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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 Fe;_,Ga, 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 %)\100: 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 Fe;_,Ga,
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



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 Grinberg [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
AR/R = (Rap — Rp)/Rp where R4p 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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(a) (b)

Contacts —

LSpin valve

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.

Bit line

Spin valve

Digit line

| Read transistor

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-MRAMSs 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 20ns 100 — 10° ns 2-30 ns 10 ns
Write time 5 ms 20ns 100 — 10° ns 2-30 ns 10 ns
Endurance > 10%° > 10'° > 10° 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.

U
=|
Siolvated Nat Solvate? OH~
-+ -4
-+ -
H <]E i
- Pt |Fept - pt
MgO | or |or ., Propylene
Pd FePd @ carbonate
-+ _+
-~
Double layer

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 CoFe,0,/FeBaTiO3 [49],Ni/BaTiO;
[50], Terfenol-D/PbZry_,Ti,O3 [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.



1.2 Manipulation and control of magnetisation | 9

©

7

~| Ferromagnet
€

Piezoelectric transducer

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 (\)
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 x —cA (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 M, A100 A111
(x10°Am=1t)  (x107°) (x107°)

Fe[69) 1.712 30 21

Ni[69, 70] 0.49 46 24
Co[69, 71] 1.431 75 50
Feg1Gayg64, 67] 1.386 395 15
FeygNigy[71, 72] 0.86 8 0

Ter fenol — 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 (M, 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.

M precession

Strain pulse| WO

ME
coupling

Ultrashort
optical pulse | p

GaAs(001) Feq,Ga, layer

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 Fe;_,Ga, 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, Fe;_,Ga, 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 Fe;_,Ga, 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 Ajpg 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 DOs 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+ DOj structure which would be due to the coherent nano precipitates that
form within the A2 matrix. These nano precipitates are tetragonal DOy crystal
structure rather than cubic (Fig.1.7 (d)). The tetragonal nano precipitates cause
a tetragonal distortion to the cubic A, 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 DOswhich under
the influence of external field deform and rotate continuously to a tetragonal DOqs
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.
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Figure 1.7: Crystal structures of Fe and Fe;_,Ga,. (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,
(¢) Ga occupy the body centred sites. At 19% Ga, it nano-precipitates to a (d)
DOj structure and are distorted to a tetragonal phase (e) DOyy and appear like a
fce Lqy 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
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