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Abstract

The capability of a novel sputtering technology known as HiTUS to produce thin films
with controlled grain size and distribution has been evaluated. This has been achieved
for different materials chosen due to their importance in industrial applications. The
grain size of the deposited films was measured from TEM images in bright field mode.
All the distnnibutions were lognormal and over five hundred particles were measured to
recompose each lognormal function. For a range of materials close control of grain size

between 4nm and 30nm was achieved.

The grain size was controlled through the deposition rate. This has allowed the
investigation of the effect of the antiferromagnetic grain size on exchange bias without
the use of underlayers, additives or substrate heating. It was found that the magnitude of
the loop shift strongly correlated to the distribution of grain volumes in the
antiferromagnetic layer. Using detailed measurements of the grain size distribution the
features of exchange bias in these systems can be explained on the basis of a grain

volume model with coherent rotation.

For example using measurement protocols that ensure reproducibility of data has
allowed the development of a new measurement technique for the anisotropy constant
of metallic antiferromagnets. This is a key result since the anisotropy 1s used in all
theoretical models of exchange bias as a fitting parameter. The anisotropy was
determined only from expenimental features and only its temperature dependence had to

be assumed to be of the form K(0K)(1-7/Ty)’ in order to calculate the values. For IrMn
K(293K) = 4.14x10%rg/cc and for FeMn K(293K) = 1.36x10%rg/cc.



Table of Contents

ADSITACE ..ciiiiieiieierreiiiieeecsrneen e e s sneeee s e e sesssaaesssstenasessressesssaesssssstesssrnnsessnneesass 2
LISt Of FIGUIES ..ottt ccrcrenreeeescseessessssnstessessesesssssssassrerseasessesssssssnsrannes 6
LISt Of TabIES..ccuieiiiiiririeieiieniiiiirieeiereeeeireeereeeerererreeeeeseeereseeresereresaeesnreesesesssesssesesenanes 11
ACKNOWICAZEMENLS ...ceiiieiiiiiiiiiiiiireeeirerieeeerreeersssesrersrenssarernreeeessesseessssssrsssnnntesnnenes 12
I DISTOIE: 1 214 (o) 1 LA OO PPUPRPR 13
Chapter 1 INtrOQUCTION ...ccevuieeicccciriereiereiereeneeesestsessesnrtressrsssssssssessessasssransesaneassasnsanss 14
Chapter 2 Magnetism of thin flIms .....cooovviiiiinnnnniiiiiesme. 17
P2 W 416 (o Yo 11 Lod Lo o P OO USRS 17
2.2. Magnetic aniSOLTOPIES tievveerererersssnsssssissseneesssssesssunssssaessssnssesssassssssssssnssssasssasans 17
2.2.1. Magnetocrystallinge aniSotropy....cccceeeeceriiieinciriceniinniiinnnnneeme. 18
2.2.2. Shape aniSOtIOPY «eveceerrerrieisennnersnssssiensiismseesisessiesssssssieesssssisnessssssnssssesnens 19
2.2.3. EXChange aniSOtrOPY «ccveeeverersseerersssseresssssressssanessssssenssssnnesssnnssssssnsssssessenns 20
2.2.4. Other anISOtTOPICS . .vueveerrreeererrieiisiisisisssrssssssnesstetstsersssssossssssssinnanssssssssssess 21
2.2.5. CoFe nanoparticulate films......ccccccriiiiinnnnnneenicciinnniiie 21
2.3. Magnetic domains and domain walls........ccceeeeieiiciniicininnninnne. 23
2.3. 1  INECI WallS.c. i criieeeccrecreeireeenerecereeseesrserseseessssissereenssrnnstsssnsssssssssrasssassnss 23
2.3.2. Domain formation 1n COFe ......coviiriirrnniieiiicinnnneenmieme. 25
PR TN 015 B 15 ¢ (0 0 0 T ea 0 1 01 1 (PP 30
2.4.1. Structure of antHerromMagnets.......cccvverrerrnrercinininniee .. 32
2.4.2. Spin structure of antiferromagnets.......ccevvereiccniinsneeineee.. 34
2.4.3. AntIferromagnetic SYSIEITIS ..uuvvurereerirreeiereerseesssesersresronssstsnssseessssessssssssssanes 35
2.4.4. Polycrystalline vs. single crystal antiferromagnets.......cceevevriicineeinivenneenes 36
2.5. Anisotropy in antiferromagnets: IrMN .......oveeeeiiiiiiiiirrrrrreecrennnennen 37
2.6. Interactions in thin flIMS .....cceveveiiiiiiiiiiiiirercrreerrr e cteeeeeessees 39
2.6.1. Direct eXchange INtEraCtiOn ......cccccvereeereeeiersirrrsinrnnerereesssssresesssresssssesssanss 40
2.6.2. Indirect €XChan@e .....ccceviriiiieiiiiiiiiiiiienieicrrnieririr s e s sssssesssesassssssssssanes 42
2.6.3. Intergranular exchange COUPING....ccoveiiiiiiciiieeiericierrecenrrere e ceesanaees 43
2.6.4. SUPET EXChaNGE ...ccvcurviiirnrriiiirriecrriicerecrnrreetretreerrrraseseeserressesssnsssssreanasnsss 44
Chapter 3 Theory of EXChange Blas .....ccvvviiiiiiinniimiiiiiiiiiiieesieneeeereermeenseressssssssnsessessssse 46
3.1, INTOAUCHION ...ttt b e sbressasessseosbassaae s saneesaaans 46



3.3. Reversal of exchange biased systems: 7 point model......c.cccvvviniiiinicniiinninienenen 47

3.4, Early MOdels. ..o s nseraesesresssrssssesssarsesssssansaanrans 49
R IV W 28 T4 T 15 41U Yo 1<) RO PPN 49
3.4.2. Uncompensated interfaces (INEeEl) ...oooeeeviriiiiiiiininiiiiiinininniinnenninnnnenen. 51

3.5. DomaIn MOAEIS ....ccviiiiiiiiiirereiinceiireeereeresrenesiessssssssinessssessssssreesssssssesesesssssans 51
3.5.1. The model 0of Maur .....ccoivirrrrrreniecriiiniiniinireisnsniiencsresssesssaens 52
3.5.2. Antiferromagnetic domains due to interface roughness .......ccovvvreiirinnnnes 54
3.5.3. Perpendicular coupling at the interface.......ccccceeeviciviniiiininiineiiciininnnninnnnee. 56
3.5.4. Domain state Model ........cvieeeeeemmeenmecniinieiiiiiiiiiessnnen 57
3.5.5. Partial domain walls in the antiferromagnet .......ccceevceviieiiiiniiiinniinn, 59

RICOTR€ 7 ¢:1 0101 F: 1 g 16U Ve =) (-3 OSSOSO 59
3.6.1. Thermal fluctuation after-effect model .....oovveivievvieiiniiiinnnniinniinannee, 60
3.6.2. Stiles and McMichael.......ccoovviiiiviieiinirricrnc e 62

3.7. Technological applications of exchange bi1as........cccovveeiniiienniniiinninicinnnn. 65

Chapter 4 Experimental Studies in Exchange B1as......coccvvenicicininiiniiininn.. 67

4.1, INtTOQUCTION .evvveeereerrriiiisisissireereesrereeeeessnensssresssssssassassssesssessssssasasstsassenesssataaniaees 67

4.2. Effect of annealing and/or deposition in a field......ccooocviiiiiiiiiciiinnnnnniiiinn. 67

4.3. Antiferromagnetic thickness dependence .......coovvmirreeriirinrinnnnnniniien, 70

4.4. Ferromagnetic thickness dependence........ccccovcveeeeiniinnierenicnnnecinnneeeciene, 71

4.5. Film roughness €ffECtS ....ociceiiiiiiiiriieiiieiiieeriesicsssensniiecenneenineannesiminsessssiieaes 72

4.6. Film crystallography .....cccovvreeronmmmnrinnnicinnninnriencsssess e, 72

4.7. Antiferromagnetic grain S1Z€ €ffECtS......ccvriiiiiirvninnnnniiiinniininneneeicen, 74

4.8. BlocKING tEMPETATUIE ...cccivieeiriinnrieninrerissinniissssssssssseesisssiesessinnasssssnesssssnsssrsnsesass 76

4.9. MemOTry €IIECLS ...cccvviiiiiiiiiiinniiininn e s 79

4.10. TrainNiNg €ffECt ..ccuuvvireeiiiiiiirrrreec e sessssssss et rssassttse st s ssssaantesesseessanens 82

Chapter 5 Experimental Techniques ........cocvvuiiiiiiiminirrt st 85

5. 1. INETOQUCHION .. cevieeieieieeienrecieeerereseseenieraensesssssssssssssesssissseeenssrersresssssssessnsssrsssrsnss 85

5.2. Sample preparation teChNIQUES ......ccoovvvieirierteniiinieirecrisesessenesesens 85
5.2.1. Magnetron sputtering (DC and RF) .....occoccvvviiiiiiiiiniininiennenn. 86

5.3. High Target Utilisation Sputtering (HITUS).......ccccvivniinnniniiininninnninnnene 87
5.3.1. Limitations of conventional sputtering systems........cccceeveerrieennrarnreeneennenee. 88
5.3.2. HITUS t€ChNOIOZY ...uiiirmriniiiitiniiiinieieniiiiceniisnmmmmmmssiiesmemessessssssssrssanes 89
5.3.3. Grain size control USINg HITUS .......ooioiiiiiiiieirireresseninrnneeseeresssesenesss o1

5.4. Measurement tEChNIQUES ....c.coviiirirerirrrreirretiererreeerteesereerossnssesssrsnsrssnssessssssssaessss 93



5.4.1. Vibrating Sample Magnetometer (VSM) ..o veeeveceereeeeerevreesesssessessesssosnes 93

5.4.1.1. Measurement ProtOCOLS .......ccuvivrireierererreisnesrreeeesseesssesssesssosssessssssnsssses 935
5.4.2. Alternating Gradient Force Magnetometer (AGFM)......ooveveeveeevvevenveninnn, 96
5.4.3. Magneto Optical Kerr Effect Magnetometer (MOKE)........ccooevvreervverunnnnes 07
5.4.4. Transmission Electron Microscope (TEM).....o.eeovevueeeerevenresseeseeseesessne, 100
3.4.5. Ze1ss PartiCle S1Z€ ANalYSET........uovveeeeeeieiireeereeeeeeeereeeeeeseesseeseessessesseennen. 102
Chapter 6 Results and DiISCUSSION .....ccuceiveiiiiveirreeieserersereesssreessseessesssresssssssssesserssssssses .103
6.1. Grain si1ze control in sputtered thin filMS.......ccoveveveeeceereeereerrerreeeeeereeseeesnnans 103
6.1.1. Cumulative Percentage Method (CPM)......cccceevvveeviivieiireerceereerecenesnnans 105
6.1.2. Grain size control in Cr thin filMS ......c.ccocciiiveeineeeieenneeeneeesesereeseseessnns 107
6.1.3. Grain size control in ferromagnetic materials: NiFe and CoFe................ 109
6.1.4. Grain size control in antiferromagnetic materials: FeMn and IrMn......... 112
60.2. CoFe films with controlled grain size and COEIrCiVity .......ocvevvreerieernnerrnernee 115
6.3. Grain Size Effects in Polycrystalline Exchange Biased Bilayers. ................... 121
0.3.1. NIFE/FEMN SYSIEMS ...tvviiiiireiiirniiennneeiieienineenseieesseisnecssssnessssssssssssaes 121
6.3.1.1. Determining the anisotropy constant of FeMn .........cccccevenvreeeeeecnnnnn. 124
6.3.1.2. Training €ffectS ....cceciveiieeiiiieiiccireereccrerr e rerarreeesssssssesssesssssenens 128
0.3.2. COFE/IIMN SYSIEMIS ..cccviiireiiitieeieiiirecesintnre e sseeressssresecssssseessssrassessares 130
6.3.2.1. ANISOLropY Of ITMIN....ccciiiiiiiiriiiiiireeecnerer e csrreeecsrssreneeseseseesssrnsnneeene 133
6.3.2.2. Granular model of exchange bias.......ccccccvreierereeiiieeenieeecneenneenneeennnes 137
6.4. Annealing Effect on IrMn/CogoFesgBag BIlayers .......ovvvveevrvinireeiieennvecnneenn 139
Chapter 7 Conclusions and FUtUre WOTIK ........cciveecveeirireereeesseersesccsesessssesesesssseesssanseenns 146
7.1, CONCIUSIONS ......coviiiiiriiiieceiiniireeiteneenieresieessessesressssssssssesssssssssessessnensesseossns 146
7.2. FUUTE WOTK ...ttt evsssaesareessesseesssssssssssnssnees 149
Chapter 8 APPENAICES ...uveiiiirieiiiirnieeeiittiieeeeeeiesssseeeestreeesssaesssssessssanesssssrsnssessstesens 151
LISt OF SYIMDOIS ..t sesrr e s ssaes s eee s s neessesssnsesessssnnnesenes 151
REIETENCES .ttt sreeersssecssssstesesesssesssssssssessessesessessnsessans 156



List of Figures

Figure 1. Hysteresis loop of the Co particles embedded in their natural oxide measured

at 77K after field cooling in a 10kOe magnetic field (solid line) (Meiklejohn and
BN, 1950). cuveiiiiiiiciiec et ee e s e st e e sanaae s 14

Figure 2. Hysteresis loops at 77K after cooling in a 10kOe magnetic field (solid line)
and after zero field cooling (dashed line) (Meiklejohn and Bean, 1956)................ 20

Figure 3. Cross section TEM image of a si/CoO(10nm)/CoFe(30nm) grown at 100°C
(Platt ef al., 2000).......uvieiieeiieeeniciireeiereeceerssretesessssseeeeresesseesessssssasssssssssssessssanes 22

Figure 4. Cross section TEM image of NiFe/CoFe/(Al,03/NiFe/CoFe)x3 (Craig et al.,
2000). ..t eee e et ree st sesr e e e et e s e e e e sae s bt et aaateaeseseesanrnrartaeesaeesanns 23

Figure 5. Schematic diagram of a Bloch wall (left) and Néel wall (right) (reproduced

from Cullity, 1972). ceeviieriiiieeeivnrrereinnererresissinreesissssssseesesessssnsssssesssassensssesannaens 24
Figure 6. Energy per unit area (top) and thickness (bottom) of a Bloch and a Néel wall

as a function of the film thickness (reproduced from O'Handley, 2000)................. 24
Figure 7. TEM images of the easy axis hysteresis loop of a 50 nm thick CoFe film.

Black and white arrows indicate the applied field and the magnetisation directions,

respectively (Craig ef al., 2000). ...uuuuuuerevermrereiirninirerirsssiseesisesssassesessaessenssesssessens 26
Figure 8. Fresnel images of the magnetisation reversal of a IrMn(10nm)/CoFe(10nm)

bilayer. (a)-(d) show the forward reversal and (e)-(h) the recoil reversal. H, 1s the
applied field and UEA the unidirectional exchange anisotropy (Wang and Petford-
LONE, 2002). cotieerireenirrereeeieiiirirereiissssissessssssissssesesssesssssessssssssssssssssssssasssssssssssesssssossss 27

Figure 9. a) Easy and hard axis hystersis loops for a single CoFe film b) Domain state

around the coercivity during an easy axis loop ¢) Domain structure with an external
field equal to the field applied during the deposition of the exchange couples
(MCcCord ef al., 2003)...ceuiiiiiiiieiiiiiciiiiereeiaiieeeeeesetaiaeeesearsssassessesrssssnsessesesnsasanenns 28
Figure 10. Domain structure and magnetisation reversal process for a)
CoFe(10nm)/IrMn(5nm) and b) CoFe(20nm)/IrMn(5nm). The insert is an

enlargement of the part pointed by the arrow corresponding to a 360° domain wall.

The lateral resolution of the insert is Sm (Zhao et al., 2002)........cooevvrreeererrrrrnnenens 29
Figure 11. Temperature variation of the AF susceptibility. .......ccceevveeeceerrerrereereneeesnenenes 31

Figure 12. AF arrangement with two identical sublattices, A and B, with their magnetic

moments pointing 1N OPPOSItE AITECLIONS. ...ovveveereriiveereerrerrrreresssessessesssesessserssessessens 32



Figure 13. Spontaneous magnetisation of the two AF sublattices below the Ne¢el

I PETALUTE. cevuuurereiereieierernrerennrneeresessesreseseasennmresesssssssssanersansenasssesssessssssssssssssssassannes 34

Figure 14. Magnetic phase digram of y-phase IrMn alloys (Yamaoka, 1974)................ 37
Figure 15. a) Antiferromagnetic structure and b) corresponding <111> spin structure of

IrMn3. Open and solid circles represent Mn and Ir atoms, respectively (Tomeno et

ALy 1999). ittt ese s s e s e s e s s r s ae e e s s s nasases s aannes 38
Figure 16. The Bethe-Slater curve (reproduced from Cullity, 1972).....cccovvvvvvrinnnnnninnn 41
Figure 17. Saturation field at 4.5K versus Cr layer thickness for Si(111)/10nmCr/

[2nmFe/tc,Cr]N/SnmCr (Parkin ef al., 1990).....cccoivvviiiceiiinininiiinnnniineinnee, 42
Figure 18. Schematic diagram of the rocksalt StruCture.........ccccovvvvviveniiiiiiiinieeeeeininnnene. 44

Figure 19. Schematic diagram of the spin configuration of an exchange biased bilayer at
different stages: a) when a field is applied above Ty, b) after cooling below T still
in the presence of the field and c¢) when the F is saturated in negative bias. .......... 47

Figure 20. Schematic diagram of the magnetization reversal of an exchange biased

SV S CIMN. 1eeeiriieererenreerersenssiesesieessaesssssnessssessnsssssossssassssssssssasssassisstasesensontassenassasasesssessans 48
Figure 21. Angles involved in an exchange bias system in the model of Meiklejohn and

| 772 o DO PP SUUU PRI PSS S0
Figure 22. Schematic diagram of a domain wall propagating along the bulk of the AF

when an external magnetic field is applied along the z direction. ........ccccvrnieinnee 52
Figure 23. Side view of a F layer exchange coupled to an AF layer. .......cccocveveiienninnnnn 54
Figure 24. Perpendicular F/AF coupling with spin canting in the first AF layer

(reproduced from Kiwl, 2001). ...vvieiiiiiiireeeirccininiininiennieeiescnmmmnssnee, 56
Figure 25. Schematic diagram of the domain state model where the dots refer to defects

(reproduced from Nowak ef al., 2002).......ccccceeimninmmmieinniniimmeieneee, 58
Figure 26. Temperature variation of the exchange field and coercivity for the heavily

oxidized sample at different frequencies (Fulcomer and Charap, 1972 b) ............. 61
Figure 27. Structure of a spin-valve head (Zhu, 2000). .....cccuvremeemiririenienininniieimininieiies 66

Figure 28. Changes in the lateral grain size of the IrMn films as a function of the in situ
annealing temperature and TEM 1image of a Cu 50 nm underlayer heat-treated at
250°C in ultra-high vacuum (Imakita ef al., 2005) ......ccovviriirriiiiiinirieiieninieeiieneinnnn 69

Figure 29. Unidirectional anisotropy constant and degree of order in the AF layer as a

function of the Ir content in the IrMn layer (reproduced from Tsunoda et al., 2006).



Figure 30. Typical measurement of the median blocking temperature in IrMn/CoFe
bilayers (Fernandez-Outon et al., 2004). ......coeevveeneiiinennennieesesssesssessesessessases 76

Figure 31. Conventional measurement of the blocking temperature for I'Mn/CoFeB
bilayers annealed at different temperatures Tanm. coveveeeereerereeeireenreeesreesseeseseesosesans 77
Figure 32. Measurement of the blocking temperature for a CoFe(10nm)/IrMn(5nm)

bilayer following the measurement protocol described in Fernandez-Outon et al.
(2004). oottt et s rree s srast s sbae s s ere s s s saae e aa e seaae e bt e s saasestaaseraanes 78

Figure 33. Distribution of energy barriers to reversal within the AF layer of an exchange

biased system a) following the standard measurement protocol of the blocking
temperature and b) following the measurement protocol described by Fermandez-
OULON €7 AL (2004) et iiccereeessesssseeeseeeetserssssesressersssesseserssenssssessressens 79
Figure 34. Hysteresis loop of a CoO/Nig;Fe;q bilayer at 200 K (a) after field cooling in a
+200 Oe field, (b) After demagnetising the sample and zero field cooling and (c)
after cooling down 1n the presence of an alternating field (G&kemeijer and Chien,
R L L ) TSP 80
Figure 35. Schematic of the energy barrier distribution within the AF when the sample
1s field cooled in two opposite directions: loop shifted to negative field values (left)
and positive field values (NZht)......couvvvmmimeiicreeeeeeer e e sscsans 82
Figure 36. Schematic diagram of the training effect where the exchange field 1s reduced
UPON 1€1d CYCHNG.cevviiiiiiiieee e rrree s res e s ssbbe e s saaae s 83
Figure 37. Ferromagnetic and each antiferromagnetic sublattice magnetisation during

the first and second hysteresis loops for the case of an AF with biaxial anisotropy

(reproduced from Hoffmann, 2004)........cccccecvirinreninnninecnneninnnnneinieiesnneeneesns 84
Figure 38. Schematic diagram of a magnetron sputtering System. .....cccceevveeeerrvrersrsneneen. 86
Figure 39. Schematic diagram of @ HiITUS system.....c.ccccerrrmrrerrrieicrrcnnnecnnnnenccnnenenens 89
Figure 40. Optical emission of high density plasma and conventional plasma (Vopsaroiu

12871 A0 010 ) o ) OO 90
Figure 41. Target current versus bias voltage for different RF powers (Vopsaroiu et al.,

2005D). ciiiieeiirririrrerrirererrrrrrressserr e ee s e e e s e et b e s e eesesrrr e e ereabeesseesantasesersnreesnans o1
Figure 42. Mean grain diameter as a function of the bias voltage, RF power and process

pressure (Vopsaroiu ef al., 2004). ....coeeeiieeiiieviriirenrireereesrssiessssssssssssesseresssesssssssnses 92
Figure 43. Schematic diagram of a Vibrating Sample Magnetometer (VSM). .............. 03

Figure 44. Schematic diagram of an Alternating Gradient Force Magnetometer
(AGEM). oottt e e saesseseeeseesaesessssssssessssensesesnsessessensens 96



Figure 45. Schematic diagram of a) the polar Kerr effect and b) the longitudinal Kerr

3§ 1< A TSRS RRRSURRUPRRR 08
Figure 46. Typical exchange bias loop (black line) and simulated state of order of the

antiferromagnet (grey line) (Chantrell, 2004). ......evevivieiimeiiiiniinnrieenneereensenreessenn. 99
Figure 47. Schematic diagram of a transmission electron miCroscope. ........cceevveeeeneens 100

Figure 48. Example of cumulative percentage plot and sigmoidal fit used to calculate
the mean and standard deviation of IN(D). .....eeevevvriviimeeeeimeeieeeeeneereieeeeeeeeerreeeseeees 105

Figure 49. Typical lognormal fit obtained using the cumulative percentage method. 500
particles were measured to generate this fit........ccccvevvviiveeiieieniniiiinreecceeeeeeene, 106

Figure 50. Example of grain size data plotted against cumulative percentage frequency

in loganthmic scale. A good agreement between low and high number of particles

1S SHOWTLuveteiiiiiiiiiiiiiiirereet e ccesrrrreeeere e e sssesrrreesseeesssssnsnsnesnsesssesssssrnrnanessssasssrrnnnanes 107
Figure 51. Grain Size distribution and TEM image for samples Al (left) and A5 (right)
TESPECILVELY. 1iiiiiiiiiiiiiieiiceiiieeeireeeirereereeraeeer e rssessesssssssssnassssssaassansassssssaenes 108
Figure 52. Typical TEM image for NiFe. The image is for a sample grown using -600V
[0 - TR0 L ;T o TP 110
Figure 53. Grain size distnibutions for samples Bl and BS respectively....................... 110
Figure 54. TEM images and grain size distributions for the CoFe samples with the
smallest (left) and biggest (right) grains. ......ccceeevvvrirricineeecerienn, 111
Figure 55. TEM image and lognormal fit for the FeMn sample grown at -600V bias
170 | 7 7o T PO OO 113
Figure 56. TEM images for the IrMn samples with the smallest (left) and biggest (nght)
BTAIMIS. ceovurrressisinreeiisssiuencssessentsrssessnsnesssssnnsssssonstassssssssesssssssssesssssssssesssssnssesssstsssssass 114
Figure 57. Grain size distributions for the IrMn samples grown using three different bias
voltages: -200, -600 and -1000V respectiVElY. .uuiiuiirimninmniicnniiineiinnieenin. 115
Figure 58. M-H curves for samples Al t0 A7......coovniiiiinninnnnnnninsieeimmieessimeees 117
Figure 59. Coercivity as a function of the mean grain size........cc.coeeevvirnrrnrnneneennneeennen 118

Figure 60. Schematic diagram of the random anisotropy model. The arrows indicate the
randomly oriented anisotropy axes (reproduced from Herzer, 1990)................... 119

Figure 61. Vanation of the exchange field and the coercivity with the AF grain size.. 122

Figure 62. Schematic diagram of the volume distribution within the AF layer of an
EXChANGE DIASEA SYSIEIML. ...ttt rereaeeeessesesesessessssesessssessenes 123

Figure 63. Measurement of the median blocking temperature T for a NiFe/FeMn
bilayer with D =3.6nm (S. Manzoor, to be published). ....c.ccccevvvveeverervinnenee. 125



Figure 64. Volume distributions for the samples with biggest and smallest grains
respectively. The thickness of the AF layer was 10nm..........coovuvvvevreeirnreenreneeennes 127
Figure 65. Training effect for different AF grain sizes where n is the loop number. ... 129
Figure 66. a) TEM image and grain size distribution for the sample with the biggest
grains (top) and b) TEM image and grain size distribution for the sample with the
smallest Grains (DOILOIM). ....c.civeiiverreieiirrrirrereeesecrereereeeiisesieeeseesssssrrnseessssnsasssesssanes 131
Figure 67. Room temperature variation of the exchange field with the thickness of the
AF layer and the integral over the volume distribution............cccceeerernvnneeneercrnnnnnes 132
Figure 68. Volume distributions for Si/Cu(10nm)/CoFe(2.5nm)/IrMn(¢4£)/Ta(10nm)
exchange biased bilayers. The bias voltage during the deposition of the layers was

Kept constant at -000V. .......oviririeiiiriiiiereiiireeieereraneeetieesreressiesersesssrsssssssssessrnssses 133

Figure 69. Measurement of 73 for a CoFe(5nm)/IrMn(4nm) bilayer (the lines are guides
(031 4 (S ) (=) TS OPPPPPRT 134
Figure 70. Exchange bias as a function of the AF grain size for 4, =4, 6 and 12nm.. 135
Figure 71. Spin configuration at the interface of an exchange biased bilayer. ............. 136
Figure 72. Thermal activation measurements for a CoFe(8nm)/IrMn(5nm)/CoFe(12nm)

trilayer at moderate temperatures. Only the interface CoFe(8nm)/IrMn 1s thermally
active (Dutson ef al., 2000). ........cceeuverererrveierrernsereeemeeresiereseerenmessiiseniessisssesseesssins 138

Figure 73. Exchange field and coercivity as a function of the annealing temperature
Tiann. coevsseeninnnneneeeinisnsriiinetininttiicessissssmnnnseessnaeesssassesnasssseessssessssansssssssssssssataanenssssssnses 139
Figure 74. High statistics RBS spectrum for as-deposited junctions (solid line) and

annealed at 435°C (dotted line) (reproduced from Cardoso et al., 2000).............. 140

Figure 75. Unidirectional anisotropy constant and saturation magnetisation as a function

of the annealing teMPErature Tann..eeereerieeirieesinrerireeissssresssreressaneesssnesssssessssessssnnns 141

Figure 76. Blocking temperature and calculated AF grain size as a function of the

aNNEAIING tEMPETALUTE T . coeerueerrernnnnrrressressesrsssessesssssssssssrsssesssssressressessonsrasss 142

Figure 77. Schematic diagram of an assembly of AF identical grains exchange coupled
(o 3 B ) RO 143



List of Tables

Table 1. Underlayer UL microstructure and H,, for as-deposited and annealed IrMn top

and bottom configuration (Pakala et al., 20002).........cccocereriiiiiiiiiiiiiiiiin. 74
Table 2. Grain size results for Cr. The errors in D are estimated to be £3%. ............... 108
Table 3. Grain size results for NiFe. The errors in D are estimated to be £3%. ........... 109
Table 4. Grain size results for CoFe. The errors in D are estimated to be £3%. .......... 111
Table 5. Grain size results for FeMn. The errors in D are estimated to be £3%. ....... 112
Table 6. Grain size results for IrMn. The errors in D are estimated to be £3%............ 114

Table 7. Grain size results and coercivity for CoFe. The errors in D are estimated to be
u k& ST UOUUP PPV 116
Table 8. Preparation conditions and grain size data for CoFe/IrMn. ........covveiviiiinnen, 130



Acknowledgements

[ would like to thank the European Union Training Network NEXBIAS for funding this

research for the past three years.

I would like firstly to thank Prof. Kevin O’Grady, my supervisor, for his generosity,
guidance and care throughout the course of this PhD. It has been a pleasure to work

with him over the past three years, and I look forward to working under his supervision

in the future.

Dr. Manan Vopsaroiu has been a huge support, particularly during the first two years of
my PhD. He showed me how to use essential equipment and had it not been for his help,
this thesis could not have been completed. I would also like to thank Dr. Sadia Manzoor
for her help and fruitful discussions during the year she spent in York as a visiting
research fellow. I would like to thank the technical staff in the Physics department at the
University of York — specifically David Coulthard and Richard Armitage for their help.

My period as a visiting researcher at SIEMENS in Erlangen was valuable, both
personally and professionally. I would particularly like to thank Dr. Joachim Wecker
and Dr. Manfred Ruehrig for inviting me to their lab. Also, I want to acknowledge my
officemates at SIEMENS. In particular, Dr. Theo Dimopoulos for making my stay more

pleasant.

[ wish to thank my officemates for making my life in York so enjoyable, especially
during the last year of my PhD: Anne, Nick, Tom and Jenny. Also, I would like to thank
Dr. Luis Eugenio Fernandez Outén for his support and friendship during this time.

Finalmente quisiera agradecer a mi familia el apoyo que me han mostrado durante todo
este tiempo, especialmente ‘a los de casa’ por su cariflo, ayuda y comprension. Finally, I
would like to thank Vanny for her love, support and endless patience during all this
time. She has been the best support I could have asked for.



Declaration

I declare that the work presented in this thesis is based purely on my own research
unless otherwise stated, and has not been submitted for a degree in either this or any

other university.

Signed

Gonzalo Vallejo Fernandez



Chapter 1: Introduction

Chapter 1 Introduction

Exchange bias (EB) was discovered fifty years ago by William H. Meiklejohn and
Charles P. Bean when studying the coercivity of Co fine particles prepared by the
electro-deposition of cobalt into mercury. These cobalt particles were removed from the
mercury by oxidising their surface. When the samples were field cooled to 77K to
measure their magnetic properties a shift in the hysteresis loop along the field axis by an
amount H, (Figure 1) and a sin® torque curve were observed. Another important
feature was the increase of the coercivity H,, defined as the half width of the loop, when
compared to the samples that did not undergo the oxidation treatment. The crystal
structure of the samples was studied by X-ray diffraction showing that the oxide was
Co0. CoO is antiferromagnetic below room temperature and, therefore, exchange bias
was attributed to an exchange coupling between the ferromagnetic (F) layer Co and the

antiferromagnetic (4F) layer CoO. Hence, this phenomenon received the name of

‘exchange anisotropy’ (Meiklejohn and Bean, 1956).

Figure 1. Hysteresis loop of the Co particles embedded in their natural oxide measured at 77K after
field cooling in a 10kOe magnetic field (solid line) (Meiklejohn and Bean, 1956).
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Chapter 1: Introduction

Materials exhibiting exchange anisotropy were originally proposed for application as
permanent magnets. However the only industnal applications of exchange bias are in
the form of thin films. In particular, all computers use exchange bias in the form of a
thin film sensor that ‘reads’ the information stored in the magnetic bits. Exchange bias
has been a key parameter in achieving the actual performance levels of conventional
computers over the past few decades. Nowadays exchange bias is also used in the soft
underlayer in perpendicular media to maintain a single domain state in the underlayer

and avoid domain wall noise, increasing the recording performance (Jung and Doyle,
2003).

Even though thousands of papers have been published on exchange bias since 1956 a
theory that can account for all the experimental features that have been reported is still
missing. This 1n part due to the different nature of the systems studied and, in particular,
of the AF layer. Nowadays it seems unlikely that a unique theory can be used to explain
the features of systems containing a metallic/non-metallic single-crystal/polycrystalline

AF. For all applications AFs are sputtered polycrystalline metallic films with grain size

in the range ~20nm. In this work only exchange biased samples containing a

polycrystalline metallic AF have been studied and, therefore, the results and their

interpretation are only valid for this particular system.

Another important problem when modelling exchange bias is that most of the reports in

the literature are not specific with respect to the experimental conditions used to acquire
the data. A clear example 1s the conventional measurement of the blocking temperature

i.e. the temperature at which the exchange bias goes to zero. In most of the studies a
sample 1s heated to a given temperature and the hysteresis loop is measured. This
procedure 1s repeated until H,,=0. However, it is known that AFs are thermally unstable
and are subject to thermal activation during the time of measurement at a logarithmic
rate (O’Grady et al., 2002). Therefore, the state of order in the AF layer prior to
measurement 1S unknown and this makes the interpretation of the data difficult.
Fernandez-Outon et al. (2004) developed a measurement procedure by which the state
of order in the AF was reset between measurements by heating to a given temperature
for 90 minutes in the presence of a saturating field. Following that measurement

procedure thermal effects were reproducible making the interpretation of the data easier.
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Chapter 1: Introduction

Most of the models proposed to explain exchange bias are based on the formation of
domains either parallel (e.g. Mauri et al., 1987a) or perpendicular (e.g. Malozemoft,
1987) to the F/AF interface. All these models succeed to some extent to explain some
experimental results as discussed in several reviews of exchange bias [e.g. Nogues and
Schuller (1999), Stamps (2000), Kiwi (2001)]. However, these models can only be
applied to single crystal systems. Since all the samples studied in this work are granular,

a model that treats the F' and the AF as an assembly of grains (e.g. Fulcomer and

Charap, 1972a) seems more appropriate.

As the thickness of the films 1s reduced towards the nanometre scale the microstructure
of the films becomes dominant in defining their physical properties. The most important
of these micro structural properties are grain size, grain size distribution,
crystallographic texture and interface/surface roughness. One of the topics that still
remains unclear about exchange bias is the role of the AF grain size and conflicting
reports can be found in the literature regarding this issue. While exchange anisotropy
has been found to decrease with increasing AF grain size (e.g. Takano et al., 1997) the
opposite trend can also be found in the literature (e.g. Tsunoda et al, 1997).
Conventional techniques to control the grain size in thin films are based on the use of
additives (e.g. Ajan and Okamoto, 2002), seed layers (e.g. Lee et al., 1994) or annealing
(e.g. Kale and Lokhande, 2004). In this work, a novel sputtering technology known as
HiTUS (Thwaites, 2002) has been used to control directly the grain size and its
distribution of the sputtered samples via close control of the growth-rate. It 1s the aim of

this work to evaluate the capability of the HiTUS system to produce thin films with

controlled grain size and grain size distribution and to characterise the effect of the AF

grain size on exchange bias samples containing a metallic AF layer.

Since the Gaussian c.g.s units system is widely used by the magnetic recording industry
and the applied magnetism community, this system has been used in all the equations in

this work. Information about other units system can be found in e.g. Cullity (1972) or
O’Handley (2000).
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Chapter 2 Magnetism of thin films

2.1. Introduction

In this chapter the basic concepts of magnetism as they apply to exchange bias systems
will be introduced. These ideas are necessary for the understanding of the experimental
results obtained in this work. Magnetic anisotropy and, in particular, magnetocrystalline
anisotropy, are fundamental in the design of most magnetic materials for commercial
applications. Anisotropy is found in both the ferromagnetic F and antiferromagnetic AF
layers of exchange couples. Magnetic domains are a key parameter in the understanding
of the mechanism of magnetic hysteresis. In particular the alloy CogoFeso has been
studied in this work and exhibits complex grain size effects. Exchange bias 1s an
exchange anisotropy and therefore an understanding of the different exchange
mechanisms responsible for the types of magnetic response is necessary. Exchange
coupling controls the F and AF layers and importantly interfacial spin strucutures affect
H,.. Hence, a brief introduction of antiferromagnetism is required to describe the

effects.

2.2. Magnetic anisotropies

Magnetic anisotropy refers to the fact that the magnetic properties of a given matenal
are dependent upon the measurement direction. Among all the magnetic anisotropies
only the magnetocrystalline anisotropy is intrinsic to the matertal. This refers to the fact
that a material with a certain crystalline structure will magnetise more easily when the
field is applied along certain crystallographic directions. In the case of the alloy

CogoFeqo, studied in this work, the crystalline structure 1s becc where <100> are easy

directions and <111> are hard directions. Magnetocrysalline anisotropy plays a key role
in the modelling of exchange bias as it controls the possible energy states of the

magnetic moments in the AF. Important extrinsic anisotropies are exchange anisotropy,

shape anisotropy and stress anisotropy although the last two will be treated very briefly

as they are not relevant for this work.
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2.2.1. Magnetocrystalline anisotropy

The saturation magnetisation M; of a specimen can be easily achieved when an external
field 1s applied along certain directions which are accordingly called easy directions of
magnetisation. The magnetocrystalline anisotropy is the energy necessary to rotate a
magnetic moment from an easy to a hard direction. Therefore, a quantitative measure of

the strength of the magnetocrystalline anisotropy is given by the field necessary to

saturate a crystal along one of its hard directions. When the field is removed after
reaching saturation, a greater proportion of the magnetisation will remain in the

direction in which the field was applied if it is in an easy as opposed to a hard direction.

Magnetocrystalline anisotropy arises due to spin-orbit coupling between the spins and
the lattice of the material. The spin part of the magnetic moment interacts with the
electron orbits. These orbits are linked to the crystallographic structure and therefore the
spins prefer to align along the easy crystallographic axis. In 1929 Akulov showed that
the magnetocrystalline anisotropy energy E, could be expressed as a series expansion of

the direction cosines of M; relative to the crystal axes (Cullity, 1972). In a cubic crystal,

letting a;, o, and a3 be the cosines of these angles, then
E,=K,+K, (afaf taja; +aja) )+ K, (a'fafaj )+ Eq. 2.1

where Ky, K; and K),... are the anisotropy constants for a given material. Sometimes K;
is so small that 1t can be neglected and also higher power terms. The first term, Kj, 1s
usually ignored as it 1s angle independent. A crystal with a single easy axis is referred to

as a uniaxial crystal. In such a case, and neglecting Ky and K the crystal anisotropy

energy can be rewritten as E, = K, sin’ @ where 0is the angle between the easy axis of

the crystal and the moment direction. However, the value of anisotropy constants for
certain cubic matenals have been calculated using large ab-initio computer models (e.g.
Ostanin et al., (2003), Staunton et al., (2004)). Magnetocrystalline anisotropy plays a
key role 1n exchange bias as the energy barrier to reversal of an AF grain is given by
K4rV4r where V4 1s the volume of the AF grain (Fulcomer and Charap, 1972a,b). This

1s true for uniaxial AFs. In the case of cubic AFs the energy barrier is given by K rV /4

due to the crystal symmetry (Joffe and Heuberger, 1974).
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Hoffmann (2004) showed that cubic AFs such as IrMn and FeMn relax into a uniaxial
configuration once the F is reversed for the first time after the system is set. Carey et al.
(2001) reported a value of 1.8x10° erg/cc for the uniaxial anisotropy constant of IrMn
when studying the thermally assisted decay of pinning in polycrystalline exchange
biased systems. Steenbeck et al. (2004) studied the AF energy loss and exchange
coupling of IrMn/CoFe bilayers. They supposed a three-axial in-plane anisotropy for
their (111) textured IrMn films and calculated a value for the anisotropy of 1.4x10°
erg/cc at 10K. In the case of FeMn, Maun et al. (1987a) showed that the magnetic
anisotropy could be estimated from the critical thickness of the AF layer above which
there was a sharp onset of the exchange bias in FeMn/NiFe bilayers resulting in a value
of ~1.35x10° erg/cc.

2.2.2. Shape anisotropy

In 1947 L. Neel explained this type of anisotropy as being due to the formation of free
poles at the ends of single domain particles. If a specimen is not spherical, e.g. an
elongated particle, it is easier to magnetise along a long axis as the demagnetising field
is stronger along a short axis. In order to achieve the same field inside the specimen, the
field applied along the short axis is required to be much stronger than the field applied
along a long axis. Therefore, shape alone can be a source of anisotropy. The shape

anisotropy constant for such a system is given by

K, =2(N, - N M e

where N, and N, are the demagnetising factors along the semi axes of the particle and
M; is the saturation magnetisation. The strength of the shape anisotropy depends both on
the axial ratio c/a of the specimen and on the square of the saturation magnetisation. All
the F layers 1n the samples studied in this work are polycrystalline and even if the grains
are not equiaxed they are very strongly exchange coupled and the films are almost

100% dense preventing the formation of free poles and therefore shape anisotropy does

not apply.
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Chapter 2: Magnetism of thin films

’ g 4 ¢ o

Figure 2. Hysteresis loops at 77K after cooling in a 10kOe magnetic field (solid line) and after zero
field cooling (dashed line) (Meiklejohn and Bean, 1956).

2.2.3. Exchange anisotropy

Exchange anisotropy arises when a ferromagnetic F material is in direct contact with an
antiferromagnetic AF material. The AF pins the magnetisation of the F and as a
consequence the loop 1s displaced by an amount H,, along the field axis and the
coercivity, defined as the half width of the loop, is enhanced. This loop displacement is

known as the exchange field. Exchange anisotropy was discovered by Meiklejohn and

Bean (1956) when trying to demonstrate the predicted coercive force of aligned
elongated, single domain cobalt particles. The Co particles were prepared by electro-
deposition of Co into Hg. The surface of the particles was oxidized to separate them

from the Hg. Magnetic measurements at 77 K after field cooling the sample in a 10kQOe
magnetic field showed a displaced hysteresis loop and a sin® torque curve. However

when the sample was cooled 1n zero magnetic field the loop was symmetric. Hence, the
loop displacement was attributed to an exchange coupling between the Co particles and
the CoO layer. Figure 2 shows the hysteresis loops for the Co particles at 77K. This is a

unidirectional anisotropy as found from the torque curve and is the subject of this thesis.
Exchange anisotropy is nowadays used in all modern computers in the magnetic sensor

that reads the information stored in the bits of the magnetic hard disk. Since its
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discovery, exchange bias has been reported for many different systems (for a review see
Nogues and Schuller, 1999). A detailed introduction to exchange anisotropy will be
given 1n Chapter 3.

2.2.4. Other anisotropies

The direction of the magnetisation of a specimen can be controlled by the application of

a stress due to orbital reorientation of the magnetic atoms in the direction of the applied

field. Accordingly this type of anisotropy receives the name of stress anisotropy.
Although it is not relevant for this work there are reports on the literature regarding the

effect of stress on exchange bias (Binek et al., 2005).

Another type of uniaxial anisotropy can be induced simply by plastic deformation. This
directional order is created by slip. In alloys, slip by a unit distance can create like-atom
pairs where none existed before along a certain direction. This direction then becomes a
local easy axis. Rolling has been widely used as a deformation method (e.g. Si-Fe, Kim
et al., 1998). Finally, the irradiation of a specimen with high energy particles in a
magnetic field is known as magnetic irradiation. As a consequence, an anisotropy arises
due to a series of atomic rearrangements. This technique has been used to tune the

exchange bias field and the coercivity in exchange coupled systems (Juraszek et al.,
2002).

2.2.5. CoFe nanoparticulate films

High moment films are essential for applications such as the soft underlayer in
perpendicular media. The highest known magnetisation values occur 1n the bee Feygpo.
«Coy alloy systems in the range 30<x<50 (Bozorth, 1993). The samples studied 1n this
work contained a CogFes layer. However, soft magnetic properties are required and
CoFe alloys do not naturally exhibit soft properties. Thomson et al. (1998) reported
values of the coercivity in CoFe films grown on Auw/MgO seed layers as low as 16 Oe.

Similar results were reported by Platt et al. (2000) when CospFesp was grown on top of a

CoO layer. The coercivity dropped from 140 Oe to 12 Oe. The CoO underlayer
promoted the growth of a soft polycrystalline CoFe film composed of single crystal

columnar grains that extended through the entire thickness of the film (Figure 3). It was
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concluded that the reduction in H. was due to a reduction in the grain size from 20-35

nm to 5-15 nm.

Si

Figure 3. Cross section TEM image of a si/CoO(10nm)/CoFe(30nm) grown at 100°C (Platt er al.,
2000)

[t 1s clear that the use of underlayers has a strong effect on the magnetic properties of
CoFe. Jung et al. (2003) studied the effect of different underlayers on CosskFegs 1n order
to understand the origin of the soft properties in this alloy. They showed that a Cu seed
layer as thin as 2.5 nm could reduce the coercivity of 50 nm thick CoFe films from 120
Oe in the case of samples with no seed layer down to 12 Oe. They demonstrated that the
primary effect of the Cu, NiFe and Ru underlayers was to reduce the grain size in Coke
which caused a reduction in the coercivity. Their results were explained in the basis of

Hoffmann’s ripple theory (1973).

Additives have also been used to reduce the coercivity to less than 20 Oe in CoFe films
(e.g. N, Wang er al., (2000)). Vopsaroiu et al. (2005a) reported on the preparation of
soft 20 nm thick CogoFeso films without the use of seed layers or additives. The samples
were prepared using a HITUS (Thwaites, 2002) sputtering system which allows close
control of the grain size in polycrystalline thin films (Vopsaroiu ef al., 2004). Samples
with a mean grain diameter below 15 nm showed soft magnetic properties with
coercivities less than 25 Oe and a minimum of 12 Oe. The results were explained in
terms of the random anisotropy model (Herzer, 1990). More recently, Craig et al.

(2006) showed that the inclusion of 1.5 nm thick Al;O3; non-magnetic spacers between

Cosskegs layers reduced the mean crystallite size leading to lower values of the
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coercivity when compared to values of a single magnetic layer. Figure 4 shows a cross

section transmission electron microscope TEM image of the laminated structures.

Figure 4. Cross section TEM image of NiFe/CoFe/(Al,O3/NiFe/CoFe)x3 (Craig et al., 2006).

2.3. Magnetic domains and domain walls

Magnetic domains are regions where the spontaneous magnetisation has different
directions. The boundary between those regions is known as domain wall and within the
wall the magnetisation must change direction. The idea of domain structures was first
introduced by Weiss in 1906 when trying to explain why a piece of ferromagnetic

material could be 1n a demagnetised state.

2.3.1. Neel walls

[f we assume an abrupt change of magnetisation the exchange energy associated with it
would be very large. This energy can be reduced if we allow the 180° change in spin
direction to take place over a certain amount of atoms N. The angle ¢ between adjacent
spins would be /N reducing the exchange energy. However, the anisotropy energy
within the wall 1s high as there are spins pointing in non-easy directions. Therefore,
there 1s a competition between exchange energy, trying to make the wall as thick as

possible, and anisotropy energy trying to reduce the number of spins pointing in non-

easy directions. As a consequence, the domain wall has a certain width 8 and structure.
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The first theoretical examination of a domain wall was made by Bloch in 1932 and they
are often called Bloch walls (Cullity, 1972). This is valid for bulk specimens where the

magnetisation within the wall lies normal to the plane of the material.

Bloch Wall Néel Wall

Figure S. Schematic diagram of a Bloch wall (left) and Néel wall (right) (reproduced from Cullity,
1972).

As the thickness of the specimen is reduced, the magnetostatic energy of the wall
increases as a consequence of the free poles at the top and bottom of the wall.
Therefore, the spins within the wall must change direction in such a way that the

magnetostatic energy is reduced. Hence, the rotation of the spins lies in plane. This

special form of domain wall is known as Néel wall (Figure 5). Only thin film samples

have been studied in this work and therefore only Néel walls are relevant.

Domain wall energy (erg/cm’)

\ Néel Wall

' Bloch Wall

f

0 40 80 120 160
Film thickness (nm)

Domain wall width (nm)

1000
500

100
50

10

0 40 80 120 160
Film thickness (hm)

Figure 6. Energy per unit area (top) and thickness (bottom) of a Bloch and a Néel wall as a function
of the film thickness (reproduced from O'Handley, 2000).
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Figure 6 shows the film thickness dependence of both the domain wall energy and the
domain wall width for both Bloch and Néel walls. Néel walls are observed to be stable
In many different types of magnetic films for thicknesses up to 50-60 nm (O’Handley,
2000). In the case of 30 nm thick CosoFeso samples Platt et al. (2000) reported domain

wall widths of 8 and 40 nm for low angle and 180° walls respectively. For 20 nm thick

CosoFeso samples Vopsaroiu et al. (2005) estimated a value of 41 nm for the domain
wall width. The transition between Bloch and Néel walls is gradual leading to the

formation of more complex structures such as cross-tie walls in films with thickness in

the region 40-50 nm (Figure 6).

2.3.2. Domain formation in CoFe

NiFe and CoFe alloys are widely used in technological applications based on the

exchange bias effect. The latter is characterised by a high magnetocrystalline anisotropy
and therefore domain nucleation and growth characterises the magnetisation reversal of

such systems.

Domains form due to the minimisation of the magnetostatic energy. Magnetic poles will
be produced at the surface of a magnetised specimen. This surface charge distribution 1s

the source of a magnetic field that opposes the state of magnetisation of the sample.

Accordingly 1t 1s called the demagnetising field Hp and is given by

Eq. 2.3

where Np 1s the demagnetising factor and M, the saturation magnetisation of the

material. The value of the demagnetising factor is dependent upon the shape of the

sample varying between 0 and 4n in cgs units (O’Handley, 2000). In the case of thin

films, such as the samples studied in this work, Np equals 0 in the plane and 4= in the

perpendicular direction. Therefore, the magnetisation of such systems tends to lie in

plane.

Exchange bias measurements of F/AF bilayers are usually performed with the

magnetisation of the F layer parallel to the AF interface (Np=0). However, in some
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cases the magnetisation of the F layer is promoted to lie perpendicular to the plane
(Np=4m). This can be achieved by using F/Pt multilayers as the pinned layer (e.g. Maat
et al., 2001). CoFe/IrMn polycrystalline exchange couples are the main system studied

in this work. Hence, the formation of domains and domain walls in CoFe thin films has

a great importance in the understanding of the magnetisation reversal processes In

CoFe/IrMn bilayers.

Figure 7. TEM images of the easy axis hysteresis loop of a 50 nm thick CoFe film. Black and white
arrows indicate the applied field and the magnetisation directions, respectively (Craig et al., 2006).

A transmission electron microscope TEM can be used for the observation of domain

and domain walls with specimens thin enough so they are electron transparent (<100 nm
or less). Electrons passing through the specimen will be deviated. The direction and
amount of this deviation will be determined by the magnitude and direction of the local
M; vector. In a domain wall this vector changes within the wall and the result is that the
wall shows up as a line, either black or white, on the image of the specimen. The
microscope must be slightly under- or over focused to make the wall visible. This
technique received the name Lorentz microscopy. Craig et al. (2006) used this
technique to study the magnetisation reversal of 50 nm thick CoFe films with high
saturation magnetisation. Although all the samples had the same total thickness the

difference between them was the inclusion of a seed layer or the introduction of non-
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magnetic spacers to form laminated films. Figure 7 shows TEM observation of the
magnetisation reversal of the CoFe single layer. Magnetisation ripple is apparent 1n all
images and the ripple contrast intensified as the field was changed from positive to
negative values. Thereafter, a domain wall not captured with the CCD camera of the

microscope swept through and affected the magnetisation reversal.

Figure 8. Fresnel images of the magnetisation reversal of a IrMn(10nm)/CoFe(10nm) bilayer. (a)-
(d) show the forward reversal and (e)-(h) the recoil reversal. H, is the applied field and UEA the
unidirectional exchange anisotropy (Wang and Petford-Long, 2002).

This technique has also been used to study the reversal mechanism for easy and hard

axis in IrMn/CoFe exchange biased systems. Wang and Petford-Long (2002) studied the
magnetisation reversal of such a system as a function of the AF thickness. Figure 8

shows in situ magnetisation reversal images of an IrMn(10nm)/CoFe(10nm) bilayer

with a sweep-rate of 0.5 Oe¢/s. Along the descending branch of the loop the Coke
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remained saturated in the positive direction due to the F/AF coupling until a field of —91
Oe was applied. In Figure 8(a) magnetisation ripple is visible perpendicular to the
magnetisation direction and Figure 8(b)-(d) show images of the film during the reversal.
The rnipple contrast increases as the applied field decreases indicating some local
rotation of the moments away from the positive field direction. The CoFe layer then
reverses slowly via coherent moment rotation (Wang and Petford-Long, 2002).

Following this the magnetisation rotates in two opposite directions and low-angle

domain walls form. This 1s followed by nucleation and growth of domains with near 90°

walls changing to near 180° walls normal to the magnetisation reversal before

disappearing (Wang and Petford-Long, 2002).

Figure 9. a) Easy and hard axis hystersis loops for a single CoFe film b) Domain state around the
coercivity during an easy axis loop ¢) Domain structure with an external field equal to the field
applied during the deposition of the exchange couples (McCord et al., 2003).

The Bitter method consists 1n the application of magnetite nanoparticles (Fe;Oy4) to the
polished surface of a specimen. The fine particles are attracted to the region of the

domain wall due to the field created on the surface by the spins within the wall

depositing along the domain wall. If the surface i1s examined with a reflecting

microscope in bright field mode 1llumination the domain walls will appear as a dark line
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on a light background. If dark field mode is used, the domain wall appears as a light line

In a dark background.

Figure 10. Domain structure and magnetisation reversal process for a) CoFe(10nm)/IrMn(5nm)
and b) CoFe(20nm)/IrMn(Snm). The insert is an enlargement of the part pointed by the arrow

corresponding to a 360° domain wall. The lateral resolution of the insert is Sm (Zhao et al., 2002).

The Kerr effect 1s based in the change of polarisation of the light as it is reflected by a

specimen. When plane polarised light hits the specimen, supposed to contain only two
domains, two different beams will rotate by different amounts when they encounter
domains of opposite magnetisation. An analyser is then rotated until one of the beams is
extinguished. The other domain appears black while the extinguished domain appears
white. McCord et al. (2003) studied asymmetric magnetisation reversal processes in
CogoFe19(20nm)/Ir;3Mn77(10nm) bilayers by high resolution Kerr microscopy. They also
studied the reversal mechanism of a single CogoFejo layer. Easy and hard hysteresis
loops are shown 1n Figure 9a. Figure 9b shows the domain structure around the coercive
field during an easy axis loop. When an external field of 50 Oe is applied as in Figure

9¢ magnetisation ripple can be identified. The same field was used for the deposition of
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the exchange couples and therefore these small angle domains were expected to get

transferred to the AF layer when depositing the IrMn layer on top of the CoFe layer.

One of the most widely used techniques for the observation of domains and domain
walls is magnetic force microscopy. In a magnetic force microscope (MFM) a magnetic
tip is used to probe the magnetic stray field above the surface of a specimen. The tip 1s
brought close to the sample and a cantilever is used to detect the force between the
sample and the tip. The tip is scanned over the surface of the sample to obtain
information about the magnetic domain structure of the sample. Typical lateral
resolution below 50 nm can be achieved. One of the advantages of this technique 1s the
little sample preparation needed. Zhao et al. (2002) studied the magnetisation reversal
of IrMn/CoFe circular elements by magnetic force microscopy. They observed drastic
changes in the domain structure and the reversal process with the thickness of the F
layer. Figure 10a shows the MFM images during the reversal process in the case of a
10nm thick CoFe layer. When the switching started the domain structure looked like a

ripple structure. The reversal seemed to proceed through incoherent rotation as indicated

by the presence of 360° walls (Zhao et al., 2002). In the case of a 20nm thick Coke
layer (Figure 10b) the sample is divided into larger regions at the beginning of the

reversal process. These domains expanded by wall motion and coalesced with each

other.

2.4. Antiferromagnetism

Antiferromagnets are substances with a small positive susceptibility x at all
temperatures. Antiferromagnets exist with two sublattices of opposite magnetisation. If
the cancellation of the magnetisation was perfect ¥(0K)=0. However, it is clear from
Figure 11 that that is not the case. The variation of their susceptibility with temperature

is not simple. The theory of antiferromagnetism was firstly developed by Néel in the

second quarter of the twentieth century. He applied the Weiss molecular field theory to
the problem.
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Figure 11. Temperature variation of the AF susceptibility.
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