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Abstract

A study of a new paradigm for a heat assisted magnetic recording (HAMR) media
based on the usef exchange biass presented Exchange bias occurs when an
antiferromagnetic(AR layer such as IrMn is grown in contact witliearomagnetic

(P layer and the system if field cooled resulting in a hysteresis loop shifted along
the field axisln this corept the temperaturedependent anisotropy is provided by
IrMn. Therefore thenformation is stored in théAFlayer and the recording layer is
actually part of the read/wri¢ structure when field cooled The F layer when
magnetised serves to align the F yar in the drection required to store the
information and then provides a read out signal indicating Imclv direction the AF
layer is2 NA Sy § SR® | Sy 0S Ay | O2 Ydoalg part 6f & K¢
the read/write head. The key to achieaedructure of this kind ighe control of the
orientation of theMn ionsof the IrMn such that theyre aligned perpendiculato

the plane of the film. Inthis way a perpendicular exchange bias required for
information storage in théA\Flayerhas beerachiewed. Over 300 samples have been

prepared and evaluated to determine the optimised structure.

A segregatedampleCoCrPiSiQ wassputtered usinga pressed powder target ia
HITUS depositionystem. Dual Ru seed layes of 8nm and 12nmwere deposited
using 3mTorr and 3@Torrprocess pressure, respectiveljhe median grain size of
O = (6.2 0.2)nm was achieved using thegmuttering conditionsHigh resolution
cross section TEMnagng has been used to shothat the CoCrPgrainsremains

segregatedy SiQ after the deposition of IrMn.

Thekey feature of this media is that the recordadformation is impossible tbe
erasedby ademagneising field In order to achievéhis requirementthe hysteresis
loop has to be completely shifted enegative field. The higheshift or exchange
bias of O = (240+5)C= wasmeasured at room temperaturé hiswasachievedoy

depositingan ultrathin (0.8nm)Cointerlayer abovea Ptseed layer



Contents

ADSITACT ...t e e a e 2
LiSt Of FIQUIES ... s 6
LISt Of TADIES.....ceeeieie e 10
DECLARATIQN. ...t e e e e e e e e e e e 11
L@ =T o) (= SR 12
INEFOAUCTION ...t e e e 12
1.2 UNIES ittt e e 16
CRAPLEE 2. .. 17
Principles of MagetiC RECOIAING...........uuvuviiiiiiiiiiii e e e 17
2.1 History of Magnetic Disk Recording...........ccccevvvvvvvieeeriieiieeniiiiineniinnnnnnns 17
2.2 Current & Alternative Magnetic Recording............ccuvvvvvvvvvveevvivennnnennnnnn, 19
2.2.1 Perpendicular ReCording..........ccceeeeeeeieeeieeeieeeeeeeeeeeeeeeeeeeeeeeeeeeee, 19
2.2.2 Coupled Granular Continuous Recording Media............................ 22
2.2.3 Exchange Coupled Composite Media........ccccoeeeveieiiieeiiiiiieeeeeeeee. 25

2.3 Future Magnetic Recording Media...........ccccooeeviiiiiieeieee, 29
2.3.1 Bit Patterned Media...........cuuveiiiiiiiiiee e 29
2.3.2 Microwave Assistant Magnetic ReCOrding.............coouvvvvvveeeeeeeeennnn 32
2.3.3 Heat Assisted Magnetic Recording............cccvvveiiiineeeeniiniiiiiiieeeeens 34

(O g =T 0] (] S PP PP TUTOPPPPPPPPPRPPP 38
Physics of Magnetic Recording Media..........ccccuuviiiiiiiiiieiiiiiiieeeeee e 38
3.1 Single Domain PartiCles............coeviiiiiiiiiiie e 38
3.2 StonetWohlfarth Theor Y. 40
3.3 Magnetocrystalline ANISOrOPY........ccuuuririeiieiee e 43
3.4 Interfacial ANISOrOPY........uuuriiiiiiiiie et e e e e e 45
3.5 Demagnetising Field in Recording Media............ccccevvvvvvvevveeeieviiiiiininnns 46
3.6 EXchange INtEracCtions............couuiiiiiiiiiiiiiiee e 48
3.7 The York Model of EXcChange Bias..........ccccceeiiiiiiiiiiiiiiiiicee e 50
3.8 Limitations of Recording Media.............cccceeiiiiiiiiiiiiiiiieeeeee e 55
CRAPLET 4. . a e e 61
Experimental TECRNIQUES..........oviiiiii e 6l



4.1 Thin FilmM GrOWEN. ..o e 61

4.1.1 High Target Utilisation SPULtEriNgG...........uuuurrmmmmmmiiiiiiiiieneeeeeeeeeeeend 61
4.1.2. HITUS CalibratiQn..........cccocveiiiiiieieee i 65

4.2 Magnetic CharacteriSation.................uvvvrvereerruiiriiiiii 67
4.2.1 Alternating Gradient Force Magnetometer.............cccvvvvvvvvenennnnnnnnns 67
4.2.2 Vibrating Sample Magnetometer (VSM)..........oooeeeiiiiiiiiii 69
4.2.3 MagnetiSation CUINVES.........cciiiiiieiiiiiiiieee e e e e e e e e e e e e ae e e e eeeees 72
4.2.4 Thermal Activation MeaSUIrEmMENLS...........coovurrreeeiiireeeeeesireeee e 73

4.3 Structural CharacCteriSation............c.ueeeeiiiiiieeee e 75
4.3.1 Transmission Electron MiCrOSCORY...........cvvvvrverrrrruuerunenrnnninnnnnnnnnnnns 75
4.3.2 Cross Sectional Sample Preparatian...............cccoeeeeeeeiiiiiineeneee, 78
4.3.3 Scanning Electron MICIrOSCOPY.........uuvurrriiiiieeiiieiiiiiiiiieee e e e e 81
4.3.4 Grain Size ANAIYSIS.......uuuiiiiiiiiiiii e 84
4.3.6 Xray DiffraCtOMETEL..........uuiiiiiiiieeeie e 87
4.3.6 RefleCtiVity SCaNS.......cccooviiiiiiiiiiieee e 91

4.4 Errors and Calibration............ccccuuiiiiiiiiiic e 93
CRAPLET 5. e e e 94
Perpendicular Exchange Bias Using [CRIPL]...........ciiiiiiiiiiiiiiiiieeeee 94
5.1 Growth CONItIONS......ccoiiiiiiiiieiie e e e 94
5.2 Role 0f Seed [ayerS........cccuiiiiiiiieieee e 29
5.3. PhysSical Properties..........uuueiiiiiiiiiiiieiiiiiiieeee e 103
5.4 StruCtural PrOPEITIES.......cooi it 106
5.5 Effect of an AF layer on Co/Pt Multilayers...........ccccveevveiiiieiiiniiiee 108
CRAPLET B.. .t e e 117
HAMR Based on EXChange BiasS..........ccoouiiiiiiiiiiiiiieeeeeiiiiieeeeee e 117
6.1 Growth CONAItIONS......coiiiiiiiiiiiie e 117
6.2 Seed Layers and Structural Effects..........ccccceeeeeiieii 126
6.3 Rotational MeaSUIrEMENLS.........cuiiiiiiiiiiiiiieie e 137
6.4 Perpendicular Exchange Bias Structure.............ccccvvveeveviieeeiinniciiiine 139

6.5 Introduce Conventional Recording Layer to Perpendicular Exchangel41l
6.6 Structure and Temperature Optimisatian............ccccceeeerviiiiiiiiiieeeeennn. 143
CAPEET 7. e 154

4



4 R e ) ¢ (o3 [ 1710 o F TR 154

7.2 FULUIE VIBIK....ceeiiiiiieie ettt 156
X od (0] 017/ 1 1 PP 158
S A 53/ .41 0T P 160
RETEIEINCE. ...t e 165



List of Figures

Figure 1.1 The media trilemma problem.............ooooiiii s 12
Figure 1.Hysteresis loop with exchange bias............cccccciiiiiii e, 15
Figure 2.1 Schematic diagram of longitudinal recording head.. [9]...........ccccvvvvvveeeee. 18

Figure 2.2 Schematic diagram of areal density of HDD and flash memory protiijcts18
Figure 2.35chematic diagram of a cross section view of PRM write and read.head.21
Figure 2.4 In plane TEM images of CoSiBtgrain structure, [19]......cccccvvvvveveevrennnnnn. 22
Figure 2.5 Schematdiagrams of CGC media with a) multilayers b) thin continuous &§er.
Figure 2.6 Dependence &f=
different values oflt 5 [24]

Figure 2.7 Schematic diagram comparing titled and perpetaticoedia, 26]. ................ 26
Figure 2.8 Cross section TEM for ECC media with schematic diagram of hcp structure, [19].
.................................................................................................................................. 27
Figure 2.Bright field TEM image of an ECC media, [19]........cccccciiiiieiiiniiiiiiieeenne 28
Figure 2.10 Magnetisation curves based on Stafehlfarth theory, [26].................... 29

Figure 2.1Patterned tracks and patterned servo image taken by scanning electron

microscope and patterned bit images taken by magnetic force microscope,.[35].....30
Figure 2.12 Comparsion between converntional media and patterned mé&dja..|....... 31
Figure 2.13 Schematic diagram of microwave assisted magnetic recording, [40]....33

Figure 2.14 Variain of FePt temperature dependent measurements, [46]................ 34
Figure 2.15 Schematic diagram of a) Coercivity variation in differemgeeature in HAMR
rite process,47]. B) HAMR SYSIEM....uuviiiiiiiiiieiiiecieeeeeee e 35
Figure 2.16 Schematic diagram of a typical layer structure for HAMR..................... 37

Figure 3.1 Schematic of an ellipsoid single domain particle wattis; magnetisation and

APPHEdiield. [B8].....ccoiiiiiee e a e e e e e e aa e e e 40
Figure 3.2 Hysteresis loop measurements for different value c[60] .......................... 41
Figure 3.3 Magnetisation curves for a single crystal of Co, [60]............ccccvvvvvennne.. 43
Figure 3.4 Pt atom locations in COCrPt allgy........ccccvveveevveeiiieiiiiiiiiiiiiieeeeeeee 44
Figure 3.5 Schmatic diagram of the Co/Pt multilayer system with typical stack thicknesses.
.................................................................................................................................. 45

Figure 3.6 Schmatic diagram of the surface roughness affected by the grain.size...46
Figure 3.7 Local and global demagnetising field in longitudinal recording media.....46
Figure 3.8 Local and global demagnetising field in perpendicular recording media.47

Figure 3.9 Beth&later curve showingt m¥gainst interatomic spacing, [60]................ 48
Figure 3.10 High resolution TEM image of advanced recording media labelled with direct
exchange and indirect exchange interaction between grains,.[61]...............ceeeveeeeee.. 49
Figure 3.11 Hysteresis loop with the poSitiorOgg ®..........cooovviiiiiiiiiiii e, 51
Figure 3.12 Schematic diagram of the AF grain volume distribution,.[Z1]................. 51


file:///C:/Users/Kelvin/Desktop/USB%202015/Thesis/Thesis%20V17.docx%23_Toc451941001

Figure 3.13a) Grain volume distributions for the samples with different AF thickness. b)
Exchange bias as a function of AF grain diamet8}.,.[.........cccccvveveiviiiiiiniiiiiiiiiie, 53
Figure 3.14; g @s a function of AF thickness and theoretical fit to equaticB4} [77].54
Figure 3.19ypical blocking curve which used to measure blocking temperature, [75b

Figure 3.16 Schematic diagramijof in @ hySteresis 100, ..........coerreeiereeniereinnen! 56
Figure 3.17 Schematic diagram of perpendicular recording media and grain structure with
transition widthbetween each grainBl]. ...........ccceeeevereveueueceeeeeeeeeee e, 57
Figure 3.18 The magnetic recording trlemma..............ccccceeeeeiiiii s 58
Figure 4.1 Schematic diagram of the HiITUS sputtering system....................ceee oo 62
Figure 4.2 Target current verses bias voltage for the HiITUS sy8&m..[.................... 63
Figure 4.3 The tooling factor calibration for a Ru layer...........uveveevieviieniiiiiini. 66
Figure 4.4A schemat diagram of an AGFM...........ccooiiiiiiiiiiiiniiiceee e 69
Figure 4.55chematic diagram of the vibrating sample magnetometer....................... 70
Figure 4.@Perpendicular hysteresis loop measurement of CoSiBtsystem................. 72
Figure 4.7 Schematic diagram of measurements steps of the York Protocal,.[59]...74
Figure 4.8 Schematic diagram of AF grain size distribution,. [59].............ccccccoviunnnnen. 74
Figure 4.9Typical blocking temperature measurement, [9]........ccccccvvviviirveeeeeeeeeeens. 75
Figure 4.1(Bchematic of a conventional transmission electron microscopy..............L7
Figure 4.1Ray diagrams of the diffraction proCess...........cccccouviiiiieirieiiiiiiiiieeeeees 77
Figure 4.13) Ray diagrams of bright field imaging. b) Bright field TEM image.......... 78
Figure 4.13 The overall structure of a cross section sample...........cccccccvvvvveeeernnnnnen. 79
Figure 4.14 Schematic diagram of a sample which is rfeagholishing...............cccc..... 80
Figure 4.15 Schematic diagram of the PIPS process..........ccooocciiiiviiivnnvineeeeeeeeeee. 80
Figure 4.16 Bright field cross section TEM using 250k magnification....................... 81
Figure 4.175chematic diagram of the FEI Sirion XL30 (SEM)........ccccvvveeeiiiiiiiiinnenn. 82
Figure 4.18 Variation ofckwvith Ir cotent, [105]....cciiviiiiiiiiiii e, 84
Figure 4.1Bright field TEM image with a) a (Coftdlycrystalline structure and b) a
segregated thin film sample with CEEASIQ SYSteM.........ccooviiiiiiiiiiiiiciieeeeee e 85
Figure 4.2&eiss particle Size analySer.........coooi i a e 86
Figure 4.21 Schematic diagram efay diffraCtion.............oooccuiiiiiiiiniiiiii e 87
Figure 4.2Rigaku SmartLabrdy diffratometer...........coccvviiiiiiiiiiiiieeee e 38
Figure 4.23 Schematic diagram of scintillating counter (Nal) detector...................... 89
Figure 4.24 Schematic diagram-ef (—SCan..........cccceeiiiiiiiiiiiei e 89
Figure 4.25. Schematic diagram of a) perpendicular-plane rocking curve
MeasuremMents,JO8|. .......ccoiii e e e 90
Figure 4.26 Typical rocking CUrve MeasUr€mMEeNTS...........uuvveeerrriireeeeeeesriireeeeee e 90
Figure 4.27 Pole figure scan configuration with a fixeéu2gle..................................... 91
Figure 4.28 Schematic diagram efay reflectivity..............oooo i 92
Figure 4.29 Reflectivity measuremaeafta multilayer sample1fLQ..........ccoccvvvveeeerrininns 93
Figure 5.1 Schematic diagram of Co/Pt multilayer samsipletures................ccceeeneeeee 96
Figure 5.2 Coercivty of (Co/Ptamples as a function of the bias voltage................... 96
Figure 5.3Coercivity as a function Of M.........c.uviiiiieiiiii e 97

7



Figure 5.4Hysteresis loop measurements for different thickness of Pt layers........... 98

Figure 5.55chematic diagram of a multilayer sample structure...........ccccccoeeeeeeeene.... 99
Figure 5.6 Grazing incident scans for samples grown on different seed layers,.[8]100
Figure5.7 Room temperature hysteresis loops using different seed layer.............. 101

Figure 5.8 Schematic diagram of Co/Pt multilayer struciitie different seed layers..102
Figure 5.9 a) fhysteresis loop measurement of a Cu seed layer based sample. b)

Exchange bias as a function of angle..............oooooiiiii e 103
Figure 5.1@) Ru seethyer grain size. (b) Bright field TEM image........................... 104
Figure 5.11) Cu seed layer grain size. b) Bright field TEM image..........cccccevveereeen. 105
Figure 5.12Sample structures used to determine the IrMn texture...............ccco..... 106
Figure 5.13 a,b,c Pole figure measurements of IrMn (111) plane for samples grown on
IffErent SEEA AYEIS. ....ciii e 107
Figure 5.14Pole figure measurements for the IrMn (111) plane.........ccccccovvvvvveennnn. 107
Figure 5.15 Schematic diagram of Co/Pt multilayer StruCture...........cccccvevvvvveeeee.... 109

Figure 5.1@locking temperaure measurements of Ru and Cu seed layers sampled.10
Figure 5.17Schematic of competing anisotropy between Co/Pt multilayer lavid. ...... 113

Figure 5.18\nisotropy orientation between IrMn and (Co/Rtising NiCr seed........... 113
Figure 5.18) Anisotropy orientation between IrMn and (Co/Rising NiCr seed. b) Room
temperature hysteresis loop with different repeat units of Co/Pt multilayers........... 114

Figure 5.28) Anisotropy orientation between IrMn and (Co/Rising Cu seed. b) Room
temperature hysteresis loop with different repeating units of Co/Pt multilayers......115

Figure 6.1 Cross section image of a segregated sample...........cccccoeviinvieeeeeennnnnee 118
Figure 6.2 Schmatic diagram of the sam@rUCtUreS.........uvvvvveeiieiiiiiiiiiiieeeeeeeeee, 118
Figure 6.3 Room temperature hysteresis loop measurements............ccccceeeevvennnen 119
Figure 6.4 Cross sectional TEM image of a segregated sample..............cccveeeeen. 120
Figure 6.5 Hexagonal crystallographic structure with its lattice constants.............. 121
Figure 6.6 ” scans for the samples using different process pressures on the second Ru
T=T0 [ F= Y (PP PP P PPPPPPPPPPN 122
Figure 6.7 Measurement ofgpacing as a function of Pt concentration, [127].......... 122
Figure 6.8 Pt @m location CoCrP$iQ crystal structure with..............cccccooeiiiiinnnn. 123
Figure 6.9 Dual Ru seed lajfer “ measurementS.............evvveeeriiiirieeeee e 127
Figure 6.10 Dual Ru seed layer rocking curve measurements.........ccccceeeeeeeeeeennnn.. 127
Figure 6.11 Out of plarfe " measurements for all hcp materials............cccccoeo.... 128
Figure 6.12 Hcp seed layer hysteresis [00PS. . ..., 129
Figure 6.13 Schematic diagram of fcc (111) and hcp (002) basal.plane................. 131
Figure 6.14 XRD measurements for ®edslayer based samples............cccccveeernnns 132
Figure 6.15 Hysteresis loops for fcc seed layer based samples...............ccoceeeeee 133
Figure 6.16 ¢ measurements for all bcc materials............cccccociiiiiiiiiiiiieeee. 135
Figure 6.17 bcc seed layer hysteresis I00PS........couoiiiiiiiiiee e 135
Figure 6.18 Sample structures of Cu, Ru and NiGrsded layers.....................ooee. 137
Figure 6.19a) Perpendicular hysteresis loop measurements. b) Exchange bias as a function
Of MEASUIEMENBANGIES........iiiiiiiiiii e e e 138
Figure 6.20 Schematic diagram of the sample compositions...............cccccceeecnnnnnes 140



Figure 6.21 100K hysteresis loops measurements of a Co insertion layer sample.141

Figure 6.22 Schematic diagram of sample composition...................cccceee i 142
Figure 6.23 Hysteresis loops measurements atkLOQ...........cceevveeeiieiieeiiieiiieeeeeeeeenn. 143
Figure 6.24 Schematic diagram of the sample StruCture...............ccccvveeeeiiiiiiiiennen. 144
Figure 6.25 100K hysteresis loop measurements for optimising the AF layer thickhé4s.
Figure 6.26 Schematic diagram of optimising CoSiBtlayer thickness..................... 145
Figure 6.27 100K hysteresis loop measurements with different thickness of €Qre46
Figure 6.28 Exchange bias dsiaction of the thickness of the CoCGfBiQ................... 146

Figure 6.29 Room temperature hysteresis loop using 2nm and 4nm ESICGPL........ 147
Figure 6.30 Schematic diagram of the sample structure for optimising IrMn thickn#43.
Figure 6.31 Hysteresis loop measurements with different thickness of IrMn.layer.148

Figure 6.32 Exchange bias as a function of the thickness of IrtMn..................cce.... 148
Figure 6.33 The setting temperature effect of the sample using 6nm of lrMn......... 149
Figure 6.34 Thermal activation effect at 298K..........ccccuvveviiiiiiiiiiiiiiii e, 150
Figure 6.35 Optimisation of CoPtSiQ layer using a dual Pt seed layer.................... 150

Figure 6.36 Room temperature hysteresis loops for the structures shown in bigdré51
Figure 6.37a) Bright field TEM images using x100k magnification and b) Grain size

distribution using 6nm IrMn and 3Nm CAPtSIQ. .........cooviiiiiiiiii e 152
Figure 6.38 XRD oof-plane” T MEASUIEMENTS.....ceiiieeiiiiiiieee e e 153



List of Tables

Table 4.1 Comparison between deposited and measured thickness from.XRR......! 67

Table 4.2rMn composition in different bias voltages............ccccceeeeeeieee, 83
Table 4.3 The corresponding labels of Figure 4.21.................oooiieeiiiiccccciieee, 388
Table 5.1Seed layer lattice constants and the mismatch to IrMn, [116]................... 100
Table 5.25ummary of magnetic measurements at room temperature..................... 102
Table 5.35ummary of the measured grain size distributian...............cccccoviiiiineenen. 105
Table 5.4WHM of the 2 IrMn (111) with different seed layer materials................. 108

Table 5.55ummary of blocking temperature and exchange bias for all samples.....111

Table 6.1 Mgnetic properties of samples with structures shown in Figure.6.2........ 119

Table 6.2 Grain sizes of samples on dual RU layerS............coovviiiiieieiiiiiiiiieceees 125
Table 6.3 Ru Seed layer (002) peak FWHM with different bias voltages................ 128
Table 6.4 Magnetic properties sunary of hcp seed layer samples.............cccccuneeees 129
Table 6.Hcp seed layer TEM images and median grain Sizes...........ccccvvvvveeveenen. 130
Table 6.6 Magnetic properties summary of fcc seed layer based samaples............. 133
Table 6.7cc seed layer median grain SIZES..........ucuuiiiiiiiieeeeeiiiiiee e 134
Table 6.8 Magnetic properties of bseed layer based samples...........cccccvvvvvveerennnnn. 135
Table 6.Bcc seed layer median grain SIZeS.............ooooevieeiccececiciccrer e 136

10



DECLARATION

[, Kelvin Elphickgeclare thatthis thesis is a presentation of original work and | am
the sole author. This work has not previously been presented for an awdngsat

or any other, University. All sources are acknowledged as References.

11



Chapter 1

Introduction

Since the areal density of perpendicular recording media (PRM) is approaishing
limit, an alternative recording technology is required to increase the storage
capacityin hard disk drives (HDDd conventionalmagnetic recordingnediathe
areal data density is limited by théhermal loss effect The energy barrier that
maintains themagnetgation orientation of a singlalomainparticle is proportional

to the anisotropy energy @ where0 is the anisotropy constant and is the
volume of the grain. In order to achieve high density storagd ahigh signal to
noise ratio (SNR}he volume of tle grainsis reduced. Assuing that0 remains
constant the energy barrier is then reduced and leads to coitipetwith thermal
energyQ"Ywhere QA a GKS . 2f 41 YI Yy Re@aperdieeyUndet v
these circumstance the magnetsation of the particle can reverse due to the
demagnetigng field of the bit and that fronrmeighbouringbits evenin the absence

of anexternalmagneticfield and thsisthe orgin of the thermal loss effecfl].

In order to improve thermal stability the value of can be increased but this
increases the required field to write the bit. This problem is known as the media

trilemma and is shown in Figurell[2].

SNR \
Writability ¢==sss===) Thermal Loss

Figurel.1 The nedia trilemma problem.
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The areal density afurrert conventional HDDs is about 1/ir&h. In recent yeas
because of availability of ion beam milling, significadvancesn write head pole
design have been made such that the peak value of field are \adtiee are now
producing 1T [3]. Several advanced recording media have bg®nposed to
resolve the problem of lowering the write fielthit patterned magnetiaecording
(BPM) heat assisted magnetic recording (HAMRYI microwave assisted magnetic
recording (MAMR) are the current future options for HDD storage. In BPM the
information is stored in one singléthographically defineddot. Therefore the
magnetic properties arehighly dependent on the precision of the lithaghy
process. Howevelhe main challenges for BPM is the costthe fabricationprocess.
The principle of HAMR and MAMR are similém each other. They rely on an
external energy whiclcausegheir grainsto reverse thé magnetsation during the
dwrite€ process.

It is generally accepted that the next step in the progression of magnetic
information storage technology will be a move t¢iAMR [4]. Current information
from the leading manufacturers of hard disc drives indicates that this technology
shouldbe in the market place withia year from the time of writing.The principle

of HAMR is that a laser fed through a wave gudigivers heat pulses via near field
optics to the surface of a conventional disc with grains oriented in the usual
perpendicular direction. Thanagnetocrystallineanisotropy of the material is
thereby reduced enabling a conventional write head to switbh grains with a
normal field pulse. Once the grains itthe disc havebeen cooled the anisotropy
risesand allows a much hjher data density of up to 4TiBch? to be achieved as
discussedy Weller et al.[4].

In all the systems currently under development the material of choice for the
recording layer in the disc is based on thePtalloy. The reason for this choice of
material is because théulk alloy FePt hagxtremely high magetocrystalline
anisotropyhave reported to lie betwees - 7x10’ergs/ccwith a strong temperature
dependence Furthermore the alloyn thin film formhas a high magnetic moment

of 800 emu/cc whch is comparable tahat of CdCiPtbased alloys used in

conventional discecording,[4]. The ally is also corrosion resistarfg].
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The use of FePt in a disc structure is in essence no different to the typical structure
used for a conventional Gmased recording mediumlin the normal way a soft
underlayer (SUL) is required for field focusing and an exchange break layer is also
required to prevent the generation of intergranular coupling via gL Hence in
principle a disc based on FePt requires very limited development of new technology
However the major problem with FePt is the fact that when it is deposited by
sputtering it crystallises in an fcc phasdence a phase transformation to théo
structure must be undertaken in order to achieve the large magnetocrystalline
anisotropy requied for information storageln order to achievehe L1 phase
transition the substrate temperature used in the sputtering system were heated to
approximately 506650°Q(~800K)[6].

A number of atempts have been made to reduce the required phasansition
temperature by doping amh varying deposition conditiong/]. However none of
these techniques have succeeded in lowering the transition temperature much
closer to 600K which is the normal temperature limitation for magnetic multilayer
stacks. This requirement to anneal FePt to achieve the necessary phase transition is
one of the parameters inhibiting the full commercialisation of HAMR technology.

In this work we describe an alternative strategy for the developmenHAMR
media.In our approach the need for a storage material have a temperature
dependent anisotropy and to provide a read out sigawd separated so that each
function can beoptimised independently This is achieved by the use of an
exchange bias structure whera conventional CoPt€3iQ recording layer is
exchange biased to an underlayertbé AFIrMn sothat heating and cooling in the
exchange field from the recording layer results in a shifted lddgn is the AF
material with high anisotropy and consequenchermal stability. Hence this
material is used in high technology devices.

Exchange bias occurs when a ferromagné€ky material is grown immediately
adjacent to an antiferromagneti¢AF) material and the structure is field cooled
from near the Nel temperature of the antiferromagnet. The coupling of the spins
at the interface then results in a hysteresis loop which is asymmetric abouiDthe

0 axis. THa shift in the hysteresis loog tharacterised by the shift in the loop from
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its centre to theO=0 axs which is called the exchanfield O as shown in Figure
1.2

....u::::::"-qgu::::lmﬂ:nl-uumlnuu..

S
o
i

0.0

05 -

H [kOe]

T
-1.0 -0.5 0.0 05

Figure 12 Hysteresis loop with exchange bias.

This strategy requires the +@rientation of the IrMn layer to alloveoupling to the
recording layer whiclhas been achievedFurthermore this reorientation and the
resulting exchange bias has been obtained in a recording layer with grain
segregation by SiO In this system the information ,isn effect, stored in the AF
layer and hence there is no demagnetising field generated by the stored Hits.
conventional recording layer now becomes part of the read/write process to the AF
layer. Furthermore for a loop shift where both values of coercivity lie to one side of
the origin the information can never be erased Hye use of a magnetic field but
only by a thermal process.

In order to achieve a proof of principle that such a system can be prodlitced
necessary to achieve a number of well defined godlse first of these is to show
that it is possible to induce exchange coupling between the noAkallloy used in
exchange bias systems IrMn, to a conventional CeBiQrrecording medium.If

such a coupling cannot be achieved and an exchange bias ,réseit clearly an
alternative AF material or an alternative F material would have to be sought.

The second requirement for the system is that the texture of the IrMn be oriented
in the perpendicular direction or in a direction such that exchange bias can be
induced in a material such &oCrPhaving perpendicular anisotropyit is known

that the effective anisotropy constant of an AF material such as IrMn is determined
by the degreeof texture of the (111) plass along which the Mn ions lién fact for

an inplane system it is possible to achieve almost perfect texture of the (111)
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planes with a resulting measured value of thiéective anisotropyconstantof the

IrMn of 2.9 x 10'ergs/cg thisvalue comparable to that ofin FePtthin film, [8].

The results presented in Chapter 7 show that this proof of principle has been
achieved. However the loop shift to negative fields has not yet been achieved but a
system has been developdtiat cannot be demagnetised by a reverse magnetic

field alone.

1.2 Units

The use of cgs units has been adoptedhis study which is used fail the results

and equations which are presented. These units are widely used in the majority of
the applied magetism community. Most of thevork byresearch groupsnd the

magnetic recording industrgre presented in cgs units.
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Chapter 2

Principles of Magnetic Recording

Themediaconfiguration for leat assisted magnetic recordifg AMR) isimilarto a
conventional perpendicular recording medi@RM) The key components in
conventionalPRMare the read head anthe recording medium The readhead
usesthe Tunnelling Magneto ResistanceMR) effect to sense the transitions
Exchange biass used in thehead to pin the reference ferromagnetic (F) layer.
CdCrPtSiQ has a high perpendicular anisotropy and herscased for the recording
layer. Itis deposited on top ofan underlayerwhich is used to induce the destte
crystallographicorientation to the recording layer.This chapterdescribes the

theoryand structure ofecording media.

2.1 History of Magnetic Disk Recording

When IBM introduced the random access method of accounting and control as the
first commercial computer, a magnetiecording device was used to store the
information, [9]. The first generation of hard disk drives (HDBg&)red the
information oniron oxide particlesusingwas called theRAMCKA longitudinal
recording HDD was then invented and the information was sto@s a
magnetisation pattern in the plane of the disk what isknown as longitudinal
recording. The information was written onto the recording layer using a horseshoe
like inductive write head. Simply by applying an electric current through the write
element the induced magnetic field magnetised the recording layer. Initially the
signal vas read back using an anisotropn@agnetoresistance (AMRJementbut it

was then replaced bya giant magnetoresistance (GMR) read sensor which

measued the transition béween each north to south (#&) or south to north ¢8l)
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region. The signal was then transformed into a digital readback signal. A schematic

diagram of the system is shown in Figure 2.1.
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Figure 21 Schematic diagram ddngitudinal recordingystem [9].

Due to the capacity demands of HDDs there was a requirement to increase the
areal density of the recording madn. This can be simply achieved by reducing the
track widthw and bit lengthd . However the drawback of reducing such
parameters is the influence on the single to noise ratio (SNR). The SNR can be
estimated via Equation2-1), [9]. Therefore in order to maintain the device

operation at high SNR, it is necessary to reduce the grain diar@eter
YOY —— (2-1)

where,, “ is the normalised grain size distribution ands ratio of the transition

width to the grain diameteciO, [10].
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Figure 22 Theareal density 8HDD [11].
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Figure 2 shows a schematic diagram tife areal densiy of HDD products from
2013 to 205. From 2014 perpendicular recordingpas beenused for storage.
However this recording techniqueannot be usedndefinitelyto increase the areal
density of HDD. Therefore heassisted magnetic recording and heatdot

magnetic recording are predicted to be used to expand the areal density further

Longitudinal recording approached its limit after 2000. This is due to the thermal
stability issue which originated in the redusnti of the grain size. Also threduced

bit length increases the demagnetising field from each bit and th¢obitit effect
reducing the energy barrief12]. The energy barrier of a grain to reversal is given

by[13]
YO 0w p — (2-2)

where0 is anisotropy constantp the grain volume O the demagnetising field
andO the anisotropy field. Perpendicular recording was then developed to tackle
the demagnetisation field issue bed on the orientation of each bit. (See section

2.2.1).

2.2 Current & Alternative Magnetic Recording

2.2.1 Perpendicular Recording

Longitudinal recording media (LRM) generates a large demagnetisating field from
bit to bit. Therefore the areal density of such media was limited. Perpendicular
recording media (PMR) became an alternative option to replace LRile [1970s
Iwasaki and Nakmura introduced most of the basic ideas of PRM, in order to
resolve the demagnetisation field problem which reduced the capacity in [RIM,

[15] [16]. The criteria is that the anisotropy fi€ld has to be greater than the

demagnetisation fieldO . Sice™®© O and™O ¢v 70 and™O T1“0 ,

hence 0 ¢“ 0

The main difference between PRM and LRM is the orientation of the recorded bits.

The reliability of PRM relies on a significant reduction of the demagnetisation field
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at high density. This is based on the flux closure between neighbouring bits with
opposite polarity. Another feature introduced by PRM was the soft underlayer (SUL)
whichimproved the writefield. Unlike LRM the write head of PRM was modified to

a single ple head to utilise the advantages provided by the SUL. The purpose of the
SUL is to create a magnetic mirror image of the write head under the intermediate
layer. The image created by the SUL tiesopposite polarity to that of the write
head. Thereforet conducts the magnetic flux lines from the write head to the
image in order to create a field large enough to overcome the high anisotropy of

the grains for thermal stability.

Figure 2.3shows a schematic diagram of PRM. A typical perpendicular regordin
medium consists of three different functional layers; recording, intermediate and
soft magnetic underlayers. As discussed in the previous paragraph, the main
purpose of the SUL was to improve the write fi€lthis is achieved by the creation

of a magnett mirror image of the single pole write head in the SUL hence focusing
field line.Alloy materials such as NiFe, FeTaC and Cafadsed as the SU[17].
However the SUL also generates a significant amount of noise which reduced the
SNR of the media. Ithe absence ofa magnetic field the SUL forms domain
structureto minimise the magnetostatic energlhe domainwallsgeneratea signal

to the head causingoise. One of the ways to resolve this problem is by depositing
a Ru layer between the SUL atitk recording layer. The advantages of this are it
induces a hexagonal texture to orientatetire Coalloy perpendicular direction and

acts as an exchange break layerstop the coupling between the recording layer
andthe SUL. Until 2009 there were a numbe studies to resolve the noise issues.
Eventually this issue was resolved by pinning the magnetisation orientation along
the surface. This can be achieved using a harder magnetic material or an
antiferromagetic material to pin the SUL surface as dismlfy Piramanayagam et

al. and references thereifl7].
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Figure 23 Schenatic diagram of @ross sectiowiew of PRM write and reggrocess

A thin intermediate layeris deposited on top of the SUL. This layer pdeg
multiple functionalities tothe medium such as exchange decoupling between the
SUL and the recording layer and prasdan ideal texturdor the recording lagr
growth. When the SUL is intimate contact withthe recording layer, the magnetic
properties of both layers will be changed due to exchange interactions. For instance
the coercivity of the recording layer is reducéa practice to avoid noise generated

by domain wall in the SUL a synthetic AF structure is used consisting of two F layers
separded by a thin non magnetic layer so as to create -patiallel alignment.
Another purposes to create epitaxial growth for the recording layer. The @bCr
alloy has arhexagonal clos@acked (hcp) crystal structure. For PRM it is essential
to orientate the c-axis of thealloy perpendicular to the plane. Therefore the
intermediate layer should have an hcp (002) or fcc (111) plane orientated
perpendicular to the plane. Ris one of the commonly used materials as an
interlayer due to its hcp crystal structurgl7]. Recently an intermediate layer has
also been used to provide an atldnal function of lateral exchange decoupling
between grains. An extra Ru layer was sputtered on top of the first Ru layer using
high Ar pressureVoid structures were then created which allows an insulating

material such as Si@o fill the gap when ceputtered with the CoCrPt alloj,8].

The recording layer is the most important layer for the media and has a typical
thickness of 20 nm. This is the layer where the information is stored. The materials
that are used in this layer have several requiredgamies such as crystal structure,

thermal stability and grain size distribution. In the late 1970s CoCr alloys were first

proposedas recording layeardue to thar high uniaxial anisotrop perpendicular to
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the plane,[17]. Cr was used to reduce the grain size, increase corrosion resistance
and exchange decouple the grains when sputteaétigh temperature. It forms a
partially nonmagnetic grain boundary tenhance exchange decoupling between
the grains. There were a numbers of studies regarding the introduction of a third
element to the CoCr alloys such as Nb, Pt and[T4, Nowadays c@puttered
CoCrP1SiQ is the material of choice for recording layeFsgure 2.4 shows a typical

in-plane TEMmage of CoCrP$iQ system with the grain size of 6.3nm
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Figure 24a) Inplane TEMmages of CoCrRiQ grain structureb) its size distribution19].

Co provides an hcp crystal structure and perpendicular orientation of the media. Pt
atoms locate at the middle of the lattice and stretch thewas lattice parameter to
increase the ani@ropy constant, hence increasing the thermal stability. However
excessive Pt results an fcc structure in CoPt alloys above about 2918PAn fcc
structure reduces the anisotropy of the alloys, therefore the concentration of Pt
usable is limited. SiOis co-sputtered simultaneously with CoCrPt alloys using
composite targets. fle CoCrPt crystallises and forms a grain structure with a typical
grain diameter of & 8nm, while the Si@is trapped between the grains. The width
of the segregation is about 1nm. Si@® a very good electrical insulator and
prevents the RudermakKittel-KasuyaYosida (RKKY) interaction. (Seetion 36)

The medium is capped using a diamdik& carbon layer. This is used to protect the

medium from mechanical damage by the write head.

2.2.2 Coupled Granular Continuous Recording Media

Coupled granular camuous CG¢ recording media is one form of PRM. The areal

density of a conventiocm PRM was extended to 500 /@Bh? via increasing the
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magnetocrystalline anisotropy or reducing the grain size in the film. However the
capacity of PMR media is restrictby the thermal stability of the medium and SNR.
Other challenges came from the distribution of the easy axis orientation, which

leads to a large transition widtfd .

In 2001 Sonobe et a[20] purposed the idea of coupled granular, continuous
recording melia. The principle of this idea was to combine an individual small grain
layer with a perpendicular magnetically contiruslayer as shown in Figure 2.5a, b.
Two different types of continuous layer were used in this system. One of them was
a stacked or capped media using a single thin layer of Co@2R}BThe other was

a (Co/Pt) or (Co/Pd) multilayer systeifhese continuous layers provide a large

advantageo PMR due to the strong pinning effeat the granular layer.
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J_ J_, \_J_,U_J Recording Layer

Co/Pt or Co/Pd }
Multi-layers Thin Layer

Recording Layer Recording Layer
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Figure 25 Schematic diagrams of CGC mesdiacturewith a) multilayer b thin

continuous layer.

Themain features of CGC media are an improved thermal stability and SNR for the
medium. Therefore the grains size can be smaller and support a higher areal density.
Tham et al[22] showed that the SNR of CGC media was improved by depositing
Co/Pd multilayers as a continus layer on top of a granular CoG&Q magnetic

layer. This was due to transition smoothing and domaall pinning effects[23]
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The grains in the granular layare taken tohave a cylindricafjeometry and are
oriented perpendicular to the plane. Thaterfacial exchange enerd that is

required to reverse a cylindrical grain can be calculated fiah

(¢ (2-3)

whered is the exchange stiffnes®the grain diamegr, wthe lattice constant,
0 the saturation mangetisation of the graii@ the interfacialexchange field and
w the volume of the grain. Rarranging Equatiori2-3) the exchange field can be

defined as
O _— (2-4)

where] is the thickness of the granular layer. Sonobe ef2A] studied the energy

barrierd @ 7Q"Yas a function of the interlayer exchange interaction, whéreis

the anisotropy constantp the grain volumelQ . 2t 41 YI yQa "@eyadl yi
temperature. The results showed that if the valuevoffor the granular layer is

about 5 x D%ergs/cc, the grains can kstable at a data density of 1MiBch? (——

¢ mtwith a low exchange field of only 4kOe required as shown in Figure 2.6. This is a
significant result toshow that the exchange field can be reduced with highin
CGQmedia. The other advantage of CGC media is that it increases the coercivity

leading to a reduction of the transition width which is given approximatelj2bly
©w — (2-5)

whered is the remanent magnetisation, the thickness of the medium and
'O the coercivity. CGC media has been studied extensively in terms of the SNR and
thermal stability and the fabrication is simple and low cost. Therefore it has the

potential to replace conventional PRM and is already in production.
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Figure 26 Dependence of-_1; 7|7 as a function of exchange field for CGC media with
different values ofl_, [24].

2.2.3 Exchange Coupled Composite Media

An alternative design d?PRMwas tilted media proposed in 2003 by Zou et [@€f].

The unique feature of tilted media is that the easy axis orieatatf the grains is
aligned at~45° to the planeTherefore the switching field required is reduced by
half compared with conventional PRM followitthe StoneiWohlfarth model,[13].
Hence a material with highed can be used. The comparison between
conventional PMR and titled media is shown in Figure 2.7. The high anisotropy of
the grains in the medium then give eito data stability against thermal loss but
there is also a loss of signal since only the perpendicular component of the
magnetisation contributes to the change in the flux in the transition. Special seed

layers would also be required to generate thisotation of the eaxis.
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Figure 27 Schematic diagrarcomparingtilted and perpendicular medid27].

In 2005 Shen, Victora and Suess et[a8] [29] [30] proposed an alternative
recording media called exchange coupled composite (ECC) media which consists of
double layergrains The principle of ECC medmto exchange couple a soft and
hard magnetic materialThe media also requires additional fabrication to achieve
lateral exchange deoupling between the grains. Therefore a columnar growth
process is the key requirement of ECC media. The soft magnetic layer is located on
top of the hard layer which acts ake storage layer. This layer consists of grains
with a high anisotropy constant in order to remain thermaitgiblefor a small grain

size. The soft layer acts as a switching layer. The magnetisation of the soft layer is
reversed when an external field @&pplied. The hard layer is then reversed to the
same direction due to the exchange coupling effect at the interface. The
magnetisation reversal of the 4ayer simply follows the Stonétohlfarth model.

Figure 2.8showsa cross sectiomMEMimage of an EC@edium, fL9]. The basal

plane lattice matching between the &@dloy layes are perfect and ndoundaries

were observed betweethe layers.This leads to direct ekange coupling between

them and hence coherent switchintn this case the high coercivity layer was about

20nm and the soft layer about 16nn31].
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Figure 28 Crosssection TEM for ECC medih the hcp structure[19].

Assuming the grain has perfect alignmethie ratio of the energy barrie¥Oto the
switching fieldO of ECC media can be calculafesimn

- — (2-6)

wherew is the median grain volume,O the switching fieldD the saturation
magnetisation an@Ois the energy barrieris the effective figure of merit for
thermal stability of the data. Increasing the value efimproves the thermal
stability and writability of the media. For instance tilted media has aalue of 2

and conventional PRM has a value of 1. Assuming both media have the same
thermal stability. PRM requires teg the switching field of tilted media. The
LaudauLifshitzGilbert (LLG) equatiohas beenused to simulate the switching

process of ECC media. The optimised value whs very close to 229].

In 2005 a successful experimental study of ECC media was undertaken by Wang et
al. [31] using F&IO as the soft layer and [@alSiQ] as the hard layer. The results
showed that the writability was dramatically improved using ECC media and the
switching field of the media was less sensitive to the angular dispersion of the easy
axes of the grains conaped with PRM. A high coercivity alloy in the phase such

at FePt, CoPt and MnAl were reported to have thermally stable grains with grain
diameters of about 4nm32]. A high saturation magnetisation soft layer material is

required, and one of thenost @mmonly usd alloys is F8iO,[33]. Lattice matching

27



between the soft and hard layer is also an important consideration for the selection

of materials.

Figure 29 Brightfield TEM image of an ECC mel48).

Figure 2.%5hows a grain struate of a conventional ECC media9]. The thickness

of the hard layer and the soft layer ar@r® and 5nm, respectively. A conventional
recording material CoCrPt is used as the hard layer. Each grain was separated by
SiQ to cortrol the exchange coupling. One of the most important characteristics of
ECC media is the easy axis dispersion which directly affects the switching field
distribution "Q'0 of the medium. Based on the Ston@/ohlfarth theory a
deviation of 10° leadsot a reduction ofO of a single grain of 30% as shown in

Figure 2.0, [13].

In order to improve the thermal stability of the media, a narrow distribution of easy
axis orientation is required. There was an experimental study which reported that
the distribution of the easy axis orientation is between 3.31°3.37°. The

measurements were done using amagneto-optical Kerr effect (MOKH),9].
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Figure 210 Magnetisation curves based on Stor&iohlifarth theory [13].

2.3 Future Magnetic Recording Media

2.3.1 Bit Patterned Media

The idea of patterned media was proposed in 19984]. The unigue structure in
patterned media countered the thermal instability effect between gsain
conventionalPRMthe areal density can be enhanced by reducing the grain volume.
If the grain size was reduced to sGbm thethermal losseffect occurs. Thisauses

the grainsto reverse under thermal fluctuations and leads ta loss of data as

discussed byerris andThomson [35].

Patterned media can bfabricated usinghanc-imprint lithography.Therefore each
bit is stored in a single magnetic switching volumée otherconceptof patterned
media is toremove the need foservo trackwriting. Typical hard disk drives (HDDS)
consist with servo track whiclwasused to provide theosition inbrmation for the
write and read heads. However the area of the servo track occupigighificant
fraction of the disk surface and as the track densityH@¥Ds increases it takes up to

45 minutes towrite the servo track|36].

The critical problems of patterned media arethe high cost of nanoimprint

lithographyand theprecisionof fabricating the bits on a circulérack There was a
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predictionthat the areal density of PRM can reach up td@AAch?, [11]. There are
other alternative method to increase the areal density such as microwavestest

magnetic recording (MAMR) and heat assisted magnetic recording (HAMR).

The principle oBPM is to increase the magnetiolumein order to improve the
thermal stability of the media. In PRM and LRMitaof information & stored in a
statistical nunber of grains. Bwever in BPM the informatiors stored in one single
element There are three different types tthographically defined medid&hey are

BPM discrete track media (DTM) and patterned servo maksshown in Figure
2.11, [35].

e
rack

Patterned Tracks

Patterned servo

ss¥bve
Patterned Bits

Figure 211 Patterned tracks and servo imag@ken by scanning electron microscope and
patterned bit imagstaken bya magnetic force microscopg35].

The first generation oprototype patterned media wasa patterned servo. This
media required a hard drive which contains betwekrto 6 disks run in a serial
process. The recording process required the write head to fly over the suoface
the disksand store the data in a servo mask. The drawback of this metha tsne
consuming and costljabrication process. DTM requireslithography pattered
LIN2 OS&da (2 ONBIGS is8eyikgatgdiusing layh8nagbeticO K
material. Typical areal density of DTM can reach up to a féfmdh? but cannot
exceed 10 Winch?, [37].

The aeal density for BPM of up toTBinch? was demonstrated by ikitsu et al,
[37]. The limit of the areal density for BPM is highly dependent on the dot size and

it is possible® achieve more than IBinch?, [37]. For exanple a BPM density of 1,
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5 and 10 Binch? can be achiesd using a bit pitch of 25 x 867, 11 x 1hm? and

7.9 x 7.9m? respectively,[37]. The medium has to be patterned into discrete
magnetic dots or islands using a lithography process. These magnetic aareas
separated using a void or nanaghetic material.It allowed these structures to
have strong exchange coupling so that the dots can act as a single domain which
can store 1 bit of information as eithermomentdown or up. A schematic diagram

of BPM and a comparison betwe&®M and PRM ghown in Figure .22.
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Figure 212 Comparsion between converntional media and patterned me@i, [

The magnetic properties of BPM are highly dependent on the precision of the
lithography process of each datnd its location and size. Kamata et ,d39]
demonstrated the distribution otoercivitiesof a CoCrPBPM ranging from 0.8
6.0kOe as discussed by Kikitt al, [37]. Xray diffraction rocking curve
measurements were undertaken to analyse the distribution of the easy axis
orientation of theelement The results showed that the easy axis deviated from dot

by dot of up to 15° giving a change in sWwitg field of approximately 36%dl.3].

In ECC orcontinuous granularcoupled media (CG) there is no requirement to

write data in a speific location. For instance ECC merkguires about 10- 20
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grains to store a single bit. The SNR in such media was reduced by averaging the
total number of grains across the transition width. In BPM the writing process
requires synchroisation between the write head and the recad bit. Therefore

the shape and precision of the write head are highly restricted. The field gradient
generated from the write head has the possiilto reverse neighbouring bits

which leads to noisgeneration[40].

2.3.2 Microwave Assistant Magnetic Recording

High areal density media requirdggh anisotropy materials to resolve the thermal
stability issue. This defines the problem as being how to switch the materials at low
switching field and fasénough to increase the data rate. In 2008 Zhu et[4l]
purposed a novel recording method call®ddAMR The idea of this recording
method is to introduce an external microwave field to the medium in order to

improve the writing process.

In conventionalPRM the head field has to be larger than the maximum switching
field of the grains to saturate the madn. In a MAMRmedium the saturation
process can be achieved using a write field which is significantly below the medium
coercivity. Therefore the mediuns icapable of high density recording. The first
relevant experiment was demonstrated using a single Co nanoparticle. A significant
reduction in the switching field was ebrved by applying an external feld pulse,

[42]. Few experimental demonstratiorvgere reported as discussed IShiroishiet

al.[40] and references therein.

MAMR recording utilises the ferromagnetic resonance phenomenon. Aerreait
microwave alternating fiel® is applied along a direction orthogonal to the write
field which is parallel to the plane of the medium as shown in Figurd. Zhis
alternating field is generated using a field generation layer (FGL). The mierowav
field is polarised in either an anticlockwise or clockwise orientation to align or

reverse the grains respectively.

The precessional motion is initiated by an external microwave field \aih

amplitude of the order of kOe and a frequencgiculated to bea fewtens of GHz
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[40]. A significant reduction of switching field of a factdr®or 4 was observed,
[43]. The medium absorbed the microwave energy if the ac field is matched tB the
resonance frequency of the graiiihis leads to a torque acting on the moment of
the grain and initiates a precessional motion of the moment around its easy axis
direction as show in Figure 2.3. If the duration of the reversing field is sufficient

this leads to an irreversible magnetisation reversal.

Field Generating

Nano spin-torque microwave
oscillator integratedinto
write head

Small-grain high-
coercivity medium

Write Field Microwave

Magneti- | ? m
zation———= ac
e H "

Precessional Reverse

Figure 213 Schematic diagram of microwaassisted magnetic recordingl(].

The core of the MAMR system is the spin torque driven microwave oscillator. This
oscillator structure was formed by a multilayer system. It consists of a
perpendicular anisotropy layewhich is used to polarise the injected current, a
metallic interlayer, a FGL and a perpendicular anisotropy reference layer. The
challenge in this system is the efficiency of the FGL. In order to deliver a sufficient
'O to the medium, a low flying helig "“Q of about 3nm,[44] large FGL thickness

0 of about 25nm[40] and a reasonable size FGL width are required aghe
thickness of the FGL of j'Q pandw JQ p. This is due to the fact that

the largest value 6O ¢“0 whichoccursalQ T

The prnciple of MAMR is similar tBlAMR where an external energy is used to
activate the grain reversal process. In theory MAMR hagtiential to achieve an

areal density of up to fewHinch? but not above 10®/inch?. There is a potential to
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combine BPM and MAMR to achieve up to BAich? but a similar density could be

achieved using a combination of BPM and HAMR.

2.3.3 Heat Assisted Magnetic Recording

Heat assistedmagneticrecording(HAMR)was originally demonstrated by Fujitsu in
2006,[45]. HAMR has the potential to extenddlareal densities in disk medigp to
10 TB/inch?. It can be achieved by reducing the medium grain size dov@g 5nm

in a perpendicular FePt media with a narrow grain siggridution. The idea of
HAMR $ to increase the anisotropy constant to improve the thermal stahility”Y

of the media. Experimental workshows the temperature dependenceof the

anisdropy constant forbulk FePtand isshown in Figure 24, [46].
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Figure 214 Variation ofFePtproperties withtemperature,[46].

The principle of HAMR is to use thermal energy (usually a laser) to lower the
coercivity of the recording layer. The magnetocrystalline anisotropy lofilla L1o

FePt material is 7 x I€rgs/cn?® with a saturation magnetic moment of = 1x
10°emu/cn?® at room temperature,[46]. However as the temperature of the
material approaches as its Cutemperature”Y, the magnetocrystalline anisotropy
and hence the coercivity and magnetisation reduce to zero. In HAMR an external
thermal energy is appliedndthe coercivity of the recording layer is then reduced

to a value that is lower than the writeeld from the head. The medium is cooled
down rapidly so that the anisotropy and coercivity aetheir maximum valus,

[47]. Figure 2.%a showsa schematic of HAMR write process
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HAMR media requires the development of new components. For instance a rapid
cooling system, a thermomagnetic write head system and a light delivery system,
[48]. A schematic diagram of the HAMRstem is shown in Figure Bl A free
space laser beam is mounted in front of the write head and synchronised with a
waveguide. The geometry of the waveguide has to form a planar solid immersion
mirror and is used to focus the beam onto a desired position on the medud@h,

To achiee high arealdata density the medium must be within few nanometers.
Therefore a near field transducer is used to overcome the diffraction limit. The
write head is one of the main challenges of HAMR. The head is required to integrate
with the light and wrie field delivery system and be able to fly along the medaim

less than 10nm head to mediugpacing. The write head needs to generate a head
field of 5 ¢ 10kOe at the position of the heat spot in order to reverse the
magnetisation of the recording layef7]. One of the possible configurations for
ltaw A& OFffSR a2LIWGAOFf aLkd RSTAySa GKS
but a broad write field. The geortrg of the write pole is able to generate a
sufficient magnetic field to reverse the media rapidly. It is assumed that recording
layer materials with high coercivity at room temperature are used. Therefore the
write head field is not able to demagnetiseetmeighbouring region. Thegsial is

then read back using aMIR head.

He A store Read head Write head [aser

heating
cooling

Head field region

Soft Underlayer

=
a_) Temperature b)

Figure 215 Schematic diagram of a) Coercivity variatigith temperature in HAMRuvrite
process, $0]. b) HAMRsystem.
The schematic diagram of &AMRis shown in Figure 25b. One of the unique
features of HAMR is a heat sink which must be provided in order to mitigate the

thermal stability of the medias shown in Figure 26. The recording materials for
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HAMR media require a large temperature dependanisotropy leading to a lower
switching field, high magnetic anisotropy at the storage temperature and a small
grain size. There were some studies of posdihie films alloy materials which are
suitable for HAMR media. Such as NBFemCe, FePtwhich have a measured
uniaxial anisotropy of up to 46 x 21,0200 x 10, 70 x 10 and 1 x10’ergs/cc,
respectively[50].

L1o type FePt has been extensively studied due to its high magnetocrystalline
anisotropy and which remains thermally stable at 300K with a small grain size of
3nm, [51]. FccFePt does not dxbit high anisotropy thereforetiis essential to
achieve the Ldphaseand annealing tenperatures of higher than 600¢&73K)are
required, [18].

There were several approaches to produce E4Pt with small grain size. Chemical
synthesis methods have been used to produce FePt particles with grain size of 4nm,
the particles were therannealed to obtain Lolphase but this resultedn much
larger grain sizeg§18]. An alternative approach was macluster beam deposition,

[52]. This method require annealing the FePt particles during deposition to achieve
the Lb phase. However it resulted other challenges such as easy axis orientation
and a large surface roughnes®3]. Another potential method was to use a
synthetic nucleation layer method to achieve a grain size down to sub [&@#n,A

single underlayer was used to tackle the grain size reduction. The lowest grain size
for an FePt tin film was reported by Shen al. [55] of about 6.6nm using a RUAl
underlayer,[55]. There were a few other studies of dopirRgPt withCu, Ag and C

in order to reduce the grain size and the re@uairannealing temperature[56].

None of the doping materia were capablef produdng grain sizes smaller than

5nm,[189].
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Recording Layer

Substrate

Figure 216 Schematic diagram of a typical layer structure for HAMR.

HAMR media is limited due to the external thermal energy generated in the media
during the writing process. As the temperature of the recording material is close to
its Curie temperature, the switahg field approaches infinity because the
anisotropy fieldO increases’© ® 'O ¢U j 0 ). This results in a large switching
field distribution. 1.5Binch? HAMR was demonstrated by Nikkei Technology in
2012,[57]. New developments and ideas are remul to extend the areal density of
HAMR media to Hinch?. There is a potential to employ HAMR with BPM in order
to extend the areal density up to 10B/Thch?, [58]. But the first step is to make

feasibleHAMR media whicls one of the main objectives diis study.
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Chapter 3

Physics of Magnetic Recording Media

This chapterfocuses on the basic theory ahagnetism whichs used in magnetic
recording media. Fundamental undanning science associated with greetic
recording such ashe StonerWohlfarth theory andthe demagnetising fieldare
discussed. Théasisof this study was to utilise exchange bias to achieve Heat
Assisted Magnetic Recording (HAMR). Therefore a brief review of exchange bias is
included This study was focad on The York Mdel of Exchange Bidsecause it is

applicableto granular thin film sample$59].

3.1 Single Domain Particles

A magnetic domain refers to a region of a material where direction of the
magnetic moments igligned in same direction. The origin of the formation of the
domairsis tominimisethe magnetostatic energy. Assume a large single crystal such
as Co with uniaxial anisotropywhich forms a single domainlf the domain is
magnédised along the easy axiBenfree poles format the ends. The magnetostatic

energy is
O — 0 Qw (3-1)

where O is the demagnetising field which depends on the orientation of the
domain and its shapevis the volumelt indicatesthat the magnetostatic energy
depends on the demagnetising field and theaxis orientation of the domain. Since

'O 1“0 foralong cylinder differentiatingquation(3-1) for a minimum gives

(@) -0 0 (3-2)
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where( is the demagnetising factor and is the saturationmagnetisation. The
saturation magnetisation is dependent on the material and the demagnetising
factor isdependenton the displacementbetween north and south poledf the
poles are closer to each other the magnetostatic energgreases a¥ is

increased

The magnetostatic energy can be reduced if the crystal splits into two domains
magnetised inopposite direction. If it splits intofour domains the magnetostaic
energy idurther reduced. These domairase divided bya domain wall which is the
boundary of a domain. However the domains cannot be spkin unlimited degree
because of theenergy associatedwith the domain wall Hence the division will

eventually stop at the equilibrium energy.

For a single cubic crystal in a perpendicular orientatiwhere 0 is the
demagnetising factor and for a sphereegual tot Xothe magnetostaticenergy

can be expressed as
O -“ 0D (3-3)
where ais the length othe domain. The domain wall energy per unit area is
0O by (3-4)

where, is the domain wall energy per unit area tfe wall andO is the wall
width. Theminimum size of the domain can be calculated thjferentiating the

sum of theO andO . The equation thatelate’ © andais

0O

(3-5)

For a typical ferromagnet the critical size for single domain behaviour lies between

30nm and 50nm.
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3.2 Stoner-Wohlfarth Theory

For a magnetic single domain with less than 20nnthe only possild reversal
mechanism is moment rotatioand thetheory that explainghis process is know
as StoneiWohlfarth theory,[13]. Figure3.1 shows a schematic of a gie domain

ellipsoid with a fieldOapplied at an angle away from the easy axis.

Figure 31 Definition of angles in the Ston&/ohlfarth model [60]

There are two energy termassociated with the particlerhich arethe anisotropy
energyO and the Zeeman enerd® that contribute to the total energy. The

anisotropy energyf a single domain particlis given by
O Ui Q& (3-6)

where0 is the uniaxial an@ropy and— is the angle betweeithe c-axis and the

magnetisation direction.fe Zeeman energy is given by
o O ot — (37)

whereOis the applied field,0 isthe saturation magnetisation and is the angle
between the eaxis and the applied field. Thetal energyis the sum of the

anisotropy energy and the Zeeman energy expressed as
0O Vi W el — (39)

In order to achievean equilibrium pgition of the moment direction the total

energy idifferentiatedwith respect to the angle—
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Ui REDEHFA A iQE — m (39)

Since the magnetisation componentlis 0 ® ¢ |i — and assuming the

field is normal to the easy axis =9Canda 0j0 Equation(3-9)becomes
a — (3-10)

Equation (3L0) shows that if the field is applied along the normal of the emdg
direction the magnetisation exhibitg linear variation withfield. At the saturation
positionD O ¢U jO .If Qsthe normalised field Q=G "O ) hence Equation

(3-9) can be written as
4 &l — (3-11)

Equation (311) shows he variation of the normalised magnetisation as a function
of applied field at a certain angle [of which can be calculated from the second
derivative of Equation (8). The fullmathematicderivationcan be found in Cullity
and Graham[60]. Figure 3.2 shows hysteresis loops for a single dorparticle
associaté with uniaxial anisotrop.| represents the angle between the easy axis
and the field.
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Figure 3 Hysteresis loopneasurementdor different value of» |F{13].
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Figure 3.2 shows that a small deviation of the easy dixection from that ofthe
applied fieldleads to a significanteduction of switching field In the case of a

deviation of 10thisleads to a reduction of the switching field of 30%.

In perpendicular recording medi@MR)the deviation ofthe easy axis direction of
the grainslargelydetermines the thermal stabilityand will be discusseth Setion

3.8. The energy required forsingle grain reversal is
YO 0w p — (3-12)

whereYOis the energy barrier) is the anisotropy constanty is the volume of
the grain,’Othe appliedfield and’O the anisotropy field The'G "O term does not
have a significantalue at remanence &= Oandis usually assumed to be 0. The
other factor that affectsthe energybarrier ie theanisotropy constanis determined
by the crystallinity of the materiallhe switching field distributionin perpendicuar

and advance recording medggiven by
0o — (3-13)

where| is the alignment factor of the grain. Chureemart et sfudied the
orientation distribution in advanced recording medida coercivity measurements
as a function of angle anfbund that the standard deviatiory, was typically &

However this gives a,3value of 18,[61].

The sandard deviation of the grain size distributicand that of the anisotropy
constantare the factors which affect the switching fieffiistribution in recording
media. In advanak recording media the standard deviation ofhe grain size
distribution is lower than 0.2[61]. The media is now deposited using a heated
substrates and results in fully crystalline graim the CoCrR&IQ layer. Therefore
the distribution ofthe anisotropy constarstis very small. Hence the key factor that
affects the switching field is the orientation of the grains as shown in Equation (3

13).
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3.3 Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy also known as crystal anisotr@pyan intrinsic
property of a magneticmaterial. The effect isnanifesed as the applied field
required to saturate the crystdleingdependent on the direction athe field. The
origin of magnetocrystalline anisotropy is due to spin orbit coupling in the crystal
lattice. When atomsare bonded together theorbital angular moment of the
electrons is fixedand the spinangular momentunof the electrons icoupledvia

the spin orbit interaction. In order to ralign the spin of the electrons to a dedire
direction an external energy iequired to overcome the spin orbit coupling. This
energy isthe magnetocrystalline anisotropy ener@y . This can be expressed in
terms of a series expansion of tkéection consines denoted ,| ,{ of 0 with

respect to the crystal axes

O% 0 O | | |1 || o | | | E (3-14)

where wis the volume,0 , 0 and0 , X are energy densities expressed as
constantsfor a specific material at a given temperature and are expressed in
ergs/cn? (cgs). It is important to note that the first antthird terms areusually
neglected. This is because is independent of angle and is small. The only
significant term i® which gives the energy pemnit volume required to rotate the

saturation ma@netisation from one direction to another.
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Figure 33 Magnetisationcurves for a single crystal of (J60].
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For a hexagonal close packed structure such as Co and Co aleysasy axis is
along the eaxis and all directions in the basal plane are found to be equally hard as
shown in Figure 3. Therefore theanisotropyis only dependent on a single angle

— i.e. uniaxial Hence thanagnetocrystalline anisotropy energg/now given by

Ofw v U OER 0 OER E (3-15)
where— is the angle between the easy axis direction and the magnetisafors
still dependent on the) term and thethird term is smalldue toO E + and is

neglected.

Figure 34 Pt atom locationsn a CoCrPalloy.

In perpendicular recording media the recording layer is based on a CoCrPt alloy. A
small amount of less than 25 at % of Pt is used to incrédasenagnetocrystlline
anisotropy,[18]. This is because the Pt atoms éweated in the middle of the unit
cell between two hexagonal ringg Co as shown in Figure4d3This leads to a stress
along the eaxis of the crystal and hence increases the valug ofn perpendicular
recording media the CoCrPt alloy used l@agypical value ofy above 8 x 19
ergs/cc,[62]. The gran size of the media is abouhf. InSection3.8 we will discuss
that the transition width isdependent on the grain size. Since tlsgnal to noise
ratio (SNRis highly dependent on the transition width therefoeemedium with
small grain size results a better SNR. In HAhMproposedrecordingmedia islL1lo
phase FePt striiare. For an areal density ofTdits/inch? hard drive the value of its

U at room temperature is 5 x ¥8rgs/cn¥, [4].
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3.4 Interfacial Anisotropy

Co/Pt and Co/Pd multilayer are example of systems exhibitingperpendicular
anisotropy created by interfacial anisotropy. TheoPtPdlayer is used to separate
the Co layer because if there are more tharatoms of Co the anisotropy will
collapse Thetypical thickness of the Co layer is limitéd a range of about 0.3 to
0.7nm, B3] at this thickness the Co is not thick enough to crystaliherefore this
is an interfacial anisotropy instead af magnetocrystallineeffect. An optimised

Co/Pt multilayerstructurein terms of coercivitys shown inFigure 3.5.

Pt (1.6 nm)
8 Co (0.6 nm)
Pt (1.6 nm)
K; 8 Co (0.6 nm)
Pt (1.6 nm)
& Co (0.6 nm)

Figure 3 Schmatic diagram of the Co/Pt multilayer system with typical stack thicknesses.

Co/Pd and Co/Pt multilayer systesmare proposed forfuture nanotechnologies
such as sphtorque transfer (STT) devicgg4] [65] [66] and bit patterned media
(BPM) [67] [68]. Barton et al. showed that the interfaal anisotropy of Co/Pd
multilayers is controlled by the interface roughnef89]. However the interfacial
roughness is dependent on the grain size as illustratedgar&i36. For a thin film
sample the atont growth is not evenly distributedacrossthe surface. Assuming
the layer thickness is 0.6nmwhich isapproximately2 atoms thickthere are areas
which have only 1 or more than 2 atoms. In Figu@iBcan be seen that the blue
grains are bigger than the red grains. Hence the surface roughness of the red grains
is less thanthat of the blue grains. Hence the grain size is proportional to the
surface roughnes¥o. In a study by Vopsaroiu et a[70] the grain sizevas shown

to be proportional to the deposition rateising the HITUS deposition systeHence
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the surface roughness ofraultilayer sample can be controlled. In order to achieve

low surface roughness a low deposition rate is required.

g3.883 i

Figure 36 Schmatic diagram of the surface roughness affected by the grain size.

3.5 Demagnetising Field in Recording Media

The origin of the demagnetising field is dueGausdaw whichspecifiesthat there
are no magnetieanonopoles.For a bar magnethe field diverges into aorth pole
and asouth. If a magnetis magnetised from left to righfsay) thedemagnetising

field"O will acts against the directioaf the magnetisation (right to left).

Local demagnetising field
—_—— ) ) s )

= == [ &=
— ——) —) - —
Local demagnetising field

Figure 37 Local and global demagnetising fieldamgitudinalrecording media.

In longitudinalrecording the magnetisation orientation lies in the plane, therefore
the globaldemagnetising field is zero. There are two different demagnetising field
associates with the systerwhich are illustrated in Figure 3.7he first is the
demagnetising field from the bit which tries to demagnetise itself. The second
demagnetising field isgenerated between the bits. The demagnetising field
generated from a single bit is fixed but the demagnetising field generated from bit
to bit is dependent on the data density. Hence the areal densitiomgitudinal

recording is limited by the demagneiig field.
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Perpendicular recording was invented in order to reduce the demagnetising field so
that a higher areal density can be achievethe demagnetising field in a
perpendicular recording media iustrated in Figure &8. Due to the orientation of

the grains the global demagnetising field is
O ™ 0 (3-16)

In perpendicular recording the demagnetising field generated from a bit is known as
local demagnetising field as shown in Figure. 3This field is reduced by
neighbouring bits with the opposite magnetisation direction. As the bit density

increases the local demagnetising field is reduced.

Global demagnetizing field (H)

|| A [
g

Figure 3B Local and global demagnetising field in perpendiculaording media.

In order to achieve high bit densitg small grain size is requirednd will be

discussed in Section 3.8he energy required to reverse a grain is given by
YO 0V w p — (3-17)

Hence as the volume of the grains decreases the magnetocrystalline anisotropy has
to be increased to maintain thermal stability. CoCrPt alloy is the selected material
used as the storage layer PRM From the NeeArrhenius law to give stability for

10 yaars, the grain size in such media is ~6.3nm.
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3.6 Exchange Interaction s

Direct Exchange

In diskmedia there are direct and indirect exchange interactiohhe origin of the
direct exchange interaction is due tihne quantum mechanical exchange force
describel by Heisenberg in 1928f there are two hydrogen atoms close to each
other with the angular spin momeriyY and"Yhthe wavefunctions of these atoms
can overlapand minimse theenergy. This can be achial/eia orientaion the spins

in opposite directios. The energy associadevith this interaction is

(@] L YY (3-18)

where0 is the exchange integral which determmaeavhetherthe atomic spins
should align parel or antiparallel. The sign af is dependent on the ratio of

i i wherei is the radius of an atom and is the radius of its @shell of
electrons. Figure 9.is known as the Beth8later curve which shows the exchange
integral for different elements with different ratisi Zi . If the value ob is
positive then the exchange energy in Equatiofrl8 will bea minimumif the spins
are aligred parallel. However ib is negative then the lowest energy state is

achievedby antiparallelalignmentas shown in Figure .

J,

’ @t

Ferromagnetic
Ni

bl r/ryy —>

‘ HH

Antiferromagnetic

Figure 30 BetheSlater curve showindj- .against interatomic spacingsq].
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Mn has a negative value af leading to the anti-parallel alignment and
antiferromagnetismAsthe atomic radius decreases the exchange integral become
positive and the spirs are now held ina parallel alignmentby strongexchange

forces hence exhihbitg ferromagnetism.
Indirect Exchange

The indirect exchange is also known as BuwdermanKittel-KasuyaYosida (RKKY)
interaction and was mposal by Ruderman and Kittel (1954),1] Kasuya (1956)
[72] and Yoshida (1957Y3]. The origin of indirect exchange is the local magnetic
moment polarisingthe conduction electronsvhich align nearby moments even
across grain boundarieklence it is a long range couplinthe exchange integral
oscillates betweerpositive and negative valugas the separatiorbetween the

atoms vares.

2 ;‘-. —— Direct Exchange

——— Indirect Exchange

Figure 310 High resolution TEM image of advadcecording medidabelledwith direct
exchange and indirect exchange interaction between grdéig.

In advance recordingnediathe grain itself exhibits direct exchange interaction and
the exchange coupling between grairssdue to RKKY coupling dkistrated in
Figure 310. In Section 3.6 a detail discussimnpresentedthat showsit is possible

to reduce the transition widttby reducing the grain size. However if the grains are
coupled this results a large effective grain size in the media. Hence am&i@tor

is used to eliminate the RKKY coupling.
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3.7 The York Model of Exchange Bias

In order to achieve HAMR usimxchange bias an antiferromagne(igF)layer is
required in the thin film samples'he measurements in this study weteased on
The York Modebf Exchange Biashich wasdescribed in detaiby Q®rady et al. in
2010, [59]. All the experimental work presented in The York Model wermn
polycrystalline thin film structure This model igartially based onthe work of
Fulcomer and Charap where tiAd-layer is made oindependent single domaiAF

grains,[74] [75]. Therefore the energy required to reveran AF grain is

z

YO U wp = (3-19)

where 0 is the anisotropy of the AFO is the exchange field from the
ferromagnetic (Flayer andG is a pseudo anisotropy fieldhe relaxation time of

an AF grain ithen given by the Mel-Arrhenius law
t QY7 (3-20)

whereYOis energy barrierQ is the. 2 £ { T sYtbngtahQyis temperature andQ

is an attempt frequency with a typically value of'46*!as shown by Vallejo
Fernandez et al[76]. This model is capabt# predictingthe relationship between
exchange bias, grain volume, time dependenoeasurements and interfacial

effects [59].

The York Model descrisghe exchange bias in polycrystalline thin film with grain
sizes in the range between 515nm. It has also been adapted to describe the
behaviour ofepitaxial single crystal filmend large grain polycrystalline filmtzsased

on strong domain wall pinning59]. The York Model dha significant impact in
hard disk drive manufacturers and it was applied to characterise exchange bias
materials used in read headand was used to redesign the AF layers in read heads
by Seagate Technolody,7] .
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Grain Volumé Thicknes®ependene

Exchange bias occurs when ARlayeris in intimate contact with a F layer and is
cooled through itdNéel temperature If a magnetic fieldis applied to revers the F
layer the spins in the AF layer pin the F lagtethe interface leading to a shift of the
hysteresis loop. The displacement between the origin and the centre of the loop is

known as exchange bi& as shown in Figure 3.11.

MM,

{
{
!
!
I

A

Figure 311 Hysteresis loop with thposition ofq) -

The AF material used in this study ashekcribed inThe York Model is IrMilhere
are two possible phases of IrMn which are the orderel}-IrMnz and the
disordered; -IrMnz with Néel temperatures of’Y = 100K and Y = 73K,
respectively,[78]. However heating the thin film to such a high temperature will
causes significant damage to the samglberefore a thermal activation process

usedto set the AF layer as shown in Figur&23.

N
f(Vv)

A"

set

Figure 312 Schematic diagrarof the AF grain volume distributiofb9].
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After the sample is set at a setting temperattie over a timed it is cooled
back toa measurement temperatur€Y . Some of theAF grains are nahermally
stableand arelabelled in yellowin Figure 3.12The yellow regionvhenw w is
where the AF grains are too smafidare not thermally stablé¢labelled in red) This
is analogougo superparamagnetic particle§s9]. For the grainsvithw @ the
grain volume is too largand cannot be seby the exchange field frorie F layemat
the temperature”Y . Hence the AF grains that contribute tcetexchange biaare

those withw @ .0 isthen given by59]

0 Y © QOQO (3-21)

v

In this work all measurements were undertakenna¢asurement temperaturéY

at whichwith no thermalactivation occurs for the smallest grain

The actual valugof w andw can be calculated by conriing equatiors (3-19)
and (320)

) (3-22)

where0 is measurement time at the measurement temperatli®e andv is
the anisotropy constant of the A&nd it is temperature dependentSimilarly the

value ofw can be calculatefom

A (3-23)

whered is the setting time at the setting temperatuf® before the field
cooling processHence the exchange bias is proportional to the number of grains

with the size betweem andw which can be express as

00 QOQG (3-24)
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Figure 313a)Grain volume distributions for the samples with different AF thickngss.
Exchange bias as a function of AF grain diam§gtéy.

VallejoFernandez et al[79] calculated the exchange bias as a function of the AF
grain diameter. The AF grain volume distribution is shown in FigaBa.3This was
achievedmeasuring more than 500 grains manually gsian equivalent circle
method. In Figure 313b the linescorrespondto the theoretical values which were
calculated using Equation-@). The parameters used in this calculation wére
=293K,0 =1800s,”Y =498K and =5400s. The pointscorrespond to the
experimental data. The experimental data shows an excellent fit and it was fitted
with a scaling factor 6° which is the interfacial coupling constanfThe

determination of the value ob is described later in this section.

Figure 314 shows the variation of exchange bias with the thickness of the AF layer.
The samples were set using a positive saturation field of 1kOe at 498K for 90
minutes. The hysteresis loops were then measured at room temperature where
there was no thermal actation. The data pointsvere fitted with a theoretical
calculation using Equation @&1). The figure show® increases rapidly as the
thickness of AF layer increases. The peak was found using a thickness of 8nm of AF
layer andO decreases using thicker AF layers. This result can be explained using
Figure 3.13a. It can be seen that the area under the 8nm curves betweer

w is the largest. Hence according to Equatior243 the largest exchange bias was

measured usingnm thick AF layer.

53



|
400 - L ’.,_,—..\ . 107
J /” i \\.\.\\J
% ! /.-” 1l Jos
5 W . «‘/
% ‘ / 105 =
T 200 £
| / ks
1 / {04 2
w0
W / 03
'i .
L S S 0.2
2 4 6 8 10 12
L, (nm)

Figure 3144 m 2S 2 function of AF thickness and theoreticaldiequation (324), [79].
Measurement of AF Anisotropy

A measurementprocess to determine the anisotropy of an AF was develdped
Vallejo Fernandez et ,a[80]. The measurement involvea thermal activation
processat a temperature’Y . At the beginningthe sample is heated to a setting
temperature”Y in an applied field for a timé . During the setting time the F
layer is saturated. The sample is then field cooled tteraperature “Y where
there is no thermal activationof the AF grains. The sample is then heated to
thermal activation temperaturéY in a reverse applied field for a timie . At this
point a fraction of AF grains is thermally actimehe opposite sense tthe original
setting process. As the activation temperature increases the fraction of the

reversed ARgrainswill increase. Hence the exchange bias that is measured is given

by
0 ¢ MuQw . QYQY (3-25)

wherew isthe volume of the largest grains which can be thermalijivated at

"Y . The value ofv is given by

W __0&60  bdo (3-26)

5600

The value of exchange bias is plotted agailist to give whatis known aslocking

temperaturecurve as shown in FigurelB.
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Figure 315 Typicablockingcurve used to measurde blockingtemperature [59)].

In Figure 3.15 the sample was set using a positive field. The curve is not flat at the
beginning which indicates that the smaller AF grains were not théynsédble at
“Y . At the point whereO is equalto zero there are equal fractiaof the AF
grainvolumes orientated in opposite directiol The median blocking temperature

Y is defined as the activation temperature at whi€h goes to zero The

anisotropy of the AF cattien be calculated

0 (3-27)

wherew is the median grain volume. The blocking temperature shown in Figure
3.15 can be differentiated with respect & giving a Gaussian like distributioh

0"y

3.8 Limitations of Recording Media

The most significant way to achieve high areahsity for hard disk drive media is
to reduce the transition width. The transition width parameterrepresents the
magnetic transition distance between opposite moments of either up or down
direction in the medium. In the case of perpendicular recordmgdia the

approximation of the transition widtl is[25]
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where® is WilliamsComstock transition width[81],] is the thickness of

medium andQ is the spacing between the head and the mediufleswitching
field distribution”Y"OO p Y is cefined as the width of the' Y"OJ82] where"Y
is illustrated in Figure 3.16, is the remanent magnetisatioff) the remanent
coercivity and) isthe head field gradient defineth Equation (329). Equation (3
28) has been modified based on Willia@emstock transition width for
longitudinal recording. The head field gradient used in equatior283 is now in

perpendicular direction.

Thee is afirst approximation of the transition widtlid which B equal to
0 jO.

M/ M

Coercivity H
Figure 316 Schematic diagram df in a hysteresis loop.

Equation (28) indicates thatd is dominated by the third term where th&r"OO
dependence is weak. It also indicates that the writing process is not
demagnetisation free even if the coercivity is greater than the saturation

magnetisationThe head field gradient parametér is given by

0 — O (3-29)
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where O is the field inthe z-direction. Therefore the value o can be reduced by
decreasing the parameters andi or increasing the value 6O . An
alternative way to approximate thtransition width is to expressin it terms of the

average grain diametéd [83]

e T — (3-30)

The transition is theA ‘'O andahigh areal density can be achieved by reducing the
grain size.Figure 3.17 shows a schematic diagram of a perpendicular recording
media and grain structure. The recording medium is magnetised in either the up or
down direction using a single pole head. The transition width includes the grain
boundarywidth labelled aghe yellow line in Figure 3.17. Tihed grainsin the top

TEM image arenagnetisedup and the blue grainslown. The transition widtlttan

be seen to depend on the grain size fgeometrical reasors. Also exchange

interactions will result in an increasetine effective grain size and hende
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Figure 317 Schematic diagram of perpendicular recording mediathedransition width
dependence omrainsize [84].

There are three important factors which limit the storage density knowrihas

trilemma of magnetic recording shown in Figure 3[P3,
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Figure 318 The magnetic recording trilemma.
The SNR determines the performance of the disi an approximaion for the SNR
is givenby [2]
YO Y — (3-31)

whered is the bit lengthand'Ois the grain diameter This equation indicates that
the SNR isnverselyproportional to thegrain diameter.The equation is primarily
dominated by the grain size as all of the termghe denominatorare dependent

on the grain ge. Hence reducing the diameter of the grain incresdbe SNR.
For thermal stabilityhigh anisotropy of the grains is required. The energy required
to reverse a grain can be expressed as

YO Vo p — (3-32)

whereYOis the energy barrier) is the anisotropy constanty is the volume of
the grain,Ois the applied field andO is the anisotropy field The othercritical

factor is the switching field distribution which is define as
0o — (3-33)

A detail discussion about Equati(8t32) and(3-33) is given in Section 3.2.

For an ideal medium the anisotropy fiéld should be maximisedThis can be

achieved by increasg the total anisotropy0 or reducing the saturation

magnetisatiord . The term p s will then become close to a value ofahd

the energy barrier is only dependent on thaisotropy,l andthe grain volumeln
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order to achievea high density srall grain volums are required. Hence an alloy

with high anisotropyshould beused as the recording layer
The demagnesingfield 'O
O “0 (3-34)

In conventional recording media Cr is includadhe alloyto lower0 . In order to
achieve perpendiculaiecordingmedia the recording layenustachieve the criteria
of O O or

0 c“0 (3-35)

The magnetisation ofa grain will decreaseover a timet due to thermal energy,

following a Nel-Arrhenius law
t QY7 (3-36)

or

T "QQ (3-37)

Equation (336) indicates the time taken for magnetisation decreases to 37% of its
original value. For recording media the energy bar¥i€should be greater than
40°Q "Yhich gives a relaxation time of 10 yearg12]. Since the grain volume is
equal to“'O | @the time constant is extremely sensitive to the median grain

diameter.

Increasing the anisotropy improves the thermal stability of the grains but miakes
more difficultto magnetise the grains the desired orientation. The write fiel®

is limited by the saturation magnetisation of the write hedthe areal density of
currernt conventional HDDs is about Vir&h with a head field of approximatelgT.

In order to write information to the medium the write field must be greater than

the switching fieldO  "O. The switching field can be expressed&t

T
o O o0 p —]———— (3-38)
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where 0 is the time taken for the magnetisation to cross zero after the application
of the field. This means that for a high frequency writing process the cagrev
larger than at low frequency. In the case of conventional recording media the
operating frequacy is at gigahertz and this leadsadarge switching field. Also if

0 is increased to give thermal stabilif) increases and the increase @

reduces the writability.

In order to design or demonstrata HAMR medium using exchange biathe
alignmentof the spinstructures of theantiferromagnetic and ferromagnetiayers
is required.One objectiveof this study is to couple IrMno CoCrP$SIQ. The
preferred strategyis by deposihga seed layer t@lign the(111)orientation of the

IrMn with the caxis of the Co alloy.
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Chapter 4

Experimental Technique s

Thischapter is focused on the experimental apparatus and methods whale
been used to accomplisithis study. All the thin film samplegrepared were
sputtered usinga Plasna Quest LtdHigh Target Utilisation Sputtering (HiTUS)
system.Athickness calibration pr@ss wa carried out to show that the crystal rate
monitor used in this system is reliabltn recording media the magnetic and
structural properties determine theapability of the systemA VSM and AGFM
were usedto characterise themagnetic properties of the films A RigakuX-ray
diffractometer and a JEOL 201TEM were usedo observe the structural and
physical properties of thélms. High resolution crossectionTEMwas also used
Based on the exchange bias dependemn the grain sizeaccurate grain size

analysisvasundertaken

4.1 Thin Film Growth
4.1.1 High Target Utilisation Sputtering

All the thin film samples studied in this work were grown usingrawth system
calledHigh Target Utilisation Souttering (HiITUS), manufactured BlasmaQuesttd,

[70]. It is often difficult to achieve an efficient, precise and controllable sputtering
process. However, this sputtering system provides controllable grain size and hence
it controls the magnat properties of the samples, it alsmpableof achieveing
grain segregation of thin film samplassing a composite targef/0]. An INFICON
XTM/2 deposition rate monitor was used to measure the sputtering rate and hence,
the film thickness. These were the essential factors to control the magnetic

properties of the samples.
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Figure 41 Schematic diagram of the HiTUS sputtering system.

A schematic diagram of the system is shown in FigureHigh. purity (99.999% Ar
gaswas injected into the chamber via the Argon gas feed. The plasma was then
generated ina quartz tube which was woundith a three turn coil. A radi
frequency (RF) power &.5kW at13.56MHzwas generatedn the coilby a power
supply via a matching uniOnce the plasma was generatetlyas then launched
into the chamber by the launch electromagnéet.steering electromgnet guided

the plasma towards 50m diameter water cooled targst Eight different targets
can be placed on the multiple target holder, which is driven by a stepper motor.
The applied field of the launch and steering electromagneeme approximately
500eand 50@e, respectively. The HITUS system generates high intensity plasma
up to 10-10'% ions cn? at conditions of Ar process pressure 3 x3Xfibar andan

RF power 2kW,70].

In order to grow high quality thin films, a base pressure of < 5%nb@r must be
reached in the chamber. This can be achieved by a series of pumps which are a
rotary pump, a turbo pump and a cryopump. It takes about three hours tagpu

the chamber down to 5 x 1lnbar. These pumps are controlled by anbinlt
Programmable Logic Controller (PLC). This controller also controls the DC bias

voltage, RF power, conditioning, pseutter and growth time.
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No significant sputteringpccursunless a bias voltages applied tothe target. A
range of negative dbias voltags from 0V to -1000V can beapplied to the target.
When the bias voltage is greater than MQGignificansputteringof material occurs.
At this point, the targt current saturates and beawnes independent ofthe bias
voltageas shown in Figure 4.But as the bias voltage increases the energy of the

ions increase and leads to an incredseuttering rate.

Target Current (mA)
1000 - ;_,71 o v
800 - v b —— A — F
| ot
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r“ / —i— 2.0 kW RF power
04 Ly —w— 2.5 kW RF power
10 100 1000

Bias Voltage (-V)

Figure 42 Target currenwverseshiasvoltage for the HiTUSystem [86].

The grain size affects the physical and magnetic properties dramatically. Therefore,
controlling the grain size and size distribution in polycrystalline thin films is the
major challenge. The grain size can betoaled by applying different ddias
voltages, Ar gas pressure and RF poW#d]. By changing the target bias voltage

the energy of the Ar ionsan be variedHence thesputtering rateis varieddirectly.

The grain structure formation in polycrystalline thin films involves crystal nucleation,
growth and coalescence. The grain size will be affected by the nucleation and
growth if coalescence does not influence grain boamydmotion. When nucleation
occurs at a random position, a Johnddehl structure results[87] and the mean

grain size can be calculaté@m Equation(4-1), [8§].

T
(@) P Mo — (4-1)
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where’O is the mean grain se,"Ois the growth ratein units of A/sand( is the
nucleation rate.Therefore, mean grain size increases as the target bias voltage

increases.

The substrate holder contains four 5.2mm squares and two 2mm diameter circular
holes for Si substrates dncopper TEM grids, respectively. It was mounted on a
rotating substrate table. This sputtering system allows sputtering of 6 different
samples without breaking vacuum. The separation between the substrate holder
and the target wasapproximately25cm, hene there is a large distance between
the target and substrate causing insignificant interaction between the plasma and
the substrate. This feature is important for this study because it results in the grain
size in the film deposited on a copper TEM gricbéoexactly the samesathat on

the silicon substrat€86].

Target and substrate cleaning are essential to produce high quality thin films. The
targets to be used were cleaned by sputtering for 60 seconds using 1000V bias
voltage and 1.5kW RF poweFhe purpose of this is to remove the top oxidised
layer and anyother contaminants The substrates were then cleaned by an Ar
plasma for 45 seconds using an RF power of 1.5kW. Before the plasma was
switched on the bias voltage was set to zero and the rstgemagnet was turned

off, so that the plasma filled the chamber.

Before deposition started the plasma was conditioned for 20 seconds in order to
stablise the Ar gas pressure. The flow of the Ar gas was cowtrofilmg a Mass
Flow Controller The rangeof the Ar gas flow is between 0 to 99 standard cubic
centremeter per minute (sccm). In this study process pressures of 1.86mTorr,
3.00mTorr and 30.00mTorr were used. Therefore the corresponding Ar gas flows in

sccm units were ~19.5, 27.7 and 245dspectvely.

A further 10 seconds of prsputtering was used to clean the target to make sure
the target is ready to deposit. The shutter was then opened to allow the selected
material to deposit on the substrate. The layer thickness is proportional to the
shutter opening time duration and it is usually set to 9999 seconds. The shutter was

then closed manually.
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4.1.2. HITUS Calibration

The thickness of material deposited on the substrate was measured using an
INFICON XTM/2 Deposition Monitor. This device is tabieeasure the thickness of

the material deposited on a substrate. It operates by applying an alternating
voltage across a piezoelectric quartz crystal. The crystal will teedistorted
proportionally to the applied voltage. The alternating voltage caude crystal to
oscillate with a periodic motion. When a specific alternating voltage frequency
applied is identical with the natural frequency of the crystal, it causes electro
mechanical resonance. When a small amount of substance is added on top of the
crystal its resonant frequency is reduced. The reduced resonant frequency can be
calculated from

y
— (42)

where0 is the mass difference due to depositian, is the original mass of the
quartz crystaly'Ois the change in frequency af@is the uncoated rsonant

frequency of the crysta[89].

The INFICON XTM/2 Deposition Monitor is able to measure the crystal oscillation
frequency continuously and therefore has the ability to calculate tthekness of

the material via the Znatch equation

6 —— OAT OGOA+—— (4-3)
whereo is the film thickness) is the frequency constant of the quartz, is the
density of the deposited film, Z is the acoustic impedance ratio"@islthe coated
resonant frequency of the quartg9Q]. In order to fulfil the Zmatch equation, the

INFICON XTM/2 Deposition Monitor requires the density and atomic number rati

for each corresponding material depositezibe known

It is essential to calibrate the INFICON XTM/2 Deposition Monitor. The calibration

was carried out using a calibration tooling factor (TF),
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Y'Qp “YO — (4-4)

“YOis the initial tooling factoro is the deposited thickness andis the thickness

displayed on the deposition monitor.

The calibration process was carried out using single layer thin film sampias aff
different thicknesses in a range d®nm to 150nm. The thickness of the deposited
material was measured using a Mettler UMT2 digital blance with 0.1ug accuracy.
99.99% pure Ru was selected for this calibration due to it being one of the major
materials used in this study. Ru has a high degrecorrosion resistance and does
not oxidise at room temperature. The bulk density anthZo of Ru are also well

defined.

Initially the weight of a 2mm square Si substrate was measured using the Mettler
balance. After deposition the weight of the Sbstrate and sample was measured
using the same balance. As the dimensions of the substrate and the bulk density
were known. The thickness of the deposited Ru layer can be calculated. The result is
shown in Figure 4.3 where calculated thickness is plottegairest deposited
thickness.

HiTUS Calibration

Calculated Thickness (nm)

120

100

80+

60

40
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0 T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Deposited Thickness (nm)

Figure 43 The tooling factor calibration for a Rayer.

The data points shown in Figure 4.3 were fitted by a best fit line. The gradient of the
best fit line was 0.79 which means that<0 . In an ideal case, the gradient of the

best fit line should be 1. However the Ru that was deposited on the Si substrate was
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not 100% dense. This indicates that the measurement follows the tooling factor
equation precisely. However the data in Figure 4.8 lba used to give a sufficiently
accurate value for film thickness. This technique has been validated previously by

calibration against Xay fluorescence[91].

In this work the actual thickness of the deposited film was also measuiied X%s
ray Reflectiity (XRR). €& section 4.3.% Films ohominalthicknessof 10nm, 50nm

and 150nm where measured and the results are shown in Table 4.1.

Nominal Thickness (nm Measured Thickness £ 0.5 (ni Difference (%)
10 9.2 8%
50 46.7 7%
150 138.3 8%

Table4.1 Comparison between deposited and measured thickness from XRR.

Table 4.1 shows the resultd the deposited thickness anthe measured thickness
of a Ru single layer thin film. The results show the reliability of the INFICE®IK2 X
Deposition Monitor and the accuracy of the tooling factor. All measurements
contain an error within £8%. A thickness between 5nm to 20nm was most

commonly used in this study.

4.2 Magnetic Characterisation

4.2.1 Alternating Gradient Force Magnetometer

The Alternating Gradient Force Magnetometeh@GFN) was invented by Zijlstran

1970 and modified by Flandems 1988,[92] [93]. The AGFM is one of the most
convenient and sensitive pieces of apparatus used to measure the magnetic
properties of materials at room temperature. Measuremsrsuch as hysteresis
loops, time dependence, isothermal (IRM) ardt demagnetisation (DCD)
remaneice curve can be made. The time taken for measuring a hysteresis loop is
less than three minutes. Therefore the AGFMdesal for rapid measurements at

room temperatureof hysteresis loog.

The principle of the AGFM is that by applying an alternating magfield gradient

to a magnetised sample an alternating foisgroduced The sample isiounted on
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a quartz leg. This interaction exerts an alternating fayne piezoelectric bimorph.
The system is operated at its resonant frequency along the appbkédl direction.
This allows the system to improve the signal to noise rgitting a noise base of 2 x

108 mu. The resonant frequency is given [6yl]

N — - (4-5)

whereo is the thicknessiis the length ” is the densityand®A & (G KS | 2 dzy 3
modulus of the quartz leg. The mechanical resonance quality Q factor determines

the quality of the probe. In this study a commercial probe designed to measure thin

films with pependicular magnetisation was used to measure the magnetic
properties of the thin film samples. The probe had daQtor between 30¢ 40

depending on the weight of the sample to ensure that the magnetic measurements

were performed with a high signal to neisatio. The amplitude of the motion is
proportional to the magnitude of the field gradient and the magnetic moment of

the sample. The signals were then converted to a dc voltage using &nlock

amplifier.

A Model 2900Princeton Measurement Syste®GFM wa used in this study. A
schematic diagram of an AGFM is shommnFigure 4.4 The pole pieces were
separatedby 12.9nm providinga root mean square field gradient of approximately
4, 0.40r 0.040e/mm. The maximum magnetic field range of the AGFM is between
22kOe to 2ROe. The magnetic moment resolution2g108emu for an averaging

time of 0.1 second.
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Figure 4. Aschematic diagram of an AGFM.

A piezoelectric bimorph probe is required in order to measure a sample using the
AGFM. The piezoelectric material has a unique feature that it is not sensitive to a
changing magnetic field butesponds tomechanial motion and acoustic noise.
Therefore a high quality measurement requires a quiet environment. The bimorph
wasattached toa single piece of@n long glass rod. At theottom of the glass rod

was a 8nm square glasplate where the sample is placed. The probe was attached

to a spring mounteguspension platform

In order to measure an accurat@lue ofmagnetisation, a calilation process was
required. Tle AGFM was calibrated using enf square Pd sampl@he size and
the magnetic moment of the calibration sample are similar to that of the sample to

be measuredThe AGFM was used for initial rapid screening of samples.

4.2.2 Vibrating Sample Magnetometer (VSM)

The vbrating Sample MagnetometefVSM) measures the magnetic properties of a
sample. The original VSM was developed by Foner ir9,1[@5]. Most of the
detailed magnetic measurementzesented in this work were gasuredusing a

Microsense Model 10 VSM. Figur®& éhows a schematic diagram of the system.
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electromagnetic induction is.
- 0— (4-6)

Where- is the induced electromagnetic force (e.mi)js the number of turns in
the coils and—is the rate of change of flux. The change of flsiinduced by a

mechanical vibration of the sample under an external magnetic field from the

electromagnet. Té total magnetic flux penetratinthe sample is.
e 0 (4-7)

whered is the magnetic flux density in the material ands the area of the

sample. When the sample is vibrating it induces an e.m.f. which is calculated by

CIFNIXRI&Qa I ¢
-Qo 08D (49)

where is the magnetisation of the sample.

The sample is located between the pole pieces of an electromagiitbt,afield of

up to 2T applied perpendicular to the plane. It allowector measurementsvith an

70



accuracy othe determination of the magnetisatiomector andangle of +1.%and

+1.5° respectively.The average noise in the vector signal is below 0.5pemu. The
vibrator vibrates the sample with an amplitude of approxim&gel.5mm andat a
frequency of 8Hz,[96]. The change in flux induces an ac voltagech is detected

by eight coils, forming four paiesachof two coils. Two pairs of coils measure the
magnetic signal in a given direction. The other two pairs of coils mounted
orthogonally to the first two pairs and measure the signal at 90° with redpeitte

first pair. The signals are then amplified and measured by two-ifoaknplifiers,
which convert the asignal to adc voltageproportional tothe magnetic moment of

the sample. The other feature of the VSM is that the pole pieces can rotate +540°
with a resolution of better than 0.1°. The accuracy and repeatability of the angular
setting is £0.2796).

A calibration is required in order to measure timeoment. The geometry and
dimension of the calibration sample must be similar to that of the sample to be
measured. In this study a Palladium sample was used to calibrate the VSM.
Palladium is a Pauli paramagnetic material where susceptibility is imdiepe of
temperature around 30R. Amther advantage of Palladium is its high corrosion
resistance [97]. The susceptibility of this calibration sample used was 5.867% 10

emu/Oe.

TheMicrosense model 10 VSM has less sensitivity than an AGFM, but is capable of
greater variety of magnetic measurements. The system is able to perform
measurementsin the temperature range from 100 to 773K. The vable
temperature chamber is X@m in diameter. The temperature was controlled by a
model 9700 temperatureontroller and an airflow valve]96]. For high temperature
measurements, the airflow valve was used to control the nitrogen gas flow over a
heater. At low temperatures, a la¢ transferline is required which is submerges in

a liquid Nitrogen dewar. Theroportionatintegratderivative (PID)temperature

controller system provides i@mperature resolution 0k0.5K,[96].
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4.2.3 Magnetisation Curve s
Thebasicmagnetic properties of the thin film samples can determined froma
hysteresis loop Figure 4.6shows a typical perpendicular hysteresis loop

measurenent of a segregated thin film sample.

Magnetisation Curve
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Figure 46 Perpendicular hysteresis loop measuremehtCoCrRSiQ system

The majority of the magnetigparameters such as coercivity @), saturation
magnetisation {§ ), remanentmagnetisation {§ ), squarenesg0 70 ), nucleation
field (O) and switching field distribution (SFD) can be measuimein the
hysteresis loop. The most common technigioe the measurement of the SFHB

based on the Wiams and Comstock constructidi@1].

— —_— (4-9)

where "Ois the applied field) is the magnetisation 0 is the saturation

magnetisation,O the coercivty andThe quantity'Y is defined in Section 3.8.

These parameters are crucial because they can determine the capabilities of a
recording medim. In storage media the information is stor@d the presence of
demagnetising field. Therefore a high coercivity is required in order to sustain the
magnetisation in the recording layer. Remanence refers to the remaining

magnetisation after the magnetic field remed. For an ideal recording mediuan

72



squareness U F0 of 1 is required to prevent informatiorbeing lost after the

field is removed

Perpendicular recording medigs associated with a large demagnetising field
(Section 35) of (O 1 D ) due to its geometry. WheréD is the
demagnetigion field and) is the saturation magnetisation. kjives rise toan
iIssuewhen measuring SFD, comvity and remanence. Theleave beena number

of attempts via experimentsand theol to correct the demagnetising field in
perpendicdar recording mediameasurements[98] [99] [100]. However none of
them can provide a possible solution to remove the demagnetising field. Therefore
the hysteresis loops whictare shown in this studyhave beenplotted using

magnetisatioragainst applied field as shown in Figdré.

4.2.4 Thermal Activation Measurements

The Model 10 VSM is capablf measumng the saturation magnetisation from a
ferromagnetic(F)material via its hysteresis loop. The Model 10 VSM is also able to
measure the magnetic propees of antiferromagnett (AF)materials. This can be

achieve using thermal activation measurements.

Thermal activation measurements were used to measure the bigck
temperatures of the samples|101]. Blocking temperature measurementfor
granularAFscan be undertaken by the floling steps and summarised Kigure
4.7. There areknown as the York Protocolg9]. The theory of the York Protocols

was discussed in Section 3.7.

1. The AF grains were set under a saturating applied field of 20kOe at a

temperature”Y for 360Gs.

2. The sample was field cooled™® .

3. The applied &ld was then reversed and the sample was heated to a thermal

activation”Y for 180Gs.

4. The sample was then coolead”Y with the field applied.

5. A reverse field was then applied $at the training effect was removed.
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6. Hysteresis loops were then measured ak Where all AF grains are thermally

stable.

After the first hysteresis loop subsequent loops were measured from step 3 until
v o=ty

T..: 90 mins.
Magnetisation 4 T[
/
.
T=T,.
Field
T,.: 30 mins.

o8

Figure 47 Schematic diagram of measuremnts steps of the York Protoic[59].

This measurement procedure is based on the York Model of exchaiage The
volume of the AF grains in a polycrystalline sample exhibit a grain volume
distribution as shown in the schematic diagram in FiguBed.is the minimum AF
grainvolume whichis thermally stable atY . AF graiswith volumebelow ® are

too smalland do not contribute to the loop shif® .w is the maximumAFgrain
volume that can be set d¥ . For the AF grainwith volumeabovew , they are

not able to align with the applied field due to tremergy barrieth ® beingtoo

large

N
f(v)

Ve v

set

Figure 48 Schematiadiagram of AF grain size distributidh9].

As"Y isincreasel, progressively more AF grains will beversedin the opposite

direction. This eventualljjeads to the exchange fiel® beingreduced to zero
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when half of the AF volume is orientedthre opposite direction’O will eventually
become positive Ths is dueto more of the reversed AF graifming reorientated.
A blocking temperatureurve will then be obtained an example of which skown
in Figure B. The median blocking temperature™Y canthen be measured at
'O = 0. At this pointequal volumes of the AF grainsre orientated in opposite

directions which allows for the calculation of using

0 (4-10)

whereo is the setting timeat the setting temperaturéY ,"Qis an attempt
frequency with a typically value of B&?, [76].Q is the. 2 f { | sYcbngtgh

"Y isthe median blocking temperature and is the grain volume.
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Figure 49 Typical tocking temperature measuremeri69].

4.3 Structural Characterisation

4.3.1 Transmission Electron Microscopy

TransmissionHectron Microscopy (TEM) isne of the main technique usedto
measure the physical structure of a thin film sample on an atomic scale. The
resolution of a TEM can be explained using the classical ageterion which is
shown in Equation(4-11), which states that the smallest distance than can be

resolved i$ .
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] 2 (4-11)

where] is the smallest distance can be resolved in a unit of radias,the
wavelength,Y* the refractive index of the viewing medium ainds the semiangle

of collection of the magnifying lens. The valué a$ very small and the refractive
index is ~1. ThereforBEguation (4-11) can be modified tp 2 Green light is in

the middle of the visible spectrum. Iteravelength isapproximately 508m.
Therefore the resolution for a visillight microscope is about 300n102). The
wavelength of a 100keV electron is aboyird. Therefore a TEM can provide

resolution10,000 times that o& visible microscopg102].

A JEOL JERD11 TEM was used to identify the grain sizes and grain boundries in
this work. Figure 4@ shows a schematic diagram of the TEM. A Lanthium
hexaboride (Lad} filamentwith a I m tip is located at the top of the column which

is operated under an ultra high vacuum of®@nbar. It requires aeries of pumps
which are roughing, diffusion, turbomolecular, ion and cryogenic pumps. The
electrons are emitted through a thermionic process where the filament is heated to
a temperature greater than the woskunctione . The electrons are then
accelerated by a potentiaof 200keV. The electrons pagsough a condenser lens
which consistof many electromagnetic copper coils. The current through these
coils deflects the path of the electrons. The role of the condenser lens is to control
the number of electrons travellinditough the system. The electrons then interact
with a specimen located at the top of the objective lens. This is used to focus the
diffracted electrons after the interaction with the specimen. An intermediate image
is then produced. A set of intermediatdeinses and projector lenses then magnify
the image which is projectednto the fluorescent screen. A digital image

collected by a chargeouple device (CCbbamera.

76



Condensor lens {
Condensor aperture <— I
S Specimen
Objective lens«—<T_ \ g
[ I Objective aperture
Selective area aperture < I

[
L | Intermediated lens
A

Projector lens

Fluorescent screen/CCD

Figure 410 Schematic of a conventional transmission &i@a microscopy.

The TEM also allows the observation of the crystal structure of the specimen. This
can be achieved using selective area diffraction pattern. A selective area aperture
was inserted at the intermediate image as shown in Figuld .4The diffaction

pattern is then produced on the fluorescent screen.

Figure 411 Ray diagrams dhe diffraction process

The ring patternthat appearson the fluorescent screen can be explained using
.NF33Qa [lgd | 26SOSNI GKS RAFFNIOGAZ2Y |y3
can be modified to
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YQ _0 (4-12)

where_is the wavelength of the ettron,Yis the radius of the diffraction ring) is
effective length between the sample. The effective length was calibrated by a JEOL
engineer using a pure Al sampfeis the lattice spacing given by

Q — (4-13)

where is the latticeconstantandQQ dare the Miller indices which correspond
to a grain diffraction plane. The selectadea diffractionpattern was used in this

study to identify the orientation of IrMn (111) plage

In this study bright fieldimaging mode was most commonly used to identify the
physical structure of a thin film sample, such #® median grain sizeits
distribution and grain boundariesSction 4.3.4). The principle dbright field
imaging is to select a direct electron beam using an objective aperture as shown in
Figure 4.13,[102). A bright field TEM image of a segregated CoGiBtthin film
sample is shown in Figure 4.12b. The grains which achieved the Bragg condition

appears asdark colour.

——>Specimen
7 > Objective lens
Diffraction beam | | / |/ Diffraction beam
— _—>Objemive aperture

a) Direct beam
Figure 412a) Ray diagrams ofright field imagingb) Bright field TEM image.

4.3.2 Cross Sectional Sample Preparation

Cross sectional TEM provides information regarding the physical structure of thin
film samples. The images can show effects such as diffusion and roughness
between multiple layers, selected area electron diffraction and segregation.

However sample preparation is time consuming and complicated. A 5mm square
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sample was cut into half. The two pieces of the samples were glued together face to
face using epoxy resin. Two pieces of Si wafer were glued at the top and bottom of
the sample as showin Figure 4.13. These were used to monitor the thickness of

the specimen during the polishing process.

Si
Substrate

Substrate
Si

Figure 413 The overall structure of a cross section sample.

One side of the sample has to be polished to a smooth searfefore sticking to a

Cu TEM grid as shown in Figure 4.14. This can be achieved using di&mond
polishing pads to square off the sample. This is followed by the use of 9, 6, 3 and 1
“ m polishing pads to give a high quality polished surface Cth&€ EM grid was then
glued perpendicular to the sample. The sample was then flipped over and polished
on the other side. A 15n polishing pad was used to grind down the sample
thickness to ~0.30mm. The sample was then polished to ~0.15mm usihgna 6
polishing pad. A‘3m pad was used to polish down to ~0.10mm. The thickness of
the sample can be checked using a micrometer up to this stage. An optical
microscope was then required to check the sample thickness once it was less than
~0.10 m. When the samle thickness was down to approximately’ 20 an orange
colour can be observed through the microscope. The sample is now ready for the

final polishing stage.
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Figure 414 Schematic diagram of a sample which is ready for palishi

The sample was placed in an-idn Precision lon Polishing System (PIPS). In this
system there are two ion guns which are positioned to the left and right hand side
with respect to the sample. The energy of the ion beams was set to 3.5keV for
samples orSi substrates. Each electron gun was set to a top and bottom angfe of 6
with respect to the sample. The sample was rotated at about 3 revolution per
minute during the thinning process to ensure that the sample is thinned evenly. A

schematic diagram of thion beam polishing process is showrkigure 4.15.

Ion gun ,

Figure 415 Schematic diagram of tHelPS process.

Figure 4.16 shows a typical bright field cross section TEM image of a segregated
CoCrRfSiQ sample. The image clearlyahlis the void structure which was created
by sputtering two layers using different process pressures. Also the grain structures

and SiQinsulator can be observed in this image.
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:Ta

CoCrPt-Si0,

5 nm
Figure 416 Brightfield cross seatin TEM using 250k magnification

It is not essential to achieve high quality segregation and dispersion of the €oCrPt
SiQ layer in this study. The primary objective is to discover a possible way to
exchange couple between the conventioracording layer CoCrH3iQ and the

IrMn layer inthe perpendicular direction.

4.3.3 Scanning Electron Microscopy

This study has largely focused &rMn which is an AF materiallhe atomic ratio
between these compounds has a significant influerare the crystallographic
structures and magnetic properties. An FEI Sirion XL30 scanning electron
microscope (SEM) was used in order to indentify the compositions of the AF
material precisely This system operates with an Oxford Instruments INCA energy
dispersive Xray spectroscopy (EDX) system which was used to analyse the
compositionof the materials A schemat diagram of the SEM is shownhkigure

4.17.

The principle of EDX is to rely on theay emission spectrum from the samples. A
high energy electron bea is emitted from the electron gun to interact with the
sample. Electrons in the film are then excited from their ground state into an
excited state. When the electron is @cited to its original state,-My photons
are emitted. These photons are chatagstic of the energy between two states for

a given atom and allows the composition to be measured.
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Figure 417 Schematic diagram of the FEI Sirion XL30 (SEM)

This system consists of three main components which are the electron gun, the
demagnification unit and the detection unit. W filament was used in this system
with a currentof about 24A. The SEM was operated atkisso that the electron
beam has high esugh energy to penetrate the sample. A serielefctron optical
systens were used to focus the electron beaonto the specimenA secondary
electron detector which is a scintillator typevas used for all scan¥he operation

of the detector uses secondry electrons generated by the primary beam to

producea signal whiclisthen amplified and converted into an electrical voltage.

Ir andMn have melting points of 2410%hd 1244°C, respectiveljd03]. The large
difference in melting points results in Mn rich alloy formation in the thin film
samples. Therefore composition analysis was required to determine the atomic
ratio betweenIr and Mn. A single layer of ath IrMn was deposited on a Si
substrate usig six different bias voltages. The samples were measured using the
EDX system and the results were analysed usignalysis package program called
Noran System Sx which is provided byThermo Sientific. This analysis technique
assumes a homogenous dibution of the elements within the interaction volume

in the sample of the incident beanthe 15kV electrons excite-days inthe IrMn

layer as well athe Si substrate. Hence thealue of the Ir and Mrzoncentrationis

not accurate.Howeveras the analysis conditions are identithe EDXanalysis
performedin this work was used to observe the trends of increading Ir to Mn

ratio as the bias voltage is varied.
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The EDX scans were performed usamgelectron beam energy of k¥ for three
minutes to ensure the accuracy of the scan. The resuoltfable 4.2how that in
low bias voltage growth the level of Ir in the film was reduced below the 25%
composition in the target. Howeveat high biasesgreater than 256 Ir results.
Therefore Mn was dminant when low bias voltages were used. In effect a low bias
voltage leaves the target surface Ir rich so that subsequent growthigh bias
results in a high Ir content in the film. This indicates the need for careful target
conditioning prior to grow. However Ir content in the rangeetween 12.9% to
22.%% gives theoptimum values of exchange big4,04]. Note that the required

composition is IrManot IrMngz, [107].

Sample Bias Voltage (V| Ir (£ 2 at.%)| Mn (x 2 at.%)
400 17 83
500 18 82
600 20 80
700 27 73
800 29 71
900 30 70

Table 42 IrMn composition in different bias voltages.

There was a recent study of the variation'©f as a function of Ir content by Aley

et al. [105 as shown in Figurd.18 It was basedn the work of Tsunoda et al.,
[104]. It is interesting that when the Ir content is between 17.5% and 20% a small
drop of O was observed. Since we haveealdy shown that the IrMn content of

the sample is approximately 80 at. % Mn and 20 at. % Ir. As the extra Mn atoms
diffuse to the IrMn it resulted an excessive Mn content and therefore Ir content
was reduced to less than 20 at. %. Thewas then decresed slightly compared

with the original result.
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Figure 418 Variation of Hywith Ir cotent, [105).

The most accurate way to calibrate the EDX system is by @afythe sample
using chemical techniqe However since Ir does not dissolve in acid there is no
possible wayto use thistechnique. The data shown in Table 4.2 was based on an
experimental EDX technique therefotehas alarge error of about 10%. The result
shown in Table 4.2 should also be interpreted as a tresttier than absolute

values.

Thee is a physical feature whidan be noticed by observing the IrMn target. The
sputtering targetused in HITU% made by compressed Ir and Mn powd&he
surface of the target cabe seen as small fpractical.Hence during the deposition

using high energy plasma the substrate woughected to result Irich content.

4.3.4 Grain Size Analysis

One of the challenges of heassisted magnetic recording media is the reduction of
grain size. In FePtX perpendicular media the axage grain size is about¢g3dnm,
CoCrPsSiQ perpendiculamagnetic recording media has a relatively large grain size

of 6¢ 8 nmas discusseldy Weller et al.[4].

A bright field TEMimage is required for graisize analysisTypical example of
bright field TEM imagefor polycrystalline and segregated thin film sampbae
shown in Figure 49a and 4.9b, respectively. In Figure Lb the dark and gy
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areas correspond to the CoCrPt alloy. Thibesause ofthe CoCrPt alloys
composedof relatively heavy atoms compadlewith SiQ. Therefore the scattering

from the electronsis stronger. Hencethe dark area of the images are used to
measure the grainsize.y f @ GKS 3INI Aya gKAOWeresedi (KS

in the analysis.

Figure 419 Bright field TEM image with) a(Co/Pt) polycrystallinestructure andb) a
segregated thin film sampleith CoCrRSiQ system

A Zeiss particle size analys#rown in Figure 20 was used to measure the grain
size and its distribution. An iginal TEM imageés required to print on paper in
order to measure the grain size accurately. The particle size analyser graject
circular light spobnto a screen The diameter of the lighdpot can be adjusted by
an aperture When theareaof the light spot is equivalent tthat of the grain, a
pedal is depressed and a hole is punchieugh the image and registered as a
voltage using dab View program. However, the grasrthat grow in a tin film
sampleare not perfectly circular. Therefore thareaof the light spot has to be

adjusted tobe equalto that ofthe grain.
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Figure 420 Zeiss particle size analyser.

The data was then converted tan actual scale usg the size bar. The size
distribution of a polycrystalline filmoflows a lognormal distribution It is defined

as a functionso that the log ofa random variabldollows a Gaussian distribution,

[106].
'Q0Q0 ——0Q6n ——— QO (4-14)

Where, is the standarddeviation ofa €,0is the grain diameter andis the
B

mean ofda € Which defined as . The lognormal distribution is

normalised by a factor aV:If_— therefore

00 p (4-15)

The key parameters of the distribution are the medgmindiameterO and,

which can be calculated usifig0g]

0O 0 (4-16)
. . G P
\ 2Bl at® EBOatO (4-17)
0] Bu

Thestandard deviation of theyrain diameter distributions related to that of the

grain volumedistribution

" 0, (4-18)
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The medianvolume of the grais @  can be calculated using w V)

where0is the thickness of the layer.

For all the grain size analygesented in this workat least 500 grains were

measured for each sample in order to obtain an accurate staistieasurement.

4.3.6 X-ray Diffractometer

Xray diffraction (XRD) is one of the most commonly use methods to identify the
crystallographic structure of thin film sgples. A schematic diagram of Bragg
diffraction is shown in Figure 4.2ind the functions of the labelled parts are shown
inTable4.® ¢KS LINAYOALX S 2F - w5 A& ol asSrR 2y

CQiQE — (4-19)

where_is the wavelength of the -Kay,—is the scattering angle between the
incident beam and the crystal plane®)is the lattice spacing, which for a cubic

strucutre is given by

Q _— (4-20)

where®is the lattice constant of the material ari@ Qanddare the Miller indices

for a specific plane

9 ‘ 2@/

Figure 421 Schematic diagram ofpay diffraction.

All scans were undertaken using a Rigaku Smartkray Hiffractometer shown in
Figure 4.2 and the functions of the labelling parts are listed in Table ZBis

system is equipped with a high intensity 9kW rotagtianode Xay generator. The

87



maximum voltage and current are 45kV and 200mA, respectively. The stability of

the voltage and current are within £0.005% for a 10% input power variation.

Figure 422 Rigaku SmartLabrdy diffratometer.

The wavelength of the -Kays depends on the type of target. In this study a Cu
target was used to generate| X-rays. The beam contains both andv| X
rays whose wavelengths are 1.541A and 1.544A, respectivdh optimal
measurement can be achieved just usifg Xrays. This can be achieved using a
Ge monochromater crystal to remove tli¢ component for incident optical

setting. The reflected-Kays were detected by a Nal scintillation counter.

1. Thetd_s arm Arm for controlling Xay beam incident angle.

2. Xray tube X-ray generating device.

3. Incident optics | Optical device for achieving desired incidena)
conditions.

4. Theta_d arm Arm for controlling the Xay detector angle.

5. Receivingtics | Optical device for achieving desiregay receiving
conditions.

6. Detector X-ray detector.

7. Sample stage | Adjusts the position and orientation of the sample to be
measured.

Table 43 The corresponding labels Bigue 4.22

Figure 4.3 shows a schematic diagram of a (Nal) scintillating counter detector.
When the incident radiation strikes the Nal crystal, its atoms are excited by the
radiation and photons are emitted. The photocathode is then excited by the
photoelectic effect and more electrons are emitted. The electrons interact with

the dynodes inside the photomultiplier tube. Each dynode has the ability to release

further electrons. This is achieved as the electrical potential of the subsequent
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stages of the dynodeare higher than the previous stages. The electrons eventually

strike the anode and a pulse signal is then generated.

Photocathode Photomultiplier tube
Photon
lonizing radiation W\/
Sodturn lodine
aysl

Figure 423 Schematic diagram of scintillating counter (Nal) detector.

The Rigaku SmartLab XRD is equippdth a high resolution ¢ goniometer
which enables the Xay source and detector to be positioned with an accuracy of
0.001° step sizevhich is provided by the Rigaku handbodkis allows the system
to perform high resolution— ¢—scans. To obtain & ¢—scan the detector
moves twice the angle of the incidentrXy source as shown in Figure 4.2
Therefore as the angleincreases, the scattering vector, move upwards in
reciprocal space. This gives all the crystallograpificrmation from the planes

perpendicular to the substrate normdlL07).

Scattering vector, K,

Incident X—rayw Scattered X-ray
i 29

[ Sample L.

Figure 424 Schematic diagram ef ¢—scan.

Rocking curve measurements have been used to analyse the distribution of the
crystal orientations in thefilms. The crystal quality of a thin film sample with
perpendicular anisotropy is partially defined via the distribution of crystallographic
axes normal to the film surface and the distribution of crystallographic azess

the surface. Figures 43, b show schematic diagrams of the rocking curve
geometry for tilt distribution and twist distribution, respectively. A rocking curve
measurement can be achieved by setting amnay) source and detector at @

value for a targeted reflection. The source anetettor are then rocked over a
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range of values of} The receiving slits are relatively wide so that the changes in

intensity can be scanned accurately.

Scan around the c-axis
(In-plane ¢-scan)

S cattering vector

Rotational direction of tilt distribution

g 20
Rotational direction of twist distribuffbr‘
S e ' Scattering vector
o g s ey Geometry of twist distribution
a) Geometry of tilt distribution b) oy

Figure 425. Schematic diagramf@) perpendicular b) #plane roking curve
measurements[108§].

In this study rocking curve measurements have been used to measure the
crystalline eaxis distribution of segregated Ru dual seed layer samples. A typical
out-of-plane rocking curve measurement is shown in Figure 4.R86.ful width half
maximum of curves such as that shown in Figuré 4dresponds to the dispersion

of the Ru c-axes. For this study it was essential to perform rocking curve
measurement on dual seed layers samples since thges of the Ru (002) and
CoCrRSiQ (002) are extremely close to each other. Even so the optical
configuration of the Rigaku system istrable to resolve the peaks completely.
Therefore a possible way to estimate thexis distribution of the CoCHXIQ is by

measuring the FWHM of the dual Ru seed layer sample.

12 4 ; 3
| Intensity (cps) 1x10

10 4

[ —— Ta/Ru/Ru - 600V

O_ T T T T 1
12 16 20 24 28

Q (Degree)

Figure 426 Typical rocking curve measurements.
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The technique of pole figureneasurementhas also been used in this study to
analysis the texture of samples averaged over a large area. The scan can be
achievedby fixing the 2-angle and the diffracted intensity ihen collected by
changing either th anglel orT , where| is the tilt angle from the sample surface
normal direction andl is the angle around the sample surface normslshown in
Figure 4.27 For a polycrystalline sample an even distribution intensity will be

observed from the scan.

Scattering vector K

: p

Figure 427 Pole figure scan configuration with a fixed-angle [109].

4.3.6 Reflectivity Scans

An Xray reflectivity(XRR)scan is typically used to measure the density, thickness
and roughness of thin film samples. In this study reflectivity scans were used to
measure the thickness of single layer thin film samples. &eton 4.1.2) The
principle of the reflectivity scams based on the physical phenomenon of total

reflection as shown in Figure 8.2

For an incident Xay the refractive indeX("is given by

Y op 1 N m 1h (4-21)

where] - andf - can be calculated from the wavelength of the incidenta)(s,
the composition and density of the material. For normal materials the values: of

andf : are approximately 16, [110].

91



Incident X-ray 4 Reflective X—ra)i,(

N

ol B ’
0
i

n .
n2

O\ Refraction X-ray

Figure 428 Schematic diagram o€ray reflectivity.

When the incident Xay is at an angle smaller than a critical angle, total reflection
occurs. Therefore the intensity of the reflecteday is equal to that of the incident
X-ray. Havever when the incident angle is larger than the critical angle, refraction
and reflection occurred. Hence the intensity of the reflectedays decreases. An
oscillation is observed in the intensity of therays reflected from multilayer
samples. This idue to the interference between two reflectedrdy components
of the multilayer. The incident angle and reflectedlay intensity are then used to

measure the comgsition or density of the materials.

Figure 4.2 shown a typical reflectivity scan for aultilayer sample. It also shows
the relationship between reflectivity profile and structure parameters. The period
of oscillation represents the thickness of the films. The amplitude of the oscillations
depends on the density differences between the filared the substrate and the

roughness of the surface and interface.
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Figure 429 Reflectivity measuremerof a multilayer sampld111].

It has beershown that the HITUSsystemis capableof produdng a segregated thin
film sample similato a conventional recording medm. These segregated regions
are filled by Si@which is used tgrevent the RKKYexchange coupling between
grains The crystal monitor equipped in HITUS giwehkighly accurate thickness
confirmed by the XRR scanThe Model 10 VSM provides a temperature range
controlin order toexaminethermal stability of the sample®etailed experimental

measuremens are presented in Chaptear5 & 6.

4.4 Errors and Calibration

The sample film thickness monitor was calibrated and is discussed in Section 4.1.2.
The TEM was calibrated by the JEOL engineer and the accuracy of images at 100k is
0.1nm. 500 grains were measured for grain size analysis to ensure good statistics
and the errorin the median grain diameter and the standard deviatioriaf e

0.2nm and 0.02, respectivelyhe field resolution of the Model 10 VSM is less than
+50e in 10kOe and +£100e in 1kOe. All hysteresis loops in this study were plotted
M/M s against applied field to avoid any consideration of the sample volume. The
typically error in M/M for the samples studied is about 2%. The applied field is
calibrated by a Hall probe.
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Chapter 5

Perpendicular Exchange Bias Using
[Co/Pt]

An initial study of perpendicular exchange bidgs been undertakemsing Co/Pt
multilayers. Such a system coulfind application in patternedheat assisted
magnetic recordingmedia. The magnetic properties such as squareness and
coercivity are dependent othe depostion conditions. This is due the interfacial
anisotropy of theCo/Pt multilayes. Hence a seriesf structural optimisations were
undertaken. In oder to achieve exchange biaspin alignment between the
antiferromagnetic (AF) and ferromagnetic (F) layer required. Different ®ed
layers were usetb induce the desird structure to achieve perpendicular exchange

bias.

5.1 Growth Conditions

For many potential device applicatisrof Current Perpendicular to Plar@iant
magnetoresistance QPPGMR or Tunnel MagnetoresistanceTKR there is a
requirement for one of the-layers in the stack to have its magnetisation fixed or
pinned in one direction. This can be achieved via eitheruse of high coercivity
materials or an exchange bias structure. Any ferromagnetic material with strong
perpendicular anisotropy can be used to form a high coercivity layer. The most
commonly used ferromagnetic layer is a Co/Pt multilayer as discussédilet al.,
[112). In this systenit is easy to control the outfgplane anisotropyoy varying the
number of repeat units or the Co or Rityerthicknesgs [113]. These anisotropy

tuning methodhavealsobeenused in(Co/Pd) multilayer systesn[114]. Therefore
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this is a model material system for bit patterned media as discussed by Hellwig et al.

[114] and references therein.

(Co/Pt), multilayers grow naturally with perpendicular anisotroffyis is due to the
2-ion anisotropy induced in the Co layer. The objectivéhidpart of the study was

to identify theoptimum magneticstructure (e.g. coercivityQ), exchange biasd )

and squarenessO(f0 ) and growth conditions(e.g. bias voltage and process
pressure)for the multilayers. The magnetic properties of Co/Pd multilayers are
controlled by the number of repeats, layer thickness, crystallographic texture, grain
size and inteface roughness as discussed by Barton efldly]. Therefore a series

of samples of the Co/Pt system with similar structures were prepared in order to
optimise their magnetic properties. Parameters suchtasthickness othe Pt layer

the number of repetions in the multilayer (n) andhe effectsof the deposition

conditions have beewmaried

The samples were sputtered using an* Aressure of 1.86mTorr. This process
pressure ighat used in our research group. A set of six samples were sputtered
with various bias voltages in order to vary the grain size and hence optimise the
coercivity of the multilayer system. The samplestructures were:
Ta(5)/Ru(5)/[Co(0.6)/Pt(1.6)Ta(5) as shown ifrigure 5.1. The sputtering rate of
the 5nm Tawas 0.5A/s This layer wasised to create an amorphous surface to
suppress crystal habit from the Si or S0Othe substrate. Ru was chosen asad
layer material due to it having crystallographic structer similar to that ofCa 5
repeat unis of Co/Pt were use@s a similar number of stackgs used in previous

studies,[113. The samples were then capped with SofiTa to prevent oxidation.
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Figure 51 Schematic diagram of Co/Pt multilaystructure.

Magnetic measurements were made in the perpendicular direction usM§M to
examine the coercivity as a function of the number of tGe/Pt repeats. The
coercivity was measured as a function of the bias voltage used to grow the samples
as shown in Figure 5.2. The highest coercivitpof (320 £ 5)Oe was measured for

a sample grown using a 300V bias voltage. There are no review paphék
explained how the bias voltagend hence the growth rataffects the coercivityf

Co/Pt multilayers. However the suggestion is that the roughness between the Co
and Pt layers were minimised at 300V which generates a small grain size. Hence it

induced the highest coercivity in theerpendicular orientation.

Caercivity (Oe)
350 -

300~
250+

200+

150
100 200 300 400 500
Bias Voltage (V)

Figure 52 Coercivty of (Co/P{samples as a function of the bias voltage.
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After the optimisationof the bias voltage for this system, the next step of the study
was to optimise the coercivity as a function of the number of repeat units (n). A set
of six samples were sputtered using a 300V bias voltage with different numbers of
repeat units. Thesputtering o©nditions were identical to those used for the
previous set of samples. Hysteresis loops were measured asidgsFM at room
temperature. Figure 5.3 shows the coercivity as a function of n. The highest
coercivity was measured with 5 repeats of Co/Pt wittabue of O = (0 + 5)Oe. A
previous study on perpendicular exchange bias using a Co/Pt multilayer system was
reported by Maat et al[113], who obtained a coercivity of about 5000e at room

temperature using five repeat units of Co/Pt.

400 - Coercivity (Oe)
L]
L]
350 1
300 1
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250 : :
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Figure 53 Coercivity as a function of n.

The thickness of th@t layes was also optimisedh the rangel1.2- 2.0nm which is
approximately 3 to 5 atoms thick. nfamorphous Ta layeand Ru seed layexere
again used to induce perpendicular anisotropyThe Co/Pt multilayerswere
sputteredusing300V bias voltage which had been shown to generate the maximum
coercivity in the filmsThe number ofrepeats (n = 5) remained unchangethe
samples werghen capped with &nm Ta layeto prevent oxidation The magnetic

properties of the samples were rasured using the AGFM at room temperature.
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Figure 54 Hysteresis loop measuremerity different thickness othe Pt layer.

The highest coercivity of (3825)0ewas obtained using a 1.6 nm thick Pt layer as
shown in Figure 5.4. There are few Co/Pt multilayer studies on tuning the thickness
of Pt layer,[116]. The Pt thtkness used in thetudies was 18m in each case
becausethis thickness gavthe highest value focoercivity The squareness of 1 was
measured using a Pt layer thickness of 2.0nm. However the squareness reduced to
0.78 using 1.6nm of Pilhe objective of this optimisation was to maximise the
coercivity of the thin film samples. This coudld due to this thickness of Pt layer
gives the smoothest surface between each layer. Therefore the thickness of 1.6nm

of Pt was used for the rest of the experiments.

The reversal mechanism in these layers is domain wall pinning because of the
exchange couplingAs ca be seen in Figure 5.4 the squareness of the hysteresis
loop is usually 1. This arises because of the exchange coupling between the layers
of Co across the grain boundary. Therefore it is a form of intergranular RKKY
coupling. Hence reversal procesdathe initial nucleation of one or more domain
followed by fairly rapid domain wall motion throughout the sample impeded by

domain wall pinning.

As domain wall pinning is generally an unpredictable process most of the pinning
will be due to interfacial raghnessand perhaps weak pinning at grain boundary
The main factor affecting the reversal and hence the coercivity is the nucleation of

the reverse domains which tsome degree will be contrigld by the anisotropy of
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the film. However the nucleation of éhreverse domains will be affected by other
factors such as defects in the filfthe nucleation is not uniform because the
hysteresis loops shown in Figure 5.4 are rounded. The general trend is that the
domain wall pinning increases with the thickness lo¢ Pt layer up to a limit of

1.6nm.

5.2 Role of Seed layers

A seed layer was deposited under tiid=layer as shown in Figure 5.5. Seed layers
play an important role by inducing the desired crystallographic texture or
anisotropy oriemiation in exchange biasamples[8]. The induced texture of the AF
or F layer is usually dependant on the crystal structamd lattice matching of the

IrMn to the seed layer.

N
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Figure 55 Schematic diagram of a multilayer samptaucture.

Four different materials with different crystal structures have been used to
optimise the magnetic properties of the Co/Pt multilayer system. The sample
structures were: Tab)/seed(5)/[Co(0.6)/Pt(1.69[Ta(5). The chosen seed layers
were Cu, NiCr, Pt and Ru. Cu, NiCr and Ru are the most commonly used seed layers
for the growth of IrMn used previously in our research group. This was because the
lattice mismatchesetween the (11) to IrMn(111) are below 6.0% as shown in

Table 5.1.
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Lattice Constan
Material | Structure d(111) | d(0001)| Mismatch to IrMn (%
a(d)| c(A)
[rMn fcc 3.78 - 2.67 - 0
Ru hcp 2.70 4.67 - 2.70 1.2
NiCr fcc 3.56 - 2.52 - 56
Cu fcc 3.61 - 2.56 - 4.4
Pt fcc 3.92 - 2.77 - 3.6

Table 51 Seed layer lattice constants and the mismatch to Iriyi1, 7].

The induced irplane texture for IrMn grown on different sddayerswas evaluated
by Aley et al. anas shown in Figure 5.68]. In a grazing incident scan the absence
of the peak indicate the corresponihg plane is orientated parallel to the sample
surface.Hence 6r the samples grown using Cu and Ru seed layers an (th)
peak was measured which indicated that a poapiane (111) texture was induced.
For the NiCr seed layer sample the IrMn (111)kpe@as not observed. This implies

that the IrMn (111) planes ardrsngly textured along the substrate surface.

log{counts) IrMn{11 1}
Irhn{210)

Ihn{220)

20(deg.) |
T T

T 1
20 30 Al 50 50 0 ao

100

Figure 56 Grazing incident scans feamples grown odifferent seed layes, B].

All sanples were sputtered using 1.B86orr process m@ssure and 300V bias
voltage. An amorphous Ta layer was sputtered on top of the Si substrate to
suppress crystal habit from the Si 005i The seed layer was then sputtered on top
of the Ta followed by 0.6nm of Co and 1.6nm Pt multilayer structure. Five repeat
units of the Co/Pt multilayer was usedihis 2ion thick Co layer exhibits a strong

perpendicular anisotropy This is because thetrong interfacial anisotropy for
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thickness valueM 10A,[113]. The samples were capped with 5 nm of Ta to prevent

oxidation.

Room temperature magnetic measurements were undertaken for all samples in the
perpendicular orientatiorusing the AGFMs shown in Figure 5.7. Table 5.2 shows a
summary of the data for samples grown on different seed layers i.e. coercivity and
squareness. The data shows that Ru, Pt and NiCr seed layer based systems were
able to induce a perpendicular anisotropy in the Bomultilayers with a coercivity

of about™© = B00x 50e. However the Cu seed layer gave a sample with a much
lower coercivity as shown iRigure 5.7 This is because the Cu seed layer does not
induce an (111) texture parallel to the plane. This leimda basal plane mimatch
between the Cu seed layer and Co/Pt multilayer and resultgabor out-of-plane

anisotropy inthe sample.

1.5
MM,

1.0 1

0.5+

0.0 | o

-0.51 ‘ ~— = Ru
| gt o— Pt

1.0 SRS pibia™ | 4 N

g S v Cu

‘1 .5 T T T T T T T
-1000 -500 0 500 1000

Applied Field (Oe)

Figure 57 Room temperature hysteresis loops using different seed kyer

Ru has an hcprystal structure and has been reported to induce a perpendicular
anisotropy of up to 1.2 x ¥ergs/cn? in the Co/Pt multilayer systenf11§. Pt, NCr

and Cu have an fcc structues shown infable 5.1 NiCr inducsa (111) texture in

the IrMn parallel to he planeas shown in igure 5.6 [8]. Cu does not texture the
(111) texture parallel to the substrate and therefore the squareness and coercivity

are lower than for the other samples.

101



Seed Layer Hc (£ 50e€) M/M s (+0.02)
Ru 301 1.00
Pt 301 1.00
NiCr 295 1.00
Cu 117 0.28

Table 52 Summary of magnetic measurements at room temperature.

Another set of experiments wasndertakento examine the exchange coupling
effect between the IrMn (111) and Co/Pt multilayers. Three samples were
sputtered usingthree different see layers of NiCr, Ru and Cu. The sample
structures were: Ta(5)/NiCr(5),Ru(5),Cu(5)/IrMn(10)/[Co(0.6)/Pt(kBH(5 as
shown in Figure 5.8. The seed layer and IrMn thicknesses wererchased on the
previous studiesNiCr, Ru and Cu seed layers were used to induce different IrMn
= (3.3 £ 0.410/, (0.94 *
0.06%x10 and (0.28 + @2)x10’ ergs/cn¥, respectively for identical structures.

texture and henceanisotropyconstantsreported asy

These iplane measurements were measuradingthe York Protocold8] [59]. All

layers were sputtered using 1.86mTorr process pressure and 300V bias voltage. A
5nm amorphous Ta layer was sputtered on top of the Si substrate withiteesipg

rate of 0.7A/s. Repeats of five Co/Pt multilayers were then sputtered on top of the
AF layer to induce the perpendicular anisotropy. The samples were then capped

with a 5nm thick Ta layer to avoid oxidation.

Ta (5 nm)

Co (0.6 nm)

Co (0.6 nm) B

_5

IrMn (10 nm)

Ta (5 nm)

Figure 53 Schematic diagram of Co/Pt multilayer structure with different seed layers.

Rotational magnetic measurements were undertaken using a Model 10 Microsense
VSM in order to examine the effect of the texture of the IrMn layer on the resulting

exchange biasThe samples wereitially set at 498K in @ appliedfield of 20kOe
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for 90 minutesperpendicular to the plane and at angles down tte in-plane

direction in steps of 10 The hysteresisloop was then measured at the setting

angle.

Figure 5.9ashows one of the 70° hysteresis loop measurement &iglire 5.9.
shows the exchange bias as a function of measient ande. The highest
exchange bias was expected to occur at 70°. This is because fdrltheplanes in
plane, there isanother sé of (111) planes at 70.2The NiCr seed layer indut@
perfect in plane 2-D texture for the IrMn (111).Therefore no exchange bias was
observed ahigh angks Ths AF layercaused only aery weakexchange biaat low

angles. The highest exchangedweas meaured at 0° of (18 £ 5)Oe.

The Ru seed layer inducead weaker IrMn (111) Hplane texture, [8]. Hencea
maxiumumexchange biasf about (72 £ 5)Oe was observed using setting angles of
up to 90°. The Cu seed layer based sample gives a randorie@ure to the IrMn
(111)[8], yet the highest value of exchange bias was measured at 70° of (136

+ 5)Oe. The exchange bias then gradually decreased to a minimum véaie of

(112 + 5)@ at 30°.
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Figure 59 a) 70° hysteresis loop measurement a Cu seed layer based samie
Exchange bias as a function of angle.

5.3. Physical Properties

Thegrainsize distributionof the thin films was measured using JEOL 2011 TEM.
Bright field imagesvere used to obtain the grain sizgéistribution. A Zeiss patrticle

size analyser was used to measure theain size distribution of the thin film
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samplesAs the grains do not have a perfect circidhape the acquired grain size is
that of a circle of equivalent area to the graifhe measurements are datagiged
from which a lognormal distribution of the grain diameté&X0 Q Qvas then

calculatedas discussed in Section 4.3.4.

Bright field TEM images were take X80k magnificationwith typical exanples
shown in Figure 5.10and 5.11b More than 15 images were takednom three
different areasof the grid and 500 particles were countemlensure good statist&
The lognormal dstribution of the grain size diameteiQO was plotted as a
function of graindiameter as shown in Figure 5d4.@nd 511a The median grain
size of the samples grown on Ru and Cu seed layers@ere (7.0 + 0.2om and

(8.6 £ 0.2nm, respectively.

A similar experiment was reported by Barton et 115 on Co/Pd multilayersvith
perpendicular magnetic anisotropy. The samples described in this study were
sputtered using a HiITUS plasma sputtering system. Co/Pd multilgyess on Pd,

with 8 repeats were used to create the required anisotropy. About 400 grains were
counted and anediangrain diameter olO  6nm was measured which is similar

to the values reported in this work particularly as a Gaussian distribution was used.

0.35+ f(D)
0.30
0.25-
0.20 /
0.15- /
0.10-
0.05-

0.00-

Ru (a] Diameter (nm)

Figure 510a) Ru seed layarain size. (b) Brighiteld TEM image.
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Figure 511a) Cu seed layer grain siz®.Brightfield TEM image.

Grain size analysis was undertaken for the other two set of samples. TEM

images were taken using x100k magnification.

SeedLayer| n O (£0.2xm) | , (x0.02
3 7.0 0.23

Ru 5 7.2 0.21
10 7.3 0.24

3 8.6 0.27

Cu 5 9.3 0.25
10 9.1 0.25

Table 53 Summary of the measured grain size distribution.

The summary of the grain size analysis is shown in Table 5.3. The median grain
diameterof O (7.2 £ 02)nm with a standard divisiopn of (0.21 £ 0.02)was
measured for the sample grown on a Ru seed layer. Cu seed layer based samples
has a large©D =(9.3 £ 0.2nm with a value of =(0.25% 0.02) TheO of Cu seed

layer is approximately 2nm larger than Ru seed layer. This is because the Cu has a
sputtering rate of 1.4A/s which is much faster than the sputtering rate of Ru of
0.4A/s/O is proportional to the cube root of the sputtering rate aiscussedn

Section 4.1.1]7Q].

It is important to note that the grain volum® is proportional toO . Therefore
the actual grain volume of the Ru and Cu seed layer based sampte-al80nn+¥

and—=382nn¥, respectively. Although the grain size difference between these

sampleswasonly 2nm. The grain volume of the thin fisampleswvasincreased by

more than a factor of two.
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There was no significant difference in the valuéOofgenerated using different
numbers of repeats of Co/Pt. However an obvious increa%2 inf approximately

2nm was observed when the Ru seed lay@s replaced by Cu. Therefdte is
dependent upon the chosen seed layer material and it also affects the grain size
distribution on the subsequent layers in the thin film samples. This is due to the
polycrystalline samples sputtered using the HiTUStersysexibiting strong
columnar growth[119].

5.4 Structural Properties

IrMn is an fcc material. If the (111) planes lie perfectly-ptane, there are other
(111) planes at about 72XRD studies were carried atat study the texture of IrMn
using various seed layer materials suchNa€r, Ru and Cu. -plane pole figure
scans were measured féine samplestructuresas shown in Figure 5.12 to examine

the texture of the other IrMn (111) planes.

Ta (5 nm)

IrMn (10 nm)
Seed Layer (5 nm)
Ta (5 nm)

Figure 512. Samplestructuresused to determine the IrMn texture.

The selected seed layer materials were NiCr, Ru andT@e thicknesses and
sputtering conditions were identical to those for thamsples discussed in Section

5.2.

A pole figurescan around the IrMn (1)) peak was carried out to examine the other
possible IrMn (111) peaks as shown in Figure 5.13a, b anthenormalised

intensity was plotted againghe surface normaangle andshown in Figuré.14

Thel ¢ and pole figure scans indicated thidiCr and Ru inducka very strong
texture of IrMn (111)parallel to the planeHoweverthe centre spotof the scan for

the Cu seed layer based sample has a very weak intenEitg. results for the
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texture induced in the IrMn coincided with the work of ylet al.[8] who reported
that a NiCr seed give a strong in plane (111) texture to the IrMn but a Cu seed did

not.

Normalised Intensity

1
' NiCr =

Alpha cut line

Beta cut line
-1 X

Figure 513 a,b,cPole figure measurements of IrMn (111) plane for samples grown on
different seed layers.

i |Normalised Intensity

; —=— Cu seed layer

+— NiCr seed layer
—— Ru seed layer
0.8 1
0.6 1
0.4 1
{

02 /‘
0.0

100 -80 -60 -40 -20 O 20 40 60 80 100
Alpha (Degree)

Figure 514. Pole figure measurementsr the IrMn(111) plane.

Figureb.14 shows the normalised intensity as a function ofAs can be seen from
the Figure 5.14the second IrMn (111) peak wambservedat around 70 for all
samples. For the case of tidin grown on a NiCr seed layer thé/n (111)peak
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at 72° iswell textured with a FWHM of (181)°. For the Ru and Cu basgdtems
the peak is more diffuséherefore a larger FWHM was measured of ¢¥)° and

(20+1)°, respectively as shown in Table 5.4.

Seed layer| FWHM of IrMn (111) Degree (x1
Cu 13
NiCr 20
Ru 17

Table 54 FWHM of the 2 IrMn (111) with different seed layer materials.

The other featurethat can be noticed from Figure 3lis the normalised intensity
of the peak at 7@ NiCr seed gives the best IrMn (111plane texture however it
resulted the lowest intensity of the" IrMn (111) peak at 70 Althoughthe Cu
seed induced a broadegyeak at 70 the peak intensity is more than three times
higher than the NiCrand Ru seeds. This is becauibe Cu seed layer induced a
random texture to the IrMn and leads to some natural gtbwf the (111) plangat
70°. This also explains why the intensity of the Cu seed layer based peakiat 70

higher than that at @

The XRD pole figure measurements clearly show the difference of the IrMn (111) in
plane texture which was induced by var® seed layer materials. It alslhowed

that the alternative IrMn (111) plane exists at abouf perpendicular to the plane.
Therefore the Co/Pt multilayers should be able to couple with the IrMn (111) plane
at 7C°. Based on the magtic measurementsliscussed in&ttion 5.2, the highest
exchange bias 60 = (136 + 5)Oe was measured using a Cu seed layer at 70°
perpendicular to the plane. This indicates that the XRD measurements are in
agreement with the magnetic measurements and confirm the ingroce of

texture.

5.5 Effect of an AF layer on Co/Pt Multilayers.

An AF layer was inserted into the optimised Co/Pt multilayer system in an attempt
to generate exchange bias in the perpendicular orientation. A similar study was

reported by Maat et a).[113], whose hysteresis loops were measured 10K and
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exhibited an exchange big& = 1.2kOe after a field setting process. Five repeat
units of Co/Pt multilagrs were used with thicknesses @#nm of Co andd.5nm of

Pt. A 15nm CoO layer was deposited above the multilayer to form a top bias
system. Another similar experiment was reported by Dijken dtLla0] an exchange
bias value ofO 800e was measuredsing a bottom bias system. The sample
composition was SglPt(2)/IrMn(10)/[Co(0.4)/Pt(2d The sample was set for 60

minutes in a field of 5.5T at 493K in the aitplane orientation.

Samples with bottom exchange bias were studied vathucture Ta(5)Ru(5) or
Cu(5)/IrMn(6)/[Co(0.6)/Pt(1.69]Ta(5) as shown in Figure 5.15Sputtering
conditionswere 300V bias voltagewith an Ar pressure of 1.86mTowere used
based on the optimisatiorstudy described in Section15.5nm Ru andCu seed
layers were deposited to induce different textures in the 10 ninirlayer as
shown in Section .8. (Co/Pt) multilayers weresed with0.6nm and 1.6nm thickCo
and Ptmultilayers, respectivelyThe samjes were capped withrim of Ta These
samples wae used to measure the mediablocking temperature Y and the

anisotropy constant) inthe IrMn

Co (0.6 nm)

—35

Co (0.6 nm) B

IrMn (6 nm)

Ta (5)

Figure 515 Schematic diagram adfie Co/Pt multilayerstructure.

The interfacial anisotropy od sample witha 0.3- 0.5nm Co layes in a Co/Pt
multilayer is approximately 0.Zfgs/cn¥, [121]. The number of repeat bilayers=

3, 5 and 10 were use control the coercivityof the samples.

The median blocking temperature ™Y is defined as the activation temperature

at whichthe exchange bias goes to ze[B9]. Since the samples were grown using
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a sputtering system the samples havpdaycrystalline structure and therefore each
grain has its own value of Y hence the AF can be characterised by a
distribution of “Y . It is possible to control the activation and reversal of the AF
grains to vary the exchange bias. This proceasesachieved by heating with the F
layer reversed in order to change the order of the AF from the original state as

discussed in Section 3.7.

Blocking temperature measurements were undertaken for all samplasyusie
York Protocols]59]. Figure 5.6 shows the blocking temperature curves that were
measured for the samples with Ru seed layers for different number of Co/Pt
repeats. Each sampleas initially set for 60 minutes in an applied fieldt@DkOe at
498K which saturated the Co/Pt stack. All hysteresis loops were measure@kat 29
where the samples were thermally stablrom Figure 5.16 it is clear that 3 repeats

produces the highest vaduof"O and is thermally stable.
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Figure 516 Blockng temperature measurements &u and Cu seed laykasedsamples

The data in @ble 5.5 shows asummary of the values of Y andO for all
samples. A numbesf unexpected featuresvere observed in these measurements
The first of these is that the texture of the IrMstrongly influenceshe coupling. It

is known from previous worthat the Ta/Ru seed layer inducesagl (111) texture

in the rMn as discussedhiSection %, [8]. TheCu seed layer induceandom (111)
texture which will have a larger fraction of the (111) planes lying out of the plane of

the film. This kearly increases the coupling and heri®e increases by up to an
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order of magnitude.However increasing the perpendicular anisotropy of the
(Co/Pt) by using the optimurmumber offive repeats reduces the value @ to

(355 + 5Peindicating that the shift in the loop comes from thexture of the IrMn

layer.
SeedLayer| n | Hex(x50e) | <Tg> (x2K)| Kar(10’ergs/cc) ( ioc.)zhm)

3 92 465 1.00 £ 0.05 7.0

Ta/Ru 5 104 431 0.86 £0.04 7.2

10 85 425 0.81 £0.04 7.3

3 688 >500 >0.55 + 0.03 8.6

Cu 5 355 >500 >0.46 £ 0.02 9.3

10 25 >500 >0.49 £ 0.02 9.1

Table 5 Summary of blocking temperatus@and exchange big$t,) for all samples.

The value of Y can also be expiaed by the competingnisotropiesof the
Co/Pt multilayers and IrMn. The-plane anisotropy induced in the IrMn growm o

Ru is much greater than that due to the Co/Pt multilayers. Therefore the exchange
coupling effect is dominated by the-plane anisotropy of the IrMn. For the case of
the sample grown on a Ru seed layer with n = 3 the perpendicular anisotropy is

much lowe than that for the sample with n = 10.

A further unexpected feature of the results is the effect of the (Ca/Pt)ltilayer
on the median blocking temperature. Previous data fam-plane F layers with
identical seed layerand an IrMn thickness of 10nmavethe values of “Y  of
386Kfor the Ta/Ru seed layer based film aB@l7Kfor the Cu seed layer based film
[59]. It is important to note that “Y is due to the productob w wherew is
the grain volume which is given & “j @. Although the median grain size
diameter of Cu seed layer based system was approximately 2nm thagethe Ru
seed layer based systerfihe actual grain volumef Cu seed layer based sample

was twice that of the system grown on Ru. (i.&=929, 7= 343)

For the Cu seed laydasedsystem the value of Y was greater than 500K and
could not be measured due to the resulting damage to the film structlreahe
case of an ifplane system which was studied by Aley et[8].a Cu seed layer

based induced a Y of 347K and @ of (0.2 £ 0.02)40’ergdcc. However in
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Table 5.5t showed that the "Y of Cu seed laydbased systenis greater than
500K.

Because Y is greater than 500K therefor@ minimum value oty for the Cu

seed layer based samplegs calculated using “Y = 500K. The mean grain
diameter of the samples/aried between 8.8nm to 9.3nm and no trend was
observed with the grain size. This is because the samples were sputtered using the
same bias voltage. The highést of (0.55 *+ 0.03) x ¥érgs/cc was measured
using threerepeat units of Co/Pt. This value wf is more than twice that
measured by Aley et gl8] for an inplane system grown on Cu of (0.20 + 0.02) x

10’ergs/cc.

In the previous study of Aley et 48] 10nmthick IrMn layers were used to couple

to 3nm of CoFe. The blocking temperature measurements showed that the AF
grainswere ungable at room temperature After the CoFe layer was replaced by
Co/Pt mulitlayers the stability of the AF graimas increased dramatically which is
shown by the blocking temperature curve in Figure65.The Cu seed layer induces
random magnetocrystalline anisotropy in the IrMn which causes some of the Mn
spins to align with the F layer anisotropy. Therefore the tharstability of the

IrMn was improved by the Co/Pt multilayer system.

The effect of increasing the perpendicular anisotrgbyCo/Pt multilayerseads to a
reduction ofthe AFanisotropy. However even for the sample with=5 grown on
the Cu seed layer the value of’Y remained in excess of 500K. For the sample
with n =3 grown on a Cu seed a value©f =(688+ 5)Oe was found which is well
within the range required for device applicationhe values of exchange bias
found in this experimentcan be explained bthe competinganisotropiesof the

IrMn and Co/Pt multilayers as shown in Figur&rb.
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Figure 517 Schematic of competing anisotropy betweao/Pt multilayer and IrMn.
NiCrseed layer

NiCr induced a strong IrMn (111)plane texture where the planes lie parallel to
the substrate surface as shovaehematicallyin Figure 518. This was confirmed in
the previous work reported by Aley et §B] and the pole figure for samples made
in this work which were shown in Section 4. The Co/Pt multilayer induced a
perpendicular anisotropy confirmed by the magnetic aserements shown in
Setion 52. Since the anisotropy orientation between the IrMn and Co/Pt

multilayersis perpendicular. No exchange bias at all was measured

Figure 518 Anisotropy orientation between IrMn and (Co/Rfpr a sample grown on liCr
seedlayer.

Ru seed layer

The Ru seethyerinduces a weaker anisotropy mrasignmentof the IrMn (111)as
shown schematicallyFigure 519a. This was again confirmed the pole figure data

shown in Section 8. and the room temperature hysteresis loop measurements
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shown in Figuré.19b. The hysteresis loops were measured at room temperature
after the usual field setting process. Exchange bias valu€s of (92 + 5)Oe, (104
+ 5)Oe and (85 + 5)Oe were meamdiusing different repeat units of n = 3, 5 and 10,
respectively. This indicated that the weaker ralggnment to the IrMn (111)
allowed the Co/Pt multilayers to exchange couple with the IrMn in the

perpendicular direction.

111 r» 11 1.09 mm,
Kre ff co 1
i1t »« 11
1t o 11
KAFj‘ IrMn $§
=
a) b) Applied Field (kOe)

Figure 519a) Anisotropy orientation between IrMn and (Co/Rt)singa NiCr seedb) Room
temperature hysteesis loog with different repeatunits ofthe Co/Pt multilayer

Cu seed layer

In the case of the Cu seed layer based samples a random orienti#titve IrMn
(111) planes resultedas shown by thepole figure data in Section.4 The
anisotropy orientation between the IrMn and Co/Pt multilayers is shown
schematically in Figuré&.20a. The hysteresis loops were measured at room
temperature after the usual field setting processckange biasaluesof 'O = (688

+ 5)Oe, 855 + 5)Oe and (1Bx 5)Oewere measuredor repeat units oin = 3, 5 and
10, respectivelyThis is becausie random orientated IrMn(111) plans allows for

stronger coupling with th&€o/Ptanisotropy
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Figure 520a) Anisotropy orientation between IrMn and (Co/Rt)singa Cuseed.b) Room
temperature hysteresis logowith different repeatunits of Co/Pt

There were two unique features which can be obserfen Figure 519 and
Figure 520b. Thee are thevalue of thecoerciviies and the positionsof ‘O and
'O of the hysteresis loops. A significant decreaseadrcivity wagecorded when
the Ruseed layer was replaced by Cu. This was due tabisence of (11lfexture
in the IrMn and so the magnetocrystalline anisotropy along the IrMn <111>

directionwasdistributed randomly in all directions.

The otherfeature was the valugof O andO . In the case othe Ru seedayer
systemO was located ata negativefield value but not"O . However for the
samplesgrown usinga Cu seedayerthe largest exchange biasf (688+ 5)Oewas
measured Furthermorefor the samples using repeat units of= 3 and 3he value
of O andO were (-703 + 5)Oe,-686 + 5)Oe and-405 + 5)Oe,-248 £ 5)Oe,
respectively. These wereoth located at negative field values at room temperature
as shown irFigue 5.20band hence cannot be demagnetised by an applied field

Therefore the Co/Pt multilayenas the potential to worlkas aHAMR media.

In the context of this project the primary objective is to create an exchange bias in
HAMR media. In Figure BR2 it is shown that for the Cu seed layer sample with 3
repeat units is feasible for HAMR media. It also provides afgybprinciple that

this system can workThisis because both coercivity values are in negative field

valuesand an exchange bias value'®f = (688 + 5)Oe was measured.
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Figure 5.20loes not indicate the required activation temperature for reversal. So
that reversal of a bit of information could be achieved. It is interesting to note that

in an exchange bias recording medium the informatis actually stored ithe AF

layer rather than the F layer and hence it is not subject to normahdgnetisation
processes. However in Co/Pt multilayers the grains are strongly exchange coupled
and hence utilisation of this system is likely to lead igngicant spreading of the

bits due to the switching in adjacent regions of the akfd the resultingexpanded

bit size in the Co/Pt layer. Hence to produce a high density exchange bias medium a
segregated F layer will still be required. It sltbble nokd that other than very
weak surface effects, there is no intergranular exchange coupling in a
polycrystalline AF layer. Hence there is no necessity for exchange decoupling in the
IrMn.

The magnetic measurements shown in Figure 5.20b show that it is po$sibhift

both coercivities to a negative value of applied field. It is based on the competing
anisotropies of the IrMn layer and Co/Pt multilayers. The Co/Pt multilayer system
has a continuum thin film structure which is not suitable for HAMR media.eMemw

it may have the potential to form patterned HAMR medium. A continuous HAMR
medium requires a segregated grain structure with the use of Ce®l@twhich

will be discussed in the next chapter.
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Chapter 6

HAMR Based on Exchange Bias

This chaptersummariss the important experimental results including magnetic
and cwystallographic characterisationf a perpendicular exchange bias thin film
media sample. The magnetic measurements are based on the York Model of
Exchange Bias which explains the originthe stability and magnitude of the
coupling between a ferromagnetic (F)and antiferromagnetic (AF) layser This
chapter also provides a proof of principle that a perpendicular recording medium
(PRM)based on exchange bias could be achieved at room &atpre. Segregated

thin film samples were demonstrated usiaglual Ru seed layer.

6.1 Growth Conditions

A series ofmeasurements wer made to optimise the physical anuagnetic
properties of thethin film samplesA sgregated grain structure plays anportant
role in conventional perpenditar recording media. It can be achielveby
sputtering a Ruseed layer atwo different process pressusewhere the process
pressure of the second layer has to be much greater it used forthe first.
Undertheseconditions the grainsizeof the second layer is smaller thémat in the
first layer. Therefordhe grain sizewas reducedas well as a voidtrasicture being
created The void structure provides a ~1Inm wide spacing between each grain.
When the CoCrR{SIQ layer isdeposited on the seed layethe SiQ becomes
trapped in the voidsas shown irthe crosssectional TEM image iRigure 6.1 The

SiQ acts as an insulator and provslRKKY deoupling betweerthe grairs.
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Figure 61 Cross sectiofEMimageof a segregated sample.

A series of measurements were performed tptimise the segregated grain
structure. Six samples were sputteretb create identical structures of
SifTa(5)/Ru(8)/Ru(12)/CoCHSiQ(20)/Ta(5)as shown in Figure 6.Howeverthe
process pressuresed to growthe second Riseedlayer was varied in the range

10mTorrto 30mfTorr.

Ta (5 nm)
CoCrPt-SiO, (20 nm)

Ru (12 nm)
Ru (8 nm)
Ta (5 nm)

Figure 62 Schmatic diagram of th€oCrPt basesamplestructure.

5nm of Tawas grown at sputtering rate of 0.5A/s to create an amorphous surface
to suppress crystal habit from the. 3 total 20nm of the Ru wasgrown as a seed

layer.

Aseed layer thicknessf 20nmis commonly used in HAMRediaand PRM [4] [17].
A CoCrPRiSiQ layer wasthen sputtered ontop of the seed layer using adentical
process pressurt that used forthe second seed layeA recording layethickness
of 20nm was usedo representa medium providing enoughsignalfor aread head.

The samplesvere capped witha5nm Taayerto prevent oxidation.
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Magnetic Properties

Room temperature hysteresis loop measurements werade Because therevas
no AF layer in these samglean AGFMwas used to measure the magnetic
propertiesshown in Figure 8. The samples were measuredthre perpendicular

orientation. Table 61 shows a summay of the magnetic properties of the samples.

Process pressuifer the 2°4 Ru (mTorr) Hy(x5°%kOe) M/M §(£0.02)
10 0.97 0.78
15 1.39 0.63
20 1.25 0.98
25 1.78 0.78
30 1.20 0.91
40 0.18 0.18

Table 61 Magnetic propertieof samples with structures fiown in Figure &.

1.0

—=—10 mTorr
+— 15 mTorr
—+— 20 mTorr
+— 25 mTorr
+— 30 mTorr
—<+—40 mTorr

SR T
Applied Field (kOe)

Figure 63 Room temperature hysteresis loop measuremeiasCoCrPt samples grown a

different process pressures.

There are twamportant criteriathat need to be considexd in perpendicular media

which are the coercivity andquareness High coercivity is required for HAMR
media becauseof the relatiorship between the magnetocrystalline anisotropy
constantv and thermal stability. In recording media the magnetisatiaf a bit

must be stable for 10 years. Hence thredl stabilityis required thecriterion [12]

— m (6-1)
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whereV is the magnetocrystalline anisotropy consta, the grain volume;Q
Boltzmanm éonstant andYthe temperature.As0 is increasedhe grain sizecan
be reduced andtherefore a high density can be achieved. A high vatde

squarenesss requiredto generate aroutput signal

Usinga low proess pressure such as 10mTorll&mTorr to sputter the seconu
seed layer resultedn low squarenessvalues of 0.78 and 0.63, respectivelyrhis
indicates that for low process pressurgrowth the Ru cannot inducestrong

perpendicular anisotropin the CoCrR8EIQ layer.

As the second Ru seed layprocesspressure is increased up t8OmTorr a
perpendicularanisotropy with squarenessvalues in the range0.78 - 0.91 and a
coercivity between 1.20 t01.78kOe are generatedas shown in Table 6.IThe
process pressure of the Ar plasnsapproximatelyinversely proportional to the
sputtering rate. Thesputtering rde of Ru using 20, 25 and 30mTorr wasf0s4 0.3

- 0.4A/s and 0.4/s, respectivelySince the deposited Ru atoms are more scattered
by Ar atoms athe high process pressus¢he decrease of grain diameter is duedo
reduction in the migration energy anthe migration distance of the deposited Ru

atomsas shown in Figure 6.fL22].

5 nm

Figure &4 Cross sectiosd TEM imagef a segregated samptd CoCrRSiQ system.

However the ot of plane anisotropy collapsemce the process pressure tfe
second Ru layer reachkdOmTorr. A squareneswvalue of 0.18 was measured. This is

becauseat 40mTorr the extremely low sputtering rate 00.0 - 0.1A/s resulted in
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poor crystallisation othe Ru. The CoCrR8iQ layer did not have eaxis texture

perpendicular to the planéadingto alow squareness.
Structural Properties

Xray diffraction measurements were carried oah the samplesfor which the
second Ru seed layer was sputtered using different process pressure. scars
were used to measure the crystallographic texture a¢ gamplesThe diretion of
aXNlF @ RATFTFNIOlA2y OFy 0SS OFftOdz I G SR dza Ay 3

CQOEI (6-2)

where_is Xray wavelength, is angle between the incident beam and the crystal
planes andQis the lattice spacing. Due to the crystal structure of CoGiBtand

Ru bothbeinghexagonalthe lattice spacing is

Q (6-3)

Where'QQanddare the miller indices for a particular plamad dand®are the

lattice constans of the crystas as shown in Figure 6.5

Figure 66 Hexagonal crystallographstructurewith its lattice constants.
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Figure 66~ ” scars for samplegrownusing different process pressures on the second
Ru seed layer.

Based on the Internation Centre forifibaction Data (ICDD) the R@02) peak
shouldbe located at 42.2° The(002) peak for the CoCrP3iQ is locatedat about
42.8,[123. Two peaks located at 42 and 42.8° can bseenin Figure 6.6. fie
samples were depositedusing 10mTorup to 40mTorr process pressuséor the 2

Ru seed layer. Since we are lookinghat (002) peak for the Ru and CoC#BIiQ

layer, the first term of — Q@ Q"X goes to zero becaus@andQare both

0. Therefore theonly term that contributes to the diffractionpatternsis — which

indicatesthat the lattice constargcare differentfor the Ruor CoCrPSIQ layers
grownusing various process pressaré measuremenfprovided bySeagateMedia
Researclof the lattice dspacing as a function of Pt concentration ingfCaz3)1-xPtx

isshown in Figure 6.7

Figure 67 Measurement of espacing aa function of Pt concentratio123].
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