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Abstract

Spintronic devices have been playing an important role in magnetic storage and
memory applications for the last 20 years. For such a trend to continue, it is critical to
develop new magnetic materialg, particular,in the context of antiferromagnetic
spintronics, materials with high Curie temperatures, large spin gailans, and low
saturation magnegations In this study, three Heusler alloys, M&i, MnsGa and
MnsGe have been investigated and experimentaltseekal/e been carried out.

80 nm thick polycrystalline MgvSi films have been deposited on silicon substrates
with an 18 nm silver seed layer and a 3 nm aluminium capping layer using a sputtering
system. The best quality film is obtained for 723 K growte MnVSi thin film is
verified to be antiferromagnetic, where an exchange bias is found when a 3 nm
ferromagnetic CoFe layer has been deposited on the top of théSMiayer. The
exchange bias is measured to be 34 Oe at 100 K. The blocking and theiméibac
temperature of M#VSi is estimated to be below 100 K and within a range between
100 K and 448 K, respectively.

Polycrystalline MaGa layers with thickness in the range fr8+820 nm were deposited

at room temperature. To investigate the onseexahangebias, a ferromagnetic
Coo.6F&n.4 layer (3.39 nm thick) capped with 5 nm Ta, were subsequently deposited.
X-ray diffraction measurements confirm the presence ofGdAn(0002) and (0004)
peaks characteristic of tH20.9 antiferromagnetic structurd@he 6 nm thick MeGa

film shows the largest exchange bias of 430 Oe at 120 K with a blocking temperature
of 225 K. The blocking temperature is found to decrease with increasinGavin
thickness. These results in combination witinay reflectivity measurenmes confirm

that the quality of the Mia/Ca eFe 4 interface controls the exchange bias, with the
sharp interface with the-Bmthick MnsGa inducing the largest exchange bias. The
magnetecrystalline anisotropy for 6 nm thick M@a thin film sample is deulated

to bew p Tira 8

Polycrystalline MaGe samples with same stack layer structure ag3slriilms were

also studied. A growth temperature of 773 K promotes the crystallisation of the 100
nm thick MnGe layer showing B019 antiferromagnetic structur&heexchange bias
cannot be observed due to the potential interlayer diffusion during high temperature

sputtering.
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Chapter 1

Introduction

The purpose of this resedris to design a replacement for IrMn, an exchabnigsing
material characterised by elevated thermal stability and high resistance to corrosion.
At present, IrMn is a widelysed antiferromagnetic alloy applied in a variety of
electronic devices (e.g.,ald disk drives [HDDs] and magnetic ramd access
memory [MRAM]). The desired material that will replace IrMn is an
antiferromagnetic (AF) Heusler alloy (HA) thin film.

Since iridium (Ir), which constitutes the densest element after osmium (Os), is
characerised by stability and a high melting point (higher than 3,000°C), it is
commonly found in meteorites and asteroids. However, it is among the rarest elements

in the Earthoés crust, and it iIs retrievec
regardedss r arer. Approximately 5.8 tonnes of
annually, the majority of which (87%) derives from South Affith As a member of

the platinumgroup of metals, Ir can be produced as a side product of platinum and
palladium ores, the standard concentration being between 1% afit].2%s also

noteworthy that Ir constitutes a side product of the eleefining process of nickel

and copper. At present, estimates sugges:t
4x10* ppm, which is a conspicuously lower value when compared to other important
metals, including asneodymium (33 ppm), lithium (17 ppm), dysprosium (6.2 ppm),
platinum (3.7x16 ppm), gold (3.1x18 ppm), ruthenium (1x1®ppm), and palladium
(6.3x10*ppm). Thisé@ monstrates that | r prevalence
of all metals[2]. This fact was not concerning until relatively recently, and more
specifically, until the discovery of GMR and TMR, since no conuia¢applications

of the metal were extant. However, given these discoveries, and the utilisation of Ir in
HDDs, demand for the metal rose four times in the period from 2009 to 2011 (to reach

approximately 9.5 tonne§}].

In view of the least abundant status of Ir, IrMn, although a suitable material for a
variety of electronic applications, is costly, with its price having risen by a factor of 4
over the recent hallecade (and for the recent decade, by a factb®@lpfisshownin

Fig 1.1
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2016

Given the fact that an even greater number of modern technologies are now anticipated

to draw on IrMn, this price increase is set to become even more pronounced. In view
of this, Heusler alloys (HAs), wtlh are alloys of the transition metals (e.qg., iron [Fe],

cobalt [Co], or manganese [Mn]) with materials like silicon (Si) or aluminium (Al),

are now being focused on by many researchers. If HAs could be utilised for similar

applications to those that IrMa currently used in, costing and availability problems

would be alleviated significantly. At present, the literature indicates that spintronic

technol ogies

t han

Wi

const

itut e

t he

foundat

c o nt e mp wlatdersgmicenductore ang o is notable that the read

heads within HDDs are already constituted in this novel way. As such, it is clear that

procurement issues surrounding IrMn have prompted scientists and researchers to

explore new possibilities.

Given the criticality of Ir in the HDD industry for the recent ten years, a
comprehensive analysis of the binary alloys that could be used instead has been

conducted. Although PtMn was identified as a viable candidate in a variety of respects,

the prohibitive nature of its elevated temperature anneal (temperatures of around

1,000°C are necessary to facilitate the conversion fronfatteecentered cubidc)
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phase to théace centered tetragondtt) phase in bulk form) presents difficulties in
the context of thin film form. As such, ternary alloys must be addressed to identify
antiferromagnetic (AF) ocompensated ferrimagnetic (CF) materials characterised by

appropriate thermal stability values.

This studyods objective iIis to identify a ne
lowering the expense associated with AF films by 10 times when comparatively
examined against IrMn. In the research, the films were characterised in structural and
magneic ways by employing transmission electron microscq@EM), X-ray

diffraction, andmagnetic measurements. It is necessary for the device to exhibit an
exchange bias, namely, the impact of a hysteresis loop shift deedlitby AF
ferromagnet couplinggreder than 1 kOe in thin film form, with a blocking
temperature exceeding 300K. If so, then it will be compatible with industry standards

for HDD read heads. The following HAs are examined>W8i, Mn:Ga andMnsGe.

1.1Units and Errors
The application of c.g.s unit system has been utilised in this study as it is the standard
system used in the magnetic recording industry. The c.g.s system is commonly used

by the major magnetism community.

The errors on results presented in this studyewsalculated using the standard

Gaussian error method.
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Chapter 2

Spintronic Devicesand Magnetoresistance

In recent years, primarily owing to tlegscoveryof giant magnetoresistance (GMR),
researchers and commercial stakeholders have been paying increasingly close
attention to spin electronics. All commercially available hard disk drives (HDDs)
contain magnetoresistive sensors within their read heads,uahdsensors are also
employed for all applications which require the accurate determination of a magnetic
state. Further advances have resulted in the incorporation of spintronics into other
applications, including magnetic random access memory (MRAM)ptinpose of
which is to substitute for the technology related to the current transistor. When a device
is not powered on, a stable logic state can be achieved from strides forward in the
manipulation of spin as opposed to electron charge, but novel pespene required

for those materials which would implement these processes. Owing tontieeinr

spin polarisation capacities, which lead to impaired spin injection efficiency (typically
less than 50%), conventional transition metal ferromagnets atgtalrie for spin
manipulation. Contrastingly, existing materials could be replaced bymwtillic
Heusler compounds and alloys, since these are associated with significantly higher
spin polarisation (estimates suggest this can reach 10a%@wortly, Heusler alloys
provide a wide range of materials with tuneable transport and magnetic properties,

many of which are precisely what new data storage technologies require.

2.1 Magnetoresistance

Thomson|[3], after documenting the relationship between electrical current and
conductor magnetisation, was responsible for discovering the concept of
magnetoresistance in 1856. Owing to the HEfkect, ordinary magnetoresistance

occurs in magnetic and nonagnetic materials. With respect to ferromagnetic

mat erial s, magnetoresistance is iIimpacted
gives rise to anisotropic magnetoresistance (AMR). Here, the processaelibe

applied magnetic fieldlirection, and it cate accounted for by spwrbit coupling

inside the ferromagnetic mater[dl. In the context of AMR, if the charge current is

parallel omormalto the atomic magnetic moments (which themselves are oriented via

an applied magnetic field), the eleon spirorbit coupling promotes variability in the
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scattering cross section. Tledfect is significart, but the scale of the change in
resistance is negligible, which impairs the precision with which potential
magnetisation states can be distinguished.

2.1.1Giant Magnetoresistance

Grunberg and Fert received the Nobel Prize for documenting the giant
magnetoresistance (GMR) effect in 2007. The GMR effect is reliant upon spin
dependent scattering (SD&)the current carrying electrons in the host materials. SDS
occurs in transition metals due to the number of unoccupied statesdrbmels.It

was first examined for bulk ferromagnetic materials towards the end of the [5980s

By employing the twacurrent model, which holds that it is possible to separate the
current moving through a transition metal into a pair of channels, [ptnitially
documented the phenomenon in 1936. As a consequence of this early research, Fert
and Campbell could conduct their investigation into SDS in the latter part of the

twentieth century, the results of which conformed to the existing experimental findings

[71[8].

A GMR structure is intentionally engineered so as to facilitate the exploitation of the

SDS, and it can be accounted for by drawing the resistor diagram below.

A by

spin up
channel Low Resistance High Resistance

RI
Rt
spin down
channel Parallel Antiparallel
RT+R
Rp RTRI Rap = ;

“RT+RY

Figure 2.1 Schematic diagramf a GMR stack and
resistor network9].
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Regarding the two current model or independent spin up and spin deatnoal
transport channels, it is possible for the ferromagnetic layers to serve as resistors in a
parallel configuration for the paths of the spin chanmedst shown in Fig2.1, when
the magnetisation direction of F layers are parallel (pointing upwards), thd@spm
electrons are scattered back leaving for a low resistance in the pathopslectrons.
Contrastingly when F layers are antiparallel, both -sgirand spirdown electrons
exhibiting high resistance through the structimeriew of this, the evidence indicates
that the sole mechanism that can be utilised to distinguish between the low and high
resistance states of the GMR stack is to switch the magnetisétioa two magnetic
layers from the parallel state {Row resistance) to the antiparallel statesFhigh
resistance). As documented Iy T. Sarahet al[9], this is reflected in the following
equation:
Y oY ys oy

Y TY8 "YU (2-1)

<%

Although the GMR mechanism does not seem to be complex, a comprehensive
investigation of electron scattering dynamics draws attention to several limiting
aspects of the magnetoresistance effect. In statistical terms, the electron scattering
process can beharacterised as either elastic or inelastic, and it can potentially give

rise to spin flipping1l0]. At t he same time, within the
scattering processes take place. The imptioadf this is that it is necessary for the
orientation of the electrons to remain consistent prior to the emergence of SDS. Given

a spin polarised electronds potential tre
el ectronbés me alntens of @aamompteegPh Figlre22mpiovidasl an

overview of the different electron path lengths by referencing the fundamental

geometries of GMR sensors.
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Figure 2.2 Schematic diagramf current in the plane (CIP) anc
current perpendicular to the plane (CPP) GMR sfatR].

While the sole prerequisite for efficient GMR sensor operation is the transition from
pardlel to antiparallel magnetisation for the pair of ferromagnetic layers, the
application of a sufficiently large magnetic field can result in a transition to the parallel
configuration. This is because the magnetic field overcomes the exchange interaction
that exists betweemo magnetic layes. Thebestway in which to solve this issue was

to draw on a pinning mechanism, thereby maintaining the constancy of the
magnetisation direction of one of the layers, all the while permitting the transition of

the second layer with an external magnetic field.

Within the IBM laboratories, the above considerations gave rise to the spin valve
[11][12]. These valves include a typical GMR configuration combined with an
antiferromagnetic thi film, the purpose of which is to pin an adjacent ferromagnetic

layer via exchange bias, simultaneously permitting the rotation of the free magnetic
layer after exposure to an external magnetic field. In this case, the free layer is
fabricated using a sbfferromagnetic material, which permits the potential for
straight forward switching within a smal/|
the magnetisation can be parallel or at a r@igle to the magnetisation of the
reference layer. Furthermota proportional relationship exists between the change in

resistance and the dot product of the pair of magnetisation vectors. Consequently, the

change in resistance s , Which is proportional to the cosine of the angle between
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the pair of magnetis@in vectors. To facilitate a linear response to the magnetic sensor,

a 90° offset regarding the magnetisation vector directions is established. Egure
gives a contemporary illustration of a spin valve structure, constituted from a
ferromagnetic Heuslalloy. It is also possible to pin a magnetic layer by creating a
sequence of soft and hard magnetic layers, which are spatially arranged so as to ensure
that all pairs of layers have antiparallel coupling. As a consequence, a synthetic
antiferromagnet (8F) can be established.

Strong pinning of the fixed ferromagnetic layer is the foundation of the spin valve
structure, and this relies on exchange bias. As a consequence, researchers focused on
antiferromagnetic materials. It was possible for the first GéiifRctures to draw on
antiferromagnets with low anisotropy and low thermal stability, including NiO and
CoO. Advancements relating to higher anisotropy (approximatélgrifcn?) were
identified when using antiferromagnetic alloys, including IrMn and Pit\8h, which
heightened the degree to which the alloys were thermally stable. As a result of the
need for magnetic pinning characterised by strength, stability, and reliability, research

initiatives focusing on exchange biaserged14].

A sequence of spin scattering events, which sulesgty lower the degree to which

the sensing structure is efficient, can occur when the complexity of GMR spin valve
structures increases, and this is also the case when more magnetic and spacing layers
are introduced. Limiting the electron mean free patihimises the spin diffusion

length. Furthermore, nanocrystalline defects, including vacancies, roughness, grain
boundaries, and interlayer combination at interfaces, can give rise to spin independent
scattering. It is also noteworthy that the multilayjenrsu ct ur es & qual ity ¢
when recent deposition techniques and annealing are applied, since this underpins the

crystallisation quality of the thin film components.

At present, researchers are seeking to identify optimal ferromagnetic compotinds wi
high SDS. Initiatives have highlighted that halétallic Heusler compounds,
characterised by the majority spin band shifted below the Fermi level (giving rise to a

theoretical 100% spin polarisation, as noted in Ch&)tere promising in this respec
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2.1.2 Applications of GMR

Advancements in data storage technology were promoted significantly by the
documentation and commercial application of GMR, since it provided a new way in
which to approach electronic devices, namely, as devices transporting spin as opposed
to electron chage. The degree to which magnetic field detection has become more
efficient in recent years was the determining factor that contributed to the utilisation
of GMR-based read heads in hard disk drives (HDDs) within a decade of the discovery
of the GMR effectOwing to the higher efficiency of the magnetoresistance sensor, it
was possible to decrease the data bit size, thereby permitting exponential increases in
the areal density of storage. HDDs store data on a magnetic medium applied to a disk,
and one (or &ollection of) rotating disks comprise the device. The coating of each

disk is a sequence of thin films, and one of these films serves as the recording medium.

The deposition of a granular €mased alloy (specifically, CoCrPt) takes place so as

to ensure the separation of individual grains by amagnetic compound (e.g., Cr or

SiO). In addition to this, the grains are exchange decoupled, thereby maintaining the
variable orientations of the magnetisation of the adjacent regions or bits of information.
The binary data is read as 1 or 0 depending on the nature of the magnetiotranbsiti
certainintervals, and after the information has been written by the write head, it is
possible for it to be rewritten omce the
Moseret al, [15] provides an irdepth examination of magnetic recording technology,

while Fig 2.3 gives an illustration of the reasrite head in a perpendicular recording

media configuration.

Monopole
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GMR Sensor

Sh ield‘l‘* " /
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T l Medium
T Soft

Underlayer

Return Pole

Figure 2.3 A schematic diagram of perpendicular recordin
media[140].
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Owing to the need to downsizke lateral size of storage bits, a comparably sized
sensor dimension was required, which in turn promoted the development of the current
perpendicular to plane (CPP) configuration of GMR sensors. The limitations of the
current in plane (CIP) GMR heads wagproached as a consequence of the edge
degradation impacts brought about by the device manufacturing process, paired with
a higher likelihood of shunting (the result of abbreviated sensor length).

2.2 Current Induced Magnetisation Switching

Based on thestudies published by Bergdd6] and Slonczewskil7], it was
demonstrated that a spin polarised current can inducetispisfer torque. This
reverseshe magnetisation direction in a ferromagnetic layer in the absence of an
external magnetic field. Katifd8] published experimental findings attesting to this.
With respect to metallic ferromagnetic materials, tlsecdnduction electronsare
exchange coupledo the 3 magnetism inducing electrons, which subsequently
undergo excitatioasspin waves or magnons. Noteworthily, similarities exist between
guantised crystal lattice vibrations (referred to as phonons and the plbtaguianta)

and this phenomenon. In the forward looking research conducted by Berger, a
prediction was made regarding scattering at the material interface. Slonczewski
associated the current induced torque to

absaption, which isnormalto the magnetisation.

One of the key findings published from experiments conducted relating to CPP
magnetoresistive devices indicated that the current flowing through the device as a
probe of the GMR structemtidbasl rteci stwwahcé
magnetisation direction. In the process of electrons flowing through a ferromagnetic
layer, they are spin polarised in the direction of the magnetisation of the ferromagnetic
layer. The scattering of electrons with an angfiat spin orientation are not involved

in the conduction mechanismWhen the current flows through the pinned
ferromagnetic layer, the spins of the electrons align parallel to the magnetisation
direction, and while sustaining their polarisation, theycamveyed through the nen

magnetic spacer layer. In the process of their interaction with the free magnetic layer,

it is possible to classify the transfer of angular momentum as an effective torque
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associated with the magnetisation. When the current desistficient, it is possible
to reverse the magnetisation of the free layer.

According to Kating18], current driven magnetisation reversal occurs in Co/Cu/Co
nanopillars. It is necessary to have a current density amountin§ Bsch® to switch

the magnetisation in a low magnetic field. When a high magnetic field is applied,
magnetisation precession occurs. The switching relies on the direction of the current,
which demonstrates that the reversal mechanisrausedy spin transfer torque and

not by the magnetic field.

2.3 Tunnelling Magnetoresistance

Despite the fact that GMR was responsible for drawing research attention towards the
domain of spintronics, magnetic tunnel junctions (MTJ) are now found in place of
GMR devices within HDD read heads\d MRAM applications affording greater
magnetoresistance. Such devices permit greater resistance, thereby ensuring that
tunnel junctions are aligned witbmplementary metabxidel semiconductofCMOYS)
technology, straightforward scalability, and thernsaability. In view of these
considerations, the ppose of thisection is to examine tunnelling magnetoresistance
(TMR)-based devices.

In a variety of ways, tunnelling magnetoresistive (TMR) junctions are comparable to
GMR structures. However, rather than conductive nommagnetic interlayers,
magnetic tunnel junctions (MTJ) draw on an insulating oxide layer, the purpose of
which is to separate the two ferromagnetic films. Hence, the CPP configuration is
utilised to bypass the metallic conduction throudje tmultilayer structure. As
indicated by the name, the conduction mechanism that lies at the centre of TMR
structures is dependent on the quantum tunnelling of electrons, which percolate
through the noitonductive barrier. It is important to recognise tHslR is not simply

dependent on the SDS within the electrodes; rather, it also relies on the conduction
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states that are present to tunnel from one side of the insulating oxide barrier to the
other (see Figurea4 and2.5).
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Figure 24 A schematic diagram of quantum tunnelling.
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Figure 2.5 A schematic ogpin split band structure atide TMR
effect related to the Fermi Energys{E141].
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With respect to the parallel orientation, numerous majority conduction states and
majority valence states lead to a considerable electron flow, and as sloeh, a
resistance. Regarding the antiparallel orientation, less majority and minority states can
lead to a significant resistance. The implication of this is that for every spin direction
at the Fermi energy or the spin polarisation, the TMR relies on the nuwhblee
available states. This is represented in the following equation:

Yy v Y ¢L U

Y Y p 00 (7-2)

where P and B2 denote the spin polarisations of the two ferromagnetic layers in the

junction. Now, it should be noted that the can be defined in the following way:

(7-3)

where Nhgjand Nnin denote the number of electrons in the majority and minority spin
channels at the Fermi level, as accounted for by the density of states (DOS) of the
ferromagnetic layers. In view of the fact that spin polarised materials, including
Heusler compounds, shiduheoretically display 100% spin polarisation (see Chapter

3), it is clear that the TMRaluesare anticipated to be significant.

By employing a Fe/Ge/Co in plane magnetic tunnel junction (iMTJ) utilising low
temperature electrical assessments, it wasipte for Julliere to discover the TMR

effect in 197919]. In the final years of the twentieth centustudies such adiyazaki

et al[20] andMooderaet al[21] found that TMR ratios of greater than 10% could be
attributed to iMTJs when an Al(parrier was used and measurements took place at
roomtemperature. Ir200Q advancements took place for the Altased MTJs, but

the theoretical bound for the magnetoresistance @86 had already been achieved

[22]. Not ewort hi |l y [19]kstindtedtissr neagnetoresistanaa udtica

val ue, where the TMR ratio i s det er min

polarisation.

Following the turn of the new millennium, the studies conducteButier et al [23]
and Mathonet al [24] predicatedthat a TMR ratio of greater than 1000% could be

obtained. In each case, the calculations were relevant rfactigtes such as Fe
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(001)/MgO (001)/Fe (001), where (001) crystalline orientation of the bcc Fe layer was
required for heightened conveyance of spin polarised electrons. In the following years,
studies such &arkinet al [25] made ongoing strides in the domain oftfased iIMTJ,
thereby establishing TMR ratios of 88% at room temperature for epitaxial structures,
the deposition of which took place byolecular beam epitaxy (MBE). In the studies

of Djayaprawiraet al,[26] and Hayakawaet al,[27] TMR ratios amounting tover

200% were identified at room temperature for systemising CoFe and CoFeB
magnetic layers, with the iIMTJs depositedtheconventional sputtering technology

on Si substrates.

In a recent studyikedaet al,[28] indicated a TMR ratio of greater than 600% (room
temperature), which exceetlel000% at low temperatures. This was conducted
utilising pseudespinvalves in the absence of the pinning antiferromagnetic layer, and
post annealing took place at 525%. Noteworthily, these findings are consistent with
the early theoretical models formtdd in response to the effect.

One of the main obstacles that researchers had to overcome when attempting to
develop perpendicular MTJs (pMTJ) related to the deposition of highly crystalline bcc
CoFeB (001)/MgO (001)/ CoFeB (001) with perpendicular droqy. It is not
possible to use perpendicular anisotropic materials, including CoCrPt and Co/Pt
multilayers, since these are associated with varying crystal structures, thus impairing
epitaxial growth across the MTJ. TMR ratios of greater than 90% wengfied for
pMTJs in the context of lglordered FeP{29], as well as Co/Pt superlattice
arrangement§30]. The first initiatives relating to pMTJ development relied on the
utilisation of materials with in phe and perpendicular anisotropy, and sophisticated
deposition processes had to be conducted. Almagto the study conducted by Ikeda

et al, [31], the researchers iden&ti a TMR ratio of greater than 100% for standard
CoFeB/MgO/CoFeB MTJs, and the result was demonstrated that a slim layer of
CoFeB is characterised by perpendicular anisotropy after deposition onto MgO (001).
As a consequence of this finding, pMTJ produttiook place on a huge scale for

MRAM applications.

As the results indicate, it is possible to draw on either GMR or TMR sensors in HDD

read heads, as well as MRAM applications, but both are associated with unique
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strengths and weaknesses. The resistare® product of the two is different, in
particular, greater for TMR sensors, and this stems from the tunnelling effect.
Furthermore, the greater resistance of MTJs has the effect of causing noise problems,
paired with an elevated resistor capacitor timastant, thereby limiting operation
bandwidth. However, it should be recognised that the better TMR ratio results in
higher output voltage signal, thereby resulting in the limitation of errors that occur
when the data reading process is underway. In additiothis, GMR sensors are
energyefficient when compared to TMR sensors, but as a result of the lower MR ratio
(approximately 20%), considerable current densities are required to facilitate usable
signal voltage. While this can have an impact on the @egravhich a device is
thermally stable, it is more pertinent to note that large currents, especially in the
context of spin transfer torque applications, can impair the degree to which devices

are magnetically stable.

2.4 Magnetic Random AccessMemory

Non-volatile RAM is characterised by its ability to retain memory content even in the
absence of a power source, and the innovation of magnetic random access memory
(MRAM) utilises this as its foundation. At present, researchers are seeking to modify
MRAM technology so as to facilitate energificiency as well as standard low voltage
technology. The key objective of most research projects is to design computing
technology that can quickly alternate between powered and unpowered states (when
not needed and eded, respectively), thereby promoting energy sustainability into the

future.

A ConventionalMRAM cell is illustrated in Figure2.6, drawing on magnetic field
writing stimulated by current flowing through a world line, which is employed as a
gate operatiomlevice for the isolation transistor, and a bit line. When the device is
engineered in this way, it is necessary to use a relatively large current, since this
minimises the dimensions of the tunnel junction (because the field needed for

switching grows whee the MTJ is scaled down). Evidently, since power consumption
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Is proportional to the chip capacity, this is not a viable approdtérnatively, the
device layout can be based on the spin torque mechanism.

Conventional MRAM cell STT-RAM cell
R0 2010 30 F2

|

¢

Write  MTJ = :
word ine 7 i=s]—ypass line

f A

Bit line

Source | Drain | /

Cladding

Silicon substrate Silicon substrate

Landing pad

Scurce: Grandis
Figure 2.6 A schematic diagram of conventional MRAM cell and spi
transfertorque (STT) RAM cell.

With respect to MTJs, the spin polarised current induces spin transfer torque on the
free |l ayerdés magnetisation, and indthe ev
t he free | ay e priéergatiomia pversdd iRsgartingothne inverse
mechanism, when electrons are transmitted through the free layer and subsequently
arrive at the pinned (fixed) layer, the spin current can move through when the spin
polarisation is parallel. In the context of the antiparallel gurfition, the inversely

polarised electronweflected backatthe pinned layer interface with the tunnel barrier.

When a certain threshold value is exceeded, the strength of the spin current that has
been reflected increases to the required level, thesetayi t c hi ng t he fr e

magnetisation.

Theinitial MTJ was employed for MRAM demonstration in 199&]. Just two years
ago, in 2016, Toshiba Corp repedtthat a prototype 4 Ghit STRAM had been
developed, which is constituted of eight 8#bit banks.The smallness of the cell
area can amount to §Fwhere Fis the fabrication rulg33]. Future iterations of
MRAM and STT-RAM technology must satisfy the current considerations, including
the lowering of the switching field of critical current density, as well as a lowering of

the fabrication rule. In # study conducted byakata[34], a synthetic ferromagnet
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(specifically, CoFeB/Ru/CoFeB) was employed, and this was applied as a free layer
by AIST. The results of the study demonstrated an increaSea%6 wth respect to
thermal stability, ecompanied by an 80% increase in the critical current density.
Noteworthily, it is possible for this configuration to establish a 10 SBhit-RAM
device. The consideration that has yet to be estdd to create a higlensity STF

RAM is to ensure that thabrication rule is reduced. AccordingAo Hirohataet al.,
substituting the supplementary transistor with a different design may solve this

problem.

In addition to the need for higher thermal stability, researchers are continually
engaging in initiative to heighten the TMR ratio. A value of greater than 150% is
optimal for the achievement of a sub 10 ns reatd The write current densitycfJs

less than 1DA/c?, while it is necessary for the MTJ breakdown voltage to exceed
the write voltage (approximately 0.5V at 10 ns) by three times. In the context of STT
applications, for whichlarge perpendicular anisotropy is a necessity, the Gilbert

damping constant musebminimised to the greatest possible extent.
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Chapter 3

Heusler Alloy

In 1903, Fritz Heusler made an intriguing discovéty found that an alloy, GMnAlI,
exhibited ferromagnetic qualities. What is remarkable about this compound is that
neither copper, manganese nor aluminium are in themsefeesimagnetic
[35][36].The discovery of ferromagnetic alloys presented a novel category of
materials that has since grown to include more than 1000 compounds, which are
classified as Heusler compounds. As FigBifeindicates, all Heusler compounds are
conprised of three metallic or semiconductors elements, in a {hklEHeusler

alloys) or 2:1:1(full-Heusler alloysyatio.

H X,YZ Heusler compounds He
2.20

B S CI[N|[O| F|Ne
0.98 1°42.55|3.04|13.44]13.98
Nal /[ : P|S|CI|Ar
0.93 S 0] 2.19] 2.58]3.16
K|Ca e Co ey Se| Br| Kr
0.82]1.00 0 2 9) e} 8 88 9 90 0 8 U 1 2.55]2.96| 3.00
Rb| Sr h MollId Ru Rh Pd Ag Cd JTel| | [ Xe
0.82[0.95 60 2.16 KRN 2.20 2.28 2.20 1.93 1.69 1.78 1.96 2.05 PRV PX1 PX]
Cs|Ba Ta Re|Os WU Hg| Tl [ 22} =1} Po| At(Rn
0.79]0.89 3 1.50 KR 1.90| 2 20 ERLERLER 1.90] 1.808 ok el 2.00] 2.20
Fr|Ra
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1.10{ 1.30] 1.50{ 1.70] 1.30{ 1.28] 1.13| 1.28{ 1.30] 1.30{ 1.30] 1.30{ 1.30] 1.30| 1.30

Figure 3.1 Periodic table of the elements. The large number of Heusler materials can

be formed by combining different elements according to the colour sdB&ine

By counting the number of valence electrons, it is possible to predict the properties of
many Heusler compounds; for example, those with 27 valence electrons are
superconducting nemagnetdor full-Heusler alloys Semiconductors with tuneable

band gaps between 0 and 4 eV are an important group of Heusler compounds that have
particular relevance to photovoltaic cells and thermoelectric technol@yigsThe

band gap changes in response to alterations to the elements in the compound. These

compounds are also expected to behave as topological insulators through various spin
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polarised edge, conduct electricity on the surface but ndtinvihe body of the

material.

3.1 HeuslerAlloy Structure

In both the theoretical and experimental literature addressing Heusler alloys,
researchers have found that the structural order of each compound has a significant
effect on its characteristics. Wew of this close connection between the structural and
functional aspects of the compounds, when examining their physical characteristics, it
IS necessary to engage in comprehensive structural examination. The purpose of this
section is to examine th@rnous ways in which Heusler compounds bastructurally

characterised.

Broadly speaking, Heusler compounds can be categorised into one of two groups:
firstly, if they have a composition 1:1:1, then they are referred to adHbakler
compounds; andecondly, if they have a composition 2:1:1, then they are denoted
stoichiometric fulHeusler compounds. Regarding the first category,-Haiisler
compounds1, structure) are distinguished by the following physical characteristics:
firstly, half-metallic ferromagnetism; secondly, shape memory properties; thirdly,
semiconducting; fourthly, thermoelectric properties; and finally, behaviour as a

topological insulatof38], [39].

For ordered XYZ Heusler compounds, along with the space grdapom, they
undergo crystallisation within th&2; structure. Based on the inorgarscystal
structuredatabase (ICSD) notation, this is denotedMhAIl. With respect to the Y
atoms, these are found at the(4/2, 1/2, 1/2) position, while the X atoms and the Z
atoms are found at the Wykhoff positionc 8L/4, 1/4, 1/4), and & (0, 0, 0),
respectively. For the purpose of the present study, two Heusler alloys have been
studied, MaVSi and MnrGa, which are fulHeusler compounds. It is possible to
create a series @P; structure variants in the event that the X, Y, and Z atoms undergo
intermixing with respect to the relevant crystallographic positibluseworthy this
results in a rangef symmetries and strugal featureqd40]. The purpose of the
following paragraphs i provide a brief outline of frequently observed structures

the schematic diagram is shown in B@ :
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1 DO0Os-type structure
Space group-mom is conserved but thB0s structure arises when the X and
Y (or X and Z) atoms are intermixed with respect to their crystallographic
positions. In ISCD notation, this is written as BiF

1 B2-type structure
When the Y and Z atoms undergo random intermixing with respect to their
crystallographic positions, the Y and Z sites can emerge as equivalent, which
gives rise to th®2 structure (often described in reference to the CsCl lattice).
It is also noteworthy Hat because of the intermixing, a CsCl lattice
characterised by the X atom at the centre of the cube, surrounded in a random
way by the Y and Z atoms, is generated. The reduction of symmetry takes place,
and the space group given rise t@imom, denotedn ICSD notation the CsCl
structure. In addition, every X atom is located in the Wykhoff positid, (1
while the Y and Z atoms are distributed in a random way ondlp@dition.

1 AZ2-type structure
For X2YZ Heusler compounds, randomness to the greptssible extent with
regard to intermixing on the Wykhoff positionaj2gives rise to theA2
Sstructure. One of this str imomnumeds
addition, the X, Y, and Z sites emerge over time as the same, thereby creating
a bodycented cubic lattice, referred to in ICSD notation as the tungsten (W)

structure.
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Figure 3.2 Overview of the most common types of structur

the Heusler compound37].

Given the cubic symmetry that characterises the structural features of Heusler
compounds, this has a limiting impact on the degree to which the materials have
functional utility whenhigh magnetocrystalline anisotropy required To be more
specific, this arises in the context of exchange bias configurations which require
thermal stability of the antiferromagnetic (AF) configuration. Regarding theY¥in
Heusler compound structure, tetragbrdistortion was identified in the study
conducted byrafet al.[37], which stems from the augmentation of ttaxis, thereby
allowing a @ir of Mn atoms to exist in different local symmetries (for.Mi$n, cubic

and tetragonal symmetries). Inverse structures are commonly associated with
tetragonal distortiorhereoneMn for 2b, where the second Mn and the Y atom both
have the d position. It is also notable that the Z atom lies at the gdsition,
comparable to the regular structures with tetragonal distortion. The key element in this
set of Heusler compounds is bBa[41][42].

Regarding the most straightforward and accessible macroscopic approach to

identifying the level of disorder in a Heusler structure;ry diffraction (XRD) is
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frequently applied. Typical (220), (200), and (111) superlattice reflections are
anticipated from the orderdd?; and inverse Heusler structures, whereas the-semi
disorderedB2 structure ispredicated to have no superlattice reflection (111). The

prediction also states tha2 will only be associated with (220) reflections.

3.2 Slater-Pauling Behaviour of the Heusler alloys
In hal-Heusler compounds, the total moment' inf.u. (formula unit) follows a

simple rule:

0 & puy (3-1)

Wherel is the total spin magnetic moment aids the total number of valence
electrons is given by the sum of the number of spim and spin down electrons,

while 0 is given by the difference:

@ Ou OUOs (3-2)
0 On Os (3-3)
0 @ ¢UOy (3-4)

This is a direct analogue to the wkflown SlatefPauling behaviour of the binary
transition metal alloy$43][44][45]. The difference between halfeusler alloys and
transition metal alloys is that in haifeusler alloys, the 9 minority bands are fully
occupied. This means that the screening is achieved by filling the majority band, while
in transition metal allgs, the majority bands are fully filled withdsstates, and charge
neutrality is achieved by filling the minority bands. Hence, the total spin magnetic

moment in transition metal alloys is given by:

0 PTT @ (3-5)

Figure 3.3 shows the calculated total spin magnetic moments foiHsaltler alloys

plotted against the total number of valence electfé8ks
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behaviourf46].
In full-Heusler alloys, the total spin magnetic moments) (can be derived using a
similar approach. Figur&.4 shows the total spin magnetic moments for all the
compounds under study as a function of the total number of valence electrons. The

dashed line indicates the half metallicity rule of the-Hglusler dbys:

0 O CT (3-6)
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Figure 3.4 Calculated total spimoment per unit cell as a function ¢
the total numbe(Z;) of valence electrons per unit cell for all the stuc
full-Heusler alloys. The dashed line represémsSlaterPauling
behaviourf142].

3.3 Antiferromagnetic Heusler Alloys

A noteworthy case in the context of applications are those Heusler compounds referred
to as haHmetallic antiferromagnetic (AF) materials. More specifically, these are
constituted from magnetic elements with precisely 18Haliisler (or 24 fulHeusler)
valence electrons, each characterised by total zero spin magnetic moment under half
metallicity. In applied contexts, hathetallic AF materials play a particularly
important role because they do not produce external stray fields. Accordingrto

et al [47], this means that thegreate no external stray field and thus miningisergy

losses.

In these halimetallic materials, the two spin bands display divergent behaviours. The
majority-spin band, usually known as the spim band, exhibits a metallic behaviour

in which the density of states (DOS) at the Fermi lelzg)l is norrzero. The minority
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spin band (spkdown) shows a typical semiconducting behaviour with a bandcigap

Er. Half-metals are the hybridisation between metals and semiconductors. A
conventional metal s DOS i s i briductertamdat e d
a haltmetal (Figure3.5). Inan ideal situation, haflfnetallic ferromagnetdisplay 100%

spin polarisation aEr, which contributes to their fully spipolarised current. As a

result of this, they can serve as the optimal spin injectorsistmmiconductasr non

magnet therebyoptimising the degree to which spintronic applications are efficient
[48].
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Figure 3.5 Schematic representation of the DOS for a-hadtal with

respect to normal metals and semicondudus$
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In 1988, following the observation of giant magnetoresistance (GMR),
antiferromagnetic materials began to be applied in spin valve structures, ahdvbey
since garnered extensive scholarly atten{i#®]. In recent years, grourateaking
research inthe field of AF spintronics has identified several benefits associated with
the use of AF materials for data storage, including external magnetic field insensitivity,
the absence of short range magnetic interactions, and intrinsic high frequency AF
dynamcs. Furthermore, in the field of data storage, the expectatitdmeinesearch
community is that magnetically compensated AF materials will entirely substitute for
the frequently applied ferromagnetic materig6]. Before antiferromagnets (AFs)

were applied in numerous industraeas, the intrinsically antiparallel aligned non
magnetic materials were identified as fascinating but lacking in utility, as argued by
Louis Neéel in 197(050][51]. As a consequence of this, most researchers were not
interested in examining the fundamental mechanisms and potential use cases of AFs,
and ths was even the case after the observation of exchange bias 5256
Resultantly, AF materials were regarded as subjects of interest rather than research
topics with enormous potential for industrial applications. In viefv these
considerations, investigations into AF Heusler alloys at this time received little

attention among researchers.

Oxley et al. [53] conducteda significant expriment addressing the crystallisation of

the AF bulk compound GWInSb, which outlined its chemical and crystallographic
aspects. The AF transition was proven as a result of magnetic susceptibility, and the
Néel temperature was identified at 38 K. Thimeir research presented the standard
experimental process that can identify AF phases in Heusler alloys, and this notably
occurred before the identification of the exchange bias phenomenon. Other studies
conducted around this time, including Kub&tral [54], investigated the magnetic
properties as a functiaof temperature for various KInZ full-Heusleralloys, where

a positive AF configuration for BMnin wasdiscoveredat lower than 60 K for the
determination of the energy disparity between the ferromagnetic (F) and AF ground
states. In addition to this, tlesearch conducted by Kibletr al. indicated a related

band gap aEr.

Neumannet al [55], were the first to exanme the phenomenon of itinerant
antiferromagnetism inhe context of Heusler alloys, and this took place within a

project investigating magnetic transitions pertaining to bulkTPa Based on
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susceptibility measurements, the Néel temperature amounted to 110 K, but it is critical
to note that the overall magtic moment amounted to 4.9/formulaunit when no
constituent elements were associated with a large spontaneous moment. The high
induced magnetic moment value was comparable iMid at the point where the
moment was restricted to the Mn atom ircalinear AF type2 structure, and the
moments were arranged in parallel with respect to the (111) plane, where the
arrangement across planes was antiparallel. Noteworthy, the account given for the
large induced moment for the-based Heusler alloy wasrfoulated in response to

the observation of spin fluctuations, which signalled weak itinerant ferromd§6gts

Despite the way in which preliminary research in this field reported the presence of
AF stable phases in ¢éhcontext of fulHeusler alloys, and then outlined the
relationship between structural and magnetic properties (so as to underline the source
of AF coupling), these experimental studies neglected to examine applications. In
addition, they overlooked vaus exchange bias parameterg( film thickness and
temperature dependence). Furthermore, it is important to recognise that the
preliminary research studiéscusedin bulk form. It was not until the turn of the new
millennium that experimentation on AHeusler alloy thin films emerged as a

widespread practice.

A particularly notable area of investigation relates telldusler compounds in which

the X and Y are characterised by identical chemical elements. This could contribute
to the more straightforwd growth of such materials, thereby improving the various
features of the applications that use them as their foundation. Furthermore, in the
present context, it is possible to bypass the degradation of the magnetic properties that
results from impuritiesnd atomic swaps, since the X and Y are the same chemical

elements.

In this research, MiVSi and MnrGa Heusler alloys have been investigated. In the
following section, more information with regards to these two materials will be

provided.

41



3.4 MnyVSi
Mn2VSi Heusler alloys are believed to be halétallic ferrimagnets which can be
stabilised in face centred cubic (fcc) structure with lattice pararieted @
™™ ¢ i | [57]. For MnVSi compound, the Mn spin moment reaches a value of
@ X andtheV moment of 0.35 , with the total spirmomentamountingto
T ¢ [57]. According to Galanakist al. [58], Co substitution for Mrstabilizes
the halfmetallic character of the parent compounds. When the total number of valence
electrons reaches 24, the total spionment vanishes as pretgd by the generalised
SlaterPauling rule.Thus an alternative way to create halétallic antiferromagnets
for realistic spintronic applications to simply introdue Co atoms in the MaVAl
and MnrVSi hal-metallic ferrimagnetsBut the magnetic properties of the PSi
compounds are strongly dependent on the substrate and the growth cerdhitidhe
latter compounds wilery easilyswitch between the magnet{¢errimagentic)and
nonmagnetic(antiferromagneticronfigurationg57]. Relatively little experimental
or theoretical data exists regarding M&i alloys, but due tthe similarities between
Mn2VSi, MnVAL, and NeMnAl, we are able to better understand M8i alloys

when examining thermomparativelyagainst MaVAI and NiMnAl alloys.

(a) L2, (b) B2
» »
oy P4 4
e 5
WX &X O:YO:Z WX &Xx O:v2
(c) A2

Figure 3.6 Schematic images for Heusler alloys whitt structurgs0].
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Mn2VAI has three types of ordered phases, as shown in Fgjaré&2: MnaVAI is
known as a ferrimagnetic fulieusler alloy[59]. Magnetsation and neutron
diffraction measurements of a bulk sample hdemonstratethat A2- type MnpVAI
is an atiferromagnet with a Néel temperature above 6@BK Y. Umetsuetal in

preparatioh

In general, the Heusldype AF alloys have a similar lattice, which aligns with
ferromagnetic materials for spintronics, such asFéalloys. According to Tsuchiya

etal. epitaxial A2-type antiferromagnetic MWAI thin film with Fe ferromagnetic

layer on top was found to have an exchange bias amounting to approximately 120 Oe
at 10 K[60].

In the notable publication issued by Dosigal [61] addressing NMnAl thin films,

the highlyordered Heusler alloy watkepositedy molecular beam epitaxy (MBE) on
GaAs(001) singlerystal substrates. This was achieved by employing a thin seed layer
of S .3Ero 7, since this facilitated the enhancement of latticetched growth for the
Heusler alloys. This publication is particularly noteworthy in the context of the present
research, sincis findings serve as one of the motivating factors for condaogtthis

study. To be more specific, Dorg al demonstrated that it is possible to modify the
degree of ordering in the Heusler structure when the deposition temperature is changed
from 180 °C (for the partially disorderd8l-type structure) and 400 °Coff the
completely orderetl2; phase). Regarding the stable AF phase of partially disordered
Ni2MnAl, this was confirmedby employing an exchange bias measurement, which
took place in response to the addition of a ferromagnetic Heusler layer, brought into
contact with the AF. The study further demonstrated that the fundamental parameter
is the growth temperatureTg), which alters the degree in which the Heusler alloy

structure is ordered

Thehysteresidoopsin Fig. 3.7show the NdMnAl phase transformation as a function
of growth temperatuteNi2MnAl (64 nm)Ni-MnGe (12 nm) bilayer sample shows a
loop shift of 35 Oe whethe sample is field cooled to 10 K

43



200
150 -
100
50 -
0
-50
-100
-150

200 A L A L -1.6— x i :
-1500 -1000 -500 © 500 1000 150( -400 -200 O 200 400

Applied Field (Oe) Applied Field (Oe)

sh
S’

T =180°C
g K

M (emu/cm’)

|
Ni,MnGe J
T =10K|

. ]

.
..
-
-------

'l

Figure 3.7 (a) Hysteresis loop dfi-MnAl film deposited at different temperatures. |
Hysteresis loops dfli-MnAI/Ni2MnGe bilayer sample ardi-MnGe thin film measure
at 10 K[61].
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3.5Mn3Ga

Mn-rich Heusler alloys have attracted much attention in spin transfer torquéjapin
effect and rare earth free hard magnets.-based Heusler compounds quite often
crystallise in the inverse structure with antiparallel coupled magmeticents on Mn
atoms; the ferrior antiferromagnetic ordemnd the lack of inversion symmetry leads

to the emergence of new properties that are absent in ferromagrigesnental Mn

Is not ferromagnetic, despite havingddand that is more than half fulDf all the
elements, the unit cell of the stable cubiMn phase is the largest and most intricate.
The unit cell ofJ-Mn is made up of 48 atoms distributed over four inequivalent sites,
each site resulting in different magnetic moments ranging bat@& and 2.3 .
Below 90 K, Mn orders in various antiferromagnetic and ferromagnetic structures
[62][63]. However, when combined in binary or ternary compounds, it leads to the
emergence of a vast range of magnetic properties, including room temperature
magnetism, such as the remagnetic CegMnAl Heusler alloy withthe Curie
temperaturd. = 603 K, discovered by Friedrich Heusler in 1983][36], long before

the developmet of quantum mechanics.

As a binary Heusler alloy, many studies have been carried out experimentally and
theoretically to revealthe magnetic properties of MGa alloys. The MiGa alloys

show a manifold of stable phases and:@la was reported to exist anfacecentred

cubic fcc) structure. Wurmehkt al [64] predicted thatMnsGa becomes a half
metallic fully compensated ferrimagnet in the cubig-type phases. However, the
experimentsshowedthat the cubic phase of MBa is notstable It is possible to
stabilise the bulk65][66] and thin films of MaGa (in an experimentabntext) ad}
MnsGa. This phase is antiferromagnetic with a hexagbfal crystal structure which

has a norcollinear triangular magnetic structure with antiferromagnetic behaviour
[65][67] as shown in Fig 2.6 (a)his is comparable to thdangular magnetic state

of a conventional IrMgantiferromagne{68]. In the triangular antiferromagnetic
structure three magnetic moments point in three different directions which causes the
net magnetation to be zerd69]. MnzGa has been reported to have ghhNéel
temperatureTy) of 470 K[65]. Mn:Ga also forms a tetragonal phas&ldnsGawith

the D022 structure[70]. This ferrimagnetic MgGa is reported to possess a large
uniaxial anisotropy of 110° J/m¥[71] and high Curie tempature(Tc) of around 770

K [70]. Bulk- and thirfilm forms of the hexagonal material can be annealed to realise
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the UMnsGa phasg72]. The MnGa tetragonal phase has begawn epitaxially on
different substratef/3][74][75]. Both magnetisa&n and anisotropy are reported to
be dependent upon the BiGa -+ alloy stoichiometry and the surrounding conditions
of the MnGa films [73][75]. In this work, antiferromagnetit!MnsGa has been
successfully producedhich will be discussed in Chapteér

(@)
Q /
T )

—

Figure 3.8 (a) Schematic crystal structub®:ohexagonal antiferromagnetic Maa
[67], and (b)D022tetragonal ferrimagnetic M@a[76].

Mn-Ga films are known to have higésistivityand high spin polasation at the Fermi
level, which makes them competitive candidates for perpendicular spin torque
memory.According to Winterliket al, the stoichiometri®022 MnzGa shows 88%

spin polarsation at the Fermi levgl1]. The spin polarisation measurements of Mn

Ga compounds with different seed leydave been performed by Stamembal.
usingpoint Andreev reflection spectroscof$6][77], the results are shown in Table
3.1. When attempting to develop novel alloys with significant spin polarisation, spin
polarisation measurements are critical. Although tunnelling magnetoresistance (TMR)
measurements can be employed for the purpose of estimating the spin polarisation of
ferromagnetic electrodes of magnetic tunnelling junctions (MTJs), the preparation of
TMR pillars depends on the presence of a thin film stack and, moreovemtensive
microfabrication processes. Contrastingly, point contact Andreev reflection has the
capability to estimate existing spin polarisations of bulk alloys in a comparatively

straightforward mannetdowever the most significant disadvantage of ugpogt
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contact Andreev reflectiorcomes from the surface modification due to the possible
surface oxidation or chemical contamination on the surface of the spf@ple

Table 31 Fermtlevel spin polarisation and resistivity of Mba films measured by
point contact Andreev reflectidii6][77].

Film stack Spin  polargation | Resistivity Magnetisation
(%) ‘LA (kAmY)

Pt/MneGa[77] 58 160 110

MgO/Mn,Ga[76] | 40 120 470

As shown in Table.1, D022 Mn3Ga epitaxial films grown on a Pt(001) sedagler

exhibit 58% spin polarisation at the Fermi levgt)( It may be possible for thin films

with higher order parameters to exhibit a higher value of spin polarisation that is closer
to the predicted value. In addition, various magnetic and electranigegies,
including net magnetisation and density of states, can be different depending on the
position of Mn vacancies in nestoichiometric alloys. The spin polarisation measured

in D022 MnxGa thin film is significantly lower than that of M@a, at only 40%77].
Furthermore, the electricatsistivity of D02 Mn3Ga and MaGa are measured to be

160 and 120 LIA [, respectively, both of which are close to the minimum metallic

conductivity[77].

Tetragonal Heusler alloys of the Mea compounds have beédentified as very
promising in the context of high density spin torque memory and future integrated
logic circuits[72]. In addition, another area of potential application ofGhn thin

films relates to the phenomenon of exchange bias. It has beed fioat hexagonal

D019 Mn3Ga thin films exhibit a large exchange big¥], which is a potential
candidateused to pin the fixed layer in MTJs and spin valve sta©ks.own result
shown in Chaptei also support this finding.Hence AF MnGa thin films have
potential in spin electronic devices. In this work, hexag®@tb MnzGa thin films

have been successfully fabricated. Their magnetic and structural properties

characterisation will be discussed in tieapter7.
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3.6 Mn3Ge

The magneticand structural properties of M@e is very similar to MiGa. The
MnsGe Heusler compound was first syntlsediin aD01ohexagonal crystal structure.
It shows AF ordering with a vg weak ferromagnetic (F) component, the small
magnitude of F component watsrdouted to the free rotation of the spin triangle in the
basal plane caused by a small distortion of the hexagonal str{i€@lwréccording to
Qian et al. [79], the neutron diffraction of MmiGes indicated a triangular
antiferromagnetic structure with magnetic moments lying in éxagonal basal plane.
It has been reported that hexagonak®@ compound has a high Néel temperature of
390 K.Figure3.9shows XRD scan of hexagonal d@e powder at room temperature.
The inset is the crystal structure as a projection of the basal pldr&Daof the unit

cell, Mn atoms is indicated in blue spheres, Ge atoms in green spheres.
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Figure 3.9 XRD scan of the hexagonal MBe powder at room

temperaturg79].

TheDO02tetragonal MeGe thin films have been reported to have a large perpendicular
magnetic anisotropy and tunnelling magnetoresist§®0g It is believed that AF
ordered hexagonal MGe is a potential material for spintronics applications due to its

exchange bias behaviour up to room temperd#@l
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Chapter 4

Magnetic Propertiesin Thin Films

4.1 Magnetic Anisotropy

Magnetic anisotropy has a strong impact on the shape of the hysteresis loop; that is,
the way in which the magnetisation changes from zero to saturation magnetisation
valueMs. By understanding the several factors that might influence the shape of the
M-H curve, we will be able to understand the reason why the materials are
magnetically soft or hard. Magnetic anisotropy can be understood as magnetic
asymmetry in a system; theagnetic properties depend on the direction in which they

are measured. There dhgeemajor types of anisotropglevant to this work:

1. Shape anisotropy
2. Magnetocrystalline anisotropy

3. Exchange anisotropy

Magnetocrystalline anisotropy (also known as crysialsotropy) is the only
anisotropyintrinsic to the materiali.e. it depend on the atont arrangement of the
material.Shape anisotropig extrinsic and originatdeom the geometry of the sample.
The demagnetising fieldO of a single domairparticle is proportional to the

magnetisatio) and & given by:

0 00 (4-1)

where0 is the demagnetising factor of the sample.

Considera specimen in the shape of a prolate spheroid as an example as shown in
a

Figure 4.1 Prolate ellipsoid with sermajor axisc and semminor axisa.

Figure4.1.




If the sample is spherical, the same applied field will magnetisetitesamedegree
in all directiors, i.e. shape anisotropy is zero. However, if the shape is not spherical,
it will be easier to magnetigbe samplelong a long axigc) because the short axis

(a) has a larger demagnetising field. The shape anisotropy coRstargiven by:

o 26 6 (4-2)

where0 andU are the demagnetising factor alahg a and ¢ axe

In this study, the samplegere thin films which have no free poles at the surface of
thegrain Therefore the shape anisotrdms only a small effect on the filordence
in this study wenly consider magnetocrystalline anisotropy and exchange anisotropy.

4.1.1Magnetocrystalline Anisotropy

The origin of magnetocrystalline anisotropy is 8mn orbit (L-S) coupling in the
crystal lattice The magnetocrystalline anisotropy acts like a magnetic field which
holds themagnetisation of a domain in an easy direction. Let us assumsingle
crystal witha cubic structure, a disk is cut paralielthe{110} plane as shown in
figure 3.2 haglirection along <110>, <111> and <100>. The magnetic measurements

along these tlee directions are shown in figu4e3 for iron and nickel.

(11l [001]

+
N

uml\ i,f- (170)

= X
Y 0
Figure 4.2 Three principle crystallographic directions in tipp1t plane of a cubic
crystal[135].
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Figure 4.3 M-H curve for single crystals of iron (a) and nickel [b35]

Iron can be easilynagnetisedn the <100> direction which can be indicated as its
AReasy dir ectha<ali»directidthreeede amuch larger applied field to
reach saturation. ¢hce this direction can be indicatedta§ h ar d d innicked,t i on o .
the easy direction of magnetisation is <111>. In this study, antiferromagnetSiin

has a face centred cubic structure with easy axis alonglth@> direction. When
atoms are bonded together the orbital angular moment of the electron is fixed. The
spinangular moment of the electrons is coupled by spin orbit interaction and large
applied fields are required to rotate the spin. The enesgg to bias thaagnetisation

away from an easy direction is equivalent to the energy required to overcome spin
orbit coupling. This is called magnetocrystalline anisotropy en€¥gyIn cubic
crystals,O can be expressed in terms of a series expansion of the direction

cosines ,| and of0 relative to the crystal axes.
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o . . , 3
— 0 O 1 ] O | | | E (4-3)
w

whereV is the volumep g are anisotropy constants for a particular material at a
given temperature and measured in the unit of efy(cys). The strength of the
anisotropy is measured by the magnitude of the anisotropy constants etc. Due

to the fact that is independent of angle and is too small, both first and third terms
in this expression can be neglected. This leavess a dominated term which gives

the energy per unit volume in order to flip the saturation magnetisation.
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Figure 4.4 M-H curve for single crystals aobalt.

In hexagonal crystal structures such as cobalt shown in FHgdiy¢he easy axis of
magnetisation is along tleeaxis. All other basal directions are found to be hard axes.
In this study, antiferromagnetic M@a has a hexagonal crystal structure with easy
axis along the [0001] direction. Hence, the anisotropy energy is only dependent on a
single angle—betweernd and thec-axis,i.e. uniaxial. The expression f@ is

o =
5 U Vi Q& Vié&— E (4-4)
When0 andu are positive the uniaxial crystal can be easily magnetised along the

c-axis. Whernd andyu are negative, the minimum value ©f occurs at— w1 J
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Hence the easy direction lies in the direction of the basal plane perpendiculac-to the

axis. When) andu are of opposite sign, this creates an easy cone of magnetisation.

4.1.2ExchangeAnisotropy

Exchangeanisotropy was discovered by Meiklejohn and BE##]j in 1956. Single
domain particles of cobalt were partially oxidised and as the result, each ferromagnetic
(F) cobalt particle was coated with a layer of antiferromagnetic (AF) cobalt oxide. A
hysteresis loop was then measured when the sample wasda@t using liquid
nitrogen at 77 K as shown in Figu#e5. When the sample was fiettboled the
magnetisation curve was shifted towards the negative field. If the sample was cooled
in the zero field, the loop was symmetrical as shown in the dashed line of Bigure

because thenoments of the particles are randomly arranged, there is no net bias.

35T

M (arbitrary units)
N
w (=]
| |

35 L

Figure 45 M-H curve of Co/CoO segregated particles measured at 77 K. Loac

field-cooled measurement. Loop (2) cooled in the zero il
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This phenomenon is due to the exchange coupling between the spins of ferromagnetic
Co and antiferromagnetic CoO at the interface between two layers. Abovédiine
temperaturéY of CoO, the CoO spins were paramagnetic and the spins in the single
domain Co particles were aligned parallel to each other. When a positive field is
applied and the sample cooled Yo “Y, the spins of CoO aligned antiparallel to each
other and become afgrromagnetic. The spin of Co near the interface are strongly
exchange coupled to the CoO which leads to the spins in Co lying parallel to the spins
in CoO, i.e. a unidirectional anisotropy. It is relatively easy to align the spins in a
positive field,i.e. a smaller field is required, however in order to overcome the

coupling, a larger opposite field is required as shown in Figére
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Figure 4.6 Classic model of exchange bi&g].

There are three impamt conditions for exchange anisotropy to appear in a system:

1. Thermal activation beloWwy , where the AF layer can be aligned in antiparallel.

2. A sharp interface between the F/AF layers in order to allow for exchange
coupling. Exchange bias has been observed in a nanopatrticles [52].

3. Strong magnetocrystalline anisotropy in the AF to overcome the rotation of

spins in the AF.
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4.1.3Texture in Polycrystalline Antiferromagnetic Films

There will be no net crystal anisotropy irpalycrystalline material if each grain is
randomly oriented in space. However, in this study the texture of the thin film samples
produced are highly dependent on the seed layer. For exé@iaeter 7, page 121)
DOigant i f er rMnga gvare tepasited on a platinum seed layer under
optimised conditions so th&tinsGa can be crystallised more easily in a preferred
orientation,i.e. crystallographic texture. Hence the polycrystalline antiferromagnetic
film will have an anisotropy dictatdoly each individual crystal. Texture of a film is
induced depending on the shape and the formation of the crystallites. Thin film texture
is strongly affected by the seed layer used. It has been found that the crystallisation
direction of MnGa is along te (0001) plane which is parallel to the Pt(111) plane.
The use of Xray diffraction provides detailed information on the film texture which
will be discussed iChapter6.

4.2 Domain Structures in Thin Films

Magnetic domains are regions in a magnetic nateithin which the magnetisation
direction is uniform. The boundaries between two regions where the spontaneous
magnetisation has different directions are known as domain walls. Domains form in a
magnetic material to minimise the magnetostatic energya a$ingle domain
configuration. The magnetostatic energy is induced by the demagnetising field which
is in the opposite direction to the magnetisation. In a single domain state, the

magnetostatic energy per unit volume is defined as:

o 2su (4-5)
C
where0 -* (cgs), hence the magnetostatic energy per unit area on the top surface
of the crystal,
0 249 (4-6)
o

whered is the thickness of the domain. The magnetostatic energy is large in a single
domain particle. By introducing a 188omain wallsO is reduced but also leads to

an increase in the domain wall energy. A1806main wall refers to the space between
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two domains with opposite spins where the spins gradually rotate from one direction
to the opposite direction over a certain distance. For example, to rotate the domain in
a nickel crystal to its neighbouring domains with opposite magnetisations occurs over

290 atoms as shown in Figuder, giving an angle between spins of Q/égom.

llZEa2=S S\

Domain 1 180° Domain Wall Domain 2

Figure 4.7 A schematic diagram of 18@omain wall.

If the material has a weak uniaxial anisotropy, the structure may form closure domains.
‘O is completely eliminated when the domains form &&@sure as shown in Figure

4.8(c) however this increases the anisotropy energy.

a b c

4

NI/ A

AN

ie Y

Figure 4.8 (a) Domain formation in a saturated magnetic field of the single domain

state. (b) 180domain wall formed to split single domain into two with opposite

direction. (c) 90closure domain wall formation leads to eliminate'@he.

Therefore by splittinghte domains into smaller domains will redi@e and more

domain walls are formed. Further division of the domain is limited by the exchange
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energy required to create the domain wall. Exchange energy is minimised by
broadening the domain walls so thag¢ @pins rotate in small angles over a series of
atoms. This is given by:

0 0 AT @ (4-7)

whereo € 0 "YYI0 is the exchange stiffness, is the number of atoms per

unit cell,0 is the lattice parametern—. is the rate of change of spins rotation over a

series of atoms.

On the other hand, anisotropy energy tends to make the spins flip abruptly in order to
maintain the spins along the direction of an easy axis. The size of the domain and the
domain wall thickiess are dictated by the magnetostatic energy, exchange energy and
anisotropy energy. Bloch was the first to theoretically examine the structure of a
domain wall in 193281]. The thickness of domain walls is given by

1 A (4-8)

5
0
where0l is the anisotropy constant of material. The complexity of domain walls rises
as a result of the competition of the multiple energies. This is also true in

polycrystalline thin films because of the direct exchange interaction between grains

with varying eay axis orientations.
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4.3 Stoner-Wohlfarth Theory

When we are considering the domain rotation process in a single domain particle based
on the assumptions that there is no thermal activdfiefl) the moments are fixed

along an easy axis direction and the Stenehlfarth theory is the simplest model to
explain the behaviour. This model was introduced by Stoner and Wohlfarth in a classic
paper in 194832]. When the moment of a single domain particle is moved away from
an easy direction by an applied field, it will rotate against the restoring force of the
anisotropy.

Consider a single domain particle with an ellipsoidal shape as shown in Bi§ure
The applied field is at an angle biased from the easy axis and the saturation

magnetisatioMs is at an angle—from the easy axis.

Easy axis
o

M,

05

Figure 4.9 Ellipsoid single domain particle with the ¢ axis as the easy direction.

The total energyD of the system consists two compondrgs the anisotropy energy

and the field potential energy. The anisotropy en&gis given by:

0 0i Q& (4-9)

The field potential energy is given by:

0 D AT O — (4-10)

The total energ¥ is the sum of two terms:

0O Vi Qe AATLHL — (4-11)
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The equilibrium position of the moment direction is obtained when the differentiation

of O with respect te—is equal to zero:

0 H) i Qané+ A OEQ 4-12
o QU i E— g — 1 (4-12

Since the component of the magnetisation in the @elettion is given by:

0 0 AT PO — (4-13)

and assume that the figitlis perpendicular to the easy axis, w 1 Jhen,

!IOE-‘)

—_— 4-14

<o (4-14)
whered  —is the normalised magnetisation. Equati@nld) indicates a linear

relationship between the magnetisation and the field when the appliedHfiedd

normal to the easy axis.

The direction of the applied field has a significant impact on the switching field. If
the field is perfectly aligned along the easy akes, 1 Jthe magnetisation will
only flip over to the opposite direction wheth reaches a threshold value in the
opposite direction. A small deviat of the applied field from the easy axis induces a
torque ond which leads to a rotation. In the case of a deviatiom afthis leads to a

o T Peduction in the switching field as shown in Figdr&0.
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Figure 4.10Hysteeesis loop for single domain particles with uniaxial anisotrpig.

the normalised fieldQO [135].

In the antiferromagnetic polycrystalline films studied in this work, the AF grain sizes
are relatively small ¢ 1t | and are believed to contain a single AF domain. In
addition they are known to be namteracting and, hence, the Stoi#ohlfarth model

explains the process of coherent reversal of the grains in the film.

4.4 Exchangelnteraction in Thin Films

The exchange interaction is essential for understanding the ordering of magnetic states
in materials. In diamagnets and paramagnets there is no gecinéeraction between

the individual moments and each moment acts independdntiferromagnets,
antiferromagnets and ferrimagnets the exchange interaction between neighbouring
atoms will force the individual moments into parallel or antiparallel aligrimeth

each otherP i e r r epostdaied asmilecular field model to explain the alignment
between magnetic moments in solids, which should be responsible for the spontaneous

magnetic order.

o 8 D (4-15)

where’O is the molecular field,M is the magnetisation and  is the molecular

field constant. However, the strength of the alignment was estimated to be of order
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p 1Oe which is much larger than any manufactured {i&8]. Hence the mechanism
of the strong exchange interaction liest mmly in magnetic interactiomut also

electronic interaction.
In this section three major types of exchange interaction will be discussed:

1. direct exchange
2. indirect exchange
3. superexchange

4.4.1Direct Exchange
In order to understand direct exchangeiiaction, there are two key principles that
must be known; Coulomb repulsion between electrons and the constraints imposed by

the Pauli Exclusion Principle.

Coulomb repulsion describes the force between interacting charged particles. The
force of interation is attractive if two particles have opposite signs and repulsive if
both have the same signs. The Pauli Exclusion Principle states that two identical

particles cannot occupy the same quantum state in a system simultaneously.

The direct exchange intrtion can be described by the quantum mechanical exchange
force introduced by Heisenberg in 19@B!]. The interactiortakes place between
moments, which are close enough to have sufficient overlap of their wave functions.
The wave functions of these two atoms will overlap and minimise the total energy. In
the case of two atoms with spin angular mom8rdand S, the exchange energy

between them is derived from effective spin Hamiltonian

0 ¢0YY (4-16)

where0 is the exchange integral. The BetBlater curve shows that the signiof

for transition metals is controlled by thérgq ratio where 4 is the radius of an atom

and gq is the radius of thedshell of electronsis shown in Figurd.13. The ordering

I n antiferromagnetic materials is dictat
exclusion principle, the spin states are forced to be in the opposite direction when the
value of0 is negativeThis gives rise to antiparallel alighent (antiferromagnetic)

as shown in Figurd.11.
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Figure 4.11 Antiparallel alignment of spins

If the atoms are separatbg alargedistance the electrons tend to move away from
each other in order to minimise the repulsion between two electrons. This increases
the w/rsq ratio and hence increase the value) of(positive). Therefore the parallel
alignment (ferromagnetic) is formdevhen electrons share the same wave function but

are confined to separate regions of space as shown in Big2re

Figure 4.12Parallel alignment of spins

o

Ferromagnetic
Ni

‘“ H

Antiferromagnetic

Exchange integral J,,
o

Figure 4.13BetheSlater curvgl35]

Finally, when the atomic separation becomes larger, electrostatic interactions become
negligible and the energy difference between parallel and antiparallel spin

arrangement disappears and hence there is almost no direct exchange interaction.

62



4.4.2Indirect Exchange

When the interatomic distance is large the exchange coupling cobstdatreases
dramatically as shown in Figufel4. In the case of ramarth metals and alloys, the
magnetic moment is determined by the partial filling of highly Iiseal 4f transition
states. The probability for an electron to hop fradi state at one site to another site

iIs small. In consequence the direct exchange interaction is too weak for
ferromagnetism to occur in rare earth materials with large interatomic distances. The
origin of indirect exchange comes from the local magnetic mbspnrpolarising the
conduction electrons which align nearby moments. The indirect exchange coupling
&onstandj oscillateswith a damped amplitudbetween the positive and negative
value as the separation between atoms increabks concept was intduced by
Ruderman and Kittel (195485], Kasuya (1956)86] and Yoshida (195737] and is
known as the RKKY interaction. Thcoupling is weaker than direct exchange and
superexchange ind3netals and magnetic oxides.

jn

Figure 4.14Variation of the indirect exchange coupling consjafta free electron gas in tt

neighbourhood of a point magnetic moment at the origh[143].
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4.4.3Superexchange

Superexchange is a special type tbé RKKY interaction whichdescribes the
interaction between moments on ions too far apart to be connectdt dyect
exchange, but coupled over a relatively long distance through-enagnetic meerial.

It occurs in oxides and nitrides of transition metals due to the bonding between the
transition metal 8 orbits and p orbits in O or N. The doubly occupigdorbital has

two electrons with opposite spins. Thestate has spinp and spirdown eletrons
concentrated in lobes of 18@part whiled state has opposite spins concentrated in
lobes every 90rotation about the ion. The orbital on O can exchange an electron
with each @ orbital on the transition metals. As shown in FigdrEs, this prodces
antiparallel alignment between the two transition metals atoms. It is a mechanism
which leads to antiferromagnetism. It also leads to sheet AF structure. Superexchange
also occurs in ferrites such asz:Be but these are uncompensated materials and so
have a net magnetic moment. In this work, the superexchange interaction does not
occur in our samples as there is no oxygen or nitrogen present in the antiferromagnetic

Heusler alloy.

e D

Transition Metal Oxides or Nitrides Transition Metal

Figure 4.15Superexchange interaction between transition me

and oxides or nitrides.
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Chapter 5

ExchangeBias

The successful design of magnetic structures for spintronic applications is predicated
upon the capability to manipulate and control magnetic properties. In heterostructures,
the exchange coupling af ferromagnet(F) and antiferromagnet AF) produces a
ferromagnetic behaviour characterised by stable order and high anisotropy, and the
loop shift occurs when the antiferromagnetic order is established in the presence of
the ferromagnet. Since AF is only weakly coupled to the external field, it keeps a
history of the F direction at the time when the AF order was set. Noteworthily, this
holds even when the magnetisatiortlué F is reversed in terms of its direction. In
such a structure, the anisotropy may behave in a unidirectional manner, and this loop
shift behaviour is commonly referred to as exchange bias. In the last decade, due to
the importance of the phenomena of loop shift, which serves as a useful feature for
controlling the magnetic properties in devices, a basic and quantitative understanding

of exclange bias has started to emerge.

In this work, the interface between BfSi/CoFe and MgGa/CoFe has been studied.
Using the York Model of exchange biist], bothreveaéd exchange bias under 100
K. In this chapter, the earlier models of exchange bias are explained, and detailed

information about the York Model is then discussed.

5.1 Theoriesand Models of ExchangeBias

The advancement of knowledge with respect éophenomenon of exchange bias has
been relatively slow for the following reasons. Firstly, since exchange bias is the
consequence of a complex interfacial exchange interaction between the AF and F
materials, the interface embedded between the F and AfS laygharacterised by low
volume. This means that it is difficult to separate its contribution fiwah of theF

layer [88]. Secondly, the experimental apparatus for dealing with the interfacial

interaction at thetamic scale has only become available in recent years.

Over the past four decades, various attempts have been made to explain the
phenomenon of exchange bias by constructing theoretical models. However, even with

the aid of these models, knowledge abdwat particulars of the phenomenon is far
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from thorough, but it is still the case that exchange basis has been regularly applied in
the context of spin valve structures. In addition, after the 1998 identification and
application of giant magnetoresistanceV[&) in several devices, including hard disk
drive (HDD) read headfd], researchers were afforded with a valuable chance to
illuminate and enhance the magnetic pinning mechanism, particularly with respect to

thin film structures caracterised by flat interfaces.

5.1.1Meiklejohn-BeanModel

As briefly discussed in Sectiofl1.2, Meiklejohn and Bean proposed the earliest
model of exchange bias in 1®%2]. These researchers suggested that the origin of
the loop shift can be attributed to a large anisotroplie®\F and thephenomenon of

a weak exchange energy coupling between F and AF. As shown in Bifjyeg, the
magnetic moments of F and AF align along the sahgatagnetic field direction (at

a temperature aboviy). When the temperature falls beldw and a small negative
field is applied, the magnetisation of F is still pinned along the original direction, as
shown in Figures.1 (b). When a negative field is increased in such a way as to
overcome the interlayer exchange energy, the magnetisatiofiijpd Eo the opposite
direction, as shown in Figurgl (c). The ideal model is valid under the following

assumptions:

The F layer rotates rigidjy

F and AF are both considered to be single doreatities
The interface is smooth at the atomic scale;

The AF layer is magnetically rigid to the external field;

Spins of AF interface areifly uncompensated;

= =2 =2 4 A -2

The AF layer has an-plane uniaxial anisotropy.

Hence, the interfacial energy is given by the following equation:

0 A 0AI-O 0 AT© 0 OE+ (5-1)
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whereH is the applied field) is the thickness of the F layer, is the saturation
magnetisation of ) is uniaxial anisotropy of F,0 is the interfacial coupling

constant, and—is the angle between the easy axis and magnetisation direction.

During the reversal process, tharfagnetisation flips back to the original direction
while the field s still in negative direction.

————————— ——- H
— —
—_—  —
(a)
_________ e H
- ——
—_—  —
(b)
- H
_________ ~if—

(c)

Figure 5.1 MeiklejohnBean model for exchange bigisi4].

The exchange bias tie field is given as follows:

0 (5-2

The value obtained from equatid®?) is two orders of magnitude higher thae
value obtained experimentally in smgHain polycrystalline films. Therefore, this

model fails to predict a reasonable value'@r.

5.1.2N ® e Andifarromagnetic Domain Wall

In order to explain the loss in exchange bias compared to the predittedone can
assume that a partial domain wall in the AF layer during magnetisation reversal
process will form. This idea was proposed by Néel in I88F In the general concept,
there is no demagnetising field in AF, thus meaning that the domains cannot be formed
(as mentioned in Sectioh2). However, in exchange biased materials, the F layer
provides sufficient magnetostatic energy to AF to form domains. The AF domain wall

stores an important fraction of the exchange coupling energy, thereby lowering the
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shift of magnetisation curve. Inddition, . Mzhlso took interface roughness into
account, which indicated that AF siditices would be present at the interface. This
resulted in the partial compensation of Aéments, and as a result of 8pns at the

interface of each grain in polystalline, AFs were statistically distributed.
Consequently, fluctuations in the moment of AF grains were produced. Importantly,
N®el 6s model faildélg to predict the value

5.1.3Fulcomer-Charap Model

A fundamental step forward took place regardihg incomplete understanding of
exchange bias with the publicai of the FulcomeCharap model90]. After
conducting theoretical and experimental investigations into exchange bias within
permalloy films, the researchers found that exposure to acid vapour resulted in the
progressive oxidisation of nickel in the alloy, thus giving rise to AF grains diirithe
surfaces. Significantly, Fulcomer and Charap noticed that incremental changes in the
exchange bias of these systems occurred regarding, firstly, the grain size, and secondly,
the number of grains within the AF material. Following the applicationgraaular
reversal model (comparable to a SteWéshlfarth system), numerical modelling
yielded results consistent with the experimental outcomes. Most notably, the two
researchers estimated that the exchange field resulting froRiAlRebilayerwould

yield thermallyactivated alterations rientationof the AF sublattices, thus bringing

about a change idex.

A foundational attribute of the Fulcom@&@harap model is the fact that numerous
particle dimensions within the AF material are taken into coredida, thus enabling

a broad range of anisotropy and coupling energies. The assumption made within the
model regarding the particle size distribution is that up to a given maximum (after
which no more particles exist), every value is as likely to arigvesy other value.

In view of this, the researchers discovered the importance of taking into consideration
a distribution of particle size, but the precise form of the distribution was not

consequential.

In view of these features, as noted in the studylaoted by Grimsditckt al[91], it
was possible for the Fulcom@harap model to yield an accurate prediction of the

temperature dependencehtdy andHc: over a broad spectrum of temperatures (even
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greater thanTn). For this reasonthe FulcomeiCharap model constitutes the
foundation of numerous granular models which centre around thermal fluctuation
effects. As a case in point, by drawing on the temperature dependence of the coupling
outlined in the Fulcome€harap model, Nishiokat al were able to examine the
temperature dependence of exchange bias in NiWelFend Co/CrMnP{92]. As

another more recent example, [Q3] sought to investigate the dependence of the
blocking temperaturelg) in exchange bias bilayers, and the thermal fluctuation model

the researcher developed in view of this was based on the Fui@imaap model.

Some of Xid6s noteworthy f i ndttgragsystams,e as |
a monotonic rise ifex in conjunction with AF layer thicknest€) can be observed;

secondly, that with measurement time,decreases linearly; and thirdhpat with the

Tn of AF grains,Tgi ncr eases | inearly. Xids model [
represents a broad extension of the Fulce@terap model, in such a way as to
illuminate a comprehensive account of thermal effects. Nevertheless, its limitation is

that the calculationgertain to singlegrain volume, thus meaning they cannot offer an

account of real systems.

5.2 The York Model of ExchangeBias
5.2.1Energy Barriers
According to Brown[94], thermal energy causes the magnetic moment of a single
domain particle to vibrate about the equilibrium position. The magnetic moment
reverses its orientation whelnetthermal energy is larger than the anisotropy energy
barrier. The reversal of the moment of a grain has a relaxation time given bi#ide N
Archenius law:

YO

t A @ Db—,,Y (5-3)

wheret is the relaxation time in which the magnetisation decaysedoflits initial
value; Qis the attempt frequency of the magnetic mom&htp m p i ; and
YOis the energy barrier. For a relaxation time of 1003, ¢ Q"Y In addition, for
a mgnetic recording device, the capability must exist to store the information for 10

years, which results in a higher energy barrier 49
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For the purpose of determining the energy barrier required to reverse the magnetisation,

it IS necessary to coiter a simpler case of perfectly aligned single domain
nanoparticles, under the assumption that the easy axis and the magnetic field are in a
state of alignment. In this context, the system exhibits a perfectly square hysteresis

loop, and as outlined in¢lprevious chapter, the anisotropy energy and field potential

energy are included in the total energy related to the reversal process. In addition the
system has two stable states when the magnetisation is in a state of alignment or,
alternatively, when itrests in the opposite direction to that of the magnetic field.
Furthermore, it is necessary for the switching field to be greater than the energy barrier
(YO, which refers to the disparity bet wee

energy state. Her&Ocan be expressed in the following way:

YO 0« ° 5-4
0GP 5 (5-4)
whereO r epresents the anisotropy field, w h

maximum coercivity of the syster¥, is the particle grain; anl is the anisotropy
constant. It should beoted that while the above equati@i3) is used to describe a
single particle, real systems involve a distribution of particle volumes and anisotropies.
Therefore, the energy barrier turns into a distributig®fO). More information about

the particle size distribution is given in SectmB.4.

With respect to the York Model of exchange bias, this is based on the single domain
behaviour of the AF grains within a sputtered thin film. In view of this, by
implementiry identical structures as those given previously, it is possible to express

the energy barrier for a single domain AF grain in the following way:

o (O]
YO + wp T (5-5)

whereD is the exchange field from the F layer acting on the AF layer;Gind the

pseudeanisotropy field in AF. Here, it is important to recognise that the value of

is assumed to be small. This is valid for low F thicknessl | in a CoFe system
[95].
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5.2.2Time Dependence

The time dependence of magnetisation is known as the magnetic viscosity, which
refers to a postponement in the magnetisasponse to an applied field attempting

to switch it. The logarithmic relationship between magnetisadbrafd time () was

first expressed in the study conducted by Street and Wdokgy

~ oA Z PN

Do AT T OOAI

otho-

(5-6)

whereS s the magnetic viscosity coefficient. Here the magnetic viscosity coefficient
is defined as the rate of change of magnetisation with Im{ addition, in the event
that the magnetic field is increasir®js positive when the magnetic field is increasing.
FurthermoreSc an be expr e[97%fermulaby Gaunt 6s

_ _ - "04"0Yo -7
3 a7 3 ¢- Q4°QY% (5-7)

whereT is the temperaturd/s is the saturation magnetisation of the ferromagnet, and

YO is the critical value of the energy barrier. In an AF material, there is no net
magnetisation, thereby meaning that the order of the AF is chosen as an analogous for
the magnetisation in the F this contextScan be expressed in the following way:

3 2 0 Q4" QY% (5-8)
Qlo °© °

wherePs is the saturation value of the order of the antiferromagnetic. For an AF grain

in a polycrystalline thin film, the critical value of the energy leari$ determined by

the grain volume distribution, the temperature dependend¢&fand the setting
temperature. In the study conducted by Gatmtl. [97], the findings indicated that

the linear dependency on th(constitutes a unique instange which' QYO o is

constant over the measurement period. Hence, it is true in those cases where the energy

barrier distribution is broad.
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5.2.3The Setting Process

In a disordered AF, grains are randomly orientated. Thus, the setting process is

pertinent, since it refers to the mechanism by which order is induced in the AF layer.

The setting process derives its name from the fact that an ordered AF is designated as

isetd. The setting process was apidied

temperature®n), thereby ensuring that the structural features of the sample remained

intact. As a consequence of this process, the AF graimshe process of becoming

thermally activei were aligned by the exchange field from the closest F layer. The

time dependency of the exchange bias for the IrMn/CoFe systems (utilised as this

researchodés referen

ce) wab|[98].0sestepinerehse a s

in theexchange biam referencedo the temperature increasan be accounted fduy

the switching of a

dditional oO0freedspins
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Figure 5.2 Time dependence of the exchange field witl) [[g8].

The magnetic viscosity is determined by the gradient of the linear fits in Fidguge

Y ¢c0QY'® (5-9)
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wherew is the volume of a grain which overcomes the energy barrier at a given

temperaturePs is the saturation value of the order of the antiferromagnetic.
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Figure 5.3 Experimental and calculated magnetic viscosity as a functids.$98].

Figure5.3 illustrates the magnetic viscosity as a function of setting temperature. The

initial expectation was that variance should arise with respect to both ends of the
temperature spectrum. This prediction was made in response to the fact that more
significantambiguities in the value & would result from the negligible number of

grains at either side of the grain size distribution.

5.2.4Grain Volume Distribution

The setting process time dependence, as well as the degree to which the small AF
grains were termally unstable, indicated that a pair of critical volumes existed inside
an AF grain volume distribution. As indicated in Figurd, 3/ represents the lower

grain volume limit (where values below this mean that thermal instability does not
produce exchage bias), whiléVse represents the upper grain volume limit (where
values higher than this mean that the thermal energy is insufficient to induce setting
in the AF grains).
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Figure 54 Schematic diagram of the AF grain volume distribution with crit
volumeV, andVset[98].

Based on the Nédirhenius law, presented in equati@a3), along with an awareness

of the AF grainsdé relaxation time, it
algebraic manipulation of the equatione: refers to the upper grain volume limit,
which it is possible to set in the ting:at the temperatur@se. Thermal instability is

a characteristic of those grains which are overly small, and it is the case that the
behaviour of grains of this kind will imitate superparamagnetic particles of an F
material. In addition, exchange bias is nopauoted by these grains, and they are

orientated at random.

, QY1 T (510
W NG
.Qvy I T (5.11)
W REY;

where the measurement temperature and measurement time are represemgddy

andtmeasure respectively.
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In view of the above, it is possible to regard the exchange bias as proportional to the

fraction of the grains which lie between the specifiguts:

0 5 QO QG (5-12)

whereC denotes the stiffness of the interfacial coupling between the AF and F layers.
It is important to note that although the determinantsCofare not defined
comprehensively, the evidence suggests thatd relationships operate in an
independent way from the degree of alignment in the AF grain they are derived from.

In sputtered polycrystalline films, the grain diameter distribution isnlmgnal, which

stems from the way in which growth takes place (see Fig&ie With respect to the

York Model of exchange bias, it is possible to derive the grain size distrikftion

the grain size measurements, which can be undertaken by taking TEM images of the
sputtered films. The samples measured using TEM in this work are grown using

HITUS plasma sputtering system.
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Figure 5.5 Grain size distribution for a-6m thick MnsGa thin film sample.

5.2.5The Blocking Temperature
In the research conducted byl€omer and Charap [5], it was demonstrated that the
switching of AF grains, comparable to the superparamagnetism that occurs in small F

particles, can occur as a result of thermal fluctuations. As an extension of the points
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made previously in Section 442.the behaviour of AF grains can fall into one of the
following categories: firstly, unstable grains; secondly, blocked grains; or thirdly,
unset grains. With respect to the process by which grains are classified, this is
undertaken in a way that relatisthe measurement timescale, thereby ensuring that
the small grains, with minimal energy barriers and thermal energy, can undergo
reversal in the course of measurement. As for grains which are larger, these are
blocked, and it is possible for them to ntain their orientation in the course of the
measurement process. Regarding unset grains, these are characterised by the greatest
energy barriers, and the likelihood of these grains undergoing switching far surpasses
the length of the measurement procasshé context of polycrystalline films, all three

grain behaviours can be observed owing to the nature of the grain distribution. Prior
to the York Protocol (see the next paragraph), scientists took measurements of
blocking curves at increasingly high teenptures, thus facilitating an exchange bias
amounting to zero. In addition to this, based on the data derived from the York Model,
the temperature at which observations of zero exchange bias were recorded was the
blocking temperature of the grain charaisied by the greatest energy barrier.
Therefore, the logarithmic time dependence of the AF changes were the determining
factor for these measurements. Furthermore, it should be noted that measurements
conducted in reference to the York Protocol are perdrrat Tna (namely, the
temperature of no activation). The justification for this is because for systems in which
thermal activation is absent, thea is a standard temperature. Chagfigiresents a

full discussion of the process by whitkia can be measured.

The previously mentioned York Protocol, applied by Fernai@aonet al [13],

refers to the measurement process by which outcomes can be replicated which are not
dependent on the experimental timescale. At the outset of the proosdisedem the

York Protocol, it is first necessary to set the antiferromagnet (see Sé&igdh This

further necessitates the selection of a temperature, which should be based on an
empirical consideration of the temperature which will ensure thatrdagegt possible
number of grains are characterised by instability. Here, it should be noted that the
setting process cannot set all grains, since a certain number of grains will remain
unstable. Researchers should avoid excessive increases in tempsiatareyerly

high temperatures can cause layer wibusion [14], thus damaging the films (or,
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alternatively, surpassing the boundary conditions of the cryostat in the magnetometer).
Hence, a 99ninute setting time has been chosen for setting the grains. Following this,
the change of exchange fieldex With tset is less than 1%, which ensures the

reproducibility of theHex value.

As shown in Figuré.6, the York Model measurdékse median blocking temperature
of the MnGa AF material.
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Figure 5.6 Temperature dependence of exchange bias measured for i6a
(6 nm)/Ca .eFe.4(3.3 nm) films

The exchange bias is zero at the median blocking temperature. As the activation
temperature increases, the magnetisation curves shift towards the positive field. When
past the zero point, the exatge bias will increase until all the grains are set in the
opposite direction to their initial position. When exchange bias is zero, the volume of
AF grains oriented in one direction is equal to those initially oriented in the opposing

direction.
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5.2.6 The Anisotropy Constant

The anisotropy constant can be calculated from the blocking temperature distribution
[99]. A fraction of the total number of grains is aligned in one direction after setting
the field atTset Following this, the F layer is saturated in the opposite direction, and
under the applied fiel@l.tis maintained for the sarlg This ensures that a component

of the antiferromagnet is reversed to bring about the opposite direction. Consequently,
the largest grains switch, thereby facilitating the derivation of the exchange bias value.

The value oHex measured after the activan step is given by:

0 Y o Q6 Q6 Q60 Q6 (5-13)
QY A E 514
W 5 "y

whereVactis the volume of the largest grain to be thermally activated.

WhenTactequals the median blocking temperaturBs>s the exchange bias becomes
zero. This occurs at the median volum&/>< of the grain size distribution. By

rearranging equatiorb{14), the anisotropy constant is obtained:

QY A&
o Y , (5-15)

5.2.7Grain Volume and Film ThicknessDependence

Many reports have stated that the magnitude of the exchange bias changes in response
to the thickness of the AF laygr00][101][102]. This was also found to be the case

for MnsGa Heusler alloys in the present study. The exchangeHhads reported to
increase as the thickness of thié layer increases, and when the thickness of the AF
layer reaches a certain value, the exchange bias starts to show an inverse relationship
with the increasing AF thickness, where parametierin a range from 0.3 for FeMn

[103] and 1 for CoQ104].
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Vallejo-Fernandezt al [105] calculated the exchange bias as a function of the AF
grain diameter, as shown in Figs&. The solid red curve is a theoretical fit of the
experimental da calculated using equatioB-{2). When the AF layer thickness is

less than 6 nm, a large proportion of small grains are thermally unstable, thereby
meaning that they do not contribute to the exchange bias. As the thickness increases,
the exchange biagses correspondingly, until the largest fraction of the grains is
within the interval set by the two critical volumes. The way in which the AF grain
volume distribution corresponds to different layer thicknesses is shown in Bi§ure

This was achieved gpplying an empirical and accurate statistical method.
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Figure 5.7 Variation of exchange bias with AF thicknd&€5].

Figure.5.8 indicates that it is possible for the exchange bias to rise or fall in relation
to grain size, and this is based on the AF layer thickness. Specifically, the value of the
measured exclmge bias rises with grain diameter in the event that AF thicknesses
range from 46 nm, while the exchange bias goes through a maximum in the event that
the AF layer thickness is 12 nm. As for AF layer thicknesses which exceed 12 nm,
numerous grains satistie need for stable volume, but if they are owalge, it is

not possible for them to be aligned by the setting process. Conseqlikptiglls.

This phenomenon has also been proved by our work gGlmeusler alloys.
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Figure 5.8 Grain volume distribution for varying thicknesses of IrM05].
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Chapter 6

Experimental Techniques

In this chapter, detaileidformation of experimental equipment and techniques which
have been used during the study is given. There are three major categories introduced
in this chapter; thin film fabrication, sample structure characterisation and magnetic
characterisation. All #apolycrystalline Heusler alloy thin film samples were produced
using High Target Utilisation Sputtering (HITUS). MRigaku SmartLab ay
diffractometer and a JEOL 20Ttansmission electron microscopy (TEM) were used

for structral analysis of the sampled. JEOL JSM5910LV scanning electron
microscope (SEM) was used to measure the composition of the antiferromagnetic
material. A Microsense Model 10ibvating sample maghemeter (VSM) and
Surfaces/Interfaces: microscopy (SIM) beamhmere used for magnetic properties

characterisation.

6.1 Thin Film Deposition

A wide range of deposition techniques can be used to deposit metallic thin films
resulting in singlecrystal andoolycrystalline films. There are two main technologies
used in thin film deposition: evaporative methods and glsgharge processes.
Evaporative technology is one of the oldest techniques used for depositing thin films.
Its mechanism depends on thermeabporation or vacuum evaporation. A typical
example of such is molecular beam epitaxy (MBE), which is designed for producing
singlecrystal epitaxial films in a high vacuum bel@® p 1 mbar. The thin

films are slowly deposited by evaporating the target source onto a-simygteal
substrate at an appropriate temperature. The film thickness, uniformity, lattice match
and composition etc. are finely controlled by the fast shutter whteincepted the
molecular beam between the target sources and the substrates. The major advantage
of MBE is the low temperature requirement for film expitaxy. However its complex
operation and low product throughput are the major limitations of MBE for ptiodu

applications.

Another technology is glowlischarge processes. Onell knownexampleis plasma

sputtering where the surface atoms are ejected from the target source by a high density
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plasma beam. In this work, plasma sputtering technique was uspdiyorystalline
Heusler alloy thin film growth which is described in tlsdildwing sectiorn6.1.1.

6.1.1High Target Utilisation Sputtering (HiTUS)

The thin film samplesstudiedin this work were grown using the processof High
TargetUTtilisation Sputterng (HiTUS), manufacturedy PlasmaQuedttd. HITUS is
atechniquethatrequiresthe useof anindependenplasmasourceto generatea high
densityplasmaon the targetsurface High purity Ar gasis injectedinto the chamber
via an Argon gasfeed. With appgroximately95% of the targetsurfacebeingexposed
to the plasmatheresultis increasednaterialflux thatresultsin enhancedurability,
henceextendingthet a r difespai.3he speedat which HITUS films cangrow is
dependenton the proximity of the substrateto the target; typically, the distance
betweenthemis 300 mm and the rate of growth- 1 6 3 ET "' Aand MnsGe are
approximately0.7A/s, 0.9 A/s and 0.8 A/s respectively.The material sputtersin a
conicalprofile, which contributesto the growth rate. The relatively large separation
betweensubstrateand target causeshe isolation of the substratefrom the plasma
beam preventingre-sputteringandcomplicatonssuchassilicon becomingmplanted
in the Heusleralloy. Films producedby this methodare uniform, polycrystalline
structureshatcanbecomparedn termsof their propertiego films usedin datastorage

industries.

Thereare numerousadvantagesffered by the HITUS systemthat canfacilitate the
creation of numerousfilm structures.Alloys are especially suitable for HITUS
sputteringbecausehe whole surfaceof the targetis eroded which allows for a near
matchedstoichiometry betweenthe thin film and the powder metallurgy target.
Complexmultilayerstructuresanbeformedbecauséhetargetcarousetanbeloaded
with up to 8 individual targetsmeaningthe vacuumdoesnot have to be broken
betweenthe changesof targets.A further advantages provided by the substrate
carousethatcanbeloadedwith up to 6 substratessachof which canhold asingle20
mmx 20 mm substrater four 5 mmx 5 mmsubstrates)othwith TEM grids.In order
to producehigh quality thin films, a high vacuumenvironmet is needed It takes
approximatelhthreehoursfor the turbo molecular,rotary and cryo-pumpsto reacha
pressureofu p 1T mbar;combiningthis factorwith therateof sputteringmeansa
full growth sessioncan be completedin 8 hours.Thesepumpsare controlled by a

Programmablé.ogic Controller(PLC).
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As shownin Figure6.1, a Faradaycagesurrounds quartztubein whicha2.5kw, 3-

turn copperradio frequencyantennas situated.This formsthe HITUS sidearmthat
generateghe plasmafrom argongas, coupledinductively to the 13.56 MHz radio
frequencyfield. Througha processof ambipolardiffusion [106], plasmaion beams
arepropelledinto the mainchambetby a launchmagnetandaredirectedto thetarget
surfaceby a steeringelectromagnetThe applied field of the launch and steering
electromagnetsre approximately50 Oe and 500 Oe. Althoughthep | a s m@m 6 s
densityof 10'21 10"%ions/cniis high, theion energyat thetargetsurfaceof < 10 eV
which is too low to beadequatdor sputtering107]. Thereforethe plasmais coupled

to aDC biasvoltageto increaseheion energy.

Substrate

Launch table
electromagnet 1 lAr
, N
PLASMA SOURCE l

Antenna

RF .-l
I

\V/ Target

- P — )
B M < holder
Plasma beam
Ve
Steering ; DC/RF 0-1000V
t= —_—— . )
electromagnet target bias

Figure 6. 1 Schematidiagramof the HITUS systen{108].

Control of sputteringparameterss necessaryor the comparisorof the propertiesof
thin films. Therearethreewaysto cortrol the sputteringrate: Gasflow rate,DC bias
voltageandRF power.By modifying the argongasflow rate,whichin turnaltersthe
plasmgoressuranddepositiorenergythe meanfreepathof ionsandfilm densityare
changedHencesputteringrateis varieddirectly. Initial controlof theion energycan

be achievedy settingthe launchradio frequencypowerbetweenl and100%of 2.25
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kW capacity.Theion energycanalsobecontrolledin thechambeiatthetargetsurface
by applyinga DC biasvoltage.A rangeof negativeDC voltagesrom 0 to 1000V can
be appliedto the target. Theseparametersare also able to adjustthe meangrain
diameterof the film, which is valuablein interpretingmagneticmeasurement$08].
Beforefilm depositionsurfacecontaminant€anbe removedfrom the substrateby
disablingthe steeringelectromagnetgngulfingthe main chambemwith ions of < 30
eV [108].

At presentthe Universityof York is theonly institutionthatusesthe HiITUS process
to grow Heusleralloys, the resultsof which have beenpublishedin severalpapers
[3,4]. In contrastto magnetronsputteredand MBE grown films that exhibit

crystallisation in the asdeposited state, there is little or a total absenceof

crystallisationpresentin the samplesof Heusleralloy films (suchasMn2VSi in this

studies)grown using the HiITUS system.Studiesby Sagarand Fleet et al. [110]

indicatedthat ex situ annealingof the films enabledlarge crystals(grains)to form

from the asdepositedamorphoudike matrix. Grainsmeasuringoetweer30 nm and
250 nm werediscoveredn Co;FeSifilms that had beenannealedor up to 6 hours.
Sagaret al. [109] proposethat this phenomenorarisesfrom nanocrystalnucleation

in theasdepositednatrix seedinga layerby-layer crystallisation.

The Heusleralloys grown in HITUS required extreme annealingconditions. To

promote grain size growth an in situ annealing method has been used during

depositionin orderto achievehigh-temperaturgrowth, a heatemwasinstalledinside
thechambedirectly abovethe substratesvith a separatiorof approximately? mm. A

stainlesssteelthermalcouple(Labfacility, Ml S/SType K) wasplacedon the heater

casewhichwasconnectedo thetemperatureeaderasshownin Figure6.2.
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Power supply

Heater Temperature
indicator
indicator

Figure 6.2 Schematiadiagramof heaterinsidethe
chamber.

Theheatewasoperatedy illuminating alamp (Philips,Halogen,100W) to increase
the temperatureof the back of the substrate.The power supply (ALDA, Model
00160141)controlsthe temperatureyhich canbe heatedup to approximately730
3 (1003K).Theheatemwascalibratedusinganexternalthermocoupleattachedo the
substratéo recordthe spontaneoutemperaturgeadingwhile the heateris operating.
Theheatetemperaturealibrationis shownin Table6.1. The overallperformancenf
the heaterwas found to be stable, maintaininga temperaturefluctuation range of

approximately p ¢ 3

Table 6.1 Heater tempeture fluctuation measurements.

Setup temperature (3 ) Heater temperature (3 )
150 187 17
200 235 15
250 277.5 10.5
300 328.5 13.5
350 374.5 11.5
400 420 11
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450 466 10

500 514 8

6.1.2 SamplePreparation

The substrate holder was mademéchinable ceramic to prevent melting during high
temperaturén situ deposition. The substrates wergp p ¢ | square as shown in
Figure6.3. The sample can be then cut into the required sizes for later measurements

using a diamond scriber.

Figure 6.3 Ceramicsubstraténolderusedin HiTUS for deposition.

Beforethe deposition,the Si substrateandsubstraténolderswerecleanedn acetone
andisopropanolusingan ultra-sonic bathfor 15 minutesto removegreasefrom the

surface.Theyarethendried usingnitrogengas.

The loaded targetsand substrateswere further cleanedusing the plasmabefore
deposition.The targetsare cleanedusing 1000V biasvoltageplasmasputteringfor

approximately2 minutesdependingon the degreeof contaminationand oxidation.

The substratesrethencleanedby Ar plasmafor one minute with zero biasvoltage
andwith the steeringmagnetgurnedoff.

Beforedeposition,a 30 secondconditioningand pre-sputteringwasusedto stabilize
the Ar gas pressureand further cleanthe targets.The shutteris then openedand

depositionstarted.
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6.1.3HITUS Thin Film ThicknessCalibration

The HITUS systemusesan INFICON XTM/2 depositionmonitor to measurethe
thicknessf thefilm duringdepositionThedeviceworksby oscillatingapiezoelectric
quartzcrystalat its electromechanicaksonanceTheresonancérequencyis reduced
whenasmallamountof materialfromthetargetis depositedntothetopof thecrystal.

Thereducedesonancdrequencyis givenby :

Q

ol

0 6-1

0 ( - )
whered is the changein massdueto the depositionD is the original massof the
quartzcrystal,Y"Qis thechangen resonancéequencyand Qs theuncoatedesonant
frequencyof thecrystal[111].

The thicknessof the materialdepositedonto the film canbe calculatedusingthe Z-
matchequation(4-2)[112]:

AGAORGATI— 2 (6-2)
“TY"Q Q

whered is the thicknessof the film, 0 is the frequencyconstantof the quartz
crystal,} q is the densityof the quartz,} s is the densityof material,f is the resonant

frequencyof theloadedcrystaland'Y is the Z-Factorof the film material.

6.2 SampleStructural Characterisation

Structuralcharacterisationf a sampleincludesthe grainsize,crystalstructure layer
sharpnesandcrystalorientationof the material. Two major apparatusvereusedfor
thesemeasurementsan X-ray Diffractometer(XRD) and a TransmissiorElectron
Microscope (TEM). XRD is an ideal equipmentfor scanningover a wide areaand
providethe averagecrystallinestructuralinformationacrosghe sample TEM allows
oneto accuratelymeasurethe grain size and orientationat the atomic scale.Both

apparatusrediscussedn thefollowing sections.
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6.2.1X-ray Diffractometer
X-ray diffraction allow the identificationof crystallinestructureof the thin films, the
principle of which canbeexplainedoy B r a glayd s

COET (6-3)

where_ IstheX-raywavelength| istheanglebetweertheangleof incidert and
thescatteringanglefrom the samplesurfaceandd is the lattice spacingof thesample.
Thereis variation betweenthe types of lattice formation in a hexagonalor cubic
structure. In this particular study, both cubic and hexagonal structures were
investigated,where for the cubic casethe lattice spacingcan be describedby the

formula:

Q L»‘ (6-4)

wherea andc arethelatticeconstanbf thematerialandh,kandl aretheMiller indices
for aspecificplane.

The lattice spacingfor a hexagonastructureis givenby:

(6-5)

Figure6.4 showsa schematialiagramof the Braggdiffraction.

dsin®

Figure 6.4 Schematidiagramof X-ray Braggdiffraction.
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A RigakuSmartLabX-raydiffractometershownschematicallyn Figure6.5 wasused
in this study. This apparatusemploysa high intensity 9 kW rotating anodeX-ray
generatorlt operatesvith a voltageof 45 kV anda currentof 200 mA. Fluctuations
in thesetwo parametersreremeasuredo only vary by + 0.005% with a10%variation
in powerinput.
X-ray
X-ray Detector

Source Soller

Soller ® slit 2

slit 1
N PSA adapter/

open
Sample ()
.. tag et
.. p SEES 5y .
Monochromator/ Q . Zt’
[PS adapter position ¢ x

Figure 6.5 The RigakuSmartLabX-ray diffractometer{128].

A Cutargetwasusedasthe X-ray sourcewhich generates beamwith K JandK

X-rayswhosewavelengthsare 1.541A and1.544A, respectively{113]. Germanium
is usedin theincidentmonochromatecrystalsystemwhich allowsfor the diffraction

of X-rays. Gg220) 2 crystalswere fitted to producemonochromati X-rays by

diffracting them twice by the Gg220) lattice planes.PassingX-rays throughthis

crystalmakesit possibleto useonly KU X-rays with approximately0.003 degree
divergenceAs a consequencehe optimal measurementanbe achievedusingK

componentSollerslits anda PSAadaptemwereusedto focusthe electronbeam.

The Nal scintillationcountercollectsall the reflectedX-ray signals.Whena charged
particle strikes the scintillator, photonsare emitted as its atoms are excited. The

particlescarryingchargeareaimedat the photocathod®f a photomultipliertube As

a reallt, electronsare releasedby the photoelectriceffect. These electronsare
electrostaticallyffocusedso thattheystrike the first dynodeof thetube.As a resultof

electronshitting the dynode,a numberof secondaryelectronsare released.These
electons also undergoacceleratiorand are directed to strike the next dynode.As

shownin Figure6.6, eachsubsequendynodeimpactreleasedurtherelectronsandso

thereis a currentamplifying effect at eachdynodestage.Eachstageis at a higher
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potentid thanthe previousto provideanacceleratindield. Theresultantutputsignal
at the anodeis in the form of a measurableulse for eachphotondetectedat the
photocathode,and is passedto the processingelectronics. The pulse carries
informationabaut theenergyof theoriginalincidentradiationonthescintillator. Thus
boththe intensityandthe energyof the radiationcanbe measured.

Photocathode Photomultiplier tube

Photon

lonizing radiation w\/\/

Sedium ledine

arystall

Optical window Anode

Figure 6.6 Schematidiagramof scintillating counterdetecto{145].

The Rigaku SmartLabXRD systemutilises a goniometer,which includesa high
resolutiond- d closedoopwhichallowstheX-raysourceanddetectoito bepositioned
with a0.00%stepsize.Thisloopis theelementhatprovidesthehighlevelof accuracy
andresolutiond-2 cscans.Thesed-2 dscansrely on the detectorbeing placedat an
anglethatis twice thatof the incidentangleof the X-ray. This measuremerrovides

all the out of planecrystallographianformation[113].

6.2.2Pole Figure Measurement

Pole figure measurements have been used to analyse the distribution of the crystal
orientations in the films. In materials science, texture is the distribution of
crystallographic orientations in a sample. Whitiecrystallographimrientations are

not random, the sample may be referred to as having a weak, moderate, or strong
texture. This depends greatly on the proportion of crystals within a sample which

display a preferred direction.

X-ray pole figures are the most widely known source of textifioernation due to its

low cost and easiness to perform. It provides an average texture over a reasonably
large surface area, in this study the typical sample surface is 25Theaverage

grain size in our films is smaller than 20 nm this means thatrbds of thousands of

grains are contained in the measurement which ensures statistical viability.
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Thed-2 dcan cannot describe the crystal texture accurately if a sample has a preferred
orientation because the scan only measmlasesperpendicular tohe surface.
Therefore ve can describe the texture of a material by using pole figure scans. Pole
figure measured with-dxis goniometer in which 2 axes used to choose a specific
crystallographic plane with- ¢—a specified, hence to determine the Milletices
associated with the pole figure. The third axis tilts sample surface with respect to the
focusing plane. The fourth axis rotates the sample about its normal.

A "rocking curve" is a short pole figure cut in one crystallographic direction where the
profile width is a figure of merit for the degree of texture.

6.2.3Reflectivity Measurement

X-ray reflectivity (XRR) measuremenhave been used to measurethe density,
interfaceroughnessand thicknessof Heusleralloy thin films. The principle canbe
explainedusingthe total reflectionphenomenonWhenthe incidentangleis smaller
thanacritical angletotalreflectionoccurs.Thereforetheintensityof thereflectedX-
ray is equalto that of the incident X-ray. Whenthe incidentangleis largerthanthe
critical angle,bothrefractionandreflectionoccurred Thiswill leadto theintensityof
the reflectedX-raysto decreaseHencean oscillationis observedn the intensityof
the X-raysreflectedfrom multilayered samplesdueto the interferencebetweentwo
reflectedX-rays. The density,thicknessand roughnesf the thin film samplescan

thenbe determinedrom the incidentangleandreflectedX -ray intensity.
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Figure 6.7 An exampleof areflectivity scanof MnzGa/CoFemulti-layer
thin film.

From the reflectivity profile in Figure 6.7, the period of oscillation indicatesthe
thicknessof the layers. In generalthe amplitude of the oscillation indicatesthe
differencein density and the degreeof roughnessetweenthe substrateand each
layers.By alteringthe parametersthe calculatedfitting canmatchthe measurement
datagiving the correctvalue for thickness,roughnessand density of a multilayer
sample.In this work GenX is usedfor reflectivity fitting. GenXis a multipurpose
refinementprogramusinga differentialevolutionalgoithm. It wasdevelopednainly

for refining X-ray reflectivity andneutronreflectivity data[114].

6.2.4Scherrer Analysis

Samplesstudiedin this work wereall polycrystallinewherethe diffraction patterns
usuallycontaincombinationof amorphoushighly texturedpolycrystallinelayersand

singlecrystalsubstrateScherregrainsizeanalysiss a simplemethodto estimatehe

averagegrain size in a materialfrom the width of a peak.In general,a sharppeaks
(smallfull width half maximum)indicatelargegrains,whereasroadempeaksndicate

smallgrains.This is describedy the Scherrerequation:
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whereD is the graindiameter C is a constantcloseto unity, _ is thewavelengthof

theradiation,—is the Braggreflectionangle.
The broadeningeffectwill ocuurwhenthe Braggreflectionangleis largedueto the

inverseproportionalitybetweerthe grain sizeandthediffraction angle.

6.2.5Transmission Electron Microscopy

Transmission electron microscopy has been used to image the physical structure of the
Heusler alloys thin film on an atomic scalekEM e mp |l oys el ectr ons
a sample bt since the electron have a much smaller wavelength than light means that
an electron microscope can provide a much higher resolution than a light microscope.
The human eye has a resolution of 0.1 to 0.2 mm and the Rayleigh principle explains

the abilityof a TEM to possess a resolution0o8! :

(6-7)

where) is the minimum distance can be resolved per radiaigs the wavelength of

the radiation,Y’ is the refractive index of the view medium dnds the semingle of
collection of the magnifying lerf& 15]. The refractive index is p and the serrangle

is small, thus the resolution of light microscope is mainly determined by the
wavelength of thegadiation source. Taking green light as an example, its 550 nm
wavelength gives 300 nm resolution. The wavelength of a 200 keV electron is about
4 pm, which provides 10,000 times better resolution than a visible light microscope
[115].
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Figure 6.8 Schematic diagram of transmission electron microscc

The transmission electron microscope which has been used for grain sizes analysis
was JEOL JEM2011. A Lanthanum hexaboridkeaBs) filament is fitted at the top of

the column which is operated under a high vacuum étmbar. A series of roughing,
diffusion, turbemolecular, ion and cryogenic pumps are required. When the filament

is heated to a temperature greater than thek-fumction, the electrons are emitted.

The electron are then accelerated via an accelerating voltage froB@DkV. As
Figure6.8 shows the electrons pass through a condenser lens which consists of many
electromagnetic coils. The current through theskedeflects the path of the electrons.

The condenser lens is used to control the electron density travelling through the system.
The electrons then interact with the sample located above the objective lens. This is
used to focus the diffracted electraiier interaction with the sample. An intermediate
image is then produced. A set of intermediate lenses and projector lenses then magnify
the image by 50 to 1,500,000 times and project it onto the fluorescent screen. A digital
image can be recorded withGatan Multiscan chargeouple device (CCD) camera

fitted below the column. Apertures are used to form different images by selecting
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electron beams and control the image contrast. By using the objective aperture the
electrons that are imaged can be chosdieteither those are transmitted (Bright field)

or diffracted (Dark field) only as shown in Figuse.

Figure 6.9 Schematic ray diagram of Bright field and de
field operation.

In this studies, bright field images were used for grain size analysis which will be
discussed in the next section. TEM samples were prepared using the same procedure
explained in previous section 5.1 with carbmoated copper TEM grids used as
substratedrigure6.10 shows a bright field image for polycrystalline 4@a thin film,

the dark grains shown in the figure satisfy the Bragg condition which are valid for the

grain size analysis.

Electron beam
—— Sample ————
\— ot

Bright Field Image Dark Field Image

Figure 6.10 Bright field image of MaGa thin film.

95



6.2.6Grain SizeAnalysis

Grain size analysis was undertaken using bright field TEM images. A Zeiss patrticle
size analyser was used for grain size distribution measurements as shown in Figure
6.11.

Figure 6. 11 Zeiss particle analyser.

The original TEM images were printed with a scale bar indicating the magnification.
The Zeiss particle analyser projects a light spot with tuneable radius. The light spot is
used to match individugrains on the printed sheet. When the area of the light spot is
equivalent to that of the grain, a pedal is depressed and a hole is punched through the
image and registered as a voltage using a Lab View program. More than 500 patrticles
were recorded in ort to ensure good statistics and the data were then converted to an
actual size according to the scale bar. The size distribution of a polycrystalline film
follows a lognormal distribution. It is defined as a function so that the natural log of

a random #ariable follows a Gaussian distributifii 6],

96



Q% B W—'A 2D —— B (6-8)

0 0 (6-9)

BO 1O BO 1O

BO BG (6-10)

where D is the diameter of the graih,is the mean value df ©Dand, is the
standard deviation ¢f ©. The median grain diamet& and the standard deviation

»  Of the distribution is used to determine the grain Eiié],

In this work the grain size of the sample was used in conjunction with the York model
of exchange bias (s€hapter5) to obtain the magnetorystalline anisotropy constant

of the antiferromagnetic M@a. The anisotropy constant can be determined using

Equation 6-10) when the sample is thermally stable at the temperature of

measurement and has been fully[§é(7],

a & Y HQTAY (6-11)
®

whetor eis the ani sYtsophecbempanature at wh

zerd,s an attempt fr eque’slcayn dg enver alsl yt htea k

grain,vdlhemd her mal activatieal tt e net sal
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6.2.7 ScanningElectron Microscopy

In this studythe composition of the Heusler alloy thin films were carefully analysed
because the atomic ratio betwemmstituent elementstrongly affects the magnetic
properties and crystallographic structure of the sampleJEOL JSM5910LV
scanning electron microscod®EM) with an Oxford Instruments INCA energy
dispersive Xray (EDX) Si detectomwas used to measure the composition of the AF

material.

Electron gun

O First condenser lens
<l  sccond condenser lens

AR Objcctive lens
Energy dispersive X-ray detecto\

Backscattered electron detector

Secondary electron detector

I sample

Figure 6.12 Schematic diagram of th&e JEOL JSM5910LV scanning electro
microscope (SEM

Figure6.12 indicates the schematic diagram of hdEOL JSM5910LV scanning
electron microscope (SEMYhis microscope consists three important components
which are the electron gun, magnification lenses and the detectors. Electrons are
generated frm a Tungsten hairpin filament with a current of 2.4 A. Condenser and
projector lenses were used to focus the electron beam onto the sample and swept over
the sample. There are several different processes that occur when the electrons beam
enters the sampléSome incident electrons experieralastic or inelastic scattering

and may end up in a direction back out of the sample surface. These electrons are
called backscattered electrons and their number is dependent on the scattering cross
section of the atomim the sample involved in the scattering. There is another group

of low energy electrons emitted from the sample surface which are called secondary
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electrons. These electrons are excited out of the ground state of the atoms in the sample
via interaction vith high energy incident beams. The number of secondary electrons

iIs dependent on the atomic number of the target sample, surface topography and
energy of the incident electrons. A secondary electron detector receives the signal from
secondary electrons gerated by the primary beam which is then amplified and
converted into an electrical voltage. Another inelastic process oatws excited
electron is deexcited into ground statand X-ray photons are generated. These

photons determine the energy betweegn states and the composition of the material.

For imaging the sample surface, the incident electron beam scans over the surface and
secondary electrons are collected by the detector and then display the changes in the
number of secondary electrons &smges in the contrast on the monitor screen. The
X-ray can be used when the electron beam is stationary, where the resulting spectra
shows the average composition in the sampling volume of the scanned surface.
Depending on thelectronatominteractionmechanism, electrons or photons may be
emitted which means that the detectors positioned above the saplele to detect

these escaping from sample surfadée interaction volume is a pesinaped
penetrated area in which detectable interaction takeeplhe size of the interaction
volumeis determined by the electron beam energy and the atomic number of the
specimenThe spread of the electron beam increases with the depth of penetration.
For a sufficiently thin film, the beam spread is much lesse better spatial resolution

is obtainedIn Chapter 7.1, the chemical composition for.Msi, Mn:Ga and MeGe

thin films are illustrated.

The precision of the EDX composition analysis is limited due to the large interaction
volumeand inhomogeneous samplehe microscope operates to a micron precision
and the spectroscopy data have an expecting accuracy of 10% of the weight for the

targeting samples.
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6.3 Magnetic Characterisation Methods

Magnetic measurements in open circuits are usually made withrating sample
magnetometer (VSM) or alternating gradient force magnetometer (AGFM). The
experimental data is a plot of a magnetic monmamns the applied fieldd. AGFM
provides higher sensitivities than VSM, however it is not suitable for low temperature
measurement. In this study, VSM was used due to its capability for low temperature
measurements.-¥Xay magnetic circular dichroism (XMCD) aneray photoemission
electron microscopy (XPEEM) measurement was also performed at the SIM beamline
at Paul Scherrdnstitute (PSI) with the help from Dr. Carlos. A. F. Vaz.

6.3.1Vibrating SampleMagnetometer(VSM)

To measurghemagnetigpropertieof nanoparticleandthin films, avibratingsample
magnetometefVSM) is the instrumentof choice Inventedin 1955by Foner[118],
theVSM wasanimprovemenonS mi tvibrétiag coil magnetometejl7,18].

VSM is basedon the principle of F a r a das.yTbesquationfor electromagnetic

inductionis:

(6-12)

where- is the inducedelectromagnetidorce (emj, 0 is the numberof turnsin the
coils and— is the rate of changeof flux. The changeof flux is inducedby a
mechanicalvibration of the sample under an external magnetic field from the

electromagnetT hetotal magneticflux penetratinghe sampleis.

. 5 10 (6-13)

o (o]
whered is the magretic flux densityin the materialando is the areaof the sample.

Whenthe sampleis vibrating it inducesanemfthatis calculatedusingF a r a daa,y 6 s

whichis:

[¢] [¢]

- Q6 06t0 (6-14)
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whereS Is the magnetisatiorof the sample.

VSM operationdependsupon a set of pickup coils betweenwhich, the sampleis

vibrated,whilst a field is applied,creatingan AC signalwithin the coils. A speaker
driver adjustedto ~ 81 Hz provides the vibration to the sample and prevents
interferencefrom mainsdriven noise. The oscillating magneticfield of the moving

samplenducesanalternatingelectromagnetiéorce (emj in thedetectiorcoils, whose
magnitudeis proportionalto the magneticmomentof the sample A referencesignal
is createdat the top of the samplerod that convertsthe inducedAC voltageto aDC

outputvoltage,usuallywith a lock-in amplifier which is sensitiveonly to signalsat

thevibrationfrequency.
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Pick-up Coils

Figure 6.13Schematic of a Vibrating Sample Magnetomet

The design of the coils used in VSM is key to achievingllewel noise measurements.
This specific version of thBlicrosense/SM, the Model 10has ahigh sensitivity of

p T emu. Rotation of the magnietpossiblevithin the range 0540 to + 540 degrees
(resolution 0.1 degree). The vector coils are a standard option. At the most optimal
gapof pole piecesthe system can reach a maximum field ofk&2 Temperature
variation from 773 to 100 K is available viagasflow system.This controls the

nitrogen flow over a heater to stabilise the temperature with 0.01 K temperature
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resolution The design of the VSNolates the system from external magnetic and
acoustic noise and permits measurements to be made rapdér a variety of

conditions.

VSM provides experimental results in magnetic monfemtvs the applied fieldH)

where calibration of bothl andm is required on weekly bases to keep the accuracy.
The applied fielcH is calibrated by first calibrating the hall probe at zero field shield

to check the zero pint. Then the probe is placed in an applied field which is measured
by the Hall probe and calibrated against a Lakeshoregé®Ss metewhich is a
secondary standard@he calibration omwas carried out using a Palladium foil whose
geometry and dimension is similar to that of the sample to be measured. Palladium is
a Pauli paramagnet with high corrosion resistance whose susceptibility is not

temperature dependent, tefare has a fixed value of moment at any applied field.

Magnetisation curves are generated from the VSM and provide the general magnetic
properties of the Heusler alloy thin film, such as coercivity),(Fsaturation
magnetisation (N, remnant magnetisai (M), squareness (M/§ and nucleation

field (Hn).

magnetisation (emu/cm®)
40 ~

30

"

I T T T T 1
-2000 -1500 -1000 -500 () 0 1000 1500 2000

-10 e
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-20 4

30 4

40 4

Figure 6. 14Hysteresis loop measuremghP1]
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6.3.2 Thermal Activation Measurements

In this work, the magnetic properties of antiferromagnetic (AF) materials have been
studied using the Microsense Model 10 VSM. This was achieved by attaching a

ferromagnetic (F) layer using thermal activation measurésiig4].

The thermal activation measurement is a unique way of measuring the blocking
temperature (8), i.e., the point at which the exchange bias induced at the AF/F
interface is zero. Normallyglis determined by increasing the activation temperature
until the loop shift becomes zero. In polycrystalline systems, individual grains have
their own Tz and hence the average, K Ts >, is measured using the York Protocol.
The theory of the York Protocol was discussed in the previous chapter. Blocking

temperatue for granular AFs can be measured by the steps as shown in &:itfure

T..: 90 mins.
Magnetisation A i -

v

v

Field

T,.: 30 mins.

Figure 6.15Schematic diagram of measurements procedures (
York Protocol[14].

1. Inorder to ensure there is no magnetic history affecting the measurethents,

samples were sainder a saturating applied field of 20 kOe at a maximum
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temperature £:(500 K) at which interfacial duffusion between layer does not
occur for 90 minutes.

2. The samples were field cooled to Aermal activation temperatureA{100
K).

3. The samples were heated to a thermal activation temperageirérT30
minutes with a resrsed magnetic field applied.

4. The samples were cooled down taT

5. Hysteresis loops were taken ajaWwhere all AF grains are thermally stable.

In all polycrystalline thin films, the volume of the AF grains follows a-fmgmal
distribution. % is the minmum AF grain volume that is stable at the temperature of
measurement and contributes to the exchange bias. For those grain volumes:pelow V
the orientation of the AF alignment of a grain fluctuates under the influence of thermal
energy as they are too sin@ be thermally stable at the temperature of use. Hence
these grains do not contribute to the exchange bias. Essentially these small grains
behave as a superparamagnetic particles of a ferromagnetic mategias e
maximum AF grain volume that cde aligned in order to contribute to the exchange
bias at Fet Grain volumes beyonds\cannot be set because the AF grain upon which
they have grown is itself not aligned at the temperature which can be applied. These

two limits V¢ and \setare shown on the grain size distribution in Figbus.

S (V)

Thermally
Disordered AF

e

Unset AF

V 4 4
Figure 6.16 Schematialiagramof AF grainsizedistribution[14].
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6.3.3 Training Effect

The earlieststudiesto describethe training effectwasconductedy D. Piccardet al.
[122] in 1966.The authorsdescribea dropin coercivity causedy movemenbof both
legsof the hysteresidoop duringfield cycling. The unbalanceanovemenbf thelegs
resultsin anoverallreductionin exchangdield (Hex). Theynoteboththetemperature
andtime dependencef the rate of change.They establishedhe pretraining state
which canberecoveredy two methodsfield coolingfrom aboveTy or exposinghe
sampleto a saturatingfield at Tmeasure Theseobservaibns canbe explainedwith the
York Modelif theassumptions madethat Tmeasure Tn, Which canbe justified given
that Ty is aroundroomtemperaturdor all samplesBecauseof this, the AF layer is
thermallyactiveandis setby thermalactivation,effectingrecoveryof HexandHc.

In orderto removethe training effect during the measuremengppliedfield is setin

the oppositedirectionto the externalfield.

6.34 XMCD Introduction
Sincel was not directly involved in the detailedmeasuremenprocessthe detailed
instrumentoperationainformationwill not be discussedn this section.This section

will mainly focusonthebrief theoryof XMCD andmethodsof XMCD analysis.

XMCD is a unique techniquethat usesX-ray to study magnetism.The technique
provideselementspecificity, andit alsoenableghe operatorto determinewherethe
magneticsignal originatesfrom within a certain material. The materialsthat the
techniquecan be appliedto rangefrom elementaffilms to more sophisticatedalloys

andcompounds.

Forthe 3d transitionmetals,on which this work focuseson Mn andCo elementsit is
importantto gaininsightinto thedichroiceffectfor the L3 andL2 edgesNotewathy,
thesetwo edgescorrespondo the 2p12 and 2pss2 levels, respectively both of which
arediscerniblein the contextof a p to d transition. It is possibleto view the situation

in termsof energylevel diagramsasseenin Fig 6.17.
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(b) :

E
\ \ Unoccupied 3d states
; A ; E, / ; A4 ;
AR\t

Figure 6.17 Bandillustrationsof (a) anonmagneticmaterialand(b) a magnetic

3d states E, K

materialwith anexternalffield.

Figure6.17 (a) showsanornrmagnetianaterialwithout magneticfield. The numberof
spinup andspindownelectronsareat anequallevelsin its population.On the other
hand,Figure 6.17 (b) showshow the applicationof anexternalmagneticfield (H) to
amagneticfield facilitatesdisequilibriumbetweerthe spin up andspindown bands.
As a consequencef this, a configuration arisesin which certainunoccupied3d spin
up statesexist thatcanonly be filled with spinup 2p electronsHence,it is possible
for the unoccupied3d statesto serveas spindependentetectors Noteworthy this
casebecomeseven more complexwhen consideringthe spinorbit interaction,the
resultof which is to split the 2p corestateinto a pair of componentsfirstly, the 2p1..
level; and secondly,the 2ps level. In addition to the energyseparationof these
componentsywhichamountdo few eV, theeffectis importantbecaus¢hesespinsub
statesarenow coupkdto the orbital moment.The complexityincrease®wing to the
orbitalmomentin view of theway in whichit coupleso thespinmomentin a parallel

wayto theL3 edge,andin anartiparallelwayto the L2 edge[123].

The right incidentcircularly polarisedphotonshavea negativeangularmomentim,
and for the left circular polarisation,it is positive. Hence, when attemptingto
illuminate the sample using circularly polarised light, the excitation likelihood
increasesvhenthe X-rayp h o t anguardnomentumis consistentwvith that of the
orbital momentum.The probability is that a spin up 2p12 will be excited by left
circularly polarisedlight, andthe disparity in detectedabsorptionbetweenleft and

right circularly polarisedight is evidentwhenexaminingthe XMCD signal.
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6.3.5Method of XMCD Analysis

The Sum Rulesanalysiswas devisedin the 1990s [124][125], and in the ground
breakingresearctof Chenetal [126], aconcretevayin whichto applythe SumRules
was establishedNow, the approachs prominentlyappliedin the literatureasa key
way to conductXMCD analysis.As a popular quantitativemethod, derived from
knowledgein the field of electromagnetismand quantumphenomenathe spin and
orbital momentsof 3d transition materialscan be accuratelymeasuredusing SR
analysis Accordingto the SumRules,the orbital andspin magneticmomentscanbe
determinedfrom x ray absorptionspectra(XAS) and XMCD spectrausing the
following equationg127]:

. .[>v 1] 1] ’Q—l .
a pTl € (6-15)
g ‘ o)
Q1 T, Q1 Y
i o e p A (6-16)
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a a a (6-17)
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mo mearislp ma g n enb mein the unit of* /atomrespectivelys is the
electronoccupationof the respectivetransition metal atomin 3d states.The L3 and L2

representsheintegrationrange. Y | 6 heex pe c v a toutehneagndt pol e

operandY i equablad fix i Alar tatr @eanh Ct .

| mr dteari mptl hedqyu a ttihormeseive rpnggrarwes ¢ @ e p It dhee
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) B (6-19)

i ‘ CQ (6-20)

Figure6.18 givesanexamplethat containshreenewtermsp, g, r asthereplacement
of the integrationin the aboveequations.The integrationareaof XMCD and XAS
spectras indicatedby the dashline in Figure 6.18.
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Figure 6.18 Thesumrule constantp, q, andr which correspondo theintegralof the
dichroismspectraor the Lz edge theintegralof the dichroismspectraoverboththeLs
andL. edgesandthe areaof the summedXAS signalafterremovalof a stepped

backgroundespectively126].
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Chapter 7
Antiferromagnetic and Ferrimagnetic Heusler Alloys Films

for Spintronic Devices

In this studybased on the previous study onMinAl conducted by Teodor Huminiuc
and Oliver Whear, a neset ofHeusler alloysof Mn2VSi, Mn:Ga and MeGe was
investigatedduring the last three years. Témowth conditions of these films were first
optimised using theHITUS sputtering systemTheir chemical components were
characterised usirgcanningelectron microscopéSEM) and energy dispersiverdy
spectroscopy (EDX)The structural studyf the films was conducted using Xay
diffraction (XRD) and Transmissionelectron microscopy TEM). The magnetic
characterisation was performed usidprating sample magnetometey§M) and
surfaces/interfaces: Microscopy (SIM) Beamliae Paul Scherrelnstitute In this

chapter, theemeasurement results for thrideusler alloy filmsare discussed.

7.1 Chemical Analysisof Polycrystalline Heusler Alloys

The composition of the Heuslalloy thin films was carefully analysed because the
atomic ratio between constituent elements strongly affects the magnetic properties and
crystallographic structure of the sampk.SEM, JEOL JSM5910LV, (10 keV
acceleration voltage beamas discussed iChapter &.7) with an EDX, Oxford
Instruments INCA, using Si detector was used to measure the composition of the AF
Heusler alloy films For the composition analysis M¥Si, MnsGa and MaGe
samples were grown at a thickness of 100 nm on Si substratégatvoltage of 900

V. 10 data points were measunasing 10keV electron beam enerdgr averaging,

the results are listed in Tablel. A lower electron beam energy such as 5 keV cannot
penetrate the thin filnA higher electron beam energy ndgstroythe sample surface

and change the composition because Gallium has much lower melting point (302 K)
than Manganese (1517 K). Therefore Gallium is easily evaporated during the
deposition leading to a Mnch film. It is worth to note thathe samplevas assume to

be a homogeneous solid so that the absolute quantification of the chemical

composition of the film may contain a systematic error.
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Table 71 Results of the chemical analysis performed by JEOL-3S80LV

scanningelectron microscope.

Heusler Alloy | Composition ( %)
Bias Voltage (V)

XoYZIX 3Z X Y Z
Mn,VSi 900 55.16 17.87 26.97
Mns3Ga 900 70.03 - 29.97
Mn3Ge 900 73.04 - 26.96

7.2 Structural Characterisation of Polycrystalline Mn2VSi

Polycrystalline MaVSi films (80 nm thick)weredepositedbn Si (001) substratesd
capped bya3 nm Al layerusing a PlasmaQuest high target sdtiion sputtering system
(HITUS) at room temperatur@RT). The deposition rate of the MSi films was
typically 0.07 nm/sHowever, there is no crystadition observedn the as deposited
Mn2VSi alloy. Hence, it is necessary to introduce a seed lagdra high growth
temperaturen order topromotethe crystallgation of MnVSi. As we will show late

(pagellld, 80nm thickfilm supports A2type phase.

Previous work conducted by Saghal [110] showed that using lattice matched seed

layer improves the crystallisation of ferromagnetic Heusler alloys at lowapostaling
temperatures. For MW Si, chromium and silver were used as a buffer and seed layer
respectivelyas shown in Figre7.1. A 3 nm thick Cr buffetayer is used to smooth out

the surface of the substraaad to promote adhesi@ndto prevent island growth of

Ag. Silver was chosen as a suitable seed layer because the lattice mismatch was
calculated to b@% when the crystals were oriented af #btheMn2VSi. According

to Whearet al, the optimum thickness of the Ag seed layer is 15 nm as reported for
NizMnAl [128]. Due to the similarity between two materialee same seed layer

thickness is assumed to be optimal for MnVSi
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CoF@ or 3nm

Mn2VSi 2580 nm
(T=R¥730 K)

Ag 15 nm

Cr3 nm

Si Sub

Figure 7.1 Schematic diagram of MW Si films deposited

During the MnVSi deposition the substrates were heated to temperatures between 473
K and 730 K.t is important to note that during deposition at high temperature, the
samples areeasily oxidised. As a consequence, the pressure inside the sputtering
chamber is required toe belowt p 1 mbar to avoid any oxidatios shown in

Figure 7.2 (a), the peaks frond-2d XRD scars showthe integrated area and width
which indicatecrystallisation orientationas a function of the deposition temperature
The roughness of the curves was due to theerduring the measureme@amples

which were sputtered at theighest temperature (723 Kyere found toshow a
significantly stronger MsVSi(220) peak at about 46.than those grown at lower
temperatures (<723 K) [see big 7.2(a)]. Thisat leastconfirms the formation of the

A2 phase. In particular, the films grown at 723 K provided the strongeSM3{&20)
Heusler peak, whose full widthalf maximum (FWHM) is measured to be 0.3€8

the 80 nm thick case. This is almosfaxtor two reduction in theWHM compared

with the other samples, such as those grown at 523 K (FWHM=) 1P»&tannealing

was also used to compare with tleated growth method as described above. Here, the
samples were grown at room temperature using HiTUS. The sputtered films were then
placed into an annealing furnace (Carbolite, MTF 10/25/130, maximum temperature:
1273 K) for postannealing at elevatitemperatures between 573 and 923 K for 3 hours
under 8x1@ mbar. The XRD results for the pemtnealed samples are shown inuFy

7.2(b). The MnVSi(220) peak at about541° is much less significant (FWHM=0.52
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for 873 K, for example, as listed in Tale?) than those for the films grown at high
temperature. In Figre 7.2(c), a structural comparison is shoetween 25 and 80 nm
thick MV Si films. Here,the80 nmthick MnpVSi film show the MaVSi(220) peak,

confirming the formation of tha&2 phaseat least
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Figure 7.2 XRD scans for (a) 80 nm MWSi samples grown at elevating

temperatures, (b) 80 nm MWiSi samples posannealed at elevating

temperatures and (c) different thickness obWBI samples grown at 723 K
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Table 72 List of Mn2VSi(220) peak with different postnnealed temperature.

Post anneal 723 K 773K 823 K 873 K 923 K
temperature

FWHM of Mn 2VSi 0.94 1.84 0.53 0.523 0.4€J
(220) peak

The corresponding Xay reflectivity (XRR) results are shown in Eig 7.3. For the
postanneakdfilms, weak oscillations indicate that interface between layers are rough.
This is because during the p@stnealing process the whole sample is heated, causing
the diffusion at the interface between each layer. The 25 nm thigSifilm grown

at 723 Kshows the smoothest interfaces. By fitting the rassilhig GenX[114], the
estimated thicknesses are Cr (2.8 4§ hi®/Ag (17.2 + 12) nm/MnpVSi (240 = 0.3)
nm/CoFe (3.7 + @ nm/Al (2.3 £ 0.2 nm. On the other hand, the 80 nm thick-M8i

film grown at 723 K shows rougher interface. These results indicate that the thinner
films minimises the interfacial diffusion during the deposition. Howebe thinner
samples showmaller average grain sieo MnyVSI (220) peak shown at 46.for

25 nm) as compared with the thicker layer (FWHM= 0.3f&6 80 nm), as shown in
Figure7.2(c). This is because the thickness of:M8i is too thin forthe XRD signal

to be detectedl hereforethe films are optimised to grow at 723 K with-86r+thick

Mn2VSi layer toobtain a preferredrystallisationorientation

— 25 nm Mn,VSi grown at 723 K
—— 80 nm Mn_VSi grown at 723 K
— 80 nm Mn,VSi post-annealed at 723 K

Reflectivity [normalized]

2 4 6 8 10
2q[]
Figure 7.3 X-ray reflectivityscans for MgvVSi/CoFe films grown at 723 K and pes

annealed at 723 K.
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Samplesstudiedin this work wereall polycrystallinewherethe diffraction patterns
usuallycontainng acombinatiorof amorphoushighly-texturedpolycrystallinelayers
and single crystal substrate.Scherred grain size analysisis a simple methodto
estimatethe averagegrain size in a material from the width of an XRD peak.In
general a sharppeaks(small FWHM) indicatelarge grains,whereashroaderpeaks
(largeFWHM) indicatesmallgrains.This is describedy the Scherrerequation:

0 TTrATS ()
whereD is theaveragegraindiameter C is a constantloseto unity which hasavalue
of 0.94[129], _ is the wavelengthof the radiation,—is the Bragg reflectionangle.
Noteworthy,the unit of FWHM needgo bein radianwhenoperatingthe calculation
usingequation(7-1). Thebroadeningffectwill occur whentheBraggreflectionangle
is large dueto the inverseproportionalitybetweenthe grain size andthe diffraction
angle.
Thegrain size of MpVSi grown at 723 K and 523 K was estimated usi@gScherrer
analysis as discussed in Chafiefhe average grain diametergtf nm thickMn,VSi
grown at 723 K i422.6 0.3) nm, whereas the film grown at 523 K shows a much
smaller graindiameter of(7.0 0.2) nm. This result indicatesample deposited at
higher temperaturbave larger grain sizendhencei t 6 s easi er t o be
XRD.

7.3 Magnetic Characterisation of Polycrystalline Mn2VSi

The magnetic characteristics of the MBI samples were measured using a
Microsense/SM. The 86nm-thick MnpVSi filmsweredeposited ong ¢ p @ |
single crystal Si substrate withrBrthick Cr and 15nmthick Ag asbuffer andseed
layers at elevaed temperaturesThe substrate was cut imbo vi | pieces using a
diamond pen in order to fit into théSM probe. Similar to MnzGa films to be
discussed laterthe samples were measurég VSM at room temperature shaowg
paramagnetic behaviour as shown inurey7.4. There is no hysteresis loop found

which indicates that the paramagnetic behaviour may be contributéeé seed layer
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and hence MiVSi shows naet magnetic momertt elevagdtemperaturelue to its

antiferromagnetic nature.

40
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Magnetisation (emu/cm®)

Figure 7.4 Magnetisation curve for polycrystalline Cr (3 nm)/Ag (15 rivin)sVSi (80

nm)/Al (3 nm)films measured at room temperature.

In order to verify if the MgV Si thin films are antiferromagnetic, a 3 nm ferromagnetic
layer was deposited on the top of the -M8i layer. When materials with
ferromagnetic (F) ordering and antiferromagnetic (AF) ordedre in close contact
and are fielecooled below the Néel temperatuiig) of the AF, an exchange bias is
induced in the F laydas discussed in Chapter Hhe exchange bias introduces a shift

in the hysteresis loop along the field axis, which ishie opposite direction of the
setting field. Two F materials are compared for the exchange bias measurements;
CooeFen.s and CeFeSi. The CoFe alloy is a commonly used high magat&in
ferromagnet which allows for reduced thicknesses of the thin filnrevkieieping the
values of the magnetisation detectable..,F&&i is a welknown ferromagnetic
Heusler alloy that was reported to couple well to AF materials such as[130h
Moreover, the ferromagnetic Heusler alloy allows in theory for lattice matched
coupling between the AF and F thin films as they both have similar size unit cells. As

shown in Figire 7.5, two samples were measured usihg VSM at 100 K. The
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coercivity for MnaVSi/CoFe film is200 Oe whereaor the MnVSi/CoFeSi film it
is only 23 Oe. In theestof this study, CesFe.4 waschosen as the F layer.

1500 | —®— Mn,VSi (50nm)/CoFe 3nm) [  _p g B mamyliyl
i —®—Mn,VSi (50nm)/CoFesSi (3nm)

1000

500

-500

Magnetisation (emu/cm?)
o

-1000

T T T T T T T
-2000 -1000 0 1000 2000

Applied field (Oe)
Figure 7.5 Magnetisation loopfr Mn;VSi/CoFe (in black) and MiVSi/CoFeSi

(in red) measured at 100 K.

In Figure 7.6 lhe loops alsshow anincreasdan their coercivitiesHc, from 114 Oe to

200 Oewith the increase in the thicknesstbg AF layer from 25 nm to 80 nmit
should also be noted that a significant de@@agheremanence is observed as the AF
layer thickness increases shown in Figre 7.6, indicatingthatthe thicker AF layer

may formarough surface induieg the formation ofa magnetically dead layer at the
Mn,VSi/CoFe interfacelf the measurement is performed at a temperature cldse to

of the AF, the changes in the hysteresis loop become smaller..Milnve use the
setting temperature of 498 K 8@ minutes tensurdghe AF layer paramagnetic. Under

an external field of @ kOe, the spin moments in the CoFe layer are aligned along the
direction of the field. The samples with different thicknesses of the/Binayer are
measured at 100 K. The samples with the 80 naM@nlayer are found to induce the
largest exchange biadf about 30 Oe, whereas the rest of the samples show their
exchange biases of less than 10 Oe (seeréi6). This indicates that the MWSi
cannot align their spin moments antiferromagnetically and hence cannot induce a large
exchange bias.
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Figure 7.6 Magnetisation loopef Mn2VSi/CoFe(3 nm)layers with
different MnVSi layer thicknesses grown at 723 K.

The activation temperatureTAct) is also measured to determine the blocking
temperatureTg), where the exchange bias becomes zero. In polycrystalline systems,
individual grains have their owfs and hence the average is measured using the
York Protocol[14]. The samples are uniformly set by thermal activation to the same
setting state as described above (498 K@ minuteg before being cooled ttva (a
temperature at which no thermal activation occurs), thereby removing any magnetic
history. By using a saturating magnetic field (20 kOe) at a setting temperbiere (

that is abov@y of the AF MVSi film (estimated to be below 498 K)31] but below

the Curie temperaturd() of the F CoFe film (1273 KA period 0f90 minuteswould
reverse any activat ed gThia peroslalst regateargyi r or
thermal activation that may occur during the temperature rise afiidallhe sample

is then cooled down tdna. Tna is setto 100 K because this is the lowest temperature
the VSM can achieveThe magnesation orientationof the F layer ighenreversed.

The sample is then heated for iBihutesto anactivation temperaturéacr, followed

by cooling backto Tna. A revered field is applied so thaaremovethe firstloop
training effect (as discussed in Chapt8y and measuringat Tna ensures thaslow
thermal trainingdoesnot occur. The averagexchange bias is measured to3deOe

at 100 K as shown in Hige 7.7. Here, the exchange big®esnot go to zero as
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temperature changes. This result indicates that the blocking temperature is below 100
K. These characteristic temperatures can be engdebéy substituting some
constituent atoms in MNSi with other atoms assimilarly demonstrated in

ferromagnetic Heusler allqyt32] which mayincrease the anisotropy of AF layer.

448K s
423K 15
. 398K
373K
348K
323K
208K
273K
248K
173K
123K
103K

T
-2000

Figure 7.7 Magnetsgation curves for th80-nm-thick MnVSi/Cop éFe 4 film for

different activation temperatures betweeB kK0and448K.

Mn2VSi is confirmed to be antiferromagnetic, where the corresponding exchange bias
of 34 Oe at 100 K is measured when a 3 nm ferromagnetic CoFe layer is deposited on
thetop ofthe Mn,VSi layer. The film withan 80 nm thick AF layer is found to be
optimised Pr the growth at 723 K. Poesinnealed samples provided large surface
roughness and causing the diffusion at the interface between each layers, resulting in
no exchange bias induced at theoM8i/CoFe interfaces. The blocking temperature

of MnzVSi grown at723 K is estimated to be below 100 K. These magnetic properties
canalso be improved by substituting the constituent atoms with the other elements,
suggesting a potential of MMSi to be used as an antiferromagnet in a spintronic

device.
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The experimental resulter polycrystallineMn2VSi were compared with epitaxial
Mn2V AL film reported by T. Tsuchiyat al [60] Similar to MV Sifilm, the A2-type
MnaVAI films deposited at 673 K also showed no spontaneous magnetisation
indicating antiferromagnetic behaviour. The exchange bias of &otifierromagnetic
Heusler alloys ismall (34 Oe at 100 K for polycrystalline MrSi film and 120 Oe

at 10 K for epitaxial Nh2Val film). The estimation of lowblocking temperature for
MnzV Si also agrees with #t ofMn2VAI (approximately 200 K133]).
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7.4 Structural Characterisation of Polycrystalline Mnz:Ga

20 nm MnGa films were initially grown directly on Si(001) single crystal substrates
with a 5 nm of Pt capping layer under various bias voltages ranging from 300 V to 900
V at room temperatre. As shown in Figre 7.8(a), there is a large possibility that
Mn3Ga(0002) peak is overlapped with Pt(111) and no change in crystallisation can be
observed by changing the bias voltage during the growth. When the growth
temperature increases from roamiperature to 673 K, the crystallisation still remains
unchanged as shown in kig 7.8(b). Therefore, the crystallisation of Msa has a
relatively weak relationship to temperature and bias voleesyeompared with the
other Heusler alloys
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Figure 7.8 (a) XRD scandor the20 nmMnsGa samplesleposited undetifferent
bias voltage. (bXRD scandor the20 nmMnzGa samplesleposited undezlevating

growth temperature.
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The smplesfor detailedstudyweregrownonp @ p ¢ | Si(001) substrateat

room temperature with &a (5 nm) and Pt (35 nm) as a seed layer and were capped
with a Ta layer (5 nmjo prevent oxidation using HiTUS systerwith a baseressure

of 5 107 mbar The plasma was generated by diogdrequency (RF) field of 13.56
MHz in an Ar atmosphere of 310° mbar[109]. As mentioned inChapter3, the
crystallisation of Heusler antiferromagnetiin s arestrongly dependent on the see
layer and substrat@latinum was used as a seed layer due to its good lattice tmatch
MnsGa [77]. The (0001)planeof MnsGa alignsthe (111)planeof Pt with a small

lattice mismatch of 2%as shown in Figuré.9 (a) and (c)

(b)

CoF® or3.3 nm

MnzGa3-20 nm

Figure 7.9 (a) projection 0D019 hexagonal MgGa alongthe (0001) plane, (b) schematic
diagram of MBGa unit cell, (c) schematic diagram of cubic Pt altmg(111) plane and (d
schematic diagram of the M@a film deposited.
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Thep @ p ¢ | sampleswerefirst characterised by XRIn order to confirm the
crystal structure of th®nsGa layers A RigakuSmartLab Xray diffractometer was

used in this studyThis apparatus employs the use of a high intensity 9 kW rotating
anode Xray generator. It operatestivia voltage of 45 kV and a current280 mA.

A Cutarget was used astherXay sour ce which giamar KtUes
X-rays whose wavelengths are 1.541A and 1.544 A, respectively. Germanium is used
in the incident monochromater crystal system, which allows for the diffraction of X
rays. Ge(220) 2 crystals were fitted to produce monochromatica)s by diffracting

them wice by the Ge(220) lattice planes. Passinga)s through this crystal makes it
possible to use only iX-rays with approximately 0.003livergence. Largeample

size is used in order for the-pay diffractometer to increase the signal to noise ratio.

A comparison between two sets of samples with different substrate size measured

using different conditiogis shown inFigure7.10.
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— Mn,Ga-20 nm
— Mn3(3a-10 nm k
|——Mn_Ga-6 nm y\
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Si (400)

(b)

Intensity [arb.unit]

- T -
60 70 80

2 q°)

Figure 7.10(a)p @ p ¢ | samples measured using Ge(22Dcrystals
monochromater. () uvi | samples measured witho@e(220) 2 crystals

monochromater.

The multi peaks around @00) in Figure 7.10(b) are the reflection peak of (8D0)

from the X-ray sources with different wavelengt¥When theGe(220) 2 crystals
monochromater isisedas shown in Figre 7.10(a), the multi reflection peakare
filtered leaving a clean &04) single peakl he red line from Figure 7.10(b) is shifted
slightly to the left due to misalignment during the measurement.

The sampleggrown at room temperatueg a 900 V bias voltagare measuredn air.
—2—XRD scans indicate the variation in the degree of the crystallisation with respect
to different thicknesses of the hM®a layers fron 6 nm to 20 nm as shown in Big
7.11.The XRDspectra showhat as the thickness of MGa layer increases, the (0002)
and (0004 peals becomemore intense andharper. This is because thicker @

layers provide stronger signal The 20 nm thick MnsGa film shows a clear (0002)
peak at 413J as shown irfFigure7.11 By splitting Pt(111) and MyGa(0002) peak, it

is clear that as the AF thickness decrease from 20 nm to 6 nm the FWHM of the peaks
linearly increase from 0.620 0.943as shown in Figure 7.11 (jlence the average
grain size decrease from 15.2 nm to IhrOusing Scherrer analysiéhen the MeGa
layerthickness is reduced 6 nm the signal is too weak to distinguisb(0002) peak

from the Pt(111)peak. Apole figure scan is requirddr to confirm the crystallinity
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asshown in Figire7.11(c) for thes nmMnsGafilm. From the pole figure scan ftre
6-nm-thick MnsGa film, the central peak confirms the presence of&(0002) peak
at 41.3° corresponding to the hexagom:9 phase According to the distance from
the outer ring to the centre spot, theplane rotation angle alpha is found to be 19.0
which indicates lte outer ringrepresentshe Pt(111) with polycrystalline nature. It
should benoted that the cerdatMn3Ga0002) peak is well separated from that o
Pt(111).

—— Mn3Ga-6nm
.~ Mn3Ga-10nm
— Mn3Ga-20nm
N - @
. =)
N =)
8 @
’:.T =)
— © =
£ 67 2 o, < 3
5 g &(gg 88
E 9/ g =  @©
_— 1) ) o (Dm
2 47 S =
= o =
c
(O]
bt
£
2
0
T T T " T j T
20 40 60 80
(0)
2dq)
(b)
—~ = S)
64 Ca 00~ & =
5 \‘ z &
o “ I g Mn,Ga-6nm
e \ . = VMn3Ga—1Onm
X w0
:g- 8 } % - Mn_Ga-20nm
5 o )
o 44 § 1 1 14 1 1 2 }
S
& alf
2 ik dil Lk
= 24 L [ Harhi “
i |"‘u i n'upl T ol T Y P y
Ll i

ﬁfﬁ‘lﬁilmﬁ | |‘ v";ﬁ\”’[“ ii’m

o] Hv.ww bl

124



RD ©

Figure 7.11(a) XRD scandor the MnGa samples with different thicknes
(CoFe thickness of 3.3 n(p) Separated MyGa (0002)peakintensities (c)
Pole figure scan at 41.24&®r the6-nm-thick MnsGa film.

The MnGa layerhas beerreported to be stabilised in a hexagob#hs crystal
structureUMnsGa with antiferromagnetic behavio[#1]. The lattice parameters of

the MnGa films in theD019 and D022 phases are listed in Table3. From the XRD

scan, it is proved that the sample has pui20{os antiferromagnetic phasé: o r
comparison with Mi ke Cao@Gayo0si lpmpegr @awn eq
tempefd7lirlee pol y:Gay st bBml gnewklnat room t
wor k shows si mil arT hdee glratet iocfe a d¢prayr$aandeld dei rruis
XRD scan in this work i sval.udedtlean nbegwad wcrht
all 7.7 ]

Table 7.3 Comparison between tti20:9 andDO022 phases of MgGa.

Structure HexagonaDO01o TetragonaDO0;,
Magnett phase Antiferromagnetic Ferrimagnetic
Lattice parameter a=0.540,c=0.436 nn{77] | a=0.391,c=0.712 nn{72]
2d observed 41.30 (0002) N/A
89.9° (0004)
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According to Meiklejohn and Bea2] (seeChapter4.1.2) exchange couplings
induced at the sharp interface between AF/F layexXsray reflectivity (XRR)
measurementsrecarried out for the dim-thick-MnsGa film confirming the presence

of a sharp interface between the MBa and FeCo layers as shown inUfg7.12
Using the GenX softwar§l14] to fit the data, the estimated thicknesses are: Ta
(6.0+0.4 nm/Pt (34£2 nm/MnsGa (5.8+0.9nm/CoFe (4£1nm/Ta(4+1) nm.

10!

Calculation fit
—— Mn,Ga 6nm data

10°

10°

Intensity [arb. unit]

10

10-5 T T T T T T T T T T
15 2.0 25 3.0 35
w ()
Figure 7.12XRR scan foithe 6-nm-thick MnsGa/3.3nm-thick CoFe film

To ascertain the role of the grain size, we carriedyoait size analyses usificeM

(JEOL JEM2011 TEM). A Lanthanum hexaboride (LgBilament is fitted at the top

of the apparatus which is operated under high vacuum &PE0The 6 nmthick
MnzGa was deposited on a carbon coated copper TEM grids using a HiTUS sputtering
systemMore than 500 individual graiweremeasured which folloed a lognormal
distributionasshown in Figire7.13. The mean grain size wasasuredo be 13.2 nm

with a standard deviationf 0.4

@




(b)

120 [ grain size

— lognormal fitting

Frequency

10 20 30 40 50

Grain size (nm)
Figure 7.13(a) Planview TEM image for grain size analysis fine 6 nm
thick MnsGa thin film. (b) Grain size distribution folhe 6 nm thick MnRGa
thin film sample.

7.5 Magnetic Characterisation of Polycrystalline Mnz:Ga
The magnetic characteristics of the i@a samples were measured usarigodel 10
Microsense/SM, and X-ray photoemission electron microscopy (XPEEM). The 20

150

100 | f \
1 _/'\_'.'
50 Tk ./%/

Magnetisation (emu/cm®)

T T T T T T T T
-10000 -5000 0 5000 10000
Applied field (Oe)

Figure 7.14Magnetisation curve for polycrystalline Maa (20 nm)/Pt (5 nm

films measured at room temperature.
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nmthick MnsGa film with a 5-nmthick Pt capping layegrown at elevad
temperatures shadweak paramagnetic behaviour at room temperature.

As shown in Figre 7.14, no hysteresis loop is found which indicates that the
paramagnetic behaviour observed is likely produced by the Pt layer and hej@&a Mn

layer is confirmed to be antiferromagnetic.

As mentioned in Chapteb, exchange bias is theonsequence ofnainterfacial
exchange interaction between the AF and F matekace a ferromagnetic layer
wasdeposited above the M@a. Two ferromagnetic Co and GeFey 4 alloysare used
andcompared. The magnetisation curves are shown ur&gl5. It is very clear that
thesample with CoFe layer exhibits larger coercivity and exchange bias compared to
that with theCo layer.

1.5E+03

1.0E+03

5.0E+02

0.0E+00

-5.0E+02 +

Magnetisation (emu/cm?)

—=— 6 nm Mn,Ga/3.3 nm Co

-1.0E+03 ~ —— 6 nm Mn,Ga/3.3 nm CoFe

-1.5E+03 . : , . . , . ,
-2000 -1000 0 1000 2000
Applied field (Oe)

Figure 7.15Magnetgation curves for the polycrystalline M®&a (6 nm)YCoosFen.4 (3.3
nm) (redline) andMnsGa (6 nm)yCo (3.3 nm) (black lineJilms measured at 120 K.
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The magnesation curves for the MGa/Cae eFen.4 samples measured at 120 K after
settingat 500 Kunder an applied magnetic field of 20 k@& shown in Figre 7.16.

As can be seen, aM-H curves are shifted horizontally, which demonstrates the
presence of exchandpgas in the systenin order to achieve the largest exchange bias,
the AF/F layer thicknesses have been optimised.

@)
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-500

Magnetisation (emu/cm®)
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—=— 20 nm Mn,Ga
—e— 10 nm Mn,Ga
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Figure 7.16 (a) Magnetsation curves for the polycrystalline MBa/C sFe.4(3.3

nm) filmswith differentMns:Ga thicknesses of 6 (blue line), 10 (red line) and
nm (black line) measured at 120 K. (b) Magsatton curves for the polycrystalli
MnsGa (6 nm)/CesFen .4 films with different CoFe thicknesses of 3.3 (black lin:

6 (red line) and 9 nm (blue line) measured at 120 K
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The 6nm-thick MnsGa film shows the largest exchange biag3 Oe at 120 K. The
saturation magnefition of the MBGa/CaéFe.s sample,(1300 100) emu/cnd,

arises from the 3-Bm-thick ferromagnetic CesFe.4 layer, since the individual
MnsGa layer shows no magretiion between 100 and 300 K. Hence the observed
magnetsation can be attributed to that of theo@e .4 layeronly, which is very close

to the bulk value for GsFen.4 (1450 emu/cri) [21]. For the 10 and 2Gnmt-thick

films, the exchange bias is measured to be 299 and 270 Oe, respectively. Bynigcreas
the MnsGa thickness, the exchange bias is found to decrease. Such effect can be due
to a combinations of factors: on the one hand, at small thicknesses, one may expect a
larger seedlayer-inducedstrain, which may lead to an increased magnetocrystalli
anisotropy in MeGa.At larger thicknesses, strain relaxation sets in, leading to rougher
interfaces and possible reduction in the anisotropy, hence to a smaller exchange bias.
In addition, the grain volume also has strong impastthe results showmdm XRD
measurement, thicker AF films have larger grain volume wbainot be seby the

setting hence the exchange bias goes dfih For a fixed MaGathickness (6 nm),

it is found that, as the thickness of g4&.4 increase from 3.3 nm to 9 nm, the
exchange bias decreases significantly fri@g®0 5) Oe to (130 5) Oe, as seen in
Figure 7.16(b). This is in agreement with other studies, where a thin ferromagnetic

layer attached to an AF layer with good crystalline ordering maximises the interfacial

exchange couplinglex® — [134]. Table7.4 summarises the values of the exchange

bias for all samples studiedhe error of the results in Table 7.4 comes from the
measurement step size, 10,@as used during the measurement hence the error was

considered to be half of the step size, 5 Oe.
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Table 74 Values of exchange bias with different layer thickness

MnsGa/CooeFen.a Exchange bias ( 5 O¢
3nm/3.3 nm a7
6 Nm/3.3 nm 430
10 nm/3.3 nm 299
20 nm/3.3 nm 270
6 Nm/2 nm 385
6 Nm/3.3 nm 430
6 nm/ 6 nm 223
6 nm/ 9 nm 130

In order to determine the blocking temperatufe),(i.e., the point at which the
exchange bias vanishes, the activation temperature must be considered. This is usually
carried out by raising the activation temperature until the loop shift becomesreero.
polycrystalline systems single grain has unique Tg. Figure 7.17 illustrates Tg
measured using the YoiRotocol [17]. In order to ensure that no magnetic history
affects the measurements, the sample temperature isEgtto 500 K (lower than

Tn) for 90 minutes under an external field of 20 k@edthen cooled tdna = 100 K.

The external field is then reversed-20 kOe, and the samples are then thermally
activated at a temperature between 100 K and 350 K for 30 minutesaifiipde is

then cooled down to 100 K and the hysteresis IsomeasuredThe result of a
sequence of such measurensdat the 6nmthick MnsGa sample is shown in Rige

7.17. The data clearly shows the evolution of the loop shift from a negative magnetic
field shift of-430 Oe toa positive field value of 500 Oe by increasirgg tactivation
temperature from 100 K to 350 K. The loop shift is caused by the reorientation of the
magnetisation of the M@a/CoFebilayerwith the individual MaGa grains due to the
thermal activation in a negative field. By increasing the activatiopéesmture, the

magnetisation in smaller grains can be reversed [19]. Therefore, the temperature where
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the exchange bias becomes zero represents the equilibrium state between the total
volume of the grains aligned along the initial magnetic field and th#éteofyrains
reversed by the thermal energy induced by the increase in temperature. This is the

1.5

1.0

0.5

0.0

M/Ms

-0.5 4

-1.0 H

-1.5 r T : . T .
-2000 -1000 0 1000 2000
Applied Field (Oe)

Figure 7.17 Magnetgation curves for thé-nm-thick MnsGa/Ca eFe 4 film for

different activation temperatures between 100 K and 350 K.

definition of the median blocking temperature of an antiferromagnetic materigd. <

for the 6-nm-thick MnsGa sample is estimated to f@e ¢ v v) K.

The blocking temperature ftine other thickness films are also measured as shown in
Figure 7.18. Noteworthy, there isn artefact at zero field for the 10 nm samiple
Figure 7.18@). This is because of the sample surface contamination during the
measurementThe artefact is disappeared affgacing the sample in acetone acid
clean for 30 minutes a@nthen washing the acetone residuaing isopropanol
efficiently removed the contamination from the sample. The sample wasasured

at activation temperature 125 K, the resaltsshown in Figire 7.18(c). It is worth to

note that, the artefact near zero field does not affect the magnitude of exchange bias

and saturation magnetisation, hence the results are still reliable.
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Figure 7.18 Magnetsgation curves for th€a) 10-nm-thick and (b) 26nm-thick

MnsGa/Ca eFa 4 films for different activation temperatures between 100 K

300 K. (c) Magnetisation curve for the 40n thickMn;Ga/Ca ¢Fe 4 film after

cleaning in acetone for 30 minutes and measured with activation temperat
to be 125 K.

Figure 7.19 shows that the exchange bias varied monotonically as a function of the
thermally activating temperature. Interestingly, the blocking teatpes is found to
decrease when the M@a thickness is increased, fr¢&85 5) K for the 18nm-thick
film to (175 5) K for the 28nmtthick film. A possible explanation is thdtis may be
attributed to the largeexturedstrainby the Pt buffer layefasshown in the embedded
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graph within Figure 7.11 (b}he peak position shifts as the AF thickness decrgases
and a smoother interface at smallerséa thicknesseg.hese results indicate that the
guality of the MRGa/Ca eF& .4 interface controls the exchang&as For the énm-
thick MnsGa, a reduction in the blocking temperatisrédound whichis attributed to
reduction in the total magnetic anisotropy of thesGla due to the reduced thickness
[14]. Nevertheless, the-8m-thick MnsGa induces the largest exchange bias of 430
Oe at 120 K.

400

200 +

o

-200

Exchange bias (Oe)

-400

T T T T T T T T T T T
100 150 200 250 300 350
Activation Temperature (K)

Figure 7.19 Temperature dependence of exchange bias determined
MnsGa/Ca.sFen.4 films with the MnyGa thickness of 6, 10 and 20 nm

It is worth noting that there is a large difference between the Néel tempatine)

[65] andmeasuredblocking temperatureTs> of MnsGa, whichmaybe related to the

weak anisotropy and a small grain si@@mbining the grain size analysis showed in

the previous sectior.1 and the blocking temperature value,thea g nrett yst al | i n

ani soit camy be esti mat ed.

As mentioned inChapter6, for the case when the sample is thermally stable at the
temperature of measurement and has been fully set, the magysttdline anisotropy

can estimated using tlexpressionf90]:

) 3 a & P HOTQY
0O Y = -

w

(7-2)
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Figure 720Magnet i ¢ c oontt MG & 6i MEQYEZ nm) / A
sample taken at the C(oOTLtdgiemaga {Mre)l

We also acquired detailed-ray absorption spectroscop)XAS) spectra at room
temperature using both right and left circulgplylarised light, from which we can
obtain localXMCD spectracan be obtainedt a single domain regicon the M nG a

(6 nm)(/2CoRke / Al .(TRerapping Byemmvad replasih Al because

Ta has high atomic number which absoetectrons quite stronglyigures7.21(a)

and (b) shovthe XAS spectra taken at the Mn and Co edge with right (C+) and left
(C-) circular polaristons. Figure7.21(a) indicates the 4_photon energy of Co is
around 782.2 eV. Figuré21(b) indicates the +photon energy of Mn is around 642.6
eV. The subtraction of these two signals pdevKMCD spectra as shown in big
7.21(c) and (d). For the Cspectrum, one can clearly see the domain structure using
right-circularly-polarised light at k and L. edges as shown in kige 7.21(e). An
example of spdca at C+ and €for the regiormarked with a blue circle is given in
Figure 7.21(c). For the Mrspectrum, the domain structure is also available at the L

edge and the corresponding XMCD spectrum can also be observed.
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Figure721( a) andafbd) (XASand (d) XMCD
edgetshMs@a n(np) / CoFe (2 nm) sampl e, [
XMCD i magessaonfd ((esp d@@@isHle i mage f ile)l

In the MnsGa (6 nm)/CoFe (2 nm)/Al (2 nm) orbital ) and spin (rgpin) magnetic
moments of Mn and Co came estimated from XKD spectra using the Sum Rules

[127].

, m .
! 7-3
a S PTE (7-3)
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e T

a : pmmteE p Y (7-4)

a a a (7-5)
As it has been discussed in Chapéera Q and are the tot
magnetic moment, orbital ma g n eespectivelyno me nt

'Y is the expectation value oY itsheegnaglne
tahal & oifn Har t r e eThasum mie congdtanp, ¢, andr are
determined from Figre7.22 which correspond to the integral of the dichroism spectra
for the Ls edge, the integral of the dichroism spectra over bothila@d L, edges and
the area of the summed XAS signal after removal of a stepped background respectively.
In this work, we have used theyvalues fronC. T. Cheret al [126], 5.0 for Mn and
7.51 for Cq are usedo calculate the spin and orbital momerite results are shown
in Table7.5. The orbital and spin moments of Co are estimated to be (0R2005)
* Jatomand (1.268 0.005)‘ /atom respectively. The total moment of Co is
calculated to be (1.57.01)" /atomwhich agrees with the theoretical value of 1.60
* Jatom [135]. The orbital and spin moments of Mn are alsanesied to be
(0.270 0.005)" /atomand (0.320 0.005)° /atomrespectively. The total moment
of Mn is calculated to be (0.59.01)' /atomwhich is within the literatur@alue of
(0.52.8)° /atom[63]. These estimated valuespresent those in the vicinity of
MnsGa/QFe interface, confirming that tleagnetic propertiesf these layerarenot

affected by their neighbouring layers.
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Table 75 Orbital moments, spin moments and total moment of the Co and Mn from

MnsGa/Ca eFe .4 bilayer samples in units 6f /atom.

Orbital moment Spin moment Total moment
Element
(H|| /atom) (H|| /atom) (H,|| /atom)
Co 0.299 0.005 1.268 0.005 1.57 0.01
Mn 0.27 0.005 0.32 0.005 0.59 0.01
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7.6 Structural Characterisation of Polycrystalline Mn3Ge

MnsGe has very similar physical properties compared with®mas shown in Table

7.6. The XRD scan estimated the lattice constantd0is MnsGe which resulted
a=0.541nmané=0. 433 nm which agrees with the r
[79]. Due to the similarity, the MiGe samplesvere grown usinghe same seed layer

and optimsed conditionas those for th#nsGa samples. Samples with Ta (5 nm)/Pt

(35 nm)/MnGe (325 nm)/Ta (5 nm) layer stacks were deposited using HiTUS system

at room temperature. As shown in &g 7.23, as the thickness of AF layer increase

from 3 to 25 nm there is no crgdlisation in MnGe observed. Hence, in order to

improve the crystallisation samples were deposited under high temperature.

Table 76 Comparison between tti&0,9 andD0,, phases oMnz:Ga andvVinsGe.

Structure

HexagonaDO0ig TetragonaD0,2
Material MnsGa MnsGe MnsGa MnsGe
Magnetism Antiferromagnetic Ferrimagnetic Antiferromagnetic | Ferrimagnetic
Lattice a=0.540 nm, a=0.534 nm, a=0.391 nm, a=0.382nm,

parameter | . _ 436 nn{72] | c=0.433nm79] | c=0.712nm72] | c=0.726 Nn{80]

o 41.30°(0002) 41.7° (0002)
89.9° (0004) 44.3°(201)
Néel
temperature 470K 390K
Currie
temperature - - 770 K 895 K

It was found that during deposition process, the way samples were annealed strongly
effect the crystallisation of the film. The results are compared ir&ig24, in sample

A consisting ofTa (5 nm)/Pt (35 nm)/M¢Ge (100 nm)/Ta (5 nmgll the layers were
grown under 508 ; whereas in sample &nsisting offa (5 nm)/Pt (35 nm)/MsGe

(100 nm)/Ta (5 nmall layers were grown at room temperature except the AK laye
was grown at 5080 . —2—XRD scans indicat®oth 100nm-thick Mn:Ge samples

show a strond0:9 hexagonal MgGe(201) peak around 43 More interestingly,

sample B indicates hexagonal phases with much sharper full width half maximum
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(FWHM) than sample ASingle AF layer annealing provides better crystallisation
because it effectively avoid the interlayer diffusion due to high temperature annealing.
It is shown in Figire 7.24, the left hand side of thH2019 (201) peak for sample A is
slightly stretchedas compare to the theoretical value due to the lattice stretching
during high temperature annealing. The theorefidalalue can be calculated using
the following equations:

For hexagonal structure:

(7-6)

qe o) =2 (7-7)

whered is the lattice spacinga and c are the lattice constastin the plane and
perpendicular to the plank,k and larethe Miller indices and. is the wavelength of
the X-ray source. Using equatioi-6) and {-7), thebulk 2—value forD019 Mn3Ge
(0002) peak is calculated to be 41.7

For tetragonal structure:

o
nNQ Q a

Table7.7 summarisethe observed angle and the corresponding FWHM. In addition,
by usingthe Scherrer grain size analysis, the grain size fog®nis estimated (see
Table7.7). Noteworthy, the average grain size for thes@a increasgsignificanty
from 14 nm to 33 nm, whemsingle AF layer is heated during deposition. This result
indicates that the crystallinity of M@e is stronglycontrolled by the growth

temperature angrowthmethod.
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Figure 7.24 XRD scandor the MrsGe samples with differenAF

thicknesses

Figure 7.23XRD scandor sample A consisting ofa (5 nm)/Pt (35 nm)/MiGe
(100 nm)/Ta (5 nmyrown at 508 . Sample B consisting of the same structure

only the 106nm-thick MnsGe layer grown at 5a0 .
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