(1.26)

1.4.4 Electrical transport properties in ferromagnetic films

In this section, the electrical transport effects in a magnetic material caused by
the motion of electron charge are discussed. The basic observations and some
important concepts and theories coupling the magnetism to the electrical effects
(magneto-transport) have been described. The combination of the spin and charge
have led to the discovery of interesting magnetoresistance effects which aid in the
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understanding of the magnetisation process in these materials [141].

1.4.4.1 Electronic states and spin dependent transport in ferromagnetic
metals

Magnetoresistance (MR) of a ferromagnetic material describes the dependence
of the electrical resistivity on the external magnetic field (B) and is denoted as
(△R(B)/R). It depends on the spin of the conduction electrons along with their
diffusion length scale [11]. The electronic structure of a ferromagnetic transition
metal comprises mainly the s- and d- orbitals as discussed previously (Sec.1.4.1) .
The hybridisation of the s and d orbitals allows the free electrons to get scattered
into more localised d states of the same energy. A large density of these d states
at EF enhances the probability of such scattering which results in decrease in re-
laxation time and suppression of the mobility and results in increased resistivity.
The s-d scattering can be expressed in terms of the scattering potential (Vscat) and
relaxation time (τ) as:[11, 107].

1
τ

= |Vscat|2N(EF ) (1.27)

whereN(EF ) is the density of scattering states at Fermi energy level.
A schematic of the density of states for various metals is shown in Fig. 1.22 .

The spin dependence of the electrical conductivity is governed by the density of the
up spin and down spin electrons in d-band at the Fermi energy level[107]. Mott’s
two conduction channel model explained the difference in resistivity between the
ferromagnetic and non- ferromagnetic transition of metals. He postulated that the
spin direction of electrons are conserved during the scattering and the conduction
processes, and resulting in two parallel conduction paths for the up spin and the
down spin electrons. The resistivity of metal according to this model is given as:

ρ = ρ↑ρ↓

ρ↑ + ρ↓ (1.28)

The fraction ρ↓

ρ↑ is known as the α−parameter and was measured experimentally
for different metals by Fert and Campbell who obtained the scattering within each
spin band for various impurities [142], together with the temperature dependent
scattering rates [107]. For the purpose of comparing the net resistivity Campbell
and Fer t[143, 144] followed the Matthiessen’s rule [145], which assumes that there
is only one type of current carrier and the scattering mechanisms are independent
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and for a finite temperature T, the resistivity is expressed as

ρm(T ) = ρ(0) + ρh(T ) (1.29)

where ρ(0) is the residual resistivity of the metal with impurities and ρh(T ) is
the resistivity of the pure homogeneous metal at temperature T .

Figure 1.22: Representation of the density of states for various metals. (a) Alkali
metals, (b) Noble metals, (c) Non-ferromagnetic metals, and (d) Ferromagnetic
transition metals. (Image adapted from Ref. [107]).

The density of states in the d-band depends on the direction of the magnetisa-
tion through the spin-orbit coupling. This explains why resistivity, which depends
on the density of states in the d-band, also depends on the direction of the mag-
netisation.

A phenomenological explanation of AMR is described followed by the more
detailed explanation of the GMR effect

1.4.4.2 Anisotropic magnetoresistance

In the mid 1850’s , William Thomson demonstrated the first evidence of a spintronic
phenomenon [12] by observing that the resistance of a magnetic material (Fe and
Ni for his experiment) depends on the angle between the applied magnetic field and
the direction of the current flowing through the sample. Further research in this
phenomenon have reported the occurrence of this magnetoresistance known as the
anisotropic magnetoresistance (AMR) in 3d transition metals and their alloys[11,
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146–148]. In spite of the time period of its existence and practical functionality,
there is still a big gap in complete fundamental understanding of the origin of
AMR. However a model describing the magnetoresistance based on the scattering
mechanism of the up spin and down spin electrons was formulated by Campbell,
Fert and Jaoul and called as the CFJ model [144, 149]. This model is based on
Mott’s two current model as discussed previously in section 1.1. Campbell, Fert,
and Jaoul defined an expression for AMR as :

∆ρ(θ)
ρ

= ρ(θ) − ρ⊥

ρ⊥
(1.30)

Here ρ(θ) is the resistivity at an angle θ and ρ⊥ is the resistivity when the angle
between the magnetisation and current is 90◦.

AMR can be observed in the longitudinal resistance and transverse resistance
depending on the component of the electric field parallel or perpendicular to the
magnetisation respectively[68, 150] as shown in the Fig. 1.23. The in-plane electric
field Ē can be decomposed to a component parallel (E||), and component perpen-
dicular (E⊥) to the magnetisation (M̄). Similarly the current density (J̄) has two
components as well , the parallel (J||) and the perpendicular (J⊥).

Figure 1.23: Phenomenological description of anisotropic magnetoresistance. The
in-plane electric field has components parallel (E||) and perpendicular (E⊥) to the
magnetisation vector (M̄). The resistance of the magnetic material depends on the
angle θ between the magnetisation and the direction of current.

E|| = ρ||J||

E⊥ = ρ⊥J⊥
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where E|| = |E|cosθ, E⊥ = |E|sinθ and J|| = |J |cosθ, J⊥ = |J |sinθ, and θ is
the angle between the magnetisation and the direction of current.

As

Ex = E||cosθ + E⊥sinθ

= |J |(ρ||cos
2θ + ρ⊥sin

2θ)

and the longitudinal resistivity is given by:

ρxx = ρ||cos
2θ + ρ⊥sin

2θ (1.31)

Similarly the transverse component can be derived as:

Ey = E||sinθ − E⊥cosθ

= |J |(ρ||cosθsinθ − ρ⊥sinθcosθ)

and the transverse resistivity is given by:

ρxy =
(
ρ|| − ρ⊥

)
sinθcosθ (1.32)

1.4.4.3 Giant magnetoresistance

Baibich et al[151] in 1988 reported the MR ratio of the order 50% at 4.2 K in
Fe/Cr multilayers in which the Fe layers were 3 nm to 6 nm thick, and Cr spacer
with thickness varied between 0.9 nm to 6 nm and an in-plane current was applied
along the {110} crystal direction as shown by the schematic in Fig. 1.24 (a). The
Fe layers are antiferromagnetically coupled via the Cr spacer. The relative change
in resistance at 4.2 K for different thickness of the Cr spacer was studied (shown
in Fig. 1.24 (b)) and it was observed that that the magnitude of the MR was
very high when the layers are thinner causing the antiferromagnetic coupling to be
highest.
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Figure 1.24: (a) Orientation of the current and field for Fe/Cr multilayers in GMR
experiments by Baibich et al, (b) Relative change in resistance with field applied
parallel to the direction of current for Fe/Cr multilayers with different thickness of
the Cr spacer at 4.2 K. (Source: Ref.[151])

The GMR effect depends on the relative orientation of the magnetisation in
each ferromagnetic layer, and is a manifestation of the scattering processes due to
the relative spin orientation of the carrier at the ferromagnetic scattering sites. A
simple interpretation of the effect is in the context of interface spin scattering by
Mott’s two current channel model, assuming that the scattering is localised[107].
In this ordinary classical interpretation the current is carried in parallel channels by
the up spin and down spin electron. The spin polarised current can be in in-plane
(CIP-) or perpendicular to the plane (CPP-) of the magnetic film. As previously
mentioned , the resistivity for the up spin and down spin electrons are different with
the ρ↓> ρ↑. When the charge carriers leave the first ferromagnetic layer and reach
the non-magnetic layer there will be additional resistance due to scattering at the
interface. Since the up and down spin have different density of states at the Fermi
energy level, the resistivity within the ferromagnetic layers will be different for the
two opposite spins, A schematic of a CIP-GMR and the CPP- GMR comprising
two ferromagnetic layers separated by a non-magnetic layer is illustrated in Fig.
1.25. The representation is for the net magnetisation in the adjacent magnetic
layers as (a) and (c) parallel , and (b) and (d) antiparallel to each other.
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Figure 1.25: Schematic of the CIP- GMR effect with (a) parallel configuration of
the magnetisations in adjacent layer, (b) magnetisations are antiparallel to each
other in the adjacent ferromagnet layers, and CPP-GMR with magnetisations (c)
parallel configuration, and (d) antiparallel configuration.

In this semi-classical model by Camley and Barnas[107, 152–154] for a CIP-
multilayer structures it was proposed that when the ratio of the thickness of the non-
magnetic spacer layer to the mean free path of the electrons increases, the MR ratio
decreases. Levy, Zhang [155] along with experimental observations by Prat[156]
proposed a unified theory to explain this taking into account the electron scattering
in the ferromagnetic layer, additional scattering resistivity due to the roughness
of the interface between the layers and the resistivity due to the magnetisation
orientation in the adjacent layers. They described that when the thickness surpasses
the mean free path, the scattering within the non-magnetic layer becomes more



1.4 Theory of magnetic materials | 41

significant compared to the scattering at the interface or in the bulk of the magnetic
layer and postulated that due to this conduction electrons of a particular spin
experiences a series of resistivity due to the non-magnetic and magnetic layers
through which they pass.

RNM = ρNM lNM

ANM

Ri
M = ρm

M lM
AM

where RNM is the resistance due to the non-magnetic spacer and Ri
M is the

resistance due to the magnetic layer for different spin orientations denoted by i =↑
or ↓, and m is the magnetisation state of the multilayer (parallel or antiparallel)
with respect to the spin of the electron. The magnetic and the non-magnetic layers
are modelled to obtain the MR ratio and are shown in Fig. 1.26 for the parallel
and antiparallel orientation.

Figure 1.26: Representation of GMR effect with magnetic bilayers when the mag-
netisations are in parallel and antiparallel configuration. For parallel case, one spin
polarisation of electrons will have longer scattering lengths in all layers. For anti-
parallel case, an electron will have short scattering length on one layer regardless
its spin polarisation.

When the magnetisations are in parallel configuration, the equivalent resistance
can be expressed as:

RP = (α− 1) (β − 1)
(α + β + 2)

ρNM lNM

AM

(1.33)

where α = ρ↓
M

ρNM
and β = ρ↑

M

ρNM
.

When the magnetisation in adjacent layers are antiferromagnetically configured
the equivalent resistance is expressed as:

RAP = (α + β + 2)ρNM lNM

2 AM (1.34)
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and therefore the GMR ratio is given as:

∆R
R

= RP −RAP

RAP

= − (α− β)2

(α + β + 2 lNM

lM
)2 (1.35)

For a CPP geometry the theory of the magnetoresistance was proposed by Valet
and Fert[157] by taking into account the volume and interface spin dependent scat-
tering. They derived a “spin diffusion type” equation for the spin accumulation
around the interface with the non-magnetic layer which gives rise to an extra po-
tential drop ∆V = Jrs ,where J is the current density and rsis the spin coupled
interface resistance.

The advantage of the CPP GMR is that the conduction electrons pass through
many interfaces while in CIP the transmission path is governed by the electric field
direction. Due to this the MR is higher for a CPP configuration.

Phenomenological expressions to describe the GMR effect was proposed by
Dieny[107, 158] in a variety of ferromagnetic/non-magnetic multilayer systems. He
demonstrated that the in plane resistivity depends on the relative angle between
the the magnetisation of the adjacent layers. His demonstrations with uncoupled
Ni81Fe19, Ni80Co20, Ni ferromagnetic layers separated by Cu, Ag, Au non-magnetic
layers led to the expression of GMR as a function of the angle between the mag-
netisation in the two sets of layer represented by ψ:

△ρ(ψ)
ρ

=
(

△ρ

ρ

)
GMR

[1 − cosψ]
2 (1.36)

We have used this analytical expression to model the GMR effect for the samples
in this thesis, and will be discussed in next chapters.

1.4.5 Magneto-optical effects in ferromagnetic materials

The interaction of the magnetisation of a material with the polarisation of light was
first observed by Faraday in 1846[159], where he observed rotation in the plane of
polarisation of the transmitted light through a ferromagnetic material. Few years
later in 1877 John Kerr[160] discovered a similar phenomenon in which the light
reflected from a magnetic material underwent a change in plane of polarisation; and
this phenomenon has been named as the Magneto Optical Kerr Effect (MOKE)
in his honour. In this thesis, MOKE has been used to probe the magnetisation in
each layer of the bilayer structure and to study the magnetisation reversal process
in a varying external magnetic field.
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MOKE is a quantum mechanical effect[161] manifested due to the interaction
between the spin polarisation of the electrons and the polarisation of the incident
light. Various models have been proposed to explain the origin and also calculating
the magneto optical response using the dielectric tensor and the Voigt material
constant[162–164]. The dielectric displacement is related to the Voigt constant in
the form:

D = ϵ (E + iQVm× E) (1.37)

where ϵ is the dielectric tensor vector and QV is the Voigt constant and describes
the magneto-optical rotation of the plane of polarisation of the light.

A classical explanation is described here to obtain a qualitative understanding
of the effect. When a beam of polarised light is incident on a magnetic material, the
electric field vector (Ē) of the incident beam excites the electrons of the material
and sets them to oscillate parallel to the Ē direction. Besides this, due to the
Lorentz force interaction between the field and the magnetisation vector M̄ , there
is an additional perpendicular component with respect to the magnetisation (M̄)
and the electric field (Ē). This additional component superimposes to the regular
reflected component and leads to the rotation of the polarisation of light.

Figure 1.27: Representation of longitudinal MOKE configuration. The incident
beam is p − polarised and the electric field vector is denoted by Ei

p. The normal
reflected beam has electric field vector represented as Er

p and the Kerr component
as Er

s and θk is the Kerr angle.

Depending on the relative orientation of the plane of incidence, polarisation,
and the magnetisation of the sample MOKE can be classified into three basic
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categories. In the longitudinal MOKE, the magnetisation is in the plane of the
sample and is parallel to the incidence plane. In transverse MOKE, the mag-
netisation is still in the plane of the sample but is perpendicular to the plane of
incidence. In polar MOKE , the magnetisation is perpendicular to the sample
plane but is parallel to the plane of incidence. In the work performed in the thesis,
the longitudinal MOKE configuration has been used, and a general schematic of
the effect is shown in Fig. 1.27 which has been adapted from ref.[164]. In the
representation, the incident beam is p − polarised and the electric field vector is
denoted by Ei

p. The normal reflected beam has electric field vector represented as
Er

p and the Kerr component as Er
s . The reflected light has a rotated polarisation

by θk from the incident light and an ellipticity ϵk. The complex Kerr angle is given
as:

φk = θk + iϵk

and which is related to the dielectric tensor[164] of the material by:

φk = θk + iϵk = iϵ̃xy√
ϵ̃xx(1 − ϵ̃xx)

where ϵ̃xx and ϵ̃xy are the diagonal and off diagonal elements of the dielectric
tensor.

The magneto optical Kerr effect provides an ideal method for studying thin
films magnetisation reversal. MOKE effect that investigates the magnetisation
hysteresis loops are used to distinguish the magnetisation process in a multilayer
structure and has been discussed in the later sections of the thesis.

1.4.6 Magnetic domains and domain walls

From the SQUID MH loop shown in Fig. 1.17 one can observe two points of ex-
ternal field known as the coercive fields where the magnetisation reduces to zero.
Also at zero field, the sample exhibits remanent magnetisation. This is due to the
strong exchange energy interaction between spins in a ferromagnet and the mag-
netic anisotropy, and have discussed in Sec. 1.4.1, and is of the order of magnitude
proportional to kBTc where Tcis the Curie temperature and kB is the Boltzmann’s
constant (8.617 × 10−5eV K−1). For a ferromagnetic material with a Curie tem-
perature of 600K this effective field has a value approximately 500 T, which is
incredibly high and makes it confusing to explain the zero magnetisation at lower
fields. To explain this Weiss postulated the idea of magnetic domains where spon-
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taneous magnetisation is differently oriented and may average to zero in the whole
sample[165]. These domains were experimentally observed under microscope by
Bitter and his technique is known as the Bitter patterning technique[107, 165].

Domains are formed to minimise the free energy of a ferromagnetic material
and two neighbouring domains are separated by a transition region defined as the
domain wall. The domain walls are needed to reduce the exchange energy rising
at the domain borders where the magnetisation abruptly changes its orientation.
Within the wall, the magnetisation spatially varies in orientation from one do-
main to that in the other domain. The width of the domain wall depends on the
strength of the magnetic anisotropy, exchange energy, sample thickness, saturation
magnetisation[69, 107], and is usually expressed by

σ = πS

√
2J
Ka

(1.38)

where J is the value of the exchange integral, S is the spin orientation, K is the
magnetocrytalline anisotropy constant, and a is the lattice constant.

There are two broad models of explaining the type and mechanism of domain
walls (DW): Bloch model and Neél model [107, 110, 165] and are schematically
represented in Fig. 1.28 (a) and (b) which has been adapted from Ref. [166]. In a
Bloch DW the magnetisation vector gradually rotates out of the film plane and per-
pendicular to the normal to DW. To the contrary in a Neél DW, the magnetisation
vector gradually rotates in the plane of the film.

Figure 1.28: Schematic representation of different domain wall types. (a) Neél wall,
(b) Bloch wall.

For a thin film with the magnetisation in-plane, it is favourable for the magnet-
isation to rotate in the film plane than out of the film plane because of extra costs
due to the demagnetising energy. Therefore Neél domain walls are preferred in thin
films with uniaxial and biaxial anisotropies. They have different subclasses as well
like the asymmetric domain walls, vortex domain walls, transverse walls and others
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that have been observed in patterned nanostructures[167] and stripes[168], wires[4],
where the anisotropy contributes to the domain wall shape and motion[165].

The process of magnetisation reversal is assisted by domain nucleation and
domain wall motion. The magnetisation reversal can be intuitively explained by
a simple energy landscape model as represented in Fig. 1.29 which is due to the
contribution of the several energies discussed previously in this chapter. Following
a Stoner Wohlfarth model for coherent rotation , for a given field the resulting spin
orientation will be that for which energy will be at local minimum. Now when
the field is varied, the spin orientation varies from one local minimum to another
due to domain wall unpinning. When the difference between the two energies of
neighbouring local minimum is sufficiently larger than the energy of formation of
the domain walls, the domain walls rapidly expand and propagate freely across the
sample, letting the magnetisation orient to a new position. A detailed discussion
is performed in Chapter 5 of the thesis.

Figure 1.29: Representation of a magnetisation reversal due to domain wall un-
pinning and expansion.
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1.5 Thesis organisation
This thesis comprises six main chapters and two appendices. Chapter 1 outlines
the basic concepts and physics of magnetic materials specially the magnetostrict-
ive alloy Fe1−xGax. It introduces the key concepts which have been used for the
experimental analysis in the later sections of this thesis. Chapter 2 discuses the
general experimental techniques and methodology performed for the device fabric-
ation and the experiments. Chapter 3 and chapter 4 discuss the main experimental
and modelling work of my PhD study. Chapter 3 describes the characterisation
techniques, the ferromagnetic resonance, and SQUID experiments and the meth-
odology to extract the magnetic anisotropies for the ferromagnetic bilayer system.
Chapter 4 presents magnetotransport measurements on Hall cross devices in a
varying in-plane magnetic field and under mechanical strain. The magnetisation
reversal curves are analysed and modelled to understand the effects of strain on the
magnetisation reversal processes as well as to extract the magneto-elastic constants
of the layers.. Chapter 5 simulates the operation of a memory cell based on the
magnetic parameters extracted from chapter 3 and 4. Chapter 6 is the conclusion
and the future work , and outlines the broad and interesting future work and scopes
for this material.

Appendix A describes the mathematical derivation required towards setting
up the longitudinal MOKE magnetometer and the penetration depth calculation.
Appendix B presents the strain calibration for the samples used in chapter 4.



Chapter 2

Materials and Techniques

This chapter describes the ferromagnetic samples investigated in this thesis. The
experimental and mathematical methods used for measurement and analysis are
also described.

2.1 Ferromagnetic bilayers
The samples investigated in this thesis consist of double layers of galfenol separated
by a non magnetic layer. Galfenol is an alloy of iron and gallium. A non- magnetic
spacer of copper or aluminium is sandwiched between two layers of this alloy of
different composition. The structures were grown on GaAs substrates of thickness
150 µm and 350 µm using magnetron sputtering. Table 2.1 details the layers and
the nominal compositions of different samples investigated in this thesis.

Sample Structure ( nm ) Substrate
S419 GaAs\Fe81Ga19(5)\Al (5)\Fe90Ga10(5)\Al (5) 150 µm GaAs(001)
S420 GaAs\Fe81Ga19(5)\Al (10)\Fe90Ga10(5)\Al (5) 150 µm GaAs(001)
S421 GaAs\Fe81Ga19(5)\Cu (5)\Fe90Ga10(5)\Al (5) 150 µm GaAs(001)
S422 GaAs\Fe81Ga19(5)\Cu (10)\Fe90Ga10(5)\Al (5) 150 µm GaAs(001)

Table 2.1: Summary of the ferromagnetic samples and the nominal compositions of
different samples investigated in this thesis. The ferromagnet samples are sputter
grown on GaAs(001) substrates with different type and thickness of non magnetic
spacer and a 5 nm Al capping to prevent oxidation.
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2.1.1 Growth

All the samples in this thesis were grown using the DC magnetron sputtering
technique. Before growing, the substrates were prepared by cleaning in 1:1 HCl
to water for 120 seconds. After that they were moved into the main chamber of
the sputter machine and annealed in vacuum at 550◦C for one hour and allowed to
cool to room temperature. This step ensured that Fe1−xGax grows epitaxially on
the substrate following similar works reported in [114] [99]. Fe1−xGax layers were
then grown by co-sputtering FeGa target of composition 50:50 alongside a 99.99 %
pure Fe target at argon pressure of 1.3 × 10−3 Torr, with the sample rotated at 20
rpm. The sputtering growth rate was in the order of 0.5 ± 0.04 nms−1. During the
growth, the thickness of each layer including the non-magnetic spacer and capping
layer were monitored by the quartz crystal monitor (QCM) .

Sputtering

Sputtering is a physical vapour deposition technique in which atoms in a solid
target material are bombarded by high energy argon ions. The target atoms are
then ejected in the chamber and diffuse upwards to form a thin film coating on
the substrate, which is rotated to get a uniform coating of the target material.
When a DC voltage is placed between the target and the substrate, the neutral
argon atoms are ionised and are set to acceleration towards the anode target. The
presence of strong magnetic field near the anode area causes the travelling Ar ions
to spiral around the magnetic flux lines. This process generates a stable plasma
with a high and uniform density of target ions to ensure a higher sputtering yield
and faster deposition rates. The spiral motion of the ions also limits the damage
to the substrate due to stray particles.

Sputtering is an inexpensive growth technique, with a fast growing rates. Sput-
ter grown Fe1−xGax have previously been reported to grow epitaxially on certain
substrates [99][114]. Due to good quality sample growth , low cost and time saving,
all the samples were grown using sputtering. The sputtering of the samples was
performed using a Mantis QPrep500 ultra high vacuum sputter deposition system
at the University of Nottingham. A schematic of the magnetron sputtering process
used to grow the samples investigated in the thesis is represented in Fig. 2.1, which
presents the process in which the target material is ejected from the target when
Ar+ions are bombarded to it which are regulated by the magnetic field.
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Figure 2.1: Schematic of the magnetron sputtering process showing the basic com-
ponents of the sputtering system. Ionised Ar+ ions accelerate and bombard the
target metal, releasing atoms which forms layers on the substrate. The electrons
and Ar ions form a plasma which is confined by the magnetic field near the target
metal. The proximity of the plasma to the magnetic field causes fast and uniform
deposition and limits substrate damage.

2.2 Fabrication

2.2.1 Photo-lithography

To prepare samples for magneto-transport measurements, standard photo-lithography
techniques were used to pattern devices with lateral dimensions of a few micromet-
ers. A schematic of the device used to perform the magneto-transport measure-
ments is shown in Fig. 2.2. The sample preparation and fabrication were carried
out in the clean room facility at the University of Nottingham. Table 2.2 summar-
ises the fabrication and preparation procedure for samples.
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Figure 2.2: Schematic of the device used for the transport measurements. The sym-
metric Hall bars were processed in the clean room at Nottingham using standard
photo-lithography techniques.

Step # Step name Process
1 Clean Acetone, and isopropyl alcohol
2 Scribe 5 ×4 rectangular section
3 Clean Acetone, and isopropyl alcohol
4 Spin coat BPRS 150, 4krpm, 30 seconds
5 Bake Hot plate, 90.C, 120 seconds
6 Expose UV exposure, 75 Jcm−1, 6 seconds
7 Develop AZ400K: H2O (10:70), 6 seconds
8 Etch Ion milling
9 Clean Acetone, and isopropyl alcohol
10 Spin coat BPRS 150, 4krpm, 30 seconds
11 Bake Hot plate, 90.C, 120 seconds
12 Expose UV exposure, 75 Jcm−1, 6 seconds
13 Develop AZ400K: H2O (10:70), 6 seconds
14 Metallise Thermal evaporator, Ti (20 nm), Au (100 nm)
15 Lift off Acetone

Table 2.2: Summary of the steps carried out to perform the fabrication of the
device shown in Fig. 2.2 for magneto-transport measurements.
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2.2.2 Thermal evaporation

Thermal evaporation is a technique in which pure metals are deposited onto a
substrate. The substrate and the metals are placed in a vacuum chamber which is
then pumped down to a pressure of the order 2 ×10−7mbar. The metals are placed
on a boat which is then heated by passing a high current. Thermally vaporized
molecules of the metals strike and deposit onto the substrate surface. For making
electrical contacts, 20 nm of Ti and 100 nm of Au were deposited on the devices
used for magneto-transport measurements.

2.2.3 Ion milling

In order to etch the fabricated samples discussed in this thesis I employed the
technique of ion milling. Ion milling was preferred over the wet chemical etch-
ing because it is not layer dependent and allows one to obtain good quality edge
definition without significant side wall over and under cut. This technique involves
bombarding the sample surface with a beam of Ar+ ions produced by reversing
the polarity of the sputter machine as discussed in [169] using a 630 V bias voltage
to the substrate. Due to this reverse bias, Ar+ would then accelerate towards the
substrate instead of the target material causing milling or etching of the substrate.

For ion milling of the samples mentioned in the thesis, when a 630 V bias voltage
was applied, a plasma power of 6W was produced which had Ar+ ions accelerated
towards the substrate which was rotated at 20 rpm. Fig 2.3 represents a patterned
and milled magneto-transport device mounted on a piezoelectric transducer . The
bonding wires can be clearly seen as well.

2.2.4 Sample mounting

The samples were prepared and mounted depending on the experimental technique
involved. Table 2.3 summarises the sample mounting process with figure 2.4 show-
ing the mounted samples .
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Figure 2.3: Microscopic image of the patterned device mounted on a piezoelectric
transducer. The samples were bonded to the transducer using an epoxy resin cured
at room temperature such that the uniaxial strain is parallel to the [100]/[010]
directions of the substrate.
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Technique Mounting Process
MOKE On piezoelectric transducer Glued using epoxy resin.

Cured at room
temperature.

Magneto-transport On piezoelectric transducer Glued using epoxy resin.
Cured at room
temperature.

SQUID magnetometer Silicon rod Glued using GE varnish
VNA- FMR Co-planar wave guide Placed on the waveguide

with ferromagnet side
touching the transmission

axis

Table 2.3: Summary of the sample mounting process for different experimental
techniques investigated in this thesis.

Figure 2.4: Sample mounting for different techniques. (a)For MOKE measurements
two samples were bonded to the transducer with the strain parallel and orthogonal
to [100] axis. (b) For magneto transport measurements, the processed devices were
bonded to the transducers with strain parallel to the [100]/[010] directions. (c) For
SQUID measurements, a 4mm× 3mm chip was glued to the sample rod using Ge
varnish.

To measure the effect of strain on the magnetisation reversal process, samples
S419, S420, S421, and S422 were mounted on piezoelectric transducers using epoxy
resin. The transducers used are piezostacks Pst 150/3.5 ×3.5/7 and Pst 150/5 ×5/7
from Piezomechanik GmbH, which produce a homogeneous uniaxial strain within
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the volume of the transducer. When operated in a bipolar mode between -30V to
+150 V the piezostacks are capable of applying a maximum load force of 800 N
and produce uniaxial strain in the measured multilayer in the range of ±2 × 10−4

as shown in ref.[68] and in Appendix B . The transducer is covered with a polymer
coating on both the sides. The coating on one side of the transducer was removed
using polishing paper. It was then cleaned with IPA to remove any dust and making
sure the surface is smooth. The transducer was then glued using GE varnish to
silicon stacks and to a standard 12 pin header for magneto transport measurements
and to a standard 4 pin header for magneto-optical measurements. The transducer
was only glued on one edge to allow the transducer to move freely and the strain
to transmit and not be restricted because of the GE varnish glue. The wires were
clipped and the enamel was removed. The terminals were then soldered to the pins
of the header making sure that the positive and negative terminals are noted. The
samples were then bonded to the polished side of the transducer, with the [100]
crystal direction parallel to the edge of the piezoelectric transducer, using Epotech
70E epoxy resin mixture and cured at room temperature for 1 day. To prevent
damage to the sample due to strain which can go up to the order of 10−3, the
transducers have been operated between a safe voltage of -30 V to +30 V. When
there is voltage across the transducer, a uniaxial strain across the volume of the
transducer is generated which is transmitted through the substrate to the device.
Not all of this force is transmitted to the top layer of the sample as a significant
fraction of it can be attenuated in the epoxy glue and the substrate. Therefore it
becomes necessary to determine the transmitted strain experimentally.

Figure 2.5 shows the schematic of the sample mounted on a piezoelectric trans-
ducer for magneto-transport measurements and the type of uniaxial strain, tensile
and compressive for positive and negative voltage respectively.
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[100]

(a) Schematic of a device mounted on the
piezoelectric transducer

(b) Characteristic of strain for positive and negative
voltages

Figure 2.5: Schematic of a magneto transport device on a piezoelectric transducer
showing the direction of the uniaxial strain for positive and negative voltage across
the transducer. The transducer is represented by the rectangle with the arrows
representing the directions of the tensile and compressive strains for positive and
negative voltages.

Strain calibration

To deduce the relation between the applied voltage and strain produced in the
piezoelectric transducer, magnetotransport measurements were performed. This
technique involved measuring the longitudinal resistance and relating the change
to the induced strain. The sample was held in an in-plane magnetic field of 0.5 T
, sufficiently strong to saturate the magnetisation along the [010] crystal direction,
and the change in resistance with strain was recorded. Assuming the initial length
of the device to be xo in the x direction, the following can be deduced:

Initial length of the device in x direction =xo

Final length of the device when strain ϵx is applied along x direction =x1

So,
ϵx = x1 − xo

xo

(2.1)

The Poisson’s ratio which can be defined as the ratio of transverse strain to the
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longitudinal strain is given as :

ν = − ϵtrans

ϵlongitudinal

= −ϵy

ϵx

= − ϵz

ϵx

(2.2)

The resistance of the device for current along the x− direction can be written
as:

R = ρx

yz
(2.3)

therefore the change in resistance due to strain will be

∆R

R
= △x

x
− △y

y
− △z

z
(2.4)

∆R

R
= ϵx − ϵy − ϵz (2.5)

Taking the isotropic upper limit of the Poisson’s ratio, ν = 0.5

∆R

R
= ϵx(1 + 2ν) = 2ϵx (2.6)

Equation 2.6 gives the relation between the change in longitudinal resistance to
the relative strain.

2.3 Measurement techniques and Modelling
The different techniques used in this thesis to understand the material character-
istics are discussed in this section. The motivation of employing these techniques
was mainly to understand the magnetisation response of the material as a function
of external magnetic field and frequency. This magnetisation response is controlled
by the anisotropies of the material which depend on the free energy of the magnetic
system.

Several experimental techniques have been employed in order to build a com-
plete understanding of the magnetic and structural properties of the multilayer
samples. Magneto Optical Kerr Effect (MOKE) magnetometry was performed to
understand the magnetic characteristic mainly for the top layer of the structure
at different voltages of the piezoelectric transducer. Super Conducting QUantum
Interface Device (SQUID) along with the magneto-transport measurements probe
the whole of the material structure and give us the magnetic and electric character-
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istics respectively. Ferromagnetic resonance studies along with the mathematical
modelling were done to obtain the anisotropy constants, and field linewidths for
each layer separately and thereby the damping parameters of the materials. High
Resolution -Transmission Electron Microscopy (HR-TEM) was done to investigate
the structural characterisation of the material in particular the epitaxial crystal
quality of the magnetic and spacer layers. Further to this, with the knowledge of
material characteristics, modelling of two dimensional memory elements employing
strain only to induce change in magnetisation have been investigated.

2.3.1 Magneto Optic Kerr Effect

2.3.1.1 System description

The magneto- optical measurements reported in the thesis were carried out in the
static longitudinal MOKE set up as shown in the figure 2.6:

Figure 2.6: Schematic of the MOKE set up showing the different components used
for the longitudinal Kerr effect. In the figure the components are: 1(He-Ne Laser),
2 (Polariser), 3 (20mm confocal lenses), 4(Electromagnet poles) , 5(Sample on a
standard header), 6(λ/2 wave plate), 7(Wollaston beam splitter), and 8 (Photodi-
odes). The red dashed line represents the incident and reflected beam at angles
i and r respectively. The red arrows indicates p−polarisation and blue arrows
indicate s− polarisation .
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System set up

The amplitude of the parallel and perpendicular components of the light reflected
from a magnetic material is related to the parallel and perpendicular components
of the incident beam by the Fresnel coefficients[170]

Er = R · Ei (2.7)

or,
 Ep

Es


r

=
 rpp rsp

rsp rss

 Ep

Es


i

(2.8)

where Er is the reflected beam, R is the Fresnel coefficient matrix and Ei is the
incident beam. For a p polarised incident beam, the reflected beam can be written
as following Ref. [171][163] and Appendix A.

Er = Ei

[(
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t r
t
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l r
l
pp +m2

zr
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pp

)
p̂+
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zr
p
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)
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(2.9)

where the unit vectors p̂ and ŝ are parallel or perpendicular to the incident
plane respectively, and rα

βγ are the Fresnel reflection coefficients, due to transverse
(α = t), longitudinal (α = l) , and polar (α = p). MOKE effect for electric field
components parallel (β = p or γ = p ) and perpendicular (β = s or γ = s ) to the
plane of incidence.

The reflected intensity can then be defined as:

Ir = |Er|2 (2.10)

Ir = |Ei|2
[
|
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]

(2.11)

For the magneto-optical measurements performed in this thesis, the photo-
diodes are configured to measure only the longitudinal component of the magnet-
isation . Therefore the transverse components can be neglected and equation 2.11
can be simplified to

Ir = |Ei|2[|m2
l r

l
pp|2 + |m2

l r
l
sp|2] (2.12)

Equation 2.12 therefore implies that the reflected beam has two components
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compared to the incident beam which has only the p component. A representation
of this is shown in figure 2.7.

Figure 2.7: Geometry of the MOKE magnetometer measurement showing the in-
cident and reflected light. For an incident p− polarised beam, the reflected beam
has a p component and a small s component as well which is the Kerr angle (θk).

For longitudinal MOKE configuration, the maximum sensitivity to measure
Kerr rotation (θk) is by performing a differential measurement of the individual
components of the reflected light which is given by

∆ = |Er|2
(
cos2(θk) − sin2(θk)

)
(2.13)

Therefore the sensitivity is

d∆

dθk

= −2|Er|2sin(2θk)

which is maximum for a Kerr rotation angle (θk = 45◦). Thus it becomes necessary
to rotate the plane of the small Kerr rotation angle without changing its polar-
isation. This was done by using a half-wave plate and a polarising beam splitter.
The two components of the reflected beam were rotated by 45◦ and separated. The
difference between the intensity of the p and s component is then given as

∆ = |Er|2
(
cos2(45◦ + θk) − sin2(45◦ + θk)

)
== −|Er|2sin(2θk) (2.14)
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and
d∆
dθ

= −2|Er|2cos(2θk)

Following the mathematical derivation stated in Appendix A the Kerr rotation
can then be given as:

θk = 1
2sin

−1
(
Is − Ip

Is + Ip

)
(2.15)

2.3.1.2 Measurement description

For in-plane longitudinal MOKE measurements, the sample was mounted on a
piezoelectric transducer . The sample and the transducer were then mounted on
a sample holder and hosted between the poles of the electromagnet able to sweep
magnetic field between ±0.05 T at a step size of 0.2 mT. A 635 nm He-Ne laser with
power output 4 mW was incident on the sample at 45◦. The incident beam passed
through a polariser to produce a linearly polarised beam with polarisation parallel
to the plane of incidence. In some experiments the incident beam was focused to
50 µm by using 20 mm confocal lenses before the sample. The reflected beam
was then passed through a λ/2 wave plate and a polarising beam splitter. The
individual components of reflected light were measured using a pair of commercial
photo-diodes. The Kerr rotation was then interpreted by using equation 2.15.
As previously discussed, Kerr angle is the measure of the ellipticity produced by
the change in magnetisation as the magnetic field is varied. The sense of the the
magnetisation reversal can be realised by normalising the obtained Kerr angle. The
experimental set up to perform the longitudinal magneto-optical measurements and
also the magneto-transport measurements has been shown in Fig. 2.8.
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Figure 2.8: Experimental set up employed to perform the magneto-optical and
magneto-transport measurements. The red labels indicate the optical and the
electrical components which were used for the set up.

An example MOKE graph showing the change in magnetisation of sample S419
when the magnetic field is swept parallel to the [110] crystal direction at different
voltage across the piezoelectric transducer is shown in figure 2.9.
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Figure 2.9: Example longitudinal MOKE hysteresis loops for sample S419 showing
the magnetisation change of mainly the top layer at different piezoelectric voltages.

The longitudinal MH loop from MOKE as shown in figure 2.9 describes the
magnetisation reversal behaviour of a Fe1−xGaxmultilayer sample. Due to the lim-
ited penetration depth of the laser, the magnetisation response as seen is limited
to only a part of the sample structure and probes mainly the top layer. For a
single layer film of iron, the penetration depth was calculated to be 16 nm (See
Appendix A). However for multilayer samples taking into account the reflections
at the interfaces and different transmission coefficients, the penetration depth is
limited to ≈10 nm. Detailed discussion about the MH loops obtained by MOKE
is presented in subsequent chapters.

2.3.2 SQUID magnetometry

The SQUID magnetometry measurements discussed in this thesis were performed
using a Quantum Design MPMS XL SQUID magnetometer at Institute of Physics,
Polish Academy of Sciences, Warsaw. A SuperConducting QUantum Interference
Device (SQUID) magnetometer is a very sensitive instrument used to measure the
magnetic properties of a material as function of external field[172] . The magnetic
field is applied by the superconducting magnet that has a strength between ±1 T
and an uniformity of 0.01% over the 4 cm sample space area. The sample is hosted
in the central sample space which can be be varied between 2 K to 400 K.
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2.3.2.1 System description

A SQUID magnetometer uses the properties of flux quantisation and the DC
Josephson effect to sense the magnetisation of a material by using a supercon-
ducting ring with Josephson junctions in it. Josephson junctions are made by
sandwiching an ultra-thin layer of an insulating material between two layers of su-
perconductors. This superconducting ring of a SQUID magnetometer can contain
either one or multiple Josephson junctions.

Figure 2.10: Circuit diagram of pick up coils and the sample that are inductively
coupled to the Josephson junction and the rf circuit .

The magnetic material is oscillated longitudinally through the detection coils
which are inductively coupled to the Josephson junctions as shown in figures 2.10
and 2.11. The sensitivity towards the sample positioning is resolved by the winding
of the detection coils. As shown in figure 2.11 the coils at the top and bottom are
counter wound to the two coils in the centre. Due to this, any noise picked up by
the central coils will be cancelled by the top and bottom coils. Due to the longit-
udinal oscillation (Fig. 2.11 ) of the magnetic sample through the superconducting
detection coils, the magnetic flux linked to the coil changes, thereby inducing an
electric current in the detection coil. As the flux remains quantised, when the cur-
rent in the detection coil changes a voltage signal is observed in the feedback rf coil
(shown in Fig.2.12 ). This detected signal is then transformed into magnetisation
using calibrated measurements. The schematic of the locked loop operation of a
rf SQUID showing the input circuit diagram and electronics is shown in Fig.2.12
which has been taken from Ref.[173].
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Figure 2.11: Schematic showing the longitudinal oscillation of the magnetic mater-
ial through a pick up coil which changes the magnetic flux linked to the coil. By
flux quantisation, when the current in the detection coil change a voltage signal
is observed in the feedback R.F. coil which is then converted into magnetisation
signal using calibrated measurements.

The entire detection unit is enclosed in mu metal shield to protect the SQUID
from the magnetic field produced by the magnet itself.

Figure 2.12: Schematic of the locked loop operation of a rf SQUID showing the
input circuit diagram and electronics is shown. The input coil is inductively coupled
to the pickup coils.

2.3.2.2 Measurement description

Samples for measurement were scribed in dimensions of 4 mm × 3 mm and held
to a silicon rod using GE varnish. The silicon rod was then attached to a non-
magnetic sample rod, centred within the superconducting coil which is mechanically
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driven by a servo motor. The sample was then centred about the detection coil
by oscillating the sample sinusoidally using the servo motor. Once centred, the
magnetic field was swept between ±0.1 T and corresponding longitudinal moment
was recorded by performing measurements in reciprocal sample oscillation (RSO)
mode to reduce noise and improve sensitivity. All the superconducting elements of
the SQUID magnetometer were immersed in liquid helium, while the central space
which hosts the magnetic sample was at room temperature. Figure 2.13 shows
an example longitudinal SQUID MH loop for sample S421 along three different
crystallographic directions and magnetic field between ±0.1T.
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Figure 2.13: Example of a SQUID hysteresis loop for sample S419 representing
the net longitudinal magnetic moment of the sample for field swept along different
crystal directions: blue ([100]), green ([110]), and red ([11̄0]) directions.

2.3.3 Magneto transport

2.3.3.1 System description

The magneto-transport measurements were performed using the same electromag-
net as the MOKE magnetometry measurements. The system comprised the 2
pole electromagnet, a Keithley 2400 current source meter, a Keithley 2400 voltage
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source meter, and 2 Keithley 2000 multimeters for measurement of longitudinal
(Rxx) and transverse (Rxy) resistances. The sample was hosted between the poles
of the electromagnet as shown in Fig. 2.8 capable of applying field up to ±0.05 T.

2.3.3.2 Measurement description

The magneto transport measurements were performed on devices as shown in Fig.
2.14 .The devices were processed and mounted as discussed in section 2.2. A current
of 1×10−4 A was passed along the [110] direction and the magnetic field was swept
between ±0.04 T at a step size of of 0.002 T for each angle in the plane of the film
between [010] to [01̄0] in intervals of 15◦.. The magnetic sweep measurements were
repeated for voltages across the piezoelectric transducer varied between −30 V to
+30 V in steps of +5V . The corresponding longitudinal and transverse resistances
were measured and recorded using a MATLAB code. The code was also used to
control the electromagnet and the Keithley source meters and the multimeters. The
voltage across the piezoelectric transducer was only incremented when the current
measured across would be <10µA by charging the capacitor too quickly. This was
done such that a large strain is not produced across the transducer too quickly
which might damage or crack the magneto-transport device.

Figure 2.14: Schematic and geometry of the device used for magneto transport
measurements. (a) The geometrical pattern of the device showing the directions of
current, strain and the ferromagnet layers. (b) Device pattern depicting the direc-
tion of current and measurement aspects of longitudinal and transverse resistance.

Fig.2.14 represents the schematic and geometry of the device used for magneto
transport measurements, (a) showing the directions of current, strain and the ferro-
magnet layers, (b) and the measurement geometry for longitudinal and transverse
resistance.
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Fig. 2.15 shows an example transverse resistance data collected for sample
S419, at different piezoelectric voltages while the field is swept parallel to the [11̄0]
crystal direction.

-0.04 -0.02 0.00 0.02 0.04

0.84

0.85

0.86

0.87

0.88

0.89

0.90

 

 

R
xy

 (
)

Magnetic field (T)

 -30V
 -25V
 -20V
 -15V
 -10V
 -5V
 0V
 5V
 10V
 15V
 20V
 25V
 30V

Figure 2.15: Example transverse resistance measured using the magneto transport
set up at different piezoelectric voltages for sample S419 with magnetic field varied
along the [11̄0] crystal direction.

2.3.4 Ferromagnetic resonance

As has been discussed previously in Ch. 1, ferromagnetic resonance is a very
sensitive technique which is used to probe the static and dynamic properties of
magnetic materials. The ferromagnetic resonance experiments (FMR) discussed in
this thesis were performed in collaboration with Dr. Stuart Cavill at the University
of York, United Kingdom.

2.3.4.1 System description

For the FMR measurements of the samples investigated in my thesis, a broadband
vector network analyser based FMR (VNA-FMR) was utilised. The set-up utilises
a broadband network analyser (R&S ZNB Vector Network Analyser) to generate
and analyse the rf wave, which are directed using non-magnetic sma end-coaxial
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cables into the coplanar wave guide which hosts the magnetic sample. The incident
microwave signal can be either reflected or/ and transmitted after interacting with
the sample. For the case of a VNA set up, the transmitted signal is measured
by finding the transmittance, or the ratio of the power of the transmitted to the
incident wave.

In a VNA, there are two ports which can produce and analyse the microwave
signal. The scattering parameter (Sij) which refers to the scattering power ratio
of the incident rf wave generated by i-port, and measured by port j. For the VNA
used, the two ports 1 and 2 are used, and the S21 signal is used to obtain the FMR
spectrum. This spectrum is observed as a Lorentzian line shape[131, 174], and
has the maximum value when the frequency of the rf wave matches the natural
frequency of the magnetic moments. Fig. 2.16 shows a schematic of a VNA-FMR.

Figure 2.16: Schematic of a VNA-FMR system used to perform the FMR meas-
urements discussed in this thesis.

2.3.4.2 Measurement description

The FMR measurements were conducted at room temperature by employing a
coplanar wave guide. To achieve good coupling with the microwave, the bilayer
sample was placed top down with the metal face towards the transmission axis
(also called as the flip chip method [175, 176]), and then positioned between the
poles of the electromagnet. For a fixed frequency ranging between 1 GHz to 20 GHz,
the external in-plane magnetic field was varied along different crystal directions of
the sample, while measuring the S21 signal of the transmission line. Fig. 2.17 shows
an example of a measured S21 signal at 12 GHz for sample S419 ,when the field
was varied along the [11̄0] crystal direction. The experimentally observed spectra
is represented by the black points, and the lines represent the Lorentzian fits which
will be discussed in details in Ch. 3 of this thesis.
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Figure 2.17: S21 transmission spectra for sample S419 at 12 GHz, when the mag-
netic field was varied along the [11̄0] crystal direction. The experimentally observed
spectra is represented by the black points, and the lines represent the Lorentzian
fits .

2.3.5 HR-TEM

The High Resolution Transmission Electron Microscope results discussed in the
thesis were obtained by FEI TITAN Themis 60-300 Cubed installed at Brno Uni-
versity of Technology, Central European Institute of Technology, Czech Republic.
The methods for TEM were performed by Dr. Jan Michalicka, and Dr. Michal
Urbanek with the collaboration support from Dr. Martin Veis.

High Resolution TEM is an imaging technique that allows to capture the crys-
tallographic structure of a sample at an atomic scale. Due to its high resolution, it
is a very sensitive and valuable technique to investigate morphological properties
of materials at high magnifications.

2.3.5.1 System description

A HR- Transmission electron microscope comprises four main components: electron
source, electromagnetic lens system, sample holder and the imaging system. The
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electron source include a cathode made of tungsten which emits electrons when
heated and an anode. The high energy electrons accelerate towards the anode
which are then focussed and regulated by the electromagnetic lens system. This
system comprising magnetic lens and aperture only allows electrons within a certain
energy to pass through. The sample is hosted by the sample holder which can be
manipulated in the x-y-z plane. The focussed electron beam bombard the sample
and transmit through it to the imaging system which forms a contrast image based
on the collected electrons. The image contrast depends on the the interaction of
the electrons with the sample which is dependent on the thickness, atomic number
and crystal structure of the sample. Fig. 2.18 shows a schematic of a TEM column.

Figure 2.18: Schematic of a Transmission Electron Micro-
scope.(www.nobelprize.org)

2.3.5.2 Measurement description

The samples were performed in form of thin cross sectional lamellae prepared by
dual Scanning Electron Microscope with gallium Focussed Ion Beam column. An
image CS-corrector of optic aberrations, which is a part of the used TEM, was
aligned for atomic HR-TEM imaging. The atomic structures were revealed in TEM
phase contrast, when the crystal of the GaAs substrate was tilted to a low-index
zonal axis.
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2.3.6 Modelling Ferromagnetic resonance conditions

In order to obtain the magnetic anisotropies and saturation magnetisation of each
layer of the bilayer system, the angular resonance conditions at a fixed strength in-
plane external field were obtained and modelled for each of the samples described in
this thesis. The general conditions for resonance have been obtained in terms of the
second derivatives of the total free energy density of magnetisation in an external
magnetic field . This approach for the derivation of the resonance condition in
terms of minimising the magnetic free energy is known as the Smit, Suhl and Beljers
approach. The ferromagnetic resonance frequency [137, 138] and field line-width
can be expressed by Eqn. 2.16 and Eqn.2.17.

(
ωres

γ

)2

= 1
M2sin2(θM)

∂2E

∂θ2
M

∂2E

∂φ2
M

−
(

∂2E

∂θM∂φM

)2


θequilibrium,φequilibrium

(2.16)
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|∂ωres/∂Hext|
γ

M

[
∂2E

∂θ2
M

+ 1
sin2θM

∂2E

∂φ2
M

]
θequilibrium,φequilibrium

(2.17)

where ωres is the angular resonance frequency, γ is the gyromagnetic ratio, M is
the magnitude of the magnetisation vector, E is the free energy of magnetisation,
α is the damping parameter and θM , φM are the polar angle and azimuthal angles
respectively.

For the modelling discussed in this thesis, the two layers of Fe1−xGax are treated
as two independent thin films, and the resonance conditions of each layer are treated
separately. This section describes the derivation of the general expression of the
magnetic anisotropies, the resonance conditions and the field linewidth.

The free energy of each layer of Fe1−xGax in an in-plane external magnetic field
is given by Eqn. 2.18 [101, 177, 178], where EZeeman is the Zeeman contribution to
the energy, Edemaig is the demagnetising energy. The uniaxial and cubic energy are
represented by Euniaxial and Ecubic respectively. The different energies have been
discussed in Chapter 1 (Sec. 1.4.2) .

E = EZeeman + Edemag + Euniaxial + Ecubic (2.18)

or,
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E = HextMs(sinθMcos(φH − φM)) +M2
s cos

2(θM) + 1
2HuMssin

2θMcos
2(φM − 45◦)

+ 1
8HcMs

(
sin4θMsin

2φM + sin22θM

)

Where Hext is the external applied field, Ms is the saturation magnetisation,
Hu is the uniaxial anisotropy field , Hc is the cubic anisotropy field, and the angles
are as defined in Fig. 2.19

Figure 2.19: Coordinate system for finding the resonance frequency conditions

.
With the polar value of the external field being θH = 90o, the equilibrium

conditions ( ∂E
∂θM

= 0; and ∂E
∂φM

= 0) are derived to be

θM = 90◦,

and

−HextMs(sin(φH − φM)) + 1
2HuMssin2(φM − 45o) + Hc

4 Mssin4φM = 0

Therefore, the second derivatives are,
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∂2E

∂θ2
M

= HextMs(cos(φH − φM)) +MeffMs

+HuMscos
2(φM − 45o) + Hc

2 Ms (1 + cos4φM) (2.19)

∂2E

∂φM

= HextMs(cos(φH − φM)) +HuMscos2(φM − 45o) + Hc

2 Mscos4φM (2.20)

Substituting Eqn..2.19 and 2.20 in Eqn. 2.16 results in

(
ωres

γ

)2

=
[
Hext(cos(φH − φM)) +Meff +Hucos

2(φM − 45o) + Hc

2 (1 + cos4φM)
]

×
[
Hext(cos(φH − φM)) +Hucos2(φM − 45o) + Hc

2 cos4φM

]
(2.21)

The magnetic properties of the layers of Fe1−xGax were then obtained by mod-
elling the angular resonance frequencies at a constant field strength using Eqn. 2.21
and doing a sum of least square fit to the experimental observed angular resonance
for each layer. The fit was done keeping the anisotropies and the saturation mag-
netisation as free parameters. From the obtained values of anisotropy constants,
the resonance frequency at a fixed angle was modelled and fit to the experimental
variation of the resonance field with frequency to estimate the values of the satur-
ation magnetisation within error bars. This process was iterated several times to
have the variation of the estimated parameters restrict within the calculated errors.

The field linewidths of the layers were also calculated using Eqn. 2.22 which
is obtained from Eqn. 2.17. Fitting the modelled field linewidth to the experi-
mental linewidth results in the calculation of the intrinsic and extrinsic damping
parameters.

△H = 2αωres

γ

1
cos(φH − φM) (2.22)

Fig 2.20 shows the modelled angular resonance frequency at 0.1 T with the
experimental resonance frequencies and the field linewidths for sample S421. Th
experimental FMR results will be discussed in Ch 3 of this thesis.
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Figure 2.20: Example to show the modelling of the angular dependence of resonance
frequency to obtain (a) the magnetic anisotropy and (b) the damping parameters
from the field linewidth

2.3.7 Modelling MH loops

Fitting to the FMR data using the model described in section 2.3.6 yields values
for the magnetic anisotropy constants and the saturation magnetisation of each
magnetic layer. In order to simulate the data obtained by SQUID magnetometry,
the magnetisation reversal curves have been simulated by calculating the conditions
to minimise the magnetic free energy as a function of external magnetic field. The
method is described in this section and the comparison of the fitting of the model
to the experimental data in chapters 3 and 4 permits a check of the consistency
between the data obtained by SQUID and FMR. It also allows extraction of the
domain wall de-pinning energy. [179].

The magnetic free energy is modelled as a function of magnetic field. The
direction of the magnetisation is determined to be the angle that represents the
minimum of the magnetic free energy. As the external magnetic field changes the
angle of the magnetisation is allowed to switch to a neighbouring minimum in
energy when the energy difference between the two minima is greater than the
parameter EDW , representing the energy to nucleate or to de-pin a domain wall.
Therefore, in this model magnetisation reversal proceeds via domain wall motion.

A schematic of this process is shown in Fig. 2.22 for external field 52◦ away from
the [010] crystal direction, where layer 1 (shown in red) is the layer of Fe1−xGax

grown on GaAs substrate and layer 2 (blue) is the layer over the spacer and the
green circle with the arrow denotes the location of the magnetisation M.



2.3 Measurement techniques and Modelling | 76

Fig 2.21 shows an example of modelled fit to the SQUID MH loop for sample
S421 for external field parallel to the [11̄0] crystal direction. The modelled curve is
fit to the experimental SQUID magnetisation loop by minimising the sum of least
squares with EDW as a free parameter for each layer.
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Figure 2.21: Modelled MH loop for SQUID to estimate the values of the EDW . The
normalised SQUID MH loop is shown in blue with the modelled MH loop in red.
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Figure 2.22: Schematic of the energy landscape describing the magnetisation re-
versal process. (a) Energy landscape for each layer showing the position of the
magnetisation at different magnetic field strengths. The green dot with an arrow
represents the angle of magnetisation at certain field strength. As the magnetic
field is varied, the magnetisation for each layer (red for layer 1, and blue for layer
2) switches or rotates to a different value to align with the easy axis or with the
external field which is shown by the schematic in (b).



Chapter 3

Static, dynamic and structural
properties of Fe1−xGax bilayer
films studied by SQUID,
Ferromagnetic resonance and
HR-TEM

3.1 Introduction
In this chapter, an investigation of the magnetic properties of Fe1−xGax bilayer
films including the magnetocrystalline anisotropies, saturation magnetisation, damp-
ing, linewidth, and the morphological properties are described. Ferromagnetic res-
onance and SQUID magnetometry are two very sensitive and convenient techniques
to determine the dynamic and static properties of the multilayer Fe1−xGax layers.
The investigated multilayer samples by SQUID and FMR are shown in table 3.1.
The individual layers have different Fe content resulting in different values of the
magnetisation and anisotropy constants. Ferromagnetic resonance (VNA-FMR)
and SQUID magnetometry have been used along with mathematical modelling to
determine the static and dynamic properties for each layer in the multilayer struc-
ture. For the structural characterisation only the 5 nm thick spacer samples were
investigated by HR-TEM technique to resolve the surface interface interaction.
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Sample Nominal Structure ( nm ) Substrate
S419 GaAs \ Fe81Ga19(5) \ Al (5) \ Fe90Ga10(5) \Al (5) 150 µm GaAs

(001)
S420 GaAs \ Fe81Ga19(5) \ Al (10) \ Fe90Ga10(5) \Al (5) 150 µm GaAs

(001)
S421 GaAs \ Fe81Ga19(5) \ Cu (5) \ Fe90Ga10(5) \Al (5) 150 µm GaAs

(001)
S422 GaAs \ Fe81Ga19(5) \ Cu (10) \ Fe90Ga10(5) \Al (5) 150 µm GaAs

(001)

Table 3.1: Investigated samples for static and dynamic properties using VNA-FMR
and SQUID magnetometry.

3.2 FMR study of dynamic properties
In this section the ferromagnetic resonance experiments and the mathematical ana-
lysis to obtain the values of the magnetic parameters of the investigated samples
are discussed. The FMR experiments were performed using a VNA-FMR set up in
collaboration with Mr. C. Love and Dr. S. Cavill at the University of York, United
Kingdom.

3.2.1 Extraction of magnetic anisotropy constants

A vector network analyser based FMR system was used to investigate the dynamic
properties of the multilayer galfenol films. Magnetic field was scanned between 0 T
and 0.3 T at microwave frequencies ranging from 0 GHz to 20 GHz for each sample
along different in-plane directions of magnetic field with respect to the transmission
axis parallel to the [11̄0].

From the FMR measurements at different frequencies and at different angles of
a constant in-plane external field, the resonance frequency and the linewidth[180]
were extracted for each sample, from the S21 spectra . Example spectra are shown
in Fig. 3.1. It shows the FMR spectra for a constant field strength of 0.1 T along
three different crystal directions : [110], [100], and [11̄0], for sample S421 . The
black circles are the experimental data from the FMR, and the coloured solid lines
are the Lorentz fits given by Eqn 3.1:

y = yo + 2A
π

(
w

4 (f − fr)2 + w2

)
(3.1)

where A is the signal area after background subtraction, f is the frequency in
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GHz, fr is the resonance frequency, and w is the linewidth given by the full width
at half maximum of the peak.

From the Lorentz fits, the frequency linewidth is the full width at half maximum
of the peak, and the resonance frequency is the peak centre. As can be seen in
the transmission spectra of the ferromagnetic resonance, the presence of two peaks
would indicate a different resonance frequency for each layer. As the layers have
nearly similar composition, the resonance frequencies are very near, and hence the
spectra have two overlapping modes instead of separate distinct Lorentz features.

For each of the samples, the values of the resonance frequency at different
angles of a fixed magnetic field rotated with respect to the [010] direction were
then obtained and have been shown by the points in Fig. 3.2 (a) to (d). The
red points denote the experimental resonance frequencies for layer 1, while the
green points denote the experimental resonance frequencies for layer 2. A similar
approach to obtain the resonance frequencies as a function of field magnitude, for
the magnetic field applied along the [11̄0] crystal direction was performed for all
the samples.The results are represented in Fig. 3.3 (a) to (d) for both the magnetic
layers. The [11̄0] crystal direction was chosen, as the transmission axis is parallel
to this direction, and has a better signal to noise ratio in comparison to the other
directions of applied field. This is only for a matter of convenience and the same
can be done for any of the crystal directions.

In the angular resonance frequency plots, it is observed that the individual
layers have distinct resonance frequencies which is expected because the layers have
different iron composition, and hence different net magnetic moment and different
values for the anisotropy constants. The angular resonance frequencies exhibit a
typical quasi-sinusoidal angular dependence which is a combination of the 2 fold
uniaxial component and 4 fold cubic component with lower values for 45◦ ([110])
and 135◦([11̄0]) and higher resonance values for the 0◦([010]) and 90◦([100]) field
directions. The difference in the resonance frequencies between the [110] and [11̄0]
direction is due to the uniaxial anisotropy term .

In order to obtain the magnetic anisotropy constants and the values of the satur-
ation magnetisation, the experimental points were fitted using simulated values of
the resonance frequencies for individual layers. The mathematical modelled curves
are shown by the red and green dashed lines in the figures 3.2 (a) to (d) and d
figures 3.3 (a) to (d). The mathematical fits for the angular variation of resonance
frequency and the field variation of the frequency were performed iteratively to
minimise the standard error on the anisotropy and the saturation magnetisation



3.2 FMR study of dynamic properties | 81

6 9 12 15 18

6 9 12 15 18

6 9 12 15 18

 

 

 B||[100]

S
21

 (a
.u

)

 

 

S
21

 (a
.u

)

 (B| |110)

 

 

S
21

 (a
.u

)

Frequency (GHz)

 B||[110]

Figure 3.1: FMR spectra for sample S421 at 0.1 T parallel to different crystal
directions. The black hollow circles are the experimentally observed FMR spectra,
with the Lorentz fit in blue (total), red (layer 1) and green (layer 2) solid lines.
The resonance frequency is the peak centre of the fits and the frequency linewidth
is the FWHM of the Lorentz fits. As the layers have different Fe concentration
along with unique magnetocrystalline anisotropies, the resonance frequencies are
different for each layer and vary with field direction.
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value. The angular variation of the resonance frequency for all the samples were
first fit using sum of least squares and using Eqn.3.2 with the anisotropy fields and
saturation magnetisation constant as the free parameters. Eqn. 3.2 relates the
resonance frequency to the magnetic anisotropies and was previously discussed in
Chapter 2 (see Eqn. 2.21 ).

(
ωres

γ

)2

=
[
Hext(cos(φH − φM)) +Meff +Hucos

2(φM − 45o) + Hc

2 (1 + cos4φM)
]

×
[
Hext(cos(φH − φM)) +Hucos2(φM − 45o) + Hc

2 cos4φM

]
(3.2)

Next the field variation of the frequency along the [11̄0] direction was modelled
using the same equation Eqn.3.2, but this time the anisotropy energy terms were
fixed parameters and the angle chosen was along the [11̄0] crystal direction. This
fit would give an estimate of the saturation magnetisation, which was reused to fit
the angular variation of the resonance frequency to get different values of the aniso-
tropies. This cycle was iterated multiple times till the variation of the values were
limited within the error bars. A flowchart depicting the steps of the mathematical
modelling is shown in Fig. 3.4.

Example fits to the angular resonance frequency at 0.1 T for samples S419, S420,
S421 and S422 are shown in fig 3.2 (a) to (d) respectively. In these plots 0◦ refers
to the [010] crystal direction. The modelled values of the resonance frequencies for
each layer are denoted by the dashed lines.

Table 3.2 lists the calculated values of the magnetic anisotropy coefficients and
the saturation magnetisation for each layer calculated using the mathematical mod-
elling process as described above.
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Figure 3.2: Fit to the angular resonance frequency at 0.1 T for samples (a)S419,
(b)S420, (c)S421, (d)S422 using Eqn. 3.2. The experimental resonance frequencies
for each layers are represented by scattered points : red for layer 1 and green
for layer 2, and the dashed lines represents the simulated fits to the experimental
points.
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(a) S419 (b) S420

(c) S421 (d) S422

Figure 3.3: Resonance frequency for sample S419 to S422 with magnetic field along
[11̄0] direction.The experimental values for each layers are represented by scattered
points : red for layer 1 and green for layer 2, and the dashed lines represents the
simulated fits to the experimental points.
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Sample K layer1
u

(J/m3)
K layer1

c

(J/m3)
M layer1

s

×106Am−1
K layer2

u

(J/m3)
K layer2

c

(J/m3)
M layer2

s

×106Am−1

S419 9400 ± 100 29000 ±
400

1.46 ±
0.03

3300 ± 700 18000 ±
200

1.47 ±
0.01

S420 2400 ± 200 23000 ±
200

1.32 ±
0.01

−770.0 ±
100

20000 ±
100

1.51 ±
0.01

S421 6200 ± 10 32000 ± 10 1.42 ±
0.04

4100 ± 500 33000 ±
200

1.49 ±
0.01

S422 11000±100 18000 ±
100

1.45 ±
0.04

500 ± 10 23000 ±
100

1.51 ±
0.01

Table 3.2: Extracted values of the uniaxial and cubic magnetocrystalline aniso-
tropies and saturation magnetisation for each layer of samples S419, S420, S421
and S422 using FMR experiment and mathematical modelling using Eqn.3.2.

Figure 3.4: Flowchart describing the steps to iterate multiple times to get the values
of the magnetic anisotropies and the saturation magnetisation for the samples listed
in table 3.1.

The labels layer 1 and layer 2 mentioned in the above figures and table, as
mentioned previously represent the layers of the multilayer sample. In order to
identify these labels to the actual layers of the multilayer structure, the satur-
ation magnetisation along with the magnetocrystalline anisotropy values can be
compared.

The magnetocrystalline anisotropy parameters for each layers are compared
quantitatively by using the fractional values of K1

u

K1
c
, K2

u

K2
c
, and K1

u

K2
u

where 1 and 2 refer
to the ferromagnetic layers. These fractions have been listed in Table 3.3 along
with net percentage of Fe. The values of Fe % have been calculated using the
saturation magnetisation value of pure iron ( 1.7×106Am−1 ) and finding the ratio
M

layer1/2
s

MF e
s

. The error associated with the ratio of the uniaxial anisotropy and cubic
anisotropy is given by[100]:

∆
Ku

Kc

=

√√√√(∆Ku

Kc

)2
+
(

−Ku∆Kc

K2
c

)2

(3.3)
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Sample Fe %
Layer 1

Ku

Kc

Layer 1
Fe %
Layer 2

∣∣∣Ku

Kc

∣∣∣
Layer 2

S419 86 ± 2 0.32 ± 0.007 87 ± 1 0.18 ± 0.04
S420 78 ± 1 0.1 ± 0.008 89 ± 1 0.04 ± 0.01
S421 84 ± 2 0.2 ± 0.001 88 ± 1 0.12 ± 0.02
S422 85 ± 2 0.61 ± 0.006 89 ± 1 0.02 ± 0

Table 3.3: Table showing the Fe% in each layer of the grown samples calculated
from the saturation magnetisation values obtained from the FMR experiments.
The fractions K1

u

K1
c
, K2

u

K2
c
, and K1

u

K2
u

are used to map the labels to the layers grown on
the substrate and the layer grown on the non-magnetic spacer.

From the above table it is seen that since the values of the cubic anisotropy
are fairly consistent for the layers the fraction Ku

Kc
mostly reflects the variation

of the uniaxial anisotropy. Both the fraction are always found to be < 1 which
indicates both the fraction Ku/Kc and the absolute values of Ku of the layer 1
is greater than the layer 2. The in plane uniaxial anisotropy has been attributed
to the metal-GaAs interface bonds and is inversely proportional to the thickness
of the film[181–183]. A higher uniaxial anisotropy value would indicate a more
significant anisotropic influence of the ferromagnet-substrate interface bonds while
a lower value would indicate that the effect of the interface is weaker. Therefore
using this argument it can be realised that layer 1 refers to the bottom layer that
is grown on the GaAs substrate while layer 2 with lower Ku values is the top layer
grown on the metallic stack. This realisation has been checked for consistency by
comparing the Ms values. The saturation magnetisation values of layer 1 for all of
the samples are smaller than the values for layer 2. This indicates that the layer
labelled 1 has less Fe content compared to layer 2, and is something we planned
to grow for samples listed in Table. 3.1. However the Fe content in different
samples is not consistent,and this anomaly in the Fe composition could be due to
multiple reasons which includes systematic errors in the sputter growth rates due
to calibration, interface mixing etc.

3.2.2 Extraction of the dynamic parameters

For the purpose of investigating magnetisation dynamics in thin films, the linewidth
and Gilbert damping are commonly used parameters that describe the spin relax-
ation, spin damping and scattering of the magnetic system.

For the investigated samples the linewidths have been determined from the
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Lorentzian fits at 10 GHz for all the samples along the [100] and [11̄0] directions and
have been shown in Fig.3.5 (a) to (h) below. In the plots, the black hollow circles
are the experimentally observed FMR spectra, with the Lorentz fit in blue (total),
red (bottom layer) and green (top layer) solid lines. The frequency linewidth is the
FWHM of the Lorentz fits. The values of the linewidths for both the layers are
listed in Table 3.4.
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Figure 3.5: FMR spectra for sample numbers S419 (a, b), S420 (c, d), S421 (e, f),
S422 (g, h), at 10 GHz frequency along the [11̄0], and [100] crystal directions . The
black hollow circles are the experimental observed FMR spectra, with the Lorentz
fit in blue (total), red (layer 1) and green (layer 2) solid lines. The frequency
linewidth is the FWHM of the Lorentz fits.
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Sample Bottom
layer
[100]

(×10−3T )

Top layer
[100]

(×10−3T )

Bottom
layer
[11̄0]

(×10−3T )

Top layer
[11̄0]

(×10−3T )

S419 4.7 ± 1.9 3.8 ± 1.6 4.5 ± 1.2 5.9 ± 2.7
S420 3.6 ± 0.4 3.6 ± 0.4 4.9 ± 0.9 5.1 ± 2.2
S421 7.6 ± 0.5 8.1 ± 2.2 8.1 ± 2.7 4.2 ± 0.8
S422 4.3 ± 0.5 4.3 ± 0.5 3.7 ± 1.4 3.8 ± 0.2

Table 3.4: Values of the linewidths for the samples calculated from the Lorentzian
fits to the FMR spectra at 10 GHz

It is observed that for the 10 nm spacer samples, only one linewidth value is
seen when the field is applied along the [100] directions. This is due to a single
peak in the S21 spectra. It should be because along this direction both the layers
have the same resonance frequencies.

An impressive and outstanding feature of these films are the narrow linewidths
which are a characteristic of a high quality and weakly damped systems. Previous
linewidth measurements at 10 GHz frequency for Fe1−xGax bulk with Ga concen-
tration up to 20% have shown linewidth values of about 40 × 10−3 T [184] and
70 × 10−3 T [185]. MBE grown thin films with 19% Ga have values 7.7 × 10−3

T for [100] and 6.7 × 10−3 T for [11̄0] crystal axes [101]. Sputter grown samples
with 20% Ga concentration [102] have reported values of 3.5 × 10−3T. Such narrow
linewidths are crucial for microwave devices employing spin-transfer torque, for ex-
ample STT-RAM or STT-MRAM. Due to low values of the linewidths the range
of dc currents where the oscillator locks to the reference signal can be maximised
with increased power output [186].

The Gilbert damping parameter has been calculated and has been shown for
all samples in the Fig. 3.6 (a) to (d) for the [100] direction . The points are the
values of the field linewidths at different frequencies for all the samples, and the
dashed line represents the linear fit following the relation expressed in Eqn. 3.4.

∆H = ∆Ho + 2παf
γ

(3.4)

where ∆Ho is the extrinsic linewidth and α is the intrinsic damping parameter.
and γ is the gyromagnetic ratio with value 1.76 × 1011s−1T−1.



3.2 FMR study of dynamic properties | 90

Figure 3.6: Linewidth for samples (a) S419, (b) S420, (c) S421, and (d) S422 with
magnetic field along [100] direction.The experimental values for each layers are
represented by scattered points : red for layer 1 and green for layer 2, and the
dashed lines represents the simulated fits to the experimental points. The intrinsic
damping parameter is obtained from the fit.

From the linear fits to the experimental field linewidths for each layer, the
intrinsic damping parameter otherwise known as the Gilbert damping factor has
been calculated for all the samples and are shown in table 3.5 .
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Sample Bottom
layer

Gilbert
damping

Top layer
Gilbert

damping

S419 0.019±
0.002

0.015±
0.004

S420 0.028±
0.013

0.013±
0.002

S421 0.027±
0.004

0.013±
0.005

S422 0.020±
0.002

0.016±
0.002

Table 3.5: Table showing the calculated values of intrinsic or the Gilbert damping
value for the investigated samples.

The values of the damping parameters for both the layers are of the same order
of magnitude to previous reported value of 0.017 by Parkes et al [101] and 0.012
by Kuanr et al [102]. However the values for the bottom layer are significantly
higher than for the top layer. It has been reported [102] that the Gilbert damping
parameter is affected by Ga concentration in the FeGa samples, and with increase
in the concentration of Ga the intrinsic damping term increases. The Gilbert
damping parameter may also be influenced by the interfacial effects[187], surface
morphology, crystallinity.

3.3 SQUID magnetometry study of static prop-
erties

The static magnetic properties of the multilayer samples at zero strain were char-
acterised by Superconducting QUantum Interface Device (SQUID) magnetometry.
From previous works done on epitaxial single layer of Fe1−xGax grown on aGaAs(001)
substrate [68, 100] , it is well established that the net in plane magnetic anisotropy
is a combination of an uniaxial anisotropy and a cubic anisotropy. Using the fer-
romagnetic resonance technique I have calculated the values of these terms, which
shows a strong cubic anisotropy for all of the samples. To confirm the values
extracted from the ferromagnetic resonance experiments, and to investigate the
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magnetisation reversal processes for all the samples, SQUID magnetometry meas-
urements were performed. In this case, the longitudinal moment measured by
the SQUID is a measure of the net magnetisation of the samples and serves as a
necessary tool to determine the relative easy crystal directions, the net magnetic
moment, and the domain wall de-pinning energies. The estimation of the domain
wall de-pinning energies referred here onwards as EDW is very useful to predict
the switching fields, and to understand the magnetisation reversal process for each
layer.

The SQUID magnetometry measurements for the samples are presented in fig-
ures 3.7 (a) to (d),which shows the direction of the magnetic field and the measured
longitudinal moment as the field is varied along the different crystal directions.

By determining the angles of magnetisation for all three crystal directions, as
the field is swept the relative easy and hard axes for magnetisation can be identified
by solving the magnetic free energy density equation (Eqn. 3.5 ).

E = −HextMs(cos(φ− θ)) +Kusin
2(θ) + 1

4Kcsin
22θ (3.5)

where Hext is the external magnetic field applied at an angle θ to the [010] and
φ is the angle between magnetisation and [010], and Ku, Kc are the uniaxial and
cubic anisotropy constants.
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Figure 3.7: SQUID MH loop for samples (a) S419, (b) S420, (c) S421, and (d)
S422. The longitudinal magnetic moments for three crystal directions are shown
by red ([100]), green ([110]), and black ([11̄0]). Multiple switching fields are seen
for all directions which can be attributed to the contribution from each layer of
the multilayer structure. The magnetisation reversal is a combination of coherent
rotation of the magnetisation and magnetisation switching.

Looking into the experimental SQUID magnetisation loops for all the samples
in Fig.3.7 for field sweep along the [100], [110], and [11̄0] crystal directions it is
confirmed that the [100] direction is the easy direction compared to the [110] and
[11̄0] crystal directions as it needs lesser field to saturate the magnetisation in the
field direction compared to the other directions, and also the remanent magnetisa-
tion is the highest for this direction. A similar argument holds for the [110] and
[11̄0] direction, and it can be concluded that the [110] direction is relatively easier
than the [11̄0]. The angular ferromagnetic resonance plots shown in Fig. 3.2 are
consistent with this interpretation as the resonance frequency is the highest for
[100]/[010] or 0◦ and is lowest for the [11̄0] or 135◦.

Table 3.6 presents the calculated values of the net composition of Fe in the
multilayers as calculated from SQUID and compared to the individual Fe% de-
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termined by the ferromagnetic resonance experiment. It can be well related that
the SQUID measures the average magnetic moment of the two layers and the net
measured magnetisation by SQUID is the mean of the magnetic moment of the
two layers, within experimental uncertainties. The experimental saturation mag-
netisation (Ms) in Am−1 was calculated by taking the average of the longitudinal
moment at 0.05 T for the three crystal directions and dividing it over the volume
of the sample. The net iron content in % was found from the fractional value of
Ms measured from SQUID with the Ms of Fe which is 1.7 × 106 Am−1. It is seen
that the net Fe content measured by SQUID is within the estimated values of net
Fe% from the FMR.

Sample
#

MSQUID
s

×106Am−1
%

FeSQUID

M layer1
s

×106Am−1
%Felayer1 M layer2

s

×106Am−1
%Felayer2

S419 1.46±0.05 86 ± 3 1.46±0.03 86 ± 3 1.47±0.01 87 ± 1
S420 1.42±0.05 84 ± 3 1.32±0.01 78 ± 1 1.51±0.01 89 ± 1
S421 1.43±0.04 84 ± 2 1.42±0.04 84 ± 4 1.49±0.01 88 ± 1
S422 1.50±0.01 88 ± 2 1.45±0.04 85 ± 3 1.51±0.01 89 ± 1

Table 3.6: Comparison of the saturation magnetisation and Fe% for samples S419
to S422 obtained from SQUID measurements and the FMR calculations.

The magnetisation reversal is a combination of coherent rotation which is in-
dicated by gradual change in magnetisation as the field is varied and an abrupt
change in magnetisation which would indicate a magnetisation switch over the
hard axis energy barrier. As the measured sample is a multilayer with different
iron content and with different anisotropy energy values, it is reasonable to accept
that the magnetisation reversal will be different for each layer and thereby will be
having different switching events. As the SQUID magnetometer measures the net
magnetic moment of the entire multilayer sample, it will be measuring the total
longitudinal magnetisation from the contributions of both the layers. However as
the magnetisation switching fields are different, it will be shown as a superposition
of two switching events. The magnetisation reversal (MvH) loops are shown in
Fig. 3.8 for all the samples. These figures are the same data as in Fig. 3.7 but re-
peated again to identify the distinct magnetisation switching events. In this figure
the first magnetisation reversal is identified as ∆Ma and denotes the difference in
magnetisation before and after the magnetisation switch, and the second reversal
is represented as ∆Mb and denotes the magnetisation difference before and after
the second switch.
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Figure 3.8: SQUID MH loops for the three crystal directions to identify the mag-
netisation reversal for samples (a) S419, (b) S420, (c) S421, and (d) S422. As
the external field is swept from a higher saturating value to a negative value, the
first magnetisation reversal is identified as ∆Ma and denotes the difference in mag-
netisation before and after the magnetisation switch, and the second reversal is
represented as ∆Mb and denotes the magnetisation difference before and after the
second switch.
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The coercive fields for the Al spacer and Cu spacer differ as well ,with the
samples S419 and S422 having higher coercive fields than samples S421 and S422.
This may be due to different domain wall nucleation energy. In order to check
the consistency of the magnetic anisotropy and saturation values calculated from
the ferromagnetic resonance and also to calculate the EDW values, MH loops were
modelled for each sample by numerically solving the free energy (Eqn.3.5) and
performing a sum of least squares fit as the field is varied along the three crystal
directions as shown in Fig. 3.9 to Fig. 3.12. The modelled loops are shown by the
thick red lines over the scattered experimental points with the inset plots showing
the angle of magnetisation with respect to the [010] crystal direction for each field
sweeping direction.

It can be seen that the modelled curves, using the parameters for magnetisa-
tion and anisotropy energy extracted from ferromagnetic resonance studies, agree
very well with the data from SQUID measurements in the regions where the mag-
netisation rotates coherently and represents a single magnetic domain. In order
to model the switching fields, the parameterEDW is varied to achieve a fit to the
data over the entire field range. The domain wall de-pinning energies which are
responsible for the switching fields were determined from the modelling using least
sum of square method at the experimental switching events and have been listed
in Table 3.7 for all the samples.
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Figure 3.9: MH loop for S419 with the modelled (solid red line) and experimental
data (scattered hollow points). The inset shows the angle of magnetisation for each
layer as the magnetic field is varied. The modelling of the SQUID data was used
to determine the EDW .
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Figure 3.10: MH loop for S420 with the modelled (solid red line) and experimental
data (scattered hollow points). The inset shows the angle of magnetisation for each
layer as the magnetic field is varied. The modelling of the SQUID data was used
to determine the EDW and check the consistency of the parameters extracted from
FMR.
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Figure 3.11: MH loop for S421 with the modelled (solid red line) and experimental
data (scattered hollow points). The inset shows the angle of magnetisation for each
layer as the magnetic field is varied. The modelling of the SQUID data was used
to determine the EDW .
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Figure 3.12: MH loop for S422 with the modelled (solid red line) and experimental
data (scattered hollow points). The inset shows the angle of magnetisation for each
layer as the magnetic field is varied. The modelling of the SQUID data was used
to determine the EDW .
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From the modelled MH loops and the corresponding angles of magnetisation of
each layer shown in inset the magnetisation reversal behaviour can be described.
For the [100] directions the sudden change in measured longitudinal magnetisation
is due to the 180◦switch when the field changes sign and happens at nearly same
field strengths for both the layers. For the hard axes, as the field is reduced (i) the
magnetisation coherently rotates towards the easy [100] direction then (ii) switches
by 90◦ and (iii) continues coherently rotating towards the field direction along the
hard axes.

Sample Bottom
layer

(Jm−3)

Top
layer

(Jm−3)
S419 6100 ±

1200
9500 ±
3200

S420 4500 ±
1900

5700 ±
4100

S421 3600 ±
100

3700 ±
1000

S422 3300 ±
1200

3300 ±
1100

(a) [100] direction

Sample Bottom
layer

(Jm−3)

Top
layer

(Jm−3)
S419 5500 ±

2000
10000 ±

7000
S420 4900 ±

1200
5800 ±
2500

S421 2300 ±
1300

3200 ±
1500

S422 2600 ±
2200

3350 ±
2000

(b) [110] direction

Sample Bottom
layer

(Jm−3)

Top
layer

(Jm−3)
S419 5400 ±

3600
10000 ±

5600
S420 3600 ±

1600
5100 ±
2500

S421 2000 ±
400

2200 ±
1100

S422 1100 ±
600

1500 ±
900

(c) [11̄0] direction

Table 3.7: EDW values for the investigated samples along different field directions.
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The values of domain wall energy extracted from fitting to the MvH loops are
summarised in Table 3.7. It is observed that these values of the domain wall pinning
energies depend on the directions of the applied field and are consistently lower for
the bottom layer compared to the top layer. Qualitatively this might be because of
different pinning effect for the FeGa/GaAs interface and the FeGa/spacer interface
causing distinct domain wall formation. The Cu spacer samples exhibit weak values
of EDW compared to the Al spacer samples and are in rough agreement with the
previous values of about ∼ 3000 Jm−3 reported in Ref. [68, 100]. The high values
for the Al spacer can be due to the interface effects but no substantial evidence can
be concluded at this point.

3.4 HR-TEM imaging study for sample morpho-
logy

To resolve the interface quality and crystallinity, High Resolution (HR) TEM was
used to investigate the 5 nm thick spacer samples: S419 and S421. The measure-
ments were performed by Dr. Jan Michalicka, Dr. Ondřej Man, and Dr. Martin
Veis at CEITEC Brno University of Technology, Czech Republic.

The HR-TEM image for the sample S419 and S421 are shown in Fig. 3.13
and Fig. 3.14 respectively along with the degree of crystallinity for the individual
layers. The samples were grown with an extra layer of Pt for preparation for the
HR-TEM. This step is performed in order to protect the magnetic surface from
incurring FIB induced damage.
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Figure 3.13: HR-TEM image of sample S419 (top) along with the diffraction pat-
tern of each layer (bottom). The labelled layers have been shown as red rectangles
in the TEM image.
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Figure 3.14: HR-TEM image of sample S421 (top) along with the diffraction pattern
of each layer (bottom). The labelled layers have been shown as red rectangles in
the TEM image.

From the HR-TEM images along with the diffraction pattern for each layer, an
observation about the layer morphologies can be performed. It is seen that the
degree of crystalline order of the studied samples are distinct to one another. For
the Al spacer sample S419, both the Fe1−xGax layers including the spacer layer
produce a diffraction image that comprise a pattern of dots at periodic interval,
implying the crystalline order of these layers. However, for the Cu spacer sample
S421, the generated diffraction pattern for each layer are series of diffusive rings
which overlap the spots. Such a pattern can be linked to polycrystalline layers.
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It is also seen that for the sample S419, the thickness of the Fe1−xGax are
accurate to the grown parameter value of 5 nm each. However the thickness of
the spacer is about 7 nm compared to the expected 5 nm. There are also evidence
of intermixing between Al and Fe1−xGax of the top layer. For the Cu spacer
sample S421, there is no spacer layer-Fe1−xGax layers inter-mixing. The spacer
layer has been found to be thinner than the Al sample with an oxidised interlayer.
The oxidation of the layers can be attributed to the contamination in the sputter
chamber.

It has been known that Ga content along with the crystal morphology and
impurities affect the magnetostriction of Fe1−xGaxlayers [64, 81, 84, 188]. As pre-
viously discussed in chapter 1, nano-clusters within the bcc lattice structure which
distort the crystal into an intermediate tetragonal phase (DO22) are the origin of
the enhanced magnetostriction in Fe1−xGax. The HR-TEM images are necessary
as they indicate that the magnetostriction coefficients in the Al spacer samples
will definitely differ from the Cu counterpart due to the crystal morphology and
Al intermixing. The effect of the spacer thickness and intermixing will also affect
the magnetostriction value along with the spin diffusion length. This is further
investigated in Ch. 4 when strain induced magnetisation reversal processes are
studied. At this point of the thesis, it is difficult to say which layers are useful
for strain dependent magnetisation reversal, whether the crystalline layers or the
polycrystalline layers.

3.5 Summary
In summary, the static, dynamic, and structural properties of the sputter grown
Fe1−xGax multilayer films on GaAs (001) with Al and Cu spacers were investig-
ated by SQUID magnetometry, FMR and by HR-TEM technique. SQUID and
FMR consistently yield values of the magnetisation, the anisotropy constants and
domain wall pinning energies for each of the FeGa layers in each sample. The
films exhibit a strong cubic anisotropy field and a relatively weaker uniaxial an-
isotropy term favouring the magnetisation to lie close to the [010]/[100] crystal
directions as confirmed by the SQUID MH loops. By comparing the saturation
magnetisation for each layer with the net saturation magnetisation measured by
SQUID, it can be reasonably assumed that the net magnetic moment is the mean
of the individual magnetic moments for each layer. The MvH loops obtained by
SQUID magnetometry are consistent with the modelled hysteresis loops using the
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anisotropy constants obtained from the FMR measurements.The values of the ex-
tracted anisotropy constants are of the same order of magnitude as values obtained
previously for thin Fe layers deposited epitaxially onto GaAs, and for MBE grown
Fe1−xGax layers on GaAs. It is observed that the uniaxial anisotropy value of the
bottom layer is consistently higher than the top layer which is attributed to the
interface bonds between the substrate and the ferromagnet. The uniaxial aniso-
tropy term decreases as the thickness of the spacer layer is increased. There is also
a dependence of the EDW energy term to the sample’s spacer type. The Cu spacer
samples exhibit lower values of EDW compared to the Al spacer samples. This may
be due to different domain wall pinning energies due to the crystal structure which
was investigated by HR-TEM and revealed that the layers were crystalline for the
Al spacer sample, while they were polycrystalline for the Cu spacer sample.

All the samples show a narrow linewidth and low Gilbert damping value which
makes them an interesting candidate in the applications of microwave spintronic
devices with high tunability and power consumption demands. The Gilbert damp-
ing values are in close agreement to the previous values of 0.012 to 0.017 (see
Ref.[101, 102]), and the values are influenced by the Ga content.

High resolution-TEM imaging was used to realise the layers interfacial morpho-
logy and crystal structure. It was observed that the for the Al spacer samples, both
the Fe1−xGax layers demonstrated to be crystalline, with intermixing between the
Al spacer and the top layer. For the Cu spacer sample, the spacer was found to be
thinner than the Al spacer, and the Fe1−xGax layers were polycrystalline in nature
with no interfacial intermixing. These crystalline, along with impurity due to mix-
ing affect the magnetostriction coefficients of each layer and the different samples.
It has been reported that crystalline samples have enhanced magnetostriction value
in the order of 1.6 × 10−7Jm−3[189], while polycrystalline Fe1−xGax have weaker
magnetostriction value in the order 0.3 × 10−7Jm−3[188].

With all the magnetisation parameters, and structural properties investigated
in this chapter, these will be used to in the investigations of the effect of strain on
the magnetisation reversal process in the next chapter.



Chapter 4

The effects of strain on
magnetisation reversal in
Fe1−xGax bilayer films

4.1 Introduction
The ability to change the magnetisation of a magnetic material by applying an
electric field has been a a topic of interest for designing multi-functional devices
mainly for energy efficient data storage and logical processing units. These devices
can be realised by designing hybrid structures comprising ferromagnetic films with
a high magnetostriction value (Sec. 1.2.2) combined with piezoelectric layers which
can generate a strain when a voltage is applied. In these devices, the magnetisation
reversal behaviour can be manipulated by applying a voltage induced strain, instead
of external magnetic field or electric currents, thereby removing the energy loss
due to Joule heating. Also the ability to change the magnetisation by only strain
substitutes the need to apply any electrical current and magnetic field resulting in
designing smaller and more compact units which scales down the design architecture
leading to room for packing more devices. Ferromagnetic films of Fe1−xGax which
have a very high magnetostriction coefficient [190] have previously been shown to
be very sensitive to strain [68, 100] and manipulation of the magnetisation has been
reported by the Spintronics group in Nottingham [68, 99–101, 189] for single layer
films.

This chapter investigates the strain mediated modification of the magnetisation
reversal in sputter grown bilayer films of Fe1−xGax which were discussed in the last
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chapter. The magnetic anisotropy values, saturation magnetisation, and EDW that
were calculated from the ferromagnetic resonance experiments and SQUID mag-
netometry on unstrained layers will be used to understand the magnetisation re-
versal of the individual magnetic layers for strained samples . The investigations
so far have revealed that the layers have different composition of Fe and following
Ref.[64] it is reasonable to accept that the bottom layer is more sensitive to strain.
This is due to the Ga concentration being closer to that required for the peak in
magnetostriction (19%) and also due to its proximity to the strain produced by
the piezoelectric transducer itself. A benefit of this kind of multilayer structure is
that we can obtain and realise distinctive and independent magnetisation reversal
processes in the individual films which can be detected in magnetotransport via
the GMR and AMR effects. The cubic magnetocrystalline anisotropy of the layers
leads to stable easy axes in each layer which are orthogonal, allowing the possib-
ility to use the structures as multilevel memory elements where the extra spatial
dimension improves the storage density.

It is not possible to obtain the absolute value of strain in the devices because a
uniaxial strain of order a few 10−4 is induced during the device fabrication process,
when the epoxy glue cures. A relative magnitude of strain can be calculated using
the steps described in Sec.2.2.4 and have been presented in the Appendix B for
all the investigated samples. The calculated strains are centred about zero at
zero volts on the transducer. These values do not necessarily denote the actual
value experienced by the layers and can differ as we will see when we discuss the
experiments in the forthcoming sections of this chapter.

The role of strain to manipulate the magnetisation has been investigated by
performing magneto-optical and magnetotransport measurements on the bilayer
samples. The optical measurements mainly probe the top layer of the hybrid struc-
ture owing to the penetration depth limitation of the laser, while the magneto-
transport measurements probe the entire structure. By comparing the data from
both these techniques, the magnetisation reversal features and processes in each of
the the Fe1−xGax layers can be identified.

The schematic of the device used to perform the magneto-optical and magneto-
transport measurement is shown in Fig. 4.1. The device has a cross structure with
dimensions previously discussed in Sec.2.2. The device was bonded to a piezoelec-
tric transducer using epoxy glue such that a uniaxial strain is along the [010]/[100]
crystal axis. For magnetotransport measurements a 1 mA current was passed along
the [110] direction while the magnetic field was varied between ±0.04 T along dif-
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ferent in-plane crystal directions and corresponding longitudinal and transverse
voltages were measured. For the MOKE measurements the laser beam of spot size
about 50 µm was focussed on the central region of the device and the reflected light
was measured by the longitudinal MOKE set-up discussed in Sec. 2.3.1.

Figure 4.1: Schematic of the device used for magnetotransport and magneto-optical
measurements. The samples are grown on GaAs substrates from which devices are
processed and then bonded to the piezoelectric transducer using epoxy resin.A DC
current of magnitude 1mA was passed along the [110] direction with strain along
the [100]/[010] direction. Magnetic field was then varied along different directions
with respect to the current direction. For magneto-optical measurements the laser
spot was focused on the central region of the cross-structure.

4.2 Magnetotransport and magneto-optical study
of strained samples

In this section the magnetotransport and magneto-optical studies performed on the
bilayer samples are discussed. By using the magnetisation parameters calculated
in Ch.3 the magnetisation processes in each bilayer samples have been simulated
which aids in the understanding of the experimental observations. The section is
divided into three broad subsections. The first section describes the results for
the 5 nm thick spacer layer samples and the second section discusses the results
for the 10 nm thick spacer layer samples. Each subsection then discusses the Cu
spacer and Al spacer samples of relevant thickness. The third section comparatively
discusses the effect of voltage induced strain to alter the magnetic switching fields
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for each sample. This section gives a comprehensive comparison of the strain to
alter the magnetisation reversal processes when magnetic field is applied along
different directions.

The discussion begins with a broad discussion on the 5 nm Cu spacer sample.
This sample has been extensively studied as it demonstrated appreciable change
in magnetisation reversal process for each layer at different values of strain, along
with a big GMR value. The understanding gained from investigating this sample is
used to investigate the magnetisation process for the 5 nm Al spacer sample. This
sample demonstrated large modification to magnetisation due to strain, however
the contribution of each layer could only be understood at a qualitative level from
the simulations which were derived from the previous sample because I did not
have a reliable measurement of the strain versus voltage characteristics for this
sample. The 10 nm samples were similarly qualitatively understood by comparing
them with the the 5 nm spacer samples to get a complete understanding of the
strain mediated modification to the magnetisation reversal processes in each layer
of the investigated bilayer samples. The poor signal to noise ratio for the samples
with 10nm spacers made quantitative analysis difficult.

4.2.1 5 nm spacer samples

This section will describe the optical and transport measurements performed on
the 5 nm thick spacer samples: S421, and S419 along different in-plane crystal
directions. The role of the spacer for the strain mediated magnetisation reversal
will be discussed in this section.

4.2.1.1 Sample S421: 5 nm Cu spacer

(i) Magnetic field along easy axis directions

The transverse and longitudinal resistances for the samples are presented in Fig.
4.2 for field applied along the [010] and the [100] crystal axes at voltage values
of -30 V and +30 V across the transducer. The transverse resistance plots look
very similar to those observed by Parkes et al[99], where he observed large changes
in the transverse resistance as the magnetisation switched between the [010]/[100]
directions.
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Figure 4.2: Transverse and longitudinal magnetoresistance for the [010] and [100]
direction at -30V and +30V across the transducer for sample S421.

The large change in resistance observed in both the transverse and longitudinal
resistance indicate the switching of the magnetisation and are very similar to the
reported measurements of transverse resistance during magnetisation switching by
Parkes et al.[99] and Bowe [100] who observed this large change in resistance due
to the 90◦ switch of magnetisation between the [010]/[100] crystal directions. Their
findings stated that if there was a tensile or a compressive strain then the easy axis
was manipulated and the magnetisation reversal process for the tensile (+30 V)
and compressive (-30 V) were different. For magnetic field swept along the [010]
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direction they observed a large change in resistance depicting the 90◦ switch at
tensile strain values and no change in measured resistance for compressive strain
values. The opposite dependence on strain was observed for field along the [100]
direction, with large change in transverse resistance at compressive strain values
and no change for tensile strain values.

However in our measurements it is observed that this large resistance change
is observed for both −30 V and +30 V. Even for 5V across the transducer which
corresponds to zero strain by the strain calibration method followed in this thesis.
(See Appendix B for the plot showing the variation) the transverse resistance shows
a large change in resistance at the switching fields. The transverse resistance at
approximately zero strain for the [010] and [100] directions are shown in Fig. 4.3
along with the transverse resistances at a series of piezoelectric voltages. The
variation of the switching fields with the piezoelectric voltage have also been shown
in Fig. 4.4 for both the applied field directions. The magnitude of the variation
has been discussed in Sec. 4.2.3.
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Figure 4.3: Measured transverse resistance for sample S421 for the [010] and
[100] directions at different values of piezoelectric voltages. The large change in
resistance for all voltages indicate that the measured strain values are not absolute
values but relative values about zero voltage.
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Figure 4.4: Variation of the switching fields for sample S421 when field was applied
along the (a) [010], and (b) [100] at different values of piezoelectric voltage.

As can be seen the large resistance change is observed for all piezoelectric
voltages.This would indicate that the strain values calculated by measuring the
change in resistance gives the relative strain centred about zero and are not the
absolute values. For this case it is very difficult to say if it is always tensile in
nature or very weak in magnitude. This anomaly in strain values will also explain
the magnetisation reversal process which vary from the previously shown SQUID
hysteresis loops in Fig. 3.11. For the magnetotransport measurements it is seen
that the magnetisation switches by 90◦ corresponding to the large change in res-
istance while in the hysteresis loops there is a 180◦ magnetisation switch at zero
strain value. This switch by 90◦ is only possible when there is an anisotropy along
the [100] direction and for this case it is the strain which is always present along
this direction. The reason there is always a tensile strain present may be because
of the curing process of the epoxy resin which produces an inbuilt strain.

In order to confirm the magnetisation switch by 90◦ the transverse resistance
was modelled and shown in Fig. 4.5 for magnetic field applied along the [010] and
the [100] directions. The modelling was done using the anisotropy and saturation
values obtained in the previous chapter and performing a least sum of squares
fitting at the switching region with strain(ϵ) and the magnetoelastic constant (B)
as free parameters. The model only gives a qualitative picture of the magnetisation
reversal but does not allow the extraction of the magnetoelastic constants because
the absolute value of the strain is not known.. The method of extraction of the
value of the magnetoelastic constants will be discussed later in the section by using
the gradients of the switching fields with respect to the relative strain.

Fig. 4.5 is provided to show that the model produces the qualitative features
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that are observed in the measured transport data. In the plot the blue modelled
line represents the transverse resistance when magnetic field is swept from lower
saturating value to a positive value and the red represents the sweeping of the
magnetic field from the higher saturation field to a lower field value. The labels (1)
to (4) denote the magnetisation switching process from one direction to another
as the magnetic field changes sign, with labels (1) and (3) for one layer and (2)
and (4) for the other layer. As the magnetic field is swept through zero, due to
tensile strain along the [100] direction the magnetisation orientation switches by
90◦ instead of 180◦. This magnetisation rotation by 90◦ is manifested as a large
change in the transverse resistance.

The sign of the resistance change due to the AMR is opposite for field sweep
along the [010] and the [100] direction. This is because transverse resistance is a
sin(2θ) function where θ is the angle between the magnetisation from the [010] and
the direction of current.
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Figure 4.5: Modelled (red and blue lines) and experimental (black lines) normal-
ised transverse resistance for sample S421, with magnetic field applied along the
[010] and [100] directions at +5V. The large changes in transverse resistance cor-
respond to a magnetisation switch between the [010]/[100] directions as shown by
the adjacent schematic representations. The arrows in the schematic represent the
magnetisation switching process for each ferromagnetic layer.

The modelled magnetisation reversal and angles of magnetisation are necessary
to explain the large change in resistance in the longitudinal resistance, and also
understand the magnetisation reversal of each individual layer when the field is
varied. The large change in transverse resistance is accounted for the magnetisation
switching between the [010]/[100] easy directions for each layer , and this 90◦ switch
should show no change in the longitudinal resistance schematically shown in Fig.
4.6. However the measured Rxx at +5V for the two applied field directions ( Fig.
4.7) shows a large change in the resistance of the same order of magnitude and very



4.2 Magnetotransport and magneto-optical study of strained samples | 116

similar to the transverse resistance along with features marked by green arrows.

Figure 4.6: Schematic of the variation of the (a) Longitudinal resistance, (b)
Transverse resistance due to AMR when field is swept along the [010] and current
is along the [11̄0] direction. The green circle and arrow represents the orientation
of the magnetisation with respect to the current along the [110] direction. The
magnetisation reversal process is represented by the arrows on the curve.

The large change in the longitudinal resistance can be attributed to the inde-
pendent switching of the magnetisation of the two layers. Independent switching
of the magnetisation are very likely to occur since the layers have different val-
ues of the magnetocrytalline anisotropies and saturation magnetisation, along with
distinct EDW values and magnetostriction coefficients. Due to this independent
switching there is a relative angle difference between the magnetisations when they
undergo the switches labelled (1) and (3) for layer 1 and switches (2) and (4) for the
other layer. This manifests as a GMR contribution to the longitudinal resistance
leading to features marked by green arrows in the measured longitudinal resistance
shown in Fig. 4.7. This can be explained and verified by comparing the modelled
MH loop with the normalised MOKE loop for the two directions as shown in Fig.
4.8 (a) and (b).
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Figure 4.7: Longitudinal resistance for magnetic field applied along the [010] and
[100] directions at +5 volts across the transducer for sample S421.
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Figure 4.8: Modelled MH loop for sample S421 from transverse resistance and
MOKE MH hysteresis loops for field along the (a) [010] direction, and (b) [100]
direction.

The MOKE MH loops probe mainly the top layer of the structure due to the
laser’s penetration depth limitation of approximately 10 nm (Appendix A). The
small difference in switching field between the MOKE, modelled and the transport
data could be because of localised heating due to the laser. With this assumption,
the MOKE MH loops are in reasonable agreement with the modelled loop for the
top layer and show a double step jump corresponding to the 90◦ switch instead of a
single switch as was seen in the SQUID MH loop (see Fig. 3.7). The MOKE gives
a qualitative measurement of the magnetisation reversal process.

Looking at the modelled MH loops the feature labelled δ indicates the field
at which there is a difference in the angle of the magnetisation of the layers. For
magnetic field applied along the [010] direction, the top layer switches away from the
[100] before the bottom layer , and over that small field range the magnetisations
in the two layers are orthogonal to each other. This manifests as a GMR peak.
Assuming the amplitude of the GMR is approximately the same as AMR, it is
reflected as a large change in resistance of the same order as Rxy in the longitudinal
resistance.
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The [100] direction shows a similar large change in longitudinal resistance which
can be accounted for by the same mechanism. However the experiment showed two
peaks in the longitudinal resistance. This is very well represented in the model as
well where there are two instances of δ : δ1 and δ2 for every 90◦ switch. Due to dif-
ferences in the magnetostriction and the anisotropies the layers switch at different
fields resulting in different relative magnetisation orientations which manifests as
double peaks in the measured Rxx. The reason there are two δ in this configuration
can be ascribed to the easy axes becoming more easy due to the uniaxial strain
along this direction. Since this strain affects the individual layers differently one
of the layer will switch before the other. The double peaks are more prominent at
positive value of voltages than the negative voltage values. This should be due to
increased tensile strain for positive voltages which influences the independent mag-
netisation switching of the individual layers. Fig. 4.9 shows the experimental and
a qualitative model of the longitudinal resistance. The longitudinal resistance has
been normalised as the absolute magnitude of the AMR and GMR coefficient along
with the offset resistance is unknown. The switching fields for the experimental
data and the modelled data do not match. The reason will be discussed later in
the section when the calculation of the magnetoelastic constants are described.

Figure 4.9: (a) Measured and (b) modelled longitudinal resistances at -30 V,+5 V
and 0 V for sample S421, when magnetic field is varied along the [100] direction.
The variation of the double peak is observed at higher values of positive voltages.

The model qualitatively predicts the independent switching behaviour of the
magnetisation for the individual layers at higher tensile values of strain. At lower
strain values, the independent switching of the magnetisation is suppressed and the
GMR peak which can be attributed to the the double spikes in the longitudinal
resistances are small. As the resistance of each layer and the resistance of the
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spacer layer has not been considered in the model, the amplitude of the peaks are
not similar to the experiment. Due to uncertainty in the strain value in each layer
the switching fields do not match to the experiment as well.

(ii) Estimation of the magnetoelastic constants

In this section the estimation of the values of the magnetoelastic constants for the
individual Fe1−xGax layers have been performed . As has been shown previously
in Fig. 4.3 for field varied along the [010] directions, there are evidences of a
step feature in the magnetisation switching process from [010] to [100] direction at
different piezoelectric voltages. It has been concluded from the last section that
this step features are due to independent magnetisation switching of the layers and
are observed as spikes in the measured longitudinal resistances.

In order to estimate the magnetoelastic constant values for each layer the mod-
elling was performed with a starting value of magnetoelastic constants B1=1.5×107

Jm−3 and B2=1.6 × 107Jm−3. These values were used as these are the reported
values from previous works on single layer Fe-Ga films[68, 100, 189]. By using these
magnetoelastic constants, and domain wall de-pinning energy values of 3536 Jm−3

and 3736 Jm−3 obtained from SQUID magnetometry, the transverse AMR was
modelled for a few piezoelectric voltages and shown in Fig. 4.10 below for +5V
and +30V.

Figure 4.10: Simulated and experimental transverse for sample S421 when mag-
netic field is varied along the [010] direction at +5V and +30V. The simu-
lation was performed using B1=1.5 × 107 Jm−3 and B2=1.6 × 107Jm−3, and
EDW 1 = 3536Jm−3,EDW 2 = 3736Jm−3.

It is seen from the figure that the experimental and modelled transverse resist-
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ance do not match. At higher value of tensile strain, the magnetisation performs
a 90◦ switch and the model results in a large change of resistance while at lower
values of strain the magnetisation doesn’t perform a 90◦ switch and a large resist-
ance is not observed. This is quite useful and the reason for this discrepancy can
be classified as below:

(1) The absence in magnetisation switching for the lower voltage value but a 90◦

switch for +30V shows that the domain wall energies from SQUID are affected
by the uniaxial strain.

When the strain is along the [100] easy direction, and the field is varied along [010]
direction the magnetisation is oriented along the [010] at higher values of magnetic
field. In order to perform a 90◦ switch towards the [100], the magnetoelastic energy
has to overcome the domain wall energy to trigger the switching. For the +30V
case the tensile strain is enough to pay for the energy to switch the magnetisation
towards the [100], and therefore a large change in resistance is observed in both
the experiment and the model.

However at low values of voltage the tensile strain is very low to pull the magnet-
isation towards the [100] over the domain wall energy barrier. Therefore the model
predicts no significantly large change in resistance. But the experiment shows a
large change in resistance. To match the model to the experimentally observed
large change in resistance, EDW for both the layers was iteratively decreased till
a close fit was found. It was observed that at EDW 1 = EDW 2 = 1300 Jm−3 the
model predicted a large change in resistance and shown in Fig. 4.11.

Figure 4.11: Modelled and experimental transverse resistance for field along [010]
at +5V for sample S421. For the model to show a large change in resistance due
to 90◦ switch, the domain wall energies was set to 1000 Jm−3.
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(2) The magnetoelastic constants values considered for the modelling are high
compared to the experimentally investigated sample.

It is also possible that the magnetoelastic constants considered for the modelling are
exaggerated values. As can be seen in Fig.4.10 (b) for the +30 V case, the switching
fields 3 and 4 which represent the magnetisation switch away from the strain axes
direction towards the [010] direction are at higher field values than the experimental
switching fields. This can ascribed to the fact that if the magnetoelastic constants
are high, the strain anisotropy along the [100] is high and the magnetisation will
prefer to be along this direction. In order to cause the magnetisation to switch
towards the field direction, a higher field will be required.

This property can be utilised to estimate the measure of the magnetoelastic
constants. However it suffers with the limitations like : (a) switch 3 and switch 4
can not be resolved to identify the switching layer, and (b) only limited transducer
voltage values to show the switching feature at the measured domain wall energy
values. Using the measured strain values of 1.1 × 10−4, 1.4 × 10−4 and 1.7 × 10−4

for transducer voltages of +20 V, +25 V, and +30 V respectively, and keeping the
domain wall energy and magnetoelastic parameters constant the switching fields
were estimated and have been shown in Fig. 4.12 along with the experimental
switching field values.
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Figure 4.12: Experimental and modelled switching fields (1,2) and (3,4) for sample
S421, when the field was varied along [010] direction and the values of the magne-
toelastic constants B1 and B2 used were B1=1.5×107 Jm−3 and B2=1.6×107Jm−3

It is observed that the gradient of the modelled switching fields are higher than
the gradients of the experimental switching fields. The reason for this are higher
strain values or higher values of the magnetoelastic constant.

(3) The absolute strength and nature of the voltage induced strain in each layer
is unknown.

As can be seen from the experimentally observed transverse resistance in Fig. 4.3,
there is always a large change in resistance corresponding to the magnetisation
switch by 90◦ irrespective of the applied field direction. For the magnetic field along
the [100], when the tensile strain is along [100], there should be no magnetisation
switch by 90◦, however a large change in resistance is observed corresponding to
the magnetisation switch from [100] to [010] directions. What this indicates that
the strain values calculated by the strain calibration method are not absolute and
is probably very weak.

So in conclusion by taking the above discussions into account, it can be said that
the experimentally observed resistances showed large change in resistance due to
different domain wall de-pinning energies and uncertain magnetoelastic constants
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even at lowest and negative values of strain. The strain value in each layer comple-
mented with the magnetoelastic constants, along with the domain wall de-pinning
energy of each layer determine the switching fields labelled (1) to (4). A change in
one of the parameters is reflected as a change in the other. The uncertainty in de-
termining the absolute value of the strain in each layer along with the domain wall
energy makes it complicated to determine the exact values of the magnetoelastic
constants. However a similar discussion is outlined in section 4.2.1.1 of the chapter
for this same sample, where the magnetoelastic constants for each layers are de-
termined by a qualitative analysis.

(iii) Magnetic field along [11̄0] hard direction

The electrical and optical behaviour for magnetic field applied along the [11̄0]
direction is now discussed. [11̄0] is the hard axis of magnetisation as determined
by SQUID magnetometry measurements discussed previously where it was also
demonstrated that for an unstrained sample the magnetisation rotates coherently
towards one of the easy axes and subsequently does a 90◦ switch. For a tensile strain
along the [100] direction it is reasonable to assume that the switching towards the
[100] axis for the bottom layer will occur at lower magnetic field value than the top
layer, and this difference will contribute towards GMR.

The MOKE MH loop for this direction at +30 V is shown in Fig. 4.13 and
compared to the SQUID MH loop for zero strain, to qualitatively understand the
magnetisation reversal for mainly the top layer (though there might be some small
contributions to the MOKE signal from the bottom layer) . The measurement at
+30V is shown because for this voltage the tensile strain should be the maximum.
In this plot the alphabetic and numeric labels indicate the magnetisation reversal
process, and for consistency the coherent rotation have been labelled alphabetic-
ally, and magnetisation switching has been labelled by numbers through out this
chapter. The reason the second magnetisation switching have been labelled as 3
will be apparent when we discuss the result in details.
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Figure 4.13: Magnetisation MH loop measured for unstrained sample S421 by
SQUID magnetometry and at a voltage of +30V on the transducer by MOKE,
along with the schematic of the magnetisation reversal process.

From the pictorial representation of the magnetisation reversal shown above
for the SQUID and MOKE, it can be seen that for an unstrained sample the
magnetisation rotates from the [11̄0] direction towards the easy [100] direction as
the magnetic field strength decreases (labelled as a). As the field passes through
zero it does a 90◦ switch (label (1)) and subsequently aligns to the field direction
(label (b)). This was previously discussed in Sec. 3.3 when the modelled SQUID
MH loop were shown. However when there is a tensile strain present along the [100]
direction, as the magnetic field is decreased the magnetisation rotates towards the
[100] (label a) , and instead of undergoing a 90◦ switch coherently orients towards
the [010] as a combination of switching (label 1) and rotation (label b), following
another switch (labelled (3)) and then orients towards the field direction. This is
due to the extra uniaxial magnetoelastic energy along the [100] due to the tensile
strain which pulls the magnetisation to stay along this direction, and there is extra
energy expense incurred to rotate the magnetisation away from this direction.

It is reasonable to assume that the magnetisation for both the layers behave
identically except the fact they will switch at different magnetic field values and
this would show additional GMR features. This is observed by performing the
magnetotransport measurements. The transverse and longitudinal resistances for
this configuration are shown in Fig. 4.14 for piezoelectric voltage of +30V. The
modelled transport data has also been superimposed over the experimental data
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to show the behaviour of the magnetisation reversal process. Besides this the
modelled data also show the contribution of GMR to the net measured longitudinal
resistance.
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Figure 4.14: Experimental and modelled magnetotransport data for sample S421
when magnetic field was varied along the [11̄0] direction and at +30 V

Since a very close agreement between the modelled resistances and the experi-
mental data has been achieved, the calculated angles from the simulation are used
to explain the magnetisation reversal. These angles of magnetisation are shown
in Fig. 4.15 (a) and are with respect to the [100] axis and for the field up-sweep
direction with the schematic of the magnetisation reversal in Fig. 4.15 (b) . A very
similar explanation holds for the down-sweep direction.
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Figure 4.15: (a) Calculated angles of magnetisation for both the Fe1−xGax layers
for the down-sweep direction for sample S421. The difference in magnetisation that
contribute to GMR have been enclosed in dashed blue rectangles. (b) Schematic
of the magnetisation reversal. The green and red arrows represent the magnet-
isation of the bottom and top layers respectively. The black arrows denote the
magnetisation reversal process. The curved black arrows indicate coherent rota-
tion and the straight arrows indicate magnetisation switching over the hard axes.
The dashed lines represent the angle offset used to perform the model that predicts
the experimental features.

From the figure 4.15 (a) and (b), it is seen as the magnetic field is varied towards
the positive saturating value from negative:
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(a) The magnetisation for both the layers coherently rotates towards the easy [010]
axis.

(1,2) Switches by 90◦ towards the [100] strain axes direction.

(b) Coherently rotates again towards the field direction along [11̄0].

(3,4) Does another subsequent switch over [11̄0] towards the easy axes [010], and
then

(d) Aligns along the field about the [11̄0] direction.

Mapping this reversal to the measured and modelled transverse resistance (see Fig.
4.14 bottom plot) it is observed that due to the coherent rotation (label a) Rxy

decreases and shows a large change in resistance when the magnetisation switches
by 90◦ (label 1 and 2). As the layers have different switching fields due to different
magnetocrytalline anisotropy energy, and magnetoelastic constants, the change in
transverse resistance is a combination of the switching of each layer and has a
characteristic step. As the field increases the magnetisation continues rotation
towards the [11̄0] direction ( label b) which shows a decrease in the transverse
resistance again . Due to a tensile strain along the [100] the magnetisation is pulled
towards the [100] direction at low field. At high field the magnetisation switches
towards the [010] direction resulting in a sudden decrease in resistance for both the
layers (identified as 3 and 4 in transport resistance figure) with a similar step due
to different switching field (labelled c in transport resistance figure). As the field
strength increases the magnetisation rotates back towards the field direction and
causes an increase in resistance again as the field strength increases.

A very similar explanation holds for the longitudinal resistance but the contri-
bution of GMR is taken into consideration which can explain the large change in
resistance. Switch 1 and 2 of the magnetisations gives a large change in the trans-
verse resistance due to AMR but it should be a small change for the longitudinal
resistance as it follows a cos(2θ) function. However in this field region , which has
been enclosed by the blue rectangle (labelled GMR 1) it is seen that the angles of
the magnetisation for each layer are nearly 90◦ apart. This happens because the
bottom layer switches first due to high magnetostriction value and is more influ-
enced by the strain compared to the top layer. This difference in angle contributes
to the GMR in the net longitudinal resistance. A similar process happens when
the magnetisation switches over the second hard axis and have been enclosed in
the rectangle labelled as GMR 2. Since the angle difference for GMR 1 is greater
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than the angle difference for GMR 2 the peak amplitude is higher for switch la-
belled (1 and 2). Nevertheless the second GMR peak is broader as the difference
in magnetisation is over a wider magnetic field range.

Next we discuss the effect of the voltage induced in-plane strain to change
the magnetisation reversal, which will be used to extract the value of the strain
induced anisotropy value (Ks) for the individual Fe1−xGax layers. To perform
this the transverse resistance at different voltages were used and the modelling was
performed using the calculated value of the relative strain to simulate the switching
fields which have been labelled in the Fig. 4.16. Fig. 4.16 shows the variation of
transverse resistance at different piezoelectric voltage values with the labels 1-4
representing the magnetisation switching events over the hard axes as discussed
previously. The variation of the switching fields with the voltage has also been
shown.

Figure 4.16: (a)Measured transverse resistance at different piezoelectric voltage
values for field applied along the [11̄0] direction for sample S421, along with the
(b) variation of the switching fields.

It can be seen that the strain does not affect too much the switching fields
labelled 1 and 2. However the switch 3 and 4 show a considerable change when
the strain is varied. Hence these magnetisation switching processes will be used in
determining the value of the magnetoelastic coefficients for the individual layers.

(iv) Determination of the magnetoelastic constants

In order to calculate the values of the magnetoelastic constants the variation of the
switching fields with different voltage induced in-plane strain has been considered.
To do that, the identification of the switching events to the layers needs to be
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first determined. From Fig. 4.16 it is observed that the switch (1) and (2) do
not show considerable change with strain while switch (3) and (4) do. Also the
change in switch (4) is greater then the change in switch (3). The lower layer which
has a higher composition of Ga and is in proximity to the transducer should be
affected more by the strain, than the top layer which feels less strain and has less
magnetostriction value. Therefore switch (3) can be mapped to the top layer and
switch (4) can be mapped to the bottom layer grown on GaAs.

As the absolute value of the transmitted strain in each layer is unknown, and
is always tensile as seen from the experiment, analysis by performing least sum of
square fit at the switching field values is not possible. Since the solution for the
minimum positions of the free energy involves three independent parameters such
as EDW , the uniaxial strain value, and the magnetoelastic constants, the model will
not give accurate prediction for the magnetoelastic constants. A similar observation
was seen for the estimation of the magnetoelastic constants for field along the [010]
direction.

In this section, the analysis for the determination of the magnetoelastic con-
stants has been discussed and is very similar to what was discussed earlier for B ||
[010] direction. The calculation has been performed by taking into consideration
the uncertainty in the absolute value of strain in each layer, and the dependence
of the magnetisation switching on the domain wall de-pinning energy. As such this
analysis has been carried in different stages as stated below:

Stage 1
The first stage involves checking for the dependence of the magnetisation switch-

ing on the magnetoelastic constants, at the calibrated values of strain. In this pro-
cess, the transverse resistance was modelled for different values of measured strain,
and using the domain wall energies of each layer calculated for the unstrained
sample by the SQUID measurements in Ch. 3. The first stage of the modelling was
performed by using the previously reported values [100, 189] of the magnetoelastic
constants at this composition: B1=1.5 × 107 Jm−3 and B2=1.6 × 107Jm−3. From
the modelled transverse resistance, the switching fields for switch 3 and 4 were
obtained and have been shown in Fig. 4.17 by the red and green lines respectively.
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Figure 4.17: Experimental and modelled switching fields (3) and (4) for sample
S421 when the values of the magnetoelastic constants B1 and B2 were B1=1.5×107

Jm−3 and B2=1.6 × 107Jm−3.

It is seen that the gradient of the modelled values are much greater than the
slope of the experimental switching fields. This was due to the high values of the
magnetoelastic constants which would make the layers very sensitive to the strain.
So to solve this, the magnetoelastic constants need to be altered.

It is known from previous reports that the magnetostriction value is dependent
on the Ga concentration and also on the crystal morphology[100, 188]. For this
sample it was seen from the FMR and TEM images in Ch. 3, that the layers have
lower Ga content compared to the MBE grown sample reported by Parkes[101],
and are also polycrystalline. Therefore multiple iterations were performed using
different lower values of B1 and B2 until the gradients of the modelled switching
fields with respect to strain were the same as the gradients of the experimental
switching fields. It was found that at B1=1.4 × 107 Jm−3 and B2=0.45 × 107Jm−3

the modelled switching fields showed the same gradient to the experimentally cal-
culated switching fields. The experimental and modelled normalised transverse
resistance for a few piezoelectric voltages have been shown in Fig. 4.18 and the
switching fields for these set of modelling have been shown in Fig. 4.19.
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Figure 4.18: Experimental (blue and red) and modelled (green) normalised trans-
verse AMR for sample S421 at piezoelectric voltages of (a) 10V, (b) 15V, (c) 20V
and (d) 30V

Figure 4.19: Experimental and Modelled switching fields for switch labelled (a) 3
and (b) 4 at calibrated values of strain for sample S421.

As can be seen from Fig. 4.18 and Fig. 4.19, using this set of magnetoelastic
constants resulted in switching events which are affected by the strain equivalent
to the experimentally measured transverse resistances. However the modelled and
experimental switching fields do not match and there is an offset in the switching
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fields. This offset may be due to the contribution of the offset in strain value along
with the offset in domain wall de-pinning energies. It has already been resolved
that the domain wall de-pinning energies are different for the strained sample when
the field along [010] was discussed. This has been performed in stage 2.

Stage 2
In this stage of determination of the magnetoelastic constants, the values of the

magnetoelastic constants were fixed at B1=1.4×107 Jm−3 and B2=0.45×107Jm−3

to give the same gradient as the experiment. The offset in the switching fields due
to different EDW for strained sample was investigated.

For this the switching fields were modelled using constant B1 and B2, and
at measured strain values . Only the domain wall de-pinning energy values were
changed to plot the transverse resistance. The modelled switching fields at different
EDW values have been shown in Fig. 4.20.

Figure 4.20: Modelled switching fields for switch labelled (a) 3 and (b) 4 at
calibrated values of strain for sample S421 using different domain wall de-pinning
energies in Jm−3.

It is observed that a slight change in the domain wall energies resulted in switch-
ing fields with the same gradients as the experiments but at certain lower bound
and upper bound values the model would result in switching fields with different
gradients and with a single switch at lower strain values. The single switch is a res-
ult of the layer switching by 90◦ showing a large change in resistance while the top
layer switching by 180◦ causing no change in resistance. This direct 180◦ switch of
the magnetisation is because of a high domain wall depinning energy which doesn’t
let the magnetisation switch to the strain axes direction. This reversal process is
due to the lower effect of the strain induced anisotropy for the top layer than the
domain wall depinning energy.
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Due to this boundary constraint of the domain wall depinning energy which is
dependent on the strain induced anisotropy, the offset in the modelled and exper-
imental switching fields could not be resolved by altering the EDW values. The
offset correction has been followed up in stage 3.

Stage 3
In this stage the offset was resolved by changing the uniaxial strain values to

qualitatively match the experimental switching fields . An example modelled loop
for +30V is shown in Fig. 4.21 where in order to match the switching fields, strain
was decreased to 0.61 × 10−4 from 1.71 × 10−4.
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Figure 4.21: Experimental (blue and red) and modelled (green) normalised trans-
verse AMR at +30 V for sample S421. The strain was changed to 0.61 × 10−4 to
match the switching fields.

So in conclusion it can be said that the calibrated strain and the calculated
domain wall depinning energies are two cooperative contributing effects to the free
energy of a single domain model, and compete with each other to decide the ori-
entation of the magnetisation. This antagonistic behaviour has been observed in
the stages discussed and can be seen that changing one of the parameter reflects
to the other. Without knowing the exact strain value transmitted to the lay-
ers which is an experimental limitation in this case the calculation of the exact
strain dependent magnetoelastic constant is challenging. The estimated values of
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B1=1.4 × 107 Jm−3 and B2=0.45 × 107Jm−3 may be correct as they reproduce
very similar AMR feature with the gradient equal to the experiment and are of
the same order of magnitude reported previously to be between 0.3 × 107 Jm−3

and 2.0 × 107Jm−3 [100, 188, 189]. The shift in the switching fields between the
experiment and the modelled transverse AMR can also be due to depinning fields
at device boundary, inhomogeneous strain transmission, sample morphology, etc.
For the rest of the thesis, these values of magnetoelastic constants have been used
to model and understand the magnetisation reversal processes in the remaining
samples.

4.2.1.2 Sample S419: 5 nm Al spacer

In this section a similar discussion is performed for the 5 nm Al spacer sample.

(i) Magnetic field along the easy axis directions

Before the magnetotransport results are discussed the relative strain transmitted
to the structure will be outlined. To explain this the variation of the transverse
resistance with voltage across the transducer has been shown in Fig. 4.22 for the
[010] and [100] easy directions along with the change of switching fields in Fig. 4.23.
A quantified discussion on the effect of voltage induced strain to the magnetisation
has been described in Sec. 4.2.3
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Figure 4.22: Transverse resistance for sample S419 for magnetic field varied along
the [010] and [100] directions at different voltages across the transducer.

Figure 4.23: Variation of the switching fields with the piezoelectric voltage for
sample S419, when the magnetic field was varied along the [010] and [100] direc-
tions.

It can be seen that the voltage induced strain very clearly changes the switch-
ing fields, labelled as (1) and (4) and thereby controls the magnetisation reversal.
However for all the voltages there is the same large change in the measured resist-
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ance at the switching fields, even for a 5 V where the calculated strain is zero by
the technique described in Sec. 2.2.4. The large change in the transverse resistance
is a result of the magnetisation switching by 90◦ similar to the sample S421 and
have been explained previously. The switching by 90◦ is a contradiction to the 180◦

switch at zero strain which was measured by SQUID and shown in Fig. 3.9 and is
an evidence that there is always a tensile strain present in the structure due to the
epoxy glue curing process which could not be avoided for the measurements and
that the strain value determined is not the absolute value of strain that is perceived
by the two layers but is relative value centred about zero.

The large change in the transverse resistance is very similar to the 90◦ switch by
sample S421, and therefore have been labelled as (1) and (4). However the change
is not abrupt which is an indication for a sudden switch and no step features are
observed which would indicate the contribution from each layer. This is the reason
labels (2) and (3) are dropped, and to a consistent labelling of the magnetisation
switching. For this sample the large change in resistance is a combination of coher-
ent rotation and switching over the hard axes. A general pictorial representation of
the magnetisation reversal for either field directions are shown in Fig. 4.24 (a) and
(b) respectively. In this representation the green arrows represent the magnetisa-
tion orientation from [010] and shows the reversal process when the magnetic field
is varied. The labels (a), (b), (c), (1), and (4) correspond to the features marked in
Fig. 4.22. The sign of AMR is positive for [100] direction case while is negative for
the [010] case , and can be reasoned from the schematic very clearly. The switch
from [010] to [100] is associated with a decrease in resistance while a switch from
the [100] to [010] gives a positive change in resistance.
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Figure 4.24: Schematic of the magnetisation reversal for magnetic field applied
along (i) [010] direction, and (ii) [100] direction. The green arrows represents the
magnetisation and the labels correspond to the features identified in Fig. 4.22.

The magnetisation reversal by ∼ 90◦ causes large change in the transverse
resistance, and this should not show a large change in the longitudinal resistance.
The longitudinal resistances for the [010] and the [100] directions are shown in Fig.
4.25 at different values of piezoelectric voltages.
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Figure 4.25: Longitudinal resistance for magnetic field along the (a) [010], and (b)
[100] direction at different piezoelectric voltages for sample S419. The pink dashed
lines represents the switching field corresponding to the transverse resistance and
the green arrows represent the tiny GMR feature.

For the measured longitudinal resistance, the resistance decreases linearly as the
strength of magnetic field is increased. According to AMR relation there should be
no change in resistance. This non zero change in resistance can be attributed to
electron-magnon interactions which cause the linear dependence of the resistivity
on a high applied field [191], or it can be a manifestation of misalignment in the
device with respect to the field. It is observed that the longitudinal resistance shows
some change in resistance but it is an order of magnitude lower than the change in
the transverse resistance. Unless there is independent switching of magnetisation
of the two layers, this change in resistance is purely AMR. For the 90◦ switch
between [010]/[100] the longitudinal change in resistance is tiny as it is a cos(2θ)
function (θ being the angle between the current and magnetisation from [010]). The
measured tiny change can be accounted for by the rotation of the magnetisation,
or if there is any independent switching the magnitude of the GMR is very small.
Since the GMR can not be negative the tiny feature indicated by green arrows
indicate the small GMR contribution to the measured longitudinal resistance. The
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magnitude of the GMR will be discussed when the field applied along the [11̄0] will
be presented in the following section. A schematic of the magnetisation reversal
that contributes to the AMR part of the longitudinal resistance variation is shown
in Fig. 4.26 (i) and (ii), where the green circle represents the magnetisation with
respect to the current along the [11̄0] direction and is at an offset angle due to the
misalignment. The switch over the hard axis for either field direction contributes
to a tiny change of the longitudinal AMR.

Figure 4.26: Schematic of the magnetisation reversal for sample S419 when mag-
netic field is varied along (i) [010] direction, and (ii) [100] direction. The green
circles represents the magnetisation and the labels correspond to the features iden-
tified in Fig. 4.22 and Fig. 4.25.

The 90◦ switch has been confirmed by MOKE MH loops which were performed
at different piezoelectric voltages and shown in Fig. 4.27. The transducer was
charged and damaged during this experiment, so only 0 volt is shown for the [100]
direction. The MOKE MH loops exhibit a step like magnetisation reversal which
is an evidence for 90◦ switch, unlike the SQUID MH loops which showed a sudden
180◦ switch (see Fig. 3.8 ). The switching fields in MOKE do not match to
the switching fields in the transport measurements. This may be due to localised
heating, laser spot position.
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Figure 4.27: MOKE MH loops for sample S419. The magnetic field was applied
along the [100] and [010] direction at different voltages across the transducer.

(ii) Magnetic field along [11̄0] hard direction

The transverse and longitudinal resistance for different piezoelectric voltages for
field swept along the [11̄0] direction is shown in Fig.4.28. The black arrows in Rxx

show the direction of the applied field and the magenta arrow denotes the peaks in
the longitudinal resistance which are at the same switching field as switch (1) and
(4) in the transverse resistance.
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Figure 4.28: (a) Transverse and (b) Longitudinal resistance for sample S419 when
the field is varied parallel to the [11̄0] direction at few piezoelectric voltages.The
black arrows show the direction of the applied field and the magenta arrows denote
the peak in the longitudinal resistance which are at the same switching field as
switch 1 and 4 in the transverse resistance.

There are four main observations from these magnetotransport plots. They are:

(a) Ordinary Hall effect

The transverse resistance for all voltages show a Hall effect contribution which is
caused due to offset in the sample position with respect to the magnetic field. It is
seen as an offset in the measured transverse resistance and have been labelled as δ
for the transverse resistance at +10V.

(b) Different switching fields compared to S421

For field varied along the [11̄0] direction it is seen that the switching fields for
the measured Tr-AMR are different in comparison to Tr-AMR in sample S421.
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Sample S421 demonstrated four distinct switching events, two for each layer and
were marked with a step feature. However for sample S419 it is seen that there is
no step feature that distinguishes the switching events for individual layers, rather
there is just one single switch for both the layers manifested as large change in
resistance. For consistency in comparison, the switch 1 in this sample is analogous
to switch 1 and 2 for sample S421. Switch 3 is for the top layer and switch 4 is for
the bottom layer, as was seen for the previous sample.

(c) Effect of strain.

The voltage induced strain is seen to change the magnetic switching field and can
be observed from the transverse resistance. Besides the switching field, the strain
changes the shape of the transverse resistance curve as well. For lower values of
voltages, switch is followed by a gentle V-shaped feature for switch 3 while at higher
voltages two separate features are resolved.

For this sample, switch 4 shows a large variation in switching fields so can be
reasonably accepted to be because of the bottom layer, and switch 3 shows smaller
variations to switching fields and can be mapped to the top ferromagnetic layer
which is less sensitive to strain. The variation of the transverse resistance, and
the switching fields have been shown again in Fig. 4.29 (a) and (b) respectively to
show the effect of strain to modify the switching fields.

Figure 4.29: (a) Measured transverse resistance, and (b) switching fields for sample
S419 at different piezoelectric voltage values when the field is applied along the [11̄0]
direction.

(d) GMR contribution.

The switching fields (1) and (4) in the transverse resistance are reflected as a sudden
change with a spike in the longitudinal resistance. This should be due to a relative



4.2 Magnetotransport and magneto-optical study of strained samples | 144

angle difference between the magnetisation orientation of the two layers which adds
up as a small GMR to the measured longitudinal resistance. The small amplitude
may be due to relatively small GMR coefficient.

Before the effect of strain is described it is necessary to qualitatively understand
the magnetisation reversal process. To do this the normalised transverse resistance
with the Hall resistance subtracted, and the longitudinal resistance at +10 V and
-10 volts have been used in conjunction with the modelled Rxy and Rxx to un-
derstand the magnetisation process. The values of the magnetoelastic constants
used were the ones previously calculated for sample S421 and only the strain was
varied till the switching fields for switch 1 and switch 4 match. The extraction
and determination of the elastic coefficients for this sample could not be performed
because of the: (a) uncertainty in the absolute strain values in each layer ; (b) the
large change in resistances doesn’t show a step feature so a perfect mapping to the
layers is not possible; (c) for the [010]/[100] directions the magnetisation reversal
is a combination of the coherent rotation and hard axes switch while for the [11̄0]
direction, the Tr-AMR shows distinct resistance process at lower and higher values
of voltages. With this a consistent analysis could not be performed like the way
was performed for sample S421 to extract the magnetoelastic constants.

The modelled and experimental magnetotransport data for +10 V are shown
in Fig. 4.30. It can be seen that the model and the experiment are in close agree-
ment at the switching fields labelled 1 and 4. The difference in the field for the
second peak or switch 3 can be attributed to the limitations of the model. Some
of which are: The model takes into account a single domain configuration. There
are chances of some coupling and spacer roughness factors that can affect the ex-
perimental behaviour which has not been taken in consideration in the simulation.
The uncertainty in the value of strain and the magnetoelastic coefficients can also
affect the modelling of the switching events. Also the interfacial surface roughness
and Al- doped Fe1−xGax have been known to alter the magnetostriction value as
reported in Ref. [81]. This enhanced magnetostriction due to Al mixing along with
a crystalline top Fe1−xGax layer will result in a different magnetoelastic constant
value rather than 0.45 × 107Jm−3 which has been used to model this feature. Due
to uncertainty in the estimation of this constants value there is a difference in the
modelled and experimental switching field labelled 3.
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Figure 4.30: Experimental transverse and longitudinal resistance for sample S419
with field along the [11̄0] direction. with the modelled magnetotransport curves at
10V.

From the model the angle of magnetisation for each layer with respect to the
[010] were calculated and shown in Fig. 4.31 (a) for the field up-sweep case along
with the pictorial schematic in Fig. 4.31 (b). As it is seen that the magnetisation of
each layer have distinct reversal process and have been labelled in the figures. The
bottom layer shows a 90◦ switch instead of a 180◦ like the top layer and therefore
switch 2 is missing for this sample. This 180◦ is due to the too low transmitted
strain or the magnetostriction value is too low and the magnetisation for this layer
aligns towards the field direction immediately instead of orienting towards the strain
direction along [100]. The field regions that gives rise to a relative magnetisation
angle difference which results in GMR has been enclosed by a rectangle. The feature
labelled GMR 2 and 3 have a relative angular difference between the magnetisation
orientations that causes the spikes in the measured Rxx. The feature GMR 1 has
a small angle difference and doesn’t contribute much to the GMR. It can also be
realised that the magnitude of the GMR coefficient is very low unlike sample S421.
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Figure 4.31: (a) Modelled angles of magnetisation for each layer when the field is
swept to a negative saturating value with a representative schematic in (b). The
piezoelectric transducer is at +10V. In (b) the green and red arrows represent the
magnetisation of the bottom and top layers respectively. The black arrows denote
the magnetisation reversal process. The curved black arrows indicate coherent
rotation and the straight arrows indicate magnetisation switching over the hard
axes.

A similar approach to understand the magnetisation reversal at -10 V was per-
formed and is shown in Fig. 4.32 depicting the angles of magnetisation for each
layer with respect to the [010] crystal axis and the modelled transverse resistance.
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Figure 4.32: (a )Modelled values of the magnetisation with respect to the [010]
for field down sweep direction and (b) modelled transverse resistance atVP =-10V,
compared to the experimental data for sample S419

It is observed that the magnetisation reversal is very similar, except the 90◦switch
labelled as (1) for the bottom layer. Due to very low tensile strain, the top layer
switches before the bottom layer, This is because of weaker anisotropy energy of
the top layer, while the bottom layer which has a higher uniaxial anisotropy energy
would require higher magnetic field to switch over the hard axis.

As mentioned previously, the magnitude of the GMR in this sample is seen to be
lower compared to sample S421. This can be associated with the role and thickness
of the spacer, the interfacial scattering and the spin diffusion lengths of the spacer
and ferromagnetic layer, and spin flipping at the interfaces, impurity scattering etc.
From the HR-TEM data it was observed that the thickness of the Cu spacer was
4 nm, and is lower than the thickness of the Al spacer (~ 7 nm). As the thickness
of the Cu spacer layer is approximately half of the thickness of the Al spacer layer,
the GMR effect may be larger in Cu spacer sample due to shunting of most of
the electrons by the thicker Al spacer [192]. Also HR-TEM revealed that there is
more interfacial mixing of Fe-Ga with the Al spacer layer than the Cu layer. This
can cause interfacial spin mixing effects which further reduces the spin flipping or
spin diffusion lengths. Ideally it has been reported that the spin diffusion lengths
of Cu is relatively higher than the spin diffusion length of Al [193, 194] but these
calculations were performed by using a CPP-GMR configuration. There can be
however other reasons which needs further experimental investigation by study of
the CIP- GMR effect with varying thickness of the spacer which can fill this gap.
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4.2.2 10 nm spacer samples

The magnetotransport and magneto-optical measurements performed for the 10
nm Al and Cu spacer (sample S420 and S422) are described in this section. It is
known that the magnitude of GMR is suppressed with the increase in thickness of
the spacer layer and nearly vanishes if the spacer layer thickness are much greater
than the mean free path of the electrons (of order 10 nm)[107, 158]. From the
previous section, the [100]/[010] directions were used to estimate the nature of the
voltage induced strain-whether tensile or compressive and the [11̄0] direction was
used to qualitatively estimate the contribution of the GMR to AMR. A similar
approach has been used for this section.

4.2.2.1 Sample S422: 10 nm Cu spacer

(i) Magnetic field along easy axis direction

The measured transverse resistance for the [010] and [100] directions at +30V and
-30V piezoelectric voltages are shown in Fig. 4.33 (a). It can be seen that unlike the
samples discussed previously the transverse resistance for the positive and negative
values of the piezoelectric voltages show distinct behaviour. When there is always
a tensile strain present in the structure the transverse resistance showed a large
change in resistance which corresponded to a 90◦ switch. However for this sample
the transverse resistance for the [010] and [100] directions have different response
when the field is varied.

For Vp = −30V there is a large change in resistance for the [010] direction and
no appreciable change for the [100] direction. The reverse happens for VP = +30V .
There is a large change in Rxy for [100] while there is no noticeable change for [010]
direction.

The way it can be explained is, at positive voltage there is a large tensile strain
along the [100], therefore this direction is relatively easier or more easy than the
[010]. When the magnetic field is swept along this more easy [100] direction, the
magnetisation is not affected and stays along the [100] axis direction. When the
field changes sign the magnetisation does a 180◦ switch which does not change
the transverse AMR. However when the field is varied along the less easy [010],
as the field passes through zero, the magnetisation will be forced to orient along
the more easy [100] direction due to the pull by the tensile strain. As the field
strength along the other direction increases the magnetisation orients along the
field direction. This two 90◦ switch cause large change in the transverse AMR.
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The negative voltage case can be explained in a similar fashion, When the
voltage is negative there is a compressive strain along the [100], therefore [100] is
relatively less easier compared to the axis along [010]. As the field is varied along
the easy [010] direction it doesn’t get affected and no AMR change is observed too.
When the magnetic field is swept along the less easy [100], at zero field strength the
magnetisation is pulled by strain to the more easy direction which contributes to
the AMR jumps in the measured resistances. The schematics of the magnetisation
reversal discussed above are shown in Fig. 4.34 for all the cases which will also
explains the sign of the AMR.

The variation of the measured transverse resistance for the [010] and [100] dir-
ections along with the switching fields have been shown in Fig.4.35.
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Figure 4.33: (a) Transverse and (b) Longitudinal resistance for sample S422 when
the magnetic field was varied along the [010] and [100] directions at +30V and -30V
piezoelectric voltages.
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Figure 4.34: Schematic of the magnetisation reversal for sample S422 with mag-
netic field varied along the [100] and [010] directions at Vp=+30 V and -30 V. The
magnetisation is represented by the green arrow, and the transverse resistance is a
sin(2θ) function.
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Figure 4.35: Variation of the measured transverse resistance and switching fields
with piezoelectric voltage for sample S422, when magnetic field is varied along the
[010] and [100] directions

For the crystal directions which showed magnetisation switching, this switch
from one less easy axis to another more easy axis does not give a large change
in the longitudinal AMR, as the former follows a cos(2θ) function. However the
measured longitudinal resistance shown in Fig. 4.33 (b) demonstrates a change in
the resistance of order (∼ 2×10−3Ω) which is smaller than the change in transverse
resistance (3 × 10−3Ω). This should be because of the GMR as has been previously
seen for sample S421 in Sec. 4.2.1.1 and the magnitude of the GMR is tiny compared
to the AMR. Nevertheless this tiny change in resistance along with the offset in
the measured longitudinal resistance for either field directions can be attributed
to another factor as well which is coherent rotation of the magnetisation due to
device misalignment and electron-magnon diffusion [191].When field is varied along
the easy axes, the magnetisation of this layer would rotate by a small value before
switching by 90◦ and can cause some additional resistance to the measured Rxx and
seen as the offset resistance between the [010] and [100] directions at each voltage
value. This has been schematically represented in Fig. 4.36 .
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Figure 4.36: Schematic of the magnetisation reversal for sample S422 showing the
change in the longitudinal resistance. The magnetisations for the bottom layer is
indicated by green circle and for the top layer by red circle. It can be seen that due
to rotation of the magnetisation of the bottom layer the longitudinal resistance is
not zero when the magnetisation switches.

MOKE MH loops performed along the [100] direction at different piezoelectric
voltages confirm the nature of the uniaxial strain- tensile or compressive at different
voltage, and its effect on the magnetisation reversal. It can be seen from Fig. 4.37
that at +30 V there is a double step in the loop confirming a 90◦ switch while the
MH loops at -30 V has no evidence of a step and is a 180◦ reversal.
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Figure 4.37: Measured MOKE MH loop for sample S422 when magnetic field was
varied along the [100] direction at Vp= +30V and -30V

(ii) Magnetic field along [11̄0] hard direction

The transverse and longitudinal measurements performed for magnetic field along
the hard [11̄0] directions are shown in Fig. 4.38 for a few piezoelectric voltages. In
the transverse resistance the labels indicate the magnetisation switching processes
identical to those observed for sample S421 in Fig. 4.14. The blue curve represents
the field up-sweep while the red curve is the field up-sweep direction.
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Figure 4.38: (a) Transverse and (b) Longitudinal magnetoresistance for field swept
along the [11̄0] direction at different piezoelectric voltages for sample S422.

It is seen that the transverse resistance has a very similar characteristic as
has been discussed before for sample S421 (Sec. 4.2.1.1) and the magnetisation
reversal can be considered in a very similar process. Interestingly, the longitudinal
resistance does not show any considerable large change in resistance except a lot
of noise and a somewhat symmetric feature about the zero magnetic field value.
Considering the field-down sweep case, it is observed that as the field strength
decreases the resistance decreases and after the field changes sign the resistance
starts increasing. This trend can be identified to the rotation of the magnetisation
from the field direction to/ away the easy axes of the sample. The 90◦ switches do
not make any observable contribution to the measured AMR component of Rxx.
It was observed that there were very large peaks at the switching fields for sample
S421, which were purely due to GMR. Since the GMR value for this sample is very
small which is caused by the shunting of the current by the thicker spacer we do
not observe any appreciable change in resistance, except the poor signal to noise .
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The values of the magnetoelastic constants could not be obtained due to noisy
strain calibration data (See Appendix B) and uncertainty of the absolute value
of strain in each layer. It is not possible to determine the value of the strain
dependent magnetoelastic constants. The variation of the measured transverse
resistance showing the change to the switching fields have been shown in Fig. 4.39.

Figure 4.39: Variation of the switching fields with piezoelectric voltage for sample
S422 when field is varied along the [11̄0] direction.

4.2.2.2 Sample S420: 10 nm Al spacer

(i) Magnetic field along easy axis direction

The discussion for this sample follows the similar procedure as the previous samples.
The normalised transverse resistance for the [010] and [100] directions shown in
Fig. 4.40 demonstrate a large change in the AMR due to the 90◦ switch over
the hard axis. The presence of peaks for all values of voltage suggests that the
voltage induced strain is always tensile in nature like samples S419, and S421.
The resistances have been normalised and the background resistance have been
subtracted that could affect the judgement of the magnetoresistance feature. This
was done only for this sample, as the measured resistance was very noisy due to
bonding straight onto the sample. This was due to a fault in the thermal evaporator
during the fabrication process.
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Figure 4.40: Transverse AMR for the [100] and [010] directions at different voltages
across the transducer for sample S420.

As the thickness of the spacer layer is quite large the GMR value is extremely
small and there are no sharp changes in the longitudinal resistance at any values
of voltage. The 90◦ switches do not contribute to the longitudinal AMR. The
longitudinal resistances at different voltage have been processed to remove the
experimental noise by performing a moving point average over a 4 point window,
and have been shown for the [010] and [100] directions in Fig. 4.41 just as an
evidence to show that there is no observed GMR effect in this sample. The offset
in the resistance is due to the transmitted strain which alters the resistance.
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Figure 4.41: Measured longitudinal resistance for sample S420 when magnetic field
is along [010] and [100] directions. (a,b) Raw, and (c,d) smoothed data showing no
contribution of any GMR due to thick spacer layer.

The normalised MOKE MH loops are shown for the [010] and [100] direction
in Fig. 4.42. It shows no significant change to the coercivity due to strain and
also no step are observed at the switching events like the 5 nm spacer samples.
This should be because the top layer is unaffected as most of the strain is blocked
by the underlying layers and the substrate. A 180◦ switch is observed . However
the Tr-AMR data showed changes to the switching fields with strain and has been
shown in Fig. 4.43 . These switching fields are because of the 90◦ switch of the
bottom layer. Therefore it is reasonable to state that the measured large change
in transverse resistance for the [010] and [100] directions was only due to the 90◦

switch of the bottom layer. Even though there would be a relative angle difference
between the magnetisation orientations of the top and bottom layer, no GMR was
observed due to a spacer layer which is thick compared to the spin diffusion length.
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Figure 4.42: MOKE MH loops for the (a) [010] and (b) [100] directions. The strain
does not have any effect on the coercivity of the top layer magnetisation.

Figure 4.43: Variation of the switching fields labelled 1 and 4 with piezoelectric
voltages for sample S420, when magnetic field was varied along the [010] and [100]
axes.

(ii) Magnetic field along [11̄0] hard direction

The field sweep for the hard [11̄0] crystal direction has been performed and the
measured transverse and longitudinal resistance have been illustrated in Fig. 4.44.
The alphabetic labels in the figure describe the reversal process discussed here in
the text and the numeric labels indicate the sudden switching process manifested
as large change in resistances. The transverse resistance shows the identical feature
like the previously described samples S421 and S422, and represents the magnet-
isation reversal process which can be summarised when the field is swept from a
lower saturating value to a higher positive value as below :

(a) As the field strength decreases the magnetisation is pulled by the uniaxial
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magnetic anisotropy along the [100] and rotates away from the [11̄0] towards
the easy [100] direction. This causes increase in the transverse resistance and
decrease in the longitudinal resistance.

(b) As the field changes sign, the magnetisation does a 90◦ switch towards the
[010] direction. This causes a large change in transverse resistance but no
significant change to the longitudinal resistance. Since the GMR value is tiny
no large change in longitudinal resistance is observed.

(c) The magnetisation then rotates for a certain angle and then switches towards
the [100] but is not oriented along the [100]. This combination of reversal
decreases the Rxy and increases the Rxx.

(d) The magnetisation then realigns towards the field direction along the [11̄0]
which causes further decrease in transverse resistance and increase in the
longitudinal resistance.
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Figure 4.44: Measured transverse and longitudinal resistance for sample S420 with
field varied along [11̄0] direction. Due to negligible GMR contribution Rxx is purely
AMR and shows no large change in resistance. The labels in the figure have been
discussed in the text.
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As can be seen the voltage induced strain affects the switching fields, with switch
4 being affected the most. It is reasonable to assume that this switch corresponded
to the magnetisation switching for the bottom layer grown on the GaAs substrate.
The variation of the switching field with voltage calculated from the transverse
resistance data has been shown in Fig. 4.45.
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Figure 4.45: Variation of the switching fields with piezoelectric voltages for sample
S420, when magnetic field was varied along the [11̄0] axes.

4.2.3 Effect of voltage induced strain to the magnetisation
switching fields

In this section a comparative analysis is discussed about the effect of the voltage
induced uniaxial strain on the switching fields. The variations of the switching fields
with the piezoelectric voltage were already shown when the individual samples
were discussed for different field orientations. Here a quantitative calculation is
performed for all the samples is performed. The variation of the switching fields
have been plotted against the piezoelectric voltage for each field directions for
individual samples and a linear fit is performed, the gradient of which gives the
magnitude of the effect of strain to alter the magnetisation reversal processes. The
switching fields were calculated by taking the mean value of the magnetic field
before and after the switching event from the transverse resistance data. The error



4.2 Magnetotransport and magneto-optical study of strained samples | 162

bars are the normalised difference between the mean value and the lower switching
field value.

(i) Magnetic field varied along the [010]/[100] directions.

The variation of the switching fields with the voltage across the transducer, when
magnetic field was varied along the [010]/[100] crystal directions for all the invest-
igated samples are shown in Fig.4.46. The scattered points in the figure denote the
experimentally calculated values of the switching fields and the line is the linear fit
to get the gradient of the switching fields. The gradients have been listed in Table
4.1 for all the samples.

Sample Direction Switch 1
(×10−5TV −1)

Switch 2
(×10−5TV −1)

Switch 3
(×10−5TV −1)

Switch 4
(×10−5TV −1)

S419 [010] −5.2 ± 0.2 1.3 ± 0.2
[100] 4.2 ± 0.2 −1.6 ± 0.3

S420 [010] −1.4 ± 0.1 1.1 ± 0.2
[100] 0.9 ± 0.1 −1.3 ± 0.1

S421 [010] −0.5 ± 0.3 −0.3 ± 0.1 0.2 ± 0.1
[100] 0.2 ± 0.1 −0.6 ± 0.1 −0.8 ± 0.2

S422 [010] 2.1 ± 0.2 −1.1 ± 0.3
[100] −1.9 ± 0.3 1.4 ± 0.1

Table 4.1: Gradient of the line fits to the switching fields for the [010] and [100]
direction for the investigated samples. The blank spaces represents that the inde-
pendent switching could not be resolved, and doesn’t indicate the absence of the
switching.
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Figure 4.46: Experimentally calculated switching fields for magnetic field along
the [010] and [100] directions at different values of voltage across the transducer
along with the line fits for all the investigated samples .



4.2 Magnetotransport and magneto-optical study of strained samples | 164

It is seen that most of the samples except sample S421, only showed two switch-
ing events corresponding to the 90◦ magnetisation switching. This is due to the
limited resolution of the experiment which did not pick up the independent switch-
ing of the magnetisation. However for sample S421, the independent switching for
the layers were observed at least for one of the switching process. The blank spaces
in the table represents that the independent switching could not be resolved, and
does not indicate the absence of the switching.

Qualitatively it can be seen that for all the samples except sample S422, when
magnetic field is along [010] direction the gradient of switch 1 (and 2) is negative
while the gradient is positive for switch 4. Similarly when field is varied along
the [100] crystal direction, the gradient of switch 1 (and 2) is positive, while it is
negative for switch 4. This is due to the fact that for the case of [010] direction,
switch 1 (and 2) is the magnetisation reversal from the [010] towards the [100] and
switch 4 is the reversal from [100] to [010]. At high values of voltages the tensile
strain is higher along the [100] than when the voltage is lower, therefore it will need
lower magnetic field to cause switch 1, but because of this it needs a stronger field
to switch the magnetic field to cause switch 4. The [100] case can be explained
similarly. It will need higher fields to switch the magnetisation away from the [100]
when the voltage is high but lower fields to switch the magnetisation towards it.

Quantitatively it is seen that the absolute gradients are higher for the Al spacer
samples compared to the Cu spacer sample except for sample S422, where it has
already been established in Sec. 4.2.2.1 that the strain is either tensile or com-
pressive in nature. Possible reasons for this are the enhanced magnetostriction due
to Fe-Ga-Al mixing[81], and crystalline nature of both the ferromagnetic layers as
seen by TEM images discussed in Ch. 3. The crystallinity may cause distinct
magnetostriction values which are order higher than the magnetostriction value
for polycrystalline samples as reported by Dean et al[188]. It may be also due to
different strength of the transmitted strain in each sample which can be accounted
to the sample mounting process.

The inverse behaviour of the switching fields sample S422 compared to other
samples will be discussed following the observations for magnetic field along the
[11̄0] direction.

(ii) Magnetic field varied along the [11̄0] direction.

The variation of the switching fields at different piezoelectric voltages for field varied
along the [11̄0] crystal direction, for all the investigated samples is described in this
section. It was seen in the previous sections that for field along this direction there
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were distinct magnetisation process due to independent magnetisation reversal of
the individual Fe1−xGax layers. This features were labelled (1) to (4) and denoted
magnetisation switching over the hard axes for each layer (See Fig.4.16, 4.28, 4.38,
and 4.44). For samples S421, 22, and 23 the measured transverse resistances had
comparable features, except for sample S419 where the switch 3 was not very
consistent at different piezoelectric voltages.

Fig. 4.47 shows the variation of the measured switching fields along with the
linear fit for all the samples along the [11̄0] direction. The gradient values have
been listed in Table 4.2 .

Figure 4.47: Experimentally calculated switching fields for magnetic field along the
[11̄0] crystal axes at different values of voltage across the transducer along with the
line fits for all the investigated samples .
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Sample Switch 1
(×10−5TV −1)

Switch 2
(×10−5TV −1)

Switch 3
(×10−5TV −1)

Switch 4
(×10−5TV −1)

S419 −3.0 ± 0.2 3.4 ± 0.4 18.4 ± 0.7
S420 −0.32 ± 0.01 −0.45 ± 0.04 2.4 ± 0.3 9.5 ± 0.3
S421 −0.21 ± 0.06 −0.24 ± 0.1 1.9 ± 0.4 4.9 ± 0.9
S422 2.7 ± 0.2 0.5 ± 0.1 −5.1 ± 0.4 −13.1 ± 0.6

Table 4.2: Gradient of the line fits to the switching fields for magnetic field along
[11̄0] direction for all the investigated samples.

As can be observed from the above plots and table, the switching fields labelled
as 1 to 4 show very similar behaviour for all the samples except for sample S422.
However the gradients are different for corresponding switches in each samples,
that being due to different strength of the transmitted strain and perhaps distinct
magnetostriction value as was discussed previously for the [100]/[010] directions.
For the first three plots, it is seen that the switch labelled 1 and 2 are not much
affected by the strain compared to switch 3 and 4. It is due to the cooperative com-
petition between the magnetic field and the uniaxial strain to decide the minimum
of the magnetic free energy. Switch 1 and 2 are due to the magnetisation switching
towards the strain direction and switch 3 and 4 are due to the magnetisation switch
away from the strain axes direction for each layer. As the voltage increases, the
tensile strength along the [100] increases as well, and therefore it will need less
magnetic field to cause switch 1 and 2. But it will incur extra energy costs to align
the magnetisation away from the strain and therefore need higher magnetic fields
to cause switch 3 and 4.

However the gradients are opposite for sample S422 in this field configuration as
well, similar when the field was applied along the [100]/[010] directions. This would
mean that at positive voltages the tensile strain is along the [010] direction instead
of [100] which could be due to during the device mounting on the piezoelectric
transducer.

4.3 Summary
In summary the magnetisation reversal processes for Fe1−xGax samples under the
influence of an uniaxial strain are studied using magneto-optical and magnetotrans-
port measurements. By using the values of the magnetic anisotropy and saturation
magnetisation extracted from the FMR experiments, the magnetisation reversal
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processes were modelled. The magnetisation reversal processes were found to be
qualitatively the same for all samples and gave rise to changes in the longitud-
inal and transverse resistances that were due to either the AMR or the GMR or
both. The model aids to the experimental observations of the manipulation of
the magnetisation by the voltage induced uniaxial strain. Magnetotransport and
magneto-optical measurements were performed on the bilayer Fe1−xGax samples
that were studied and described in Ch. 3. It was observed that the 5 nm thick
spacer samples demonstrated a significant contribution of GMR to the measured
longitudinal resistance, while this contribution was negligible for the 10 nm thick
spacer samples. The GMR was due to the different magnetisation state of each
layer, or in other words due to different magnetisation orientation of each layer
which resulted in a relative angular difference between the magnetisations. The
magnetisations in the different FeGa layers reversed at different fields due to the
fact that the layers have different magnetocrystalline anisotropy energies and dif-
ferent magnetostriction coefficients.

The magnetisation reversal process for all the samples was investigated with
the magnetic field varied along different crystal directions. For the [010]/[100] dir-
ections the large change in transverse MR has been understood to be the magnet-
isation switch corresponding to [010]→ [100] and vice versa. For the hard [11̄0] dir-
ections the magnetisation reversal is a combination of rotation towards the applied
field direction and two switches over the hard axes. However the Al spacer samples
showed a high response to strain compared to the Cu spacer samples. The change in
the switching fields for the Al samples have been observed to be larger than the Cu
samples. The Cu samples demonstrated a higher GMR contribution. The higher
strain response is possibly due to enhanced magnetostriction value because of the
crystalline nature of both the top and bottom layers as shown by HR-TEM. Dean
[188] had reported that the structural property determines the magnetostriction
value, and for polycrystalline Fe1−xGax samples 3

2λ100 ≈ 0.3 × 107Jm−3, while for
crystalline samples the magnetostriction values can be as high as 2.1 × 107Jm−3.
The higher GMR in Cu samples compared to Al spacer sample is due to thicker and
more resistive Al layer which has interfacial imperfections and intermixing effects
which reduce the mean spin diffusion length. The effect of strain to the switch-
ing fields is higher for the 5 nm spacer sample than the 10 nm spacer samples,
due to attenuation of most of the transmitted strain by the substrate, and the
ferromagnetic- spacer layer.

It was noticed that the curing process of the epoxy mixture leads to an inbuilt
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strain in the hybrid structures which creates a tensile strain to be always present
in the hybrid structure. Sweeping the voltage to a negative value does not produce
a compressive strain. Therefore changing the voltage leads to different and may
be low tensile strain that alters the magnetisation switching fields, except sample
S422 where the voltage at +30 V and -30 V demonstrated manipulation of the easy
axis from the [010] to [100] and vice versa. Due to this inaccuracy in determina-
tion of the absolute strain values in each layer for all the samples, the calculation
for the exact values of the magnetoelastic constants is not possible. However for
sample S421 the determined values of 1.4×10−7Jm−3 and 0.46×10−7Jm−3 for the
bottom and top layer resulted in switching fields variation at different calibrated
strain whose gradient were equal to the experimental switching fields. Keeping
this values fixed and changing the domain wall depinning energy resulted in match
of the switching fields for one of the layers. Therefore to an approximation these
calculated values were able to replicate the experimental features, however due to
insufficient knowledge of the absolute strain in each layer the switching fields do
not match. The same values were used for the 5 nm Al spacer sample as well and
the modelled data qualitatively explained the experimental features. However for
the 10 nm spacer samples the strain variation was too noisy to draw any quant-
itative conclusion. The inability to calculate the exact magnetoelastic coefficients
can be attributed to (a) absolute strain estimate in each layer, (b) depinning ef-
fects at device boundaries, (c) resistance contribution of each layer, (d) enhanced
magnetostriction due to spacer.

Nonetheless the values of the coefficient for the bottom layer (1.4 × 10−7Jm−3)
is found to be of the same order as has been reported previously to be 1.5 ×
107Jm−3[101], 1.6 × 107Jm−3[100]. The significant reduction in the magnetostric-
tion value for the top layer may be associated with the reduced Ga content, poly-
crystalline nature of the layer and the associated non- uniformities in the layer and
have been reported earlier to be 0.3 × 107J/m3 for sputter grown polycrystalline
FeGa samples on Si substrate[188].

The mechanism of the magnetisation reversal along with the values of the mag-
netoelastic coefficients will be used in the next chapter to simulate the operating
parameters for a strain mediated non-volatile memory cell.



Chapter 5

Design parameters for a stress
operated magnetic memory device

5.1 Introduction
In this chapter, the design and operating parameters for a stress mediated magnetic
memory cell are proposed. The manipulation of the magnetisation on the basis
of energy efficiency, rate of reversal and processing times, degree of reversal, and
repeatability of the process are topics of interest for the development of novel logical
and magnetic memory storage devices. The architecture using electrical current or
magnetic field to locally alter the magnetisation state in magnetic random access
memory, has a major drawback of spatial localisation of the field and the effects
such as Joule heating, low energy efficiency and lower processing times. As shown
in the last chapter, strain can lead to change in the coercivity of the magnetisation
for a single domain particle. The voltage induced in-plane uniaxial strain alters
the magnetisation process of the bilayers which is manifested as the change in
switching fields. It is therefore reasonable to state that selective orientation of
the magnetisation of individual ferromagnetic layers by proper application of an
in-plane strain is possible.

By using the magnetic anisotropy values, saturation magnetisation and magneto-
elastic coefficients calculated from the experiments and modelling in the previous
chapters (3 and 4), the magnetisation variation for a hybrid structure under the
influence of an in-plane uniaxial strain has been discussed in this chapter. The pro-
posed memory structure comprises arrays of bilayer films of Fe1−xGax separated
by thin non-magnetic spacers and bonded to a large piezoelectric transducer which
can produce a significantly large in-plane strain as illustrated in Fig. 5.1.
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Figure 5.1: Stress operated magnetic memory representation.

5.2 Functionality
A single hybrid ferromagnetic bilayer structure has a distinct magnetic free energy
landscape for each layer which has contributions from the magnetocrystalline an-
isotropy energy along with the magnetoelastic energy. The presence of easy and
hard axes of magnetisation which can be manipulated by strain, leads to the un-
derstanding that the magnetisation orientation can be controlled by strain only.
In order to demonstrate the performance of this memory cell, the operating para-
meters for a single structure are described. This involves solving the free energy
equation (Eqn. 5.1) where θ is the angle between the magnetisation and the [010]
and φ is the angle between the magnetic field and [010], using a MATLAB routine.

E = −HextMscos(φ− θ) +Kusin
2(θ) + 1

4Kcsin
22θ +Bϵsin2θ (5.1)

Hext is a weak in-plane magnetic field which is applied externally to disturb the
magnetisation from the easy axis so that the sweeping strain is able to manipulate
the magnetisation orientation. The MATLAB routine then finds the minimum
energy conditions for the magnetisation orientation θ , dE/dθ = 0 and d2E/dθ2 > 0
for each value of strain as it is swept from a positive value to a negative value and
vice versa. A positive strain means a tensile strain along the [100], while a negative
strain specifies a compressive strain along the [100] shown in Fig. 5.2. At sufficient
strength of strain, it will be possible to orient the magnetisation towards the strain
direction and then re-orient it back at the opposite sign of strain.

As the samples have different magnetocrystalline anisotropies, saturation mag-
netisation and magnetostriction values, the free energy of each layer at a specific
strain will yield different values of the magnetisation direction. This, when solved
to get the angles of magnetisation for each layer, will result in different values of
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Figure 5.2: Nomenclature to define the positive and negative strain. A positive
strain means a tensile strain along the [100] while a negative strain specifies a
compressive strain along the [100] as represented by the red arrows.

the angle with respect to the [010] crystal direction.
The basic functionality is henceforth to determine the strain required to mani-

fest a 90◦ switch of the magnetisation in the absence of any field sweep. It was
observed in the previously discussed experiments that when the strain is tensile
or compressive in nature the switching fields can be manipulated by the strain
which alters the anisotropy energy. For sufficiently large strain, this can in prin-
ciple change the direction of the easy axes. Though an effective switching field
alteration is observed the system suffers with the following drawbacks:

• These results were observed for field sweep measurements. The proposed
memory cell should ideally perform the strain manipulation of magnetisation
at no external field applied.

• The gradient of the switching fields variation with respect to voltage is not
the same for each sample. This is ascribed to inhomogeneity in the produced
strain and in built strain during the curing process.

• The magnitude of strain produced is too small to induce rotation of the
magnetisation direction in the absence of an applied field,(see Appendix B)
due to the attenuation of the transmitted strain.

However this observation is very encouraging as it serves as an indication that these
bilayer samples demonstrate a degree of control over the magnetisation direction
due to tensile and compressive strain.
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5.3 Modelling of strain mediated memory
Before the strain dependent magnetisation reversal is studied, the factors that
influence the orientation of the magnetisation are described.

5.3.1 Strain: Strength and orientation

It will be shown in this chapter that the transducer should be able to produce an
in-plane uniaxial strain of magnitude at least ±0.3×10−3 along the [100] direction.
The [100] direction is chosen as the preferred strain direction as it is the easy axis
determined by SQUID magnetometry and the magnetostriction is highest along
this direction : 3

2λ100 = 395 × 10−6[81].

5.3.2 Operation of strain mediated bilayer memory cell

By using the Matlab code the free energy of magnetisation for individual Fe1−xGax

layers was solved at different values of oriented magnetic field with the strain varied
along the [100] crystal direction. The angle of the magnetisations for each layer
were calculated and have been shown in Fig. 5.3 with respect to [010].

It is seen that by varying the strain the magnetisation angle for each layer has
been modified. For some cases the magnetisation switches by approximately 90◦

and in some cases there is only a small rotation of the magnetisation orientation.
This process can be divided into two broad sections depending on the direction of
applied field.
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Figure 5.3: Calculated magnetisation angle with respect to the [010] crystal axes
for the bottom (red) and top ferromagnetic layers (blue) when a uniaxial strain
of magnitude ±10−3 is varied along the [100] direction at different magnetic field
strength and orientations.
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1. Magnetic field along the [010]/[100] crystal directions.

This includes cases when (i) a magnetic field of strength 0.01 T is applied along
the [010]/[100] crystal directions, and (ii) when no magnetic field is applied. The
process of the magnetisation reversal is explained by showing the energy landscape
at various strain values.

(i) At a constant field strength of 0.01 T.
For this scenario the energy variation for the [010] and [100] directions are shown

in Fig. 5.4 for the bottom and top Fe-Ga layers. The energy landscape reveals that
when a magnetic field of 0.01 T is applied, the magnetisation of the individual
layers are oriented along the field direction irrespective of the value of strain. So
it does not matter what the value of strain, the magnetisation will prefer to be in
the minimum position and will not switch.

Figure 5.4: Energy landscape for individual Fe-Ga layers at different values of
uniaxial strain when 0.01 T field is applied along the [010] and [100] directions. In
the energy landscape plots, 0◦ refers to the [010] crystal direction.

(ii) At zero external field.
In this case the magnetisation has to overcome the magnetocrystalline and

magnetoelastic energies to be able to perform a 90◦ magnetisation switch. It has
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been shown in Fig. 5.3 that the magnetisation switches by 90◦ on sweeping the
strain at zero field. The energy landscape for this configuration causing the 90◦

magnetisation switch has been presented in Fig. 5.5.

Figure 5.5: Energy landscape for individual Fe-Ga layers at different values of
uniaxial strain when there is no external field applied. In the energy landscape
plots, 0◦ refers to the [010] crystal direction.

The magnetisation reorientation by 90◦ depends on the relative depths of the
minima in the energy landscape of the magnetic free energy. In order to qual-
itatively understand the magnetisation switching process the energy landscape is
shown in Fig. 5.6. For magnetisation in state (a) to be oriented to state (b) it
has to cross over the energy barrier (EB) which hinders the transition. In order to
overcome this, the domain wall nucleation must be assisted by external methods
like thermal heating, small time varying magnetic field or stress at an offset angle,
or an out-of plane excursion that will toggle the magnetisation to precess and over-
come the large energy barrier When the difference in the energies between the two
adjacent minima (local and global) is greater than the domain wall pinning energy,
the magnetisation will switch to the state (b), |Ea − Eb| ≥ EDW .
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Figure 5.6: Schematic of the energy barrier and EDW defining the magnetisation
orientation.

For this case when the magnetic field is zero and at sufficient values of strain,
the difference in the energy between the minima at [010] and the minima at [100]
is greater than the domain wall de-pinning energy obtained from SQUID, and
therefore a 90◦ orientation of magnetisation occurs.

2. Magnetic field along the [110]/[11̄0] crystal directions.

For the case of magnetic field along the [110] and [11̄0] directions, it was seen that
the magnetisation switched by close to 90◦ in either case. The energy landscapes
for these directions have been shown in Fig. 5.7 and can be seen are identical.
However the magnetisation angles as the strain is varied are different. For field
along [11̄0] direction , a ∼ 90◦ switch has been simulated. However for field along
the [110] the angle switch is <90◦.
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Figure 5.7: Energy landscape for individual Fe-Ga layers at different values of
uniaxial strain when a 0.01 T field is applied along the [110] and [11̄0] directions.
In the energy landscape plots, 0◦ refers to the [010] crystal direction and 90◦denotes
the [100] crystal axis.

The difference in the switching of the magnetisation angle as seen in Fig. 5.3
can be ascribed to the following reasons: (i) the initial field direction. For the [110]
case at high values of tensile strain the magnetisation is along the [100] direction.
Now when the strain becomes compressive, in absence of any field, the minimum
of the energy should be along the [010], but due to the weak field the minimum is
offset to a different value. However when the field is along the [11̄0] the minima
occurs closer to the 180◦ due to the cooperation by the magnetic field applied at
135◦. (ii) the uniaxial anisotropy term also plays a role as it breaks the symmetry
between the [110] and [11̄0] as was seen from the SQUID MH loops in Ch. 3. This
higher uniaxial term causes the difference in the relative angle difference for field
along the [110] and [11̄0] directions.

Now then it is established that by applying an in-plane uniaxial strain it is
possible to switch the magnetisation by 90◦ and vice versa, and this can be achieved
by either applying a weak external field or no field at all.

For the purpose of using the bilayer cell as a non-volatile memory cell, the zero
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magnetic field case is considered. The variation of the magnetisation angles for
each layer with the varying strain is shown again for this case in Fig. 5.8

Figure 5.8: Modelled angles of magnetisation for H=0 case, when 90◦ switch
is observed for both the layers. The different magnetocrystalline anisotropies and
magnetoelastic constants lead to different switching strain values. This leads to four
different states of magnetisation which have been labelled as (1) to (4). Horizontal
arrows represent magnetisation towards the strain axis [100], while vertical arrows
represents magnetisations oriented along [010] crystal direction.

As shown in Fig. 5.8, the magnetisation of the hybrid cell can have four different
states labelled (1) to (4) and can be described a s such:

(1) When the strain is at a high tensile value, the magnetisation of both the layers
are oriented along the [100] strain direction.

(2) As the strain changes to a compressive along [100], the bottom layer switches
by 90◦ towards the [010], while the top layer stays along the [100]. This
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creates a mutual angle difference in the magnetisations due to orthogonal
orientations of the magnetisations.

(3) As the strength of the compressive strain increases, the top layer’s magnetisa-
tion orients along the [010].

(4) When the strain changes to tensile values, the bottom layer switches first
towards the strain direction due to higher magnetoelastic constant causing
another orthogonal state. This is followed by parallel configuration again (1)
at higher tensile strain values.

For the stacked multilayer system, the different magnetisation states can be repres-
ented by binary states, for example, |0 > for magnetisation parallel to the [010] and
|1 > for magnetisation parallel to the [100]. Therefore the distinct four states can
be written as: |1, 1 >, |0, 1 >,|0, 0 >, and |1, 0 > for the states labelled (1) to (4) re-
spectively. In order to use these multiple magnetisation states as a memory element
the reading mechanism must be able to resolve these independent magnetisation
states.

For the prototype cell, the read out approach can be performed by using the
transverse AMR . A Hall bar can be fabricated on the bilayer with a constant
current along the [11̄0] direction. Since the cell demonstrates four distinct states,
each with different orientations of the magnetisation, the resistance for each of
the state will be different. Therefore the read out must be able to measure the
resistance of the individual layers and not just of the entire structure. In order
to perform this, the fabricated Hall bar must have contact pads to each of the
ferromagnetic layers which should be selectively etched, and the spacer can be
an insulator like MgO. MgO is an invaluable TMR spacer layer and has been
extensively studied and been reported to increase the magnetoresistance up to
604% at room temperature[195, 196].

A schematic of the proposed unit memory cell mounted on a transducer is shown
in Fig 5.9(a) where contacts are fabricated on individual magnetic layer to measure
the AMR. The resistance can then be converted to normalised magnetisation by
following the AMR equation stated in Eqn. 1.32 and shown in Fig. 5.9 (b) along
with the four different magnetisation states. It is noted that even when the writing
strain is zero, the cell remains in an orthogonal state, keeping the memory non-
volatile.
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Figure 5.9: (a) Schematic of the prototype memory cell with a processed Hall bar.
A dc current is passed along the [11̄0] direction with tensile strain along the [100]
direction generated by the transducer. The transverse resistance is measured for
each layer independently. (b) Modelled magnetisation loop calculated from net
transverse resistance depicting four different magnetisation states.

In order to be used as a memory cell, an array of similar Hall bars can be
processed and mounted on a ferroelectric layer [197] such as PMN-PT. PMN-PT
have been widely used for voltage control of magnetisation due to the ultra high
piezoelectric response allowing an effective manipulation of the magnetisation [198,
199]. For our proposed memory cell, the PMN-PT layer can be etched into an array
of mesa structures. To the top of each of these mesa structures, the processed Hall
bars made out of the bilayer Fe1−xGax can be mounted or grown. The top of each
of the mesa structures also has a gold electrode to which an electric field is applied
to locally apply an in-plane strain to the bilayer sample. Thus by using a shift-
register like mechanism the strain in individual PMN-PT mesa structures can be
produced and thus the magnetisation orientation in individual Hall bars can be
manipulated to give the four states configuration. A representative schematic of
the proposed cell has been illustrated in Fig. 5.10.
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Figure 5.10: Schematic of the memory cell using an array of Fe-Ga bilayer mounted
on PMN-PT mesa structures. Each PMN-PT structure can be polarised by poling
it with an electric field, which in turn creates a local in-plane strain along the [100]
crystal direction. A current is passed along the [11̄0] direction and corresponding
planar resistance is measured.

As it is discussed that the uniaxial anisotropic strain manipulates the magnet-
isation and leads to the multiple independent magnetisation state, therefore the
most energy efficient way of producing such strain is by applying an electric field
to the piezoelectric material which is coupled to the memory cell by magnetoelastic
coupling. The energy of the operation will then depend on the piezoelectric energy
density for the used ferroelectric transducer and its crystal cut direction. This op-
erational energy calculation for PMN/PT relaxor has been investigated in recent
reports [200, 201] and has been to be in the order of 1.5 × 104 Jm−3.

5.4 Summary
In summary, in this chapter a stackable bilayer memory cell composed of Fe1−xGax

layers showing multi-level states was described. This multi-state configuration al-
lowed for three dimensional, non-volatile memory integration without the applica-
tion of any external magnetic field. The voltage induced strain in individual PMN-
PT structures modulates the magnetisation orientation of individual ferromagnetic
layers by magnetoelastic coupling. The third dimension can be used to stack more
ferromagnetic layers thus improving the number of individual bits or magnetisation
states, provided the strain is transmitted to the topmost layer effectively.

Since the modulation of the magnetisation states are performed by strain only,
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it replaces traditional writing process such as external magnetic fields and elec-
trical currents, thereby minimising energy losses due to Joule heating and spatial
localisation of the field which may be destructive. The modelled results showing
magnetisation switch by 90◦ and vice versa and highlight the importance of strain
control of magnetisation and its profound potential application. In order to realise
a strain mediated memory, array of such bilayers can be grown on mesa structures
of piezoelectric materials in which the strain can be varied locally. By reading the
magnetoresistance of the individual layers separately using either incorporating de-
structive techniques, or by growing the ferromagnetic layers on an insulating MgO
spacer barrier, the magnetisation state of each layer can be realised. Thus, by
applying a voltage of alternating sign, which generates strains of alternating signs,
the magnetisation in each layer can be toggled between high/low-resistance states.
The demonstration of highly effective voltage manipulation of magnetic bilayer via
localized strains paves the way towards deterministic 90° magnetisation switching,
and represents a key step towards realizing realistic strain-based MRAM with write
energy of few tens of a J/bit provided the piezoelectric properties scale to a few
nm thickness of the order 20 nm.



Chapter 6

Conclusion

This thesis incorporated a combination of magneto-optical, SQUID magnetometry,
magneto-transport, ferromagnetic resonance, HR-TEM along with numerical mod-
elling techniques to investigate the magnetisation properties, both static and dy-
namic for bilayer films of Fe1−xGax separated by a non- magnetic spacer layer.
This extensive study leads to the concept of a strain mediated magnetic memory
cell where the magnetisation can be manipulated in both the ferromagnetic layers
by applying a uniaxial strain across the volume of the hybrid sample.

Chapter 3 investigated the static and dynamic magnetisation properties of the
unstrained bilayer samples which included determination of the magnetocrystalline
anisotropies, saturation magnetisation, Gilbert damping and field linewidth values.
The angular variation of the resonance frequency for each layer as measured by
FMR were used in conjunction with numerical methods to work out the values of
the values for magnetocrystalline anisotropies along with saturation magnetisation
values. The determined quantities were then used to model M-H hysteresis loops
which were a good fit to the SQUID hysteresis loops, indicating the consistency
of the calculated values. The combination of the angular resonance frequency
along with SQUID magnetometry showed that all the bilayer samples exhibited a
cubic magnetocrystalline anisotropy favouring the [010]/[100] crystal directions and
a weaker uniaxial anisotropy favouring the [110] hard direction. The determined
values of the magnetocrystalline anisotropies depicted a consistent cubic anisotropy
for both the layers and all the samples, while the uniaxial anisotropy for the layer
grown on GaAs was higher than the lower grown on the metallic stack. This was
due to the anisotropic influence of the interface bonds between the GaAs substrate-
ferromagnet layer which got weaker with sample and spacer thickness.

The SQUID M-H loops for all the samples were used in combination with the
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modelled magnetisation loops to determine the values of the domain wall energies
for each layer. It was noticed that the domain wall energies were distinct for each
layer and were dependent on the direction of applied field variation. The domain
wall energies for the layer grown on GaAs substrate were found to be to be con-
sistently lower than the layer grown on the metallic stack. Qualitatively this may
be due to unique pinning effect of the GaAs substrate- ferromagnet layer, and
ferromagnet-metal, and other interstitial effects resulting in different domain wall
expansion process. the field dependence of the domain wall energies should be be-
cause of the the role of magnetocrystalline anisotropies that over the mechanism of
domain wall nucleation and expansion. The calculated values of the magnetocrys-
talline anisotropies along with the domain wall energies for all the bilayer samples
were comparable to that for MBE and sputter grown single layer films of Fe1−xGax

grown on GaAs [68, 100].
In order to determine the Gilbert damping parameter and the the field linewidth

value, FMR was performed on the bilayer samples at different GHz frequencies.
The determined values of the Gilbert or intrinsic damping for both the layers were
comparable to previous reported values for single layer galfenol films with varying
Ga concentration [102]. The bilayer samples showed narrow linewidths with small
Gilbert damping values. The linewidth has been calculated to be about 9 times
smaller than previous reported values for bulk and thin films [184, 185] and about
the same comparable value for MBE gown Fe81Ga19 single layer [101].

The structural characterisation by HR-TEM imaging technique for the 5 nm
thick spacer samples were also described in Ch. 3. The high resolution TEM
images conducted in collaboration with Brno University of technology investigated
crystal morphology of each layer. The imaging results presented also showed the
good epitaxial and single-crystal growth of both the Fe1−xGax for Al spacer sample,
while a polycrystalline structure of both the layers for the Cu spacer sample. The
Al spacer sample also revealed intermixing of the spacer metal diffused into the
ferromagnetic layers. This intermixing effects along with crystalline structure have
been reported to enhance the magnetostriction constant of Fe1−xGax[188]. Further
HR-TEM imaging needs to be performed to detrmine a relation between the spacer
type and thickness on the structure of the ferromagnetic layers.

The magnetostrictive property of the bilayers were studied in Ch.4 by per-
forming magneto- optical and magnetotransport measurements on piezoelectric-
ferromagnetic hybrid structures. The voltage induced strain resulted in the ma-
nipulation of the magnetic easy axes which was manifested as change in switching
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fields. The response of the layers for all all the samples were different to the voltage
induced strain. This was due to the fact the individual layers in the samples had
different magnetocrystalline anisotropies, and magnetoelastic coefficients but most
importantly the strength and nature of the transmitted strain was distinct. For the
10 nm thick spacer samples it was observed that most of the strain was attenuated
by the substrate and the ferromagnetic- spacer layer. It was also observed that
the curing of the epoxy glue used to mount the bilayer samples onto the trans-
ducer caused an in-built tensile strain along the [100] crystal direction which was
always present no matter what the applied voltage was except for sample S422. For
samples S419 to S421, the tensile strain caused changes in the magnetic switching
fields as the voltage across the transducer was varied. For sample S422 a positive
and negative voltage produced a tensile and compressive strain along the [100],
which resulted in the manipulation of the magnetic easy axes.

By using the values of the magnetocrystalline anisotropies and domain wall
energies calculated in Ch. 3, simulations were performed by solving the magnet-
isation free energy to model the transverse and longitudinal resistances along with
M-H loops. From these it was realised that the applied uniaxial strain influences
the magnetisation free energy by adding an extra magnetoelastic energy term. For
field applied along the [100]/[010] easy axes directions it was experimentally ob-
served that the measured resistance showed a large change in resistance which was
due to a 90◦ magnetisation switch over the hard axes. A similar 90◦ switch was also
observed by longitudinal MOKE measurements which only probed the top layer of
the sample due to the penetration depth limitation of the laser. This switch was
different from the 180◦ observed for unstrained samples by SQUID magnetometry.
This demonstration of strain mediated switching of 90◦ magnetisation direction is
important for its potential applicability to technology and had been discussed in
Ch. 5.

Due to this uniaxial strain it has been shown in Ch. 3 that the magnetisa-
tion reversal in each layer were independent. This relative difference between the
magnetisation orientations resulted in measured resistances which were a combin-
ation of individual layer resistance. This independent magnetisation reversal was
measured as GMR contribution to the longitudinal resistance. The GMR effect
was only shown by the 5 nm thick spacer samples and vanished for 10 nm thick
spacer samples, as the spacer thickness were comparable to the mean free path of
electrons [107] and most of the electrons are shunted by the thicker and more res-
istive spacer. It was also observed that the magnitude of GMR was greater in Cu
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than Al spacer samples. This was more likely due to the thicker Al spacer sample
as revealed by TEM imaging. The interfacial mixing of Fe-Ga with the Al spacer
may cause interfacial spin mixing effects which further reduces the spin flipping
or spin diffusion lengths and can reduce the magnitude of GMR. However further
experimental investigations should be performed to conclude a definitive relation
between the magnitude of the GMR to the type and thickness of the spacer.

Using the simulation at the switching field regions, the magnetoelastic con-
stants for individual layers were calculated for sample S421 and was found to be
comparable to previous reported values for single layer crystalline and polycrystal-
line samples [101, 188, 189]. These calculated values of magnetoelastic constants
were able to replicate the experimental magnetotransport features, however due to
insufficient knowledge of the absolute strain in each layer, and de-pinning effects
at the sample edges the switching fields did not match very well. The values of
the magnetoelastic constants for the rest of the sample were assumed to be the
same, and using this values a good qualitative judgement of the magnetisation fea-
ture was possible. This results demonstrated that the the magnetotransport and
magneto-optical measurements are excellent techniques to determine the magnet-
isation properties of the magnetostrictive bilayer films.

In Ch. 5 a design and operating parameters for a stress mediated magnetic
memory cell was proposed. It outlined mathematical modelling of a single do-
main device by using the values of the magnetocrystalline anisotropy energies and
magnetostriction values of each layer calculated in the previous chapters. This
proposed device has an ability to show a strain controlled non volatile 90◦ mag-
netisation switching over the hard axes. The extension to more than one layer
improves the storage density and also demonstrates a four-state memory applica-
tion. Having the magnetisation switch by strain minimises the eddy losses incurred
due to localised electric and magnetic field. A proposed archtecture of an array
of bilayer samples grown on PMN-PT substrate was dicussed to locally alter the
magnetisation state of each unit cell.

The strain control of magnetisation is an area with promising future towards
development of devices suitable for applications in information storage and logical
processing. The narrow linewidth and low Gilbert damping values makes them
an interesting candidate in the applications of microwave spintronic devices with
high tunability and power consumption demands. This two independent properties
have been observed in sputter grown films which make them more useful due to
the economics and time constraint. There are a number of areas that could be
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developed from the work in this thesis. Some of them can be attempts to improve
the magnetoresistance ratio by incorporating different spacer layer, traditionally
Cr, and by changing the composition of thickness and composition of the layers
to measure different magnetisation resonance properties. Another viable spacer
material can be MgO, which can be used to increase the TMR and as well as to
read out the individual layer magnetoresistances. Sophisticated growing techniques
of array of these bilayers on piezoelectric materials at different crystal cuts, with
selective etching processes can be realised and will be a key step towards realising
realistic strain-based MRAM with write energy of few tens of a J/bit provided
the piezoelectric properties scale to the thickness of the grown layers. It will be
interesting to see if a strain mediated non-volatile memory device can be developed
which can experimentally demonstrate the independent magnetisation reversal.
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Appendix A

MOKE

Penetration depth calculation

Assuming that the layer is perfectly polarised and there is no optical attenuation
due to the optical components and any back scattering the penetration for the Al
and Cu spacer samples can be calculated as below:

Figure A.1: Schematic of the multilayer samples for calculation of penetration
depth of the laser

Aluminium spacer samples

• Layer 1

Wavelength of incident light: λ1= 635 nm

Corresponding energy : 1.953 eV

η for Iron at this energy: 2.88

κ for Iron at this energy: 3.05

Hence wavelength λ2 in the 1st layer : 635nm/ηiron = 220.48 nm
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Characteristic length through 1st layer : λ1× 4πκ = 16.57 nm .

• Layer 2

Wavelength of incident light : λ2 = 220.48 nm

Corresponding energy: 1.95 eV

η for Aluminium at this energy: 1.63

κ for Aluminium at this energy: 7.82

Characteristic length through 2nd layer: λ2× 4πκ = 2.24 nm.

Conclusion: For Aluminium spacer samples, laser will not be able
to penetrate into the third layer.

Copper spacer samples

• Layer 1

Wavelength of incident light: λ1= 635 nm

Corresponding energy : 1.953 eV

η for Iron at this energy: 2.88

κ for Iron at this energy: 3.05

Hence wavelength λ2 in the 1st layer : 635nm/ηiron = 220.48 nm

Characteristic length through 1st layer : λ1× 4πκ = 16.57 nm .

• Layer 2

Wavelength of incident light : λ2 = 220.48 nm

Corresponding energy: 1.95 eV

η for Aluminium at this energy: 1.09

κ for Aluminium at this energy: 13.43

Characteristic length through 2nd layer: λ2× 4πκ = 5.47 nm.

Conclusion: For Copper spacer samples, we find that the second
characteristic length l2 is 5.5 nm. Therefore, if we have 5nm spacer,
laser penetrates just into the 3rd layer of FeGa. But for 10 nm
spacer, laser can not penetrate to the third layer.
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Experimental evidence

In order to validate this assumption within limits longitudinal MOKE were per-
formed on Fe samples sputter grown on GaAs(001) substrates of different thickness.
The samples were grown by Stuart Bowe for his PhD thesis (Ref. (author?) [100]).
The MOKE measurements are shown in Fig. A.2
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Figure A.2: Longitudinal MOKE measurements performed on Fe samples of vari-
ous thickness.

By finding the amplitude of the measured signal for different thickness the
critical thickness limit was obtained to be ~10.5 nm
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Figure A.3: Variation of the Kerr signal amplitude with thickness of the Fe film
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The Kerr signal reflected from a magnetic sample depends on the thickness of
the sample. For longitudinal geometry, the Kerr signal is given by the following
equation (author?) [202] :

φ = 4πη
λ(1 − η2)Qdθ (A.1)

Where Q is the magneto-optical constant, θ is the angle of incidence; d is the
thickness of the magnetic sample.

Reflection beam in terms of Fresnel coefficients

The amplitude of the parallel and perpendicular components of the light reflected
from a magnetic material is related to the parallel and perpendicular components
of the incident beam by the Fresnel coefficients

Er = ℜ · Ei (A.2)

or,
 Ep

Es


r

=
 rpp rsp

rsp rss

 Ep

Es


i

(A.3)

where Er is the reflected beam, ℜ is the Fresnel coefficient matrix and Ei is the
incident beam and can be expressed as:

ℜ = m2
t r
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pr
z
[
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(A.4)

where mt = Mt/M , ml = Ml/M , and mp = Mp/M .



Appendix B

Strain calibration for various
samples.

The calculated values of strain at different voltage across the piezoelectric trans-
ducers have been shown here for the samples (a)S419, (b) S420, (c)S421, and (d)
S422.

Figure B.1: Calibrated strain values for all the samples.


	Contents
	1 Introduction and background theory
	1.1 Introduction to spintronics
	1.2 Manipulation and control of magnetisation
	1.2.1 Electric field control of magnetisation
	1.2.2 Strain control of magnetism
	1.2.3 Acoustic methods to control magnetisation

	1.3 Galfenol for strain mediated spintronics
	1.3.1 Magnetostriction in Fe-Ga
	1.3.2 Demonstration of magnetostriction in thin films of Fe-Ga

	1.4 Theory of magnetic materials
	1.4.1 Magnetic moment and magnetisation
	1.4.2 Magnetic energies and fields
	1.4.2.1 Demagnetising energy
	1.4.2.2 Zeeman energy
	1.4.2.3 Magnetocrystalline anisotropy energy
	1.4.2.4 Magnetoelastic anisotropy energy

	1.4.3 Magnetisation dynamics in ferromagnetic films
	1.4.3.1 Motion of magnetisation vector
	1.4.3.2 Ferromagnetic resonance

	1.4.4 Electrical transport properties in ferromagnetic films
	1.4.4.1 Electronic states and spin dependent transport in ferromagnetic metals
	1.4.4.2 Anisotropic magnetoresistance
	1.4.4.3 Giant magnetoresistance

	1.4.5 Magneto-optical effects in ferromagnetic materials
	1.4.6 Magnetic domains and domain walls

	1.5 Thesis organisation

	2 Materials and Techniques
	2.1 Ferromagnetic bilayers
	2.1.1 Growth

	2.2 Fabrication
	2.2.1 Photo-lithography
	2.2.2 Thermal evaporation
	2.2.3 Ion milling
	2.2.4 Sample mounting

	2.3 Measurement techniques and Modelling
	2.3.1 Magneto Optic Kerr Effect
	2.3.1.1 System description
	2.3.1.2 Measurement description

	2.3.2 SQUID magnetometry
	2.3.2.1 System description
	2.3.2.2 Measurement description

	2.3.3 Magneto transport
	2.3.3.1 System description
	2.3.3.2 Measurement description

	2.3.4 Ferromagnetic resonance
	2.3.4.1 System description
	2.3.4.2 Measurement description

	2.3.5 HR-TEM
	2.3.5.1 System description
	2.3.5.2 Measurement description

	2.3.6 Modelling Ferromagnetic resonance conditions
	2.3.7 Modelling MH loops 


	3 Static, dynamic and structural properties of Fe1-xGax bilayer films studied by SQUID, Ferromagnetic resonance and HR-TEM
	3.1 Introduction
	3.2 FMR study of dynamic properties
	3.2.1 Extraction of magnetic anisotropy constants 
	3.2.2 Extraction of the dynamic parameters

	3.3 SQUID magnetometry study of static properties
	3.4 HR-TEM imaging study for sample morphology
	3.5 Summary

	4 The effects of strain on magnetisation reversal in Fe1-xGax bilayer films
	4.1 Introduction
	4.2 Magnetotransport and magneto-optical study of strained samples
	4.2.1 5 nm spacer samples
	4.2.1.1 Sample S421: 5 nm Cu spacer
	4.2.1.2 Sample S419: 5 nm Al spacer

	4.2.2 10 nm spacer samples
	4.2.2.1 Sample S422: 10 nm Cu spacer
	4.2.2.2 Sample S420: 10 nm Al spacer

	4.2.3 Effect of voltage induced strain to the magnetisation switching fields

	4.3 Summary

	5 Design parameters for a stress operated magnetic memory device
	5.1 Introduction
	5.2 Functionality
	5.3 Modelling of strain mediated memory
	5.3.1 Strain: Strength and orientation
	5.3.2 Operation of strain mediated bilayer memory cell

	5.4 Summary

	6 Conclusion
	References
	A MOKE 
	B Strain calibration for various samples.

