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Introduction

Conventional electronics uses and manipulates the electric charge of the electrons to make
passive and active devices, ignoring the existence of the spin of the electron. However, since the
pioneer work of N.F. Mott'™, it is known that the scattering probability of electrons in ferromagnetic
materials is spin-dependent and that spin plays a role in electronics if magnetic materials are inserted
in electronic devices. The combination of materials with controlled magnetic response at nanoscale
was however limited before the development of deposition technics like sputtering, thermal
evaporation or molecular beam epitaxy which permit the elaboration of metallic, semiconductor or
insulating thin films with a control of thickness and roughness at the atomic scale.

The role of the spin of the electrons has then become a field of high interest for fundamental
research as well as for the development of new electronic devices with the discovery of the Giant
Magneto Resistance (GMR) in 1988 by A. Fert® and P. Griinberg". Indeed, they showed that the
resistance of a multilayer alternating magnetic and non-magnetic few nanometers thick films
strongly depends on the relative orientation of consecutive magnetizations. Since this discovery,
many other related effects have been highlighted, such as the spin torque effect predicted by L.
Berger“” and J. Slonczewski® in 1996: It has been shown that a spin-polarized current transports
angular momentum that can be transferred to the magnetization of a magnetic nanostructure. Its
magnetization can thus be excited and reversed or excited to steady state precessions. Those high
frequency precessions are actually studied to build up agile and integrated oscillators. Magnetic
materials were also combined with new promising materials like graphene'®, nanotubes” or
molecular materials’® to take the best from the associated materials and possibly give rise to new
functionalities. All those related effects are gathered in a new field of condensed matter called
spintronics.

In spintronics, the manipulation of both the charge and the spin of electrons provides new
phenomena, new capabilities and functionalities. Spintronics offers the possibility of a new
generation of electronic devices with low power consumption, higher density of computation and
storage. Today, everybody has already used a spintronic device since the read heads of the hard discs
use the GMR phenomenon in order to read the magnetic information stored in the hard disc.

The use of magnetic materials has however revealed several difficulties, mostly related to the
magnetic interactions between two magnetic elements (inside a nanostructure between two
magnetic layers or between first neighbor nanostructures like in MRAM) and/or to the formation of
domains structure in the magnetic material at the remanent state. The grail would be the
development of materials which would exhibit both 100% spin polarization and very small or zero-
magnetization. The combination of these two interesting properties in a single material presents
several advantages: such materials would not generate magnetic dipole fields, they would be
insensitive to the applied field but they could nevertheless be very efficient spin analyzers or
polarizers and would thus constitute ideal compounds for various spintronics devices. With respect
to the magnetization decrease, antiferromagnets, ferrimagnets or ferromagnets without
magnetization appear for now to be the best candidates.

The magnetic properties of antiferromagnetic compounds are generally used in
antiferromagnetic/ferromagnetic (AF/F) systems, in order to pin the magnetization of a
ferromagnetic layer via the exchange coupling. As detailed in Ref”, the spin dependent transport
studies with AF is still in its infancy but has been identified as a very promising way since (i) the spin
penetration depth in the AF would be much longer than in the F and (ii) the use of AF doesn’t
generate stray fields and would permit a new generation of electronic devices with low power
consumption and ultimate reduced sizes. This new research area with AF is starting to yield
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encouraging results with the determination for the first time of critical penetration depths and
absorption mechanisms of spin currents in Ir,gMngg and FesgMnsg heterostructures'®..

On the other hand, classical ferrimagnetic compounds have already been used. Gd-Tb alloys
have been integrated as electrodes in magnetic tunnel junctions (MTJs) and have permitted to
observe a finite Tunnel MagnetoResistance value at the magnetic compensation of the two
magnetization sub lattices'’”. In these MTJs, the spin polarization at the magnetic compensation has
been explained as the consequence of much higher polarization of the tunneling current from the
Transition Metal (TM) lattice as compared to the opposite Rare Earth (RE) one.

Beyond classical RE/TM ferrimagnets, an interesting archetype of zero-magnetization
ferromagnet based on a Rare Earth- Non-magnetic intermetallic (Sm4.,Gd,Al,) has been synthetized
for the first time in 1999 by A. Adachi et al™" and then as epitaxial thin film by our group™?. It has
been shown that Sm,,Gd,Al, exhibits both a zero-magnetization and a long range ferromagnetic
order where all the spin contributions point in the same direction™ and thus appears as the best
candidate in the development of spin polarizer. Recently, Sm,,Gd,Al, has been successfully
integrated in MTJs where a finite value of TMR has been observed at the magnetic compensation,
thus giving the first proof that such zero-magnetization material can spin-polarize a current™.

The main goals of this PhD work were to extend and strengthen the investigation of (i)
surface/interface magnetic and electronic properties in Sm;,Gd,Al, and (ii) Smy.,Gd,Al,-and/or
[Co/Pt] multilayers-based MTJs. The manuscript is divided in seven chapters:

Chapter 1 is devoted to the magnetic properties of Sm and Sm-based compounds. The
concept of ferromagnetic without magnetization is introduced and the main results obtained on bulk
and epitaxial thin films of Sm,,Gd,Al, are given, as well as on Sm,,Gd,Al,-based heterostructures.
Those permit to precise the objectives of this work and to explain the research strategy that has been
followed.

Chapter 2 introduces the physics of angle and spin-resolved photoemission spectroscopies
and gives the specificities of the CASSIOPEE beamline where the study of the electronic band
structure of Sm4.,Gd,Al, has been performed.

These experimental results are presented, discussed and compared with electronic band
structure calculations (Wien2k code) in chapter 3.

Chapter 4 details the different contributions to the magnetic anisotropy in a thin layer or
multilayer and the effects of roughness and/or intermixing. The results on [Co/Pt] multilayers found
in the literature are then introduced.

The results obtained on [Co/Pt] multilayers and [Co/Pt]-based MTIJs during this PhD are
presented and discussed in chapters 5 and 6, respectively.

Chapter 7 presents the spin polarization dependence on Pt thickness and temperature in
[Co/Pt]-based MTlJs. The results concerning SGA-based MTJs using either an AlO, or MgO tunnel
barrier are then presented and discussed.



Introduction

References

[1] N.F. Mott, Proc. R. Soc. A 156, 368 (1936).

[2] M.N. Baibich et al., Phys. Rev. Lett. 61, 2472 (1988).

[3] G. Binasch et al., Phys. Rev. B 39, 4828 (1989).

[4] L. Berger, Phys. Rev. B 54, 9353 (1996).

[5] J.C. Slonczewski , J. Magn. Magn. Mater. 159, L1 (1996).
[6] A. Candini et al., Nano Lett. 11, 2634 (2011).

[7] K. Tsukagoshi et al., Lett. to Nat. 401, 572 (1999).

[8] N.J. Tao et al., Nat. Nanotechnol. 1, 173 (2006).

[9] P. Merodio et al., Appl. Phys. Lett. 104, 032406 (2014).
[10] C. Kaiser et al., Phys. Rev. Lett. 95, 047202 (2005).

[11] H. Adachi et al., Nature 401, 148 (1999).

[12] A. Avisou et al., J. Magn. Magn. Mater. 316, 317 (2007).
[13] A. Avisou et al., J. Phys. Condens. Matter 20, 265001 (2008).
[14] M. Da Silva et al., Appl. Phys. Lett. 98, 232504 (2011)






Content

Content

Chapter 1: Sm;,Gd,Al,, a recent Story......cccceveeereeirreecreecerencrencerenceeeerenesennenene 1

L FEOM SIN® 0 SIMALy ..ot e e e e e et ee e s e ee e ee e e e e e e e eeee s eseees e ee e s ee s ee e s ee e ee s e senesene s e sereenerene 3
I.A. Localized magnetism in Lanthanide metals...... ...3

I.B. Sm multiplets mixing in a metallic matrix...... )

I.C. SmAl,, a self-ferrimagnet.....c.cccecevevenenene ...5

Il. Sm,,Gd,Al,, a zero-magnetization ferromagnet ........... vl
ILLA. First evidence of the zero-magnetization state.. .7

[1.B. FErromagnetic Order @t Teompe . eeererereieiereieieieie ettt ettt bbb bbb bbb bbb bbb bbb bbb bbb bbb 8

L. SGA as @PItaXial fillMS.......c..ooiiee ettt et e et e et e e aee et e e st e eabeeabeeabeeateesteeabeenbeeabeenbeebeenbeeteereentean 9
LA, Epitaxial growth and StruCtural ProPEItiES .......cceciuiciiieiiccie ettt ettt ettt e st s e e s aeeste e s aeesteesaaeeaeeeanasseeas 10

LT ST Tod g =l d ol o T o) o 1= o =TSSR SPR TSP 11
I1.B.1. Perpendicular anisotropy and giant COBITIVITY ...iviriririiieiierieriesie ettt 12

I11.B.2. 5d spin polarization and long-range ferromagnetic Order .........ccoovviiiiieiiiiieniccccee e 13

IV. SGA epitaxial films in Magnetic heteroStrUCTUIES..............c.o ittt ee 13
NV W (el o =Y Y=L R oo YU T o] [=To I o 11 = V7= SRS 14

IV.B. MagnetiC TUNNEI JUNCLIONS .......icviiiecie ettt ettt ettt ettt et e be e be e be e teesbe e beeebeeassesseesaeasseesssesseaasaesseesananseeas 17

V. Summary and purpose Of this TRESIS ..............couiiiiiiii e e s e e e e e e e e ae e ab e e s e enraeneas 18
RETEBIENCES........eiiiiiieeieecte ettt et e e e st et e e ateeabeeaaeeabeesseeabeeabeeaseeabeeabeeaseeabeeabaesbeeabeeabeesbeeabeenteenbe et e eteenbe e bt ente e be e beenteente 20

Chapter 2: Photoemission SPeCtroSCOPY ...ccccveerrrenirencrenirencrnncrenscrneseennennnees 21

I. Generalities 0N PhOtOEMISSION SPECEIOSCOPY ......ccviiiiiiiiiiciii ettt ettt ettt e et e e b e e beebe e beebe e be e be e teesbeesbeenseesbeesseenseenes 23
I.LA. Photoemission and the photoelectric ffECE .......ciiiiiiiiicecce e eaaa e 23

[.B. The thrE@-StEPS MOUEI....cc.iiiiiiiiiciicie ettt ettt ettt e et e e be e bt e beesbeesbeeabeesaeesbeenseesaeesbeaaseesseesanasseeas 24

I.B.1. Optical excitation of one electron iN the SOl .......cccoiririeiiieee e 24

I.B.2. Propagation of the photoelectron t0 the SUMaCe.......ooiiiiiiiii s 25

I.B.3. Escape of the photoelectron from the solid to the Vacuum .........cocveieieieriieccceee e 26

I.C. Photoemission and dipole SEIECTION FUIES ........ocuiiiiieiieeee ettt ettt e te e ae e s e e e reesaaeeaeeeanaeseean 27

Il. Angle Resolved PhotoEmission SPectroSCOPY (ARPES) ..........coouiiiiiiiiiiiiiie ettt ettt et b e e be e te e beesveesaeesaeesbeenseenes 28
ILA. Geometry Of the ARPES EXPEIIMENT .....iiiiiiiiiiiieiieie ettt ettt ettt ettt ste e te e st esbeesaeesbeesbeesbeesbeasseesseesseasssesseesasasseeas 28

II.B. Information provided by ARPES @XPEIMENTS ....cc.eiiiieieiirientirieeitet ettt ettt sttt et e sbesbesbe e ensesaesaeenees 29

I1l. Spin-Resolved PhOtOEMISSION SPECLIOSCOPY ......cc.coiriiriiriiiieierierienteeie ettt et sttt sae et e s sbesb e e bt ea et e s e st e ssesaeeseenee s ensesnessennees 30
IV. CASSIOPEE DEAMIINE........oueiiiiiiieeee ettt ettt ettt et e e a bt e et e et e e s be e s beeabeesbe e beenbeenbeenbeeseenbee bt ebeebeenbeenseenee 32
LY e T o [ [ T TSRS 33
LS =T T ot LRSS 34

Chapter 3: Electronic properties of (111)Sm,,Gd,Al, surface and interface ...35

L. LIE@IATUIE FEVIBW ...ttt ettt et e et e bt e i bt e a et ea st eat e e ae e e s st eab e e at e e st e easeemteenbeenbeebeenbe e bt ebeenbeeseenseenne 37
I.A. Electronic band structure in Rare Earth dialuminid@s........cceeeeieieiiiienesecceeee e 37

I.B. Valence stability in Sm metal @and SMAL .....cc.ooiiiiiii ettt e st s re e st e s ae e s e e e bt e s taeeaeeeaeaereean 38

I.C. Electronic surface state in Lanthanide ElE@mMENTS .......cueviiriiiirinieicices ettt s 39

Il. (111) SGA surface preparation and charaCt@rization ..ottt 40
[LA. CREMICAl @NAIYSIS ..eiiutiiieiiieeie ettt ettt et et e bt et e e bt e bt et e e be e e bt e b e e bt e sbeeaseesbeesbtanseesstesbtenseesseesasanseean 40

I1.B. Structural analysis Of the ND-fre@ SUIMaCE. ......iiicieieieees et e e tesaesseeneen 41

[1.C. EIECEIONIC @NAIYSIS ..euveitieieiieie ettt ete ettt et ettt et e et e et e e teeete e be e se e seeseesaeseeeseessseeseesseeassesssesaeanseesasesseaasnesseesananseean 43

111, Electronic structure of (111) SGA SUITACE...........cccui ittt ettt et e et e e te e beeae e beeseebe e beenteeseeeseenseensaenseanseenns 44
HLA. SAmMarium Af MUIPIEES ....oiiieiice ettt ettt ettt et e e ste e te e beesbe e beesbeeassesaeesaeasseesseesseanssesseesanasseeas 45

[11.B. Valence band @analysis (ARPES) ......cciciiiiieiiieiii ettt ettt ettt steeste bt e bt e sbeesteesbeasbeesbeesbeasseesbeesseanseesseesbeanssesseesseanseeas 46
[11.B.1 IN-plane Wave VECTOr MEASUIEIMENTS .....ccuiiiieiuieieeitieitiesteesteesteesteesseesteesseasseesseesssasssessseessesssesssessesssesssessesnses 47

[11.B.2 Out-of-plane wave VECtOr MEASUIEMENTS ......cc.ciuireririeieieiet sttt ettt ettt be bt st nne s nbe s 54

111.B.3 Discussion on the nature of observed electronic States......ccooviieiiiie e e 57



Content

[11.C. SPIN RESOIVEA GNAIYSIS...iiiiiiieiiiiieeie ettt ettt ettt et e et e e bt e bt et e e bt e bt e beesbeesaeasseesbeesatesseesaeesbeassaesseesatanseans 63
IV. Electronic structure of (111)SGA/IMEBO ........ccceeuiiieeiieieieieee et et s et te e st e e te e et et eseesesaese st ansesesteseebansese st essesensenessensesesan 65
AV W [ =T s = Yol Do = 4T T PSSRSO 65
IV.B. SAamMarium 4f MUITIPIETS ....ccviiiiiiicie ettt ettt et et e et e e beesbe e beesbeesseesseesaeasseesseesseasssesseesananseeas 66
IV.C. ValeNCe DANG @NlYSIS..c..ecueiuiiieieiisierieei ettt s b e bt sa et s b e e bt st et et et et e naeeb e et et e s e b naeeneen 67
V. CONCIUSTON ..ottt ettt ettt et e e b e e beesbe e s bt e be e be e be e st e e beesbe e b e e es s e sae e seeshbeebeeaseeeseesaeeaseeeabeeaaeaseesateenteanbeesseentannsas 68
REFEIEINCES........eiiiieiiee ettt et e e tt e s at e e st e e et e e ateeabe e e be e et e eabeeabeeateenbe e et e e a b e e abeeabeen b e enbe e be et e enbe e bt et e e bt e nbeeteent 69

Chapter 4: Overview of the magnetic anisotropy in [Co/Pt] multilayers........70

I. Introduction to the Magnetic ANISOTIOPY ..........couiiiiriiriiic ettt et bt et e b e besbesbeenees 72
I.A. Origin of magnetic anisotropy in thin Magnetic filMS ..o e 72
[N ] s Y o TR T a1 E o1 o o 1Y 2O 72
[LA.2. Magneto-Crystalling @niSOtrOPY.......cciiiiiiieeiecie ettt ettt ettt et e et e et e e ae e e e e et e eaeesaseessaeaeeeaseeasaenseenreeaseennas 73
I.LA.3. SUrface Or INTErfaCe @NISOTIOPY ...ciuiiiuieiiiicieecie ettt ettt e e et e et e e e e e b e e aeeeaseeaaeeaaeeaseeasaenseeareeaseennas 73
LA.4. MagNneto-lastiC @NiSOTIOPY ..cuiiiiiiieiiieiiieiteesttestt et eete e st e st e st e e st e s bt e sbeessaesaeeesseeasesabaesseesseesseesseasseeaseenseesseenseennas 74
I.B. Effect of the roughness and iNterface @llOy ........coeeiiieieiiireree et 75
I.C. Experimental determination Of Keff ..ottt 75
[.D. STONEr-WORIFArth MOGEL ....c.coouiiiiiiiieeee ettt ettt et et e e b e e s bt e s bee s bt e sbeesbeesseesbeensaesseesatanseens 76
Il. Perpendicular Magnetic Anisotropy in [CO/Pt] MUILIIAYErS..............ccociiieiiiiieicee et 77
ILA. Influence of the crystallographic orientation and PrepParations.........coeeieecicceecicceecee s 78
[1.B. Deviation from the lINEAr BENAVION ........c.vciei ettt e s e eae s e e et e saesseeneen 79
Ill. Conclusion

RETEIENCES........eiiiiiiieieece ettt et e e e et e et e e ateeabeeabeeabeesseeaseeaaeeaseeabeeateeaseeaseeabaesbeeabeeabeesbeeabe e te e bt e be e teebeeebe e beenbeenbeenteene

Chapter 5: Magnetic and structural properties in [Co/Pt] multilayers...........82

1. Description Of the [CO/PE] MUIIHIAYELS............cc.cviriiiiieeieteeteeet ettt ettt ettt et s be et e e ebe b essebe s esesbessebesensesensereern 84
II. Structural properties of the [CO/PL] MUILHAYETS ..........cc.cevveiiriiieicicectece ettt ettt e et seebe e besbe s essssensenenereern 85
ILA. Generalities 0N X-ray diffraCtion ........ooeoieioiiiiee ettt ettt sbe bt saenaeene s 85

[1.B. EXPEIIMENTAI SETUD 1.ttt et h e bt eh e et e bt sb e ebe e b e e se e b et e nbenaeebe et et e b esnenaeennes 86

II.C. Growth direction in the sputtered [CO/Pt] MUITIAYEIS ....cocevievirieieteeeeceeesee ettt eae e enens 88

I1.D. Reflectometry analysis 0N [CO/Pt] MUILHAYEIS ....c.ccveuiiiiieieceeeeee ettt st se e e s sae e enens 89
[1.D.1. CO AN Pt HhICKNESSES ..eeuviiiiieeieiieieeseste sttt sttt ettt e st e st e e bt es e ne et e s s ensesaeeseeneeneensensesseenean 92

I1.D.2. Co and Pt roughnesses.................. ....93

Ill. Magnetic properties in the [Co/Pt] multilayers..
LA, Experimental Setup .....cceceeveveerveneneneenns ....93

II.B. Experimental results ............. ....94
I1.B.1 Effective anisotropy ............ ....97

111.B.2. Saturation magnetization .. ....99
I11.B.3. Influence of temperature... ..102
IV CONCIUSTON ...ttt ettt ettt s b bt e bt e st et et e s b e se e e ae e st en e et e st e et e e bt e st emten b et e ebe s bt eneeatenbesesbesbesaeententensensenne 103
REFEIENCES. ...ttt et ettt s b e s bt e bt e bt e st e st et e s bt e et eae e et e st et e s b e e b e e bt e st et et et e bt e bt e Rt et et e benheebeeae et et e tentenne 105

Chapter 6: Magnetic Tunnel Junctions with [Co/Pt]-based electrodes.........106

L INEFOAUCTION ...ttt s b st b e st et e b e s b e st e ehe e st en s emse st e b e eb e e s e e nt e st et e ebe e b e eneen s e b entesbeebesaeententensentane
I.LA. MTJ’s structure
I.B. Micromagnetic simulations and magnetic parameters of the materials .........cccoceviriniininieiceeee 109
Il. Magnetic properties in IMTIS fUll STACK ..ot st e et neeas 111
[LA. MNELIZATION FEVEISAL ...ueiiiiiiieiee ettt s a et h e s a e e bt e s bt e s he e s bt e s bt e sheesbeesbeesaeesbeenseesaeesnnenneas 111
[1.B. MagNnetiC CONFIGUIAtIONS ....c.uiiiieiiiceeecteeete ettt e e et e et e e ae e e aeesteesteesaeeesaeeaeesasesseeaseesaeessseaseesaeessnensnas 114
I1.B.1. Influence of the applied Magnetic field...........cooviiiiiiiee e et 114
I1.B.2. INflueNCe Of the TEMPEIATUIE ....c.eiieiiiieciecc ettt ettt e e b e e v e e be e b e enbeenbeesseeasaennaanne 117
I1.B.3. Calculated (H,T) phase diagram for the hard electrode ........cccocvviiiiiiieiiciiciececece e 118
IIl. Transport properties in NAN0-PAtLEIrNE IVITIS .........coiiiiiiiiieieer ettt sttt bt b s bt ens et entenae e 119
I1.LA. Common features in PerpeNdiCUIAr IMTIS ......oiiririiiiee ettt ettt sb st ennenae e 119

L A O Lo Yo Y=Y el o e = Yot €Y o ok SRSt 119



Content

A2, R(H) CRATaCEEIISTICS ..veeuvieuiiiiiecie ettt ettt et et eae et et eae et e et e eaaeesbeeaseeaseeaaeeaseensaenseesseenseenseesseesseenneanns 122

[11.B. Phase diagrams in NaN0-PatterNed IMTUS .......cccieiiieieieierieseseeeee et e e steste st e e ssestessesseeseeseenaensessessesneeneensensensenne 124
I11.B.1. Duplication of domains from the hard to the soft electrode ........ccecueeiieiieiiicieceeee e 126

I11.B.2. Spring magnet and exchange bias DENAVION .........cc.iivieiiiiicece et 130

[11.C. Coupling through the IMEO DarTiEr.....c.eiieieieiecieeieee ettt sa sttt et sbessesaeensesenbenae e 131

IV CONCIUSION ...ttt et e et e e s be e et e e s teass e e et e e st e esbeeabeemteenbeeabeeateesbeesbe e see bt esbe e seesbeenseeseesaeansnenseas 134
RETFEIEINCES....... ittt ettt e et et e et e e s beeateeate e s bt e At e e st e e s bt e abeen b e e nbeea b e et e e bt e bt et e e bt e bt e bee bt e natenteenheenaeenneas 135

Chapter 7: Spin-polarization in [Co/Pt]- and SGA- based magnetic tunnel
18] 4 Lot 4 o T 1R I -3

I. TMR and effective polarization in [CO/Pt] Dased-IMITIS............cccceviiriiieiiieieiiteeeecee ettt s sa bbb s e ebennes 138
I.A. Effective polarization of [Co/Pt]: more than an interface phenomenoNn?.........ccccveuicieiiieieesceeeee s 138
I.B. BIOCh [OW @Nd CUFIE tEMPEIATUIE ....ueiieeeiieceie ettt et ettt e et e et e et e e aeeeteeeaeeeaaeeseeaseesasesseeessesaseessaaseesasessnensnas 141
Il. TMR and spin-polarization in SGA/AIO/[CO/PL] IMITIS .......cveiiiiiiricieteeeeeeteete ettt ettt et e te et e sbesseebeeseereensensensenseens 143
[LA. TUNNEI CNArCEEIISTIC. euvitietteiieitetertese sttt ettt eb ettt et s bt s e st e b et e saesb e e st entensensesbessesaeensetenbenaene 143
II.B. Finite magneto-resistance tunnel at the magnetic COMPENSALION ......ccuiviririiiiiieieereeeee e 144
[1.C. DHSCUSSION weeuttteeiitee et e ettt e ettt e ettt e st e e at e e sttt e ssb e e e bt e e s abee s sbeesasa e e aseesasbeesaseeeasseesaseeesaseesanteesasbeesateesnsbeessseeenseennsaaenns 146
lI. Preliminary results on SGA/MEO/[CO/PL] IMITIS .......coeiveuiiieieiecieietestee ettt e st e s ebe b e e be st esesbe s e s aebensesessesensensas 146
L Y €7 UL =Tl oY =T o - - [ Ao USRS 148
I11.B. Common features in perpendicular SGA-DAsSEd MTUS .....ccuiiieiiiiiiiieeee ettt et eae e e e et e e e eaaeannas 149

I1I.B.1. Tunnel conductance versus voltage

I11.B.2. Tunnel conductance versus temperature

I11.B.3. Resistance versus applied field CharaCteriStiCs .......coiiiririirieiererere e 151

LIS O Ty ol U 13 [ o PP UPPRN 151

IV CONCIUSION ...ttt ettt et et e e a et e a b e e a e e e st e e ab e et e e s bt eabeem b e enbeeabeeabeesbeeabe e beenae e bt e st e sbeenseenseesaeesasanaeas 152
ST =T T Vo LRSS 153

General conclusion and future projects......cccccceereieeiiecieciecieccrecrencrecennnee. 154












Chapter 1

Chapter 1
Smy.,Gd,Al,, a recent story

I. From Sm*' to K] 117 SO TSP U PPPRRPRUPt 3
I.LA. Localized magnetism in Lanthanide MEtals ........ocuiiiiiiiiiiiieci ettt sbe e b as 3
I.B. Sm multiplets mixing in @ MEtallic MATFIX c...eeciueeiiiiecee e e see e et e e e e s ree e e b e e e sbeeesseeeeaseesssaeeesseaeseeans 4
[ O 0V DY Y=Y 2 = o T g = Y= V=] S SSR 5
Il. Sm,,Gd,Al,, @ zero-magnetization fErrOMAGNET ...........ccoii i et e e st e e st e e aaeeeaneas 7
ILLA. First evidence of the zero-magnetization STate......cccuii e e s e e e e e e sareeeaeeeas 7
II.B. Ferromagnetic order at Teompeeeveerereereesennenennnn
11l. SGA as epitaxial films..........cccocevveveriniiiienienee
IIlLA. Epitaxial growth and structural properties..
[I1.B. Magnetic properties.......ccoeveeeueeiriieeeiieeniee et
IIl.B.1. Perpendicular anisotropy and giant coercivity ....................
IIl.B.2. 5d spin polarization and long-range ferromagnetic order .....
IV. SGA epitaxial films in magnetic heterostructures..............c.cccooevviecreennnnne.
IV.A. EXChaNgE-COUPIEA DIIAYEIS .. .ouiiiiiieieeecete ettt sttt ea et e b st e s bt e s et et et e sbesaeese et et entesaesaeeneen
IV.B. MagNetiC TUNNEI JUNCLIONS ....c.viiiieiieii ettt ettt ettt ettt et e et e e sbe et e e bt e s te e beesbeasseesbeesaeasseesseesbeanseesseesananseeas
V. Summary and purpose Of this TRESIS ...........c.ooiiiiiiii ettt st e s sb e s e e teennas
RETFEIEINCES........eiieieieee ettt et e et e et e satesh e e e et e s ate e s b e e abeeateeabe e e be e et e e s bt eabeea b e e nbe e been b e en bt e be et e e nbe e bt e bee bt enbeeteent

This first chapter is divided in five parts. The first part gives a brief overview of the magnetic
properties from the Sm>" free ion to the SmAI, intermetallic compound. These elements are
necessary to further explain how it is possible to slightly tune the SmAIl, magnetic characteristics and
generate an original magnetic compensated state. The second part is devoted to the unusual
magnetic properties of bulk Sm,,Gd,Al, (called SGA in the following), a zero-magnetization
ferromagnet. The third part presents the properties of SGA as epitaxial films. The fourth part
summarizes the various studies that have been undertaken in SGA-based heterostructures, such as
exchange-coupled bilayers and Magnetic Tunnel Junctions (MTIJs). In view of this general context, the
fifth part explains the main objectives of this PhD work and gives a schematic view of the manuscript.
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A magnetic compensated state is defined as a magnetic state where the magnetization is
equal to zero. Such zero-magnetization states are already well-known in a wide variety of materials:
in antiferromagnets (for instance NiO) where the two opposite magnetic sublattices belong to the
same chemical sublattice (Ni), in some pure metals (for instance Cr or Dy) that exhibit a modulated
magnetic phase, in ferrimagnets (for instance TbCo) where the two opposite magnetic sublattices
belong to different chemical sublattices (Tb and Co). In the two first cases, the zero-magnetization
state exists over an extended temperature range while it is limited to a given temperature (the so-
called compensation temperature) in the third case. The compensation temperature is the
temperature where the two magnetic sublattices perfectly cancel each other, i.e. the temperature
where the thermal dependences of the magnetization associated to each magnetic sublattice cross
each other.

The Sm,,Gd,Al, compound is the first example of a new type of materials exhibiting a
magnetic compensated state. Beyond antiferromagnetic metals and compounds, beyond
compensated ferrimagnets, this material can be defined as a zero-magnetization ferromagnet. This
original property, achieved at a given compensation temperature (Tomp), is counterintuitive since a
ferromagnet usually exhibits a spontaneous magnetization with no applied field. In the case of SGA,
we will see how the compensated state is generated by substituting a small quantity of Sm atoms by
Gd atoms in a ferromagnetic SmAl, matrix.

In order to understand the physics and the mechanisms behind this ferromagnetic
compensated state, some generalities about the magnetism of lanthanide elements and more
especially of the Sm** ion which drives the magnetic properties of SmAl,, are briefly introduced in the

next section. Complementary informations can also be found in the PhD work of A. Avisou™.

The magnetism in the Lanthanide family, to which belongs the Samarium, is mainly driven by
the 4f electrons. The spatial extension of the 4f orbitals being weak, the 4f electrons are localized
close to the atomic nucleus and as a result don’t contribute to the interatomic bonds. Consequently,
the magnetism in the Lanthanide metals is defined as localized, contrarily to the 3d metals whose
magnetism can be well described by the itinerant electrons model. Two distinct cases must be
considered in the Lanthanide family: the case of light Rare Earth (called RE in the following) where
the 4f shell is less than half-filled (n < 7) and the case of heavy RE where the 4f shell is more than
half-filled (n > 7). The magnetic moment in both cases can be calculated by the so-called Hund’s rules
(see below) which permit to determine the 4f spin and orbital moments, respectively defined as S
and L.

Hund rules:

- The electrons occupy the free orbitals in order to maximize S, which corresponds to
the minimization of the Coulomb interaction. In the case of light RE, S = n/2 whereas in
the case of heavy RE, S = (14-n)/2, where n corresponds to the number of 4f electrons.

- The electrons occupy the free orbitals in order to maximize L.

Taking the spin-orbit coupling between L and S into account leads to the total angular
momentum J = L+ S. From the spin-orbit coupling arise new energy levels, the so-called
multiplets. The lowest energy level (fundamental multiplet) is J=L-S for light RE (anti-parallel coupling
between L and S) whereas J=L+S for heavy RE (parallel coupling between L and S).
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In the case of the Sm** ion, with an electronic configuration [Xe]4f55d1652, the Hund’s rules give
S = 5/2 and L = 5. The fundamental state is characterized by J=L-S=5/2, where Spin and Orbital
moments are antiparallel. This low value for J leads to a particularly small energy difference between
the fundamental and first excited multiplets (J=7/2): it is only of the order of 0.13 eV whereas it is

close to 1 eV in most of other rare earth metals'?.

I.B. Sm multiplets mixing in a metallic matrix

In Sm-based metallic compounds, the main interactions between the Sm* ions and the
crystal are the crystalline and the exchange fields. The former results from the electrostatic
interactions between the charge distribution in the crystal and the 4f orbitals of the Sm*' ions; the
latter describes the indirect exchange interaction between the 4f moments (the so-called RKKY
coupling”®, mediated by direct exchange between 4f moments and conduction electrons).

The resulting total Hamiltonian can thus be written in the case of zero applied field by:

where L and S are the orbital and spin moments, AL. S is the spin-orbit coupling, Hr is the crystalline
field Hamiltonian and Z,uB]ff(S).S is the exchange energy, with J;r the exchange interaction
between 4f spins.

Note: in the presence of an external field, it is necessary to add two Zeeman terms which correspond
to the interaction of the external field with the total 4f moment and with the spin of conduction
electrons.

Figure 1 presents the energy levels resulting from the total Hamiltonian diagonalization in the
case of Sm®" free ion (left part) and in the presence of crystal and exchange fields (right part).

free Sm3* ion Sm® in crystal field
and exchange field

Figure 1: Sketch of the energy levels for free sm* (Left) and for sm> ionin SmCo; (right), where one can
see the effects of crystal and exchange fields: lift of degeneracy and mixing of multiplets (fromla]).
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The diagonalization of H not only lifts the degeneracy of the Sm*" multiplets, but also leads to
a mixing of these multiplets. Because the lowest energy levels are particularly close to each other, as
mentioned in the previous paragraph, the new energy levels are indeed linear combinations of the
fundamental and first excited states, as illustrated in figure 1.

This multiplets mixing plays a significant role in the magnetic properties of Sm-based
ferromagnetic compounds: it mainly affects the value of the saturation magnetization (largely
reduced compared to the 0.71u; of the free ion) and the temperature dependence of the magnetic
moment, as it is described in the specific case of SmAIl, in the following paragraph.

SmAI, belongs to the dialuminide family (REAI,) and crystallizes in cubic so-called “Laves
phase” structure (space group Fd3m - N° 227) sketched in figure 2. The Samarium atoms (in red)
form a diamond structure where half of the tetragonal sites are occupied by Sm atoms, the other half
being occupied by regular tetrahedron of Aluminum atoms (in blue). The SmAI, lattice constant is
equal to 7.943 A at room temperature (JCPDS source).

Figure 2: Sketch of the cubic Laves phase structure in the case of SmAL,.

SmAIl, is a ferromagnetic compound with a Curie temperature of 127K and an easy
magnetization axis parallel to the (111) direction®"®. As it has been briefly mentioned previously, in
this ferromagnetic Sm-based compound, the effect of crystal and exchange fields is to lift the
degeneracy of Sm multiplets and to give rise to new energy levels that result from the mixing of
ground and first excited states.

The two main consequences of the multiplets mixing on the SmAIl, magnetic properties are
the following:

(i) Reduction of the magnetic moment.

Taking the multiplets mixing into account permits to calculate a 4f magnetic moment
of 0.5 ug/Sm, i.e. reduced by 30% compared to the value in the free ion (0.71 ug). This
effect is however not large enough to explain the experimental value of 0.26 ug/Sm
measured at 2K in SmAIl,. The negative contribution of conduction electrons (calculated -
0.24ug/Sm) is not negligible compared to the small 4f contribution and also contributes to
drastically decrease the total moment (values calculated by H. Adachi et al.”). The sum of
both 4f and conduction electrons calculated contributions is in good agreement with the
experimental value of 0.26 ug/Sm at 2K.
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(ii) Different temperature dependences for the 4f spin and orbital moments.

The diagonalization of the Hamiltonian (I-1) taking the mixing between 5/2 and 7/2
states into account highlights a slight difference in the temperature dependences of the
calculated 4f orbital (Lyfsm) and spin (S4rsm) moments (figure 3 (a)). Below the Curie
temperature (127K), the orbital moment Lyfg,, is larger than the spin moment Syzg,, over
the whole temperature range, and the small spin polarization of conduction electrons
(Secsm) contribute positively to the total Sm spin moment (confirmed by Compton-
scattering experiments'”)), as it is sketched in figure 3 (b). As a consequence, the total
moment results from the sum of a small 4f contribution, dominated by the orbital part, and
an antiparallel contribution of conduction electrons, of the same order of magnitude but still
smaller over the entire temperature range.

Miota = L4me - S4me — Secsm (1-2)

(a) (b)

Mtotal

L4—f.5‘m

Caontribution au moment (x fSm)

T (K)

Figure 3: (a) Calculated temperature dependences of the Samarium 4f spin (black lines) and orbital
(dash-dot) contributions and of the conduction electrons contribution (dash line) in SmA/Z[” (b) Sketch of
the different contributions to the total magnetic moment in SmAI,.

Since the SmAIl, magnetization results from antiparallel magnetic contributions that exhibit
different temperature variations but that all originate from the Sm element, this compound can be
interestingly considered as a self-ferrimagnet. Figure 4 presents two sketches to compare a
“classical” ferrimagnetic compound, such as a CoTb alloy where antiparallel magnetic contributions
belong to the Co and Tb magnetic sub-lattices, and the SmAIl, “self-ferrimagnet”, as it has been
previously discussed.

SmAlI, CoTb

“Self” -ferrimagnetic compound “Classical” ferrimagnetic compound

MEEEKK. NFEEEX)

® 00 00 © 0000
Y YY 60606

Figure 4: Sketches of the orientation of the magnetic contributions in the case of SmAl, a “self-
ferrimagnet” (left) and in the case of a “classical” ferrimagnet (right).
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The main difference is that the ferrimagnetic character in SmAI, originates from the specific
properties of Sm ions and not from the occurrence of two magnetic species on two sublattices.
Antiparallel contributions are orbital and spin moments, with long range parallel order for both
orbital and spin contributions.

In contrast to some ferrimagnetic compounds, SmAIl, doesn’t exhibit a magnetic
compensated state where its magnetization drops to zero. The curves for spin and orbital thermal
variations do not cross each other and the orbital part remains dominant over the entire
temperature range. However, the equation (I-2) suggests that slightly increasing the spin part (either
from 4f or conduction electrons) would enable us to generate a magnetic compensation. Such a
compensated state would be thus particularly original since it will coexist with the long range parallel
order of all spin contributions in the magnetic system.

The first strategy to generate a magnetic compensation in the SmAl, compound was to try to
modify the contribution of conduction electrons in changing the s-f exchange or the density of states
at the Fermi level. Those changes could theoretically be achieved via modification of the lattice
constant. The substitution of Sm atoms in SmAIl, by non-magnetic Sc, Y or La (effect of chemical
pressure) resulted in the reduction of ordering temperature but no compensated state could be
observed'®.

The second attempt was to modify the 4f contribution, i.e. to increase the 4f spin
contribution. Given the magnetic coupling between lanthanides elements (ferromagnetic coupling
between spin moments), replacing a small quantity of Sm atoms by other Lanthanide atoms would
yield a total moment that is the average of the 4f spin and orbital moments of each RE element. The
strategy developed by Adachi et al.® was to substitute Gd atoms to Sm ones, to synthetize the Sm,.
«Gd,Al, (SGA) compound. This choice has been strongly motivated by the S character of Gd ions that
will only contribute to the spin moments via both 4f and conduction electrons contributions.

The goal of this section is to give an overview of the magnetic properties investigated in bulk
SGA and more especially of the various analysis devoted to the original magnetic compensated state,
coexisting with long-range parallel (i.e. ferromagnetic) spin and orbital orders.

The magnetic compensation via the tuning of the 4f contribution in bulk SmAIl, has been
demonstrated by H. Adachi et al.® and achieved by substituting a small quantity of Gd atoms by
Samarium atoms. Given the Gd*" electronic configuration ( [Xe]4f75d6s2), the Hund’s rules lead to
L = 0 in order to maximize § and its total angular momentum is thus a pure spin moment. Previous
results of hyperfine studies on SGA aIons[g] have reported the parallel coupling between the Gd and
Sm spin contributions. Gd is thus expected to contribute positively to the spin part of the net
moment providing two new spin contributions S4rcq and Seccq. The net moment defined by
equation (I-2) can be rewritten as:

Miotar = L4f5m - S4f5m —Secsm — S4de = Seccad (1-1)

Figure 5 presents the temperature dependence of the magnetization in bulk SmAl, and in two
SGA compounds corresponding to different Gd concentrations. While a monotonously decreasing
M(T) curve is measured for SmAIl, (decrease of L and S with L > S in the whole temperature range),
the substitution of Gd atoms in the SmAIl, matrix yields a magnetic compensation, occurring at 81K
and 64K for respectively 1.8% and 2.6% Gd contents. The authors suggest that the ferromagnetic spin

7
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order should be kept in the compensated state. No definitive proof is however provided by these
macroscopic measurements.
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Figure 5: Temperature dependence of magnetization in bulk SmAl, (a) and in bulk SGA for different Gd
concentrations (b) and (c) (from[g]).

Following the observation of a zero-magnetization state in bulk SGA by Adachi et al®

several groups have tried to clearly identify the underlying mechanism and confirm the co-existing
ferromagnetic spin order. A variety of techniques has been used, which enabled to explore the
system from different angles and to separately probe the different contributions to the magnetic
moment.

The Magnetic Compton scattering'™", based on the interaction between the spin moment
(Sec + S4r) and the helicity of light, has brought the first proof of the spin ferromagnetic order via
the observation of a finite signal at Temp. By changing the thermal history (measurements at Tcomp
coming from high or low temperature side), the authors report on opposite spin polarizations,
implying a positive (negative) spin contribution to the total moment above (below) Tcomp.

Non-resonant X-ray Magnetic Scattering™™", based on the interaction between the photon
and the spin and orbital 4f moments, has been used to investigate separately the thermal
dependences of the 4f spin and 4f orbital moments under an applied field of 1T. These
measurements have especially confirmed the dominant character of orbital contribution below
compensation and the dominant character of spin contributions above compensation. In the same
study, measurements of specific heat show no anomaly at the compensation, implying no magnetic
transition and suggesting the persistence of the ferromagnetic order.

Six years after their first report on the SGA magnetic compensation, Adachi et al.”®
unambiguously prove the spin and orbital long-range orders at compensation. Using X-Ray Magnetic
Circular Dichroism (XMCD)"*?, based on the difference in absorption by a magnetic material when it is
excited by a left or a right circularly polarized light, they could separately probe the Gd and Sm 4f
contributions (M, s edge). Taking advantage of the sum rules, they could extract the spin and orbital
contributions, as it is reported in figure 6 (a). The net resulting magnetizations for the Sm, Gd and
conduction electrons are compared to the net magnetization of SmAI, in figure 6 (b).

These results prove the monotonic decrease of the Sm 4f spin moment and its finite value at
compensation, in agreement with a remaining long-range ferromagnetic order. They confirm the

[10]
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anti-parallel coupling between Sm orbital and spin contributions and the dominant L contribution
over the entire temperature range, as expected from the calculation presented in figure 3.
Consequently, the compensated state cannot be achieved by only the Sm 4f electrons; the Gd spin
moment and the conduction electron polarization (ferromagnetically coupled to the Sm 4f spin
contribution) must be taken into account to cancel the surplus of orbital moment of the Sm** ions.
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Figure 6: (a) Experimental values of m3™0), m&4(+), mi™(A) and m{%x) when the sample was
magnetized at 110K (open symbols) and at 43K (filled symbols). The dashed and dotted lines correspond
to the theoretical value of the 4f spin and orbital moments of Gd and Sm (respectively). (b) Net
magnetization (+) for the Sm (0), Gd (o) and conduction electrons (x) compared to the net
magnetization of SmAl, (4) (from[m).

The different studies mentioned in this section have contributed to the definition of bulk SGA
compound as a zero-magnetization ferromagnet. These unusual properties make it very attractive for
specific fundamental studies as well as for various types of applications.

Because of its zero-magnetization, such a compound doesn’t indeed generate any dipolar
field and is insensitive to an external applied field: these characteristics should permit to achieve a
uniform magnetic state, without formation of magnetic domains, that doesn’t induce magnetic
perturbation for neighboring elements and is magnetically very stable. However, as a ferromagnet, it
must be able to spin-polarize or spin-analyze an electrical current.

The combination of these usually antagonist properties would be particularly interesting for
applications dealing with the control and/or manipulation of the electron spin, such as magnetic tips
for spin-polarized tunnel microscopy or as a component in some spintronic devices. These potential
developments have strongly motivated the studies undertaken by our group in Institute Jean Lamour
to achieve the growth of SGA epitaxial films, to investigate their structural, magnetic and electronic
properties and to further integrate them in more complex hybrid systems. Indeed, these properties
should be conserved in thin films used in spintronics devices as spin-valves or magnetic tunnel
junctions.

ll. Sm,.,Gd,Al, as epitaxial films

The first paragraph briefly summarizes the growth conditions and structural characteristics of
SGA epitaxial films. The second paragraph presents their magnetic properties, investigated by the
combination of SQUID magnetometry and XMCD experiments.
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llI.A. Epitaxial growth and structural properties

Our group in IJL has been the first to achieve the growth of single crystalline epitaxial SGA
films by Molecular Beam Epitaxy (MBE)[B]'[”]. The experimental process is based on the co-
deposition at 510°C of Sm, Gd and Al atoms on a Nb buffer (50 nm thick) covering a (1120) sapphire
substrate. The different fluxes are previously calibrated by a quartz microbalance at the substrate
position in order to get the desired stoichiometry.

Figure 7 presents typical (a) Reflection High Energy Electron Diffraction (RHEED) patterns
along two azimuthal directions collected during the SGA growth and (b) large angle X-ray diffraction
patterns (specular analysis along the growth direction and rocking curve across the (111)SGA Bragg
peak) measured with a PanAnalytical X’'Pert Pro diffractometer working at the Cu K, wavelength.
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Figure 7: (a) RHEED patterns along two azimuthal directions ([112] and [110]) after the deposition of
300 nm of SGA (b) X-ray diffraction patterns collected at high angles for a SGA epitaxial film. Top:
specular analysis and bottom: rocking curve across the (111)SGA Bragg peak) (from[l‘r’]).

Those results attest for the epitaxial growth of SGA along the [111] direction of the Laves
phase structure. The RHEED patterns for both directions exhibit very thin, continuous and contrasted
streaks revealing a smooth (111)SGA surface of high crystalline quality. The large angle X-ray
scattering pattern permits to identify the (111) SGA diffraction peak with its second order at higher
angle values. The full width at half maximum (0.35°) of the rocking curve across the (111) SGA Bragg
peak attests for the small mosaicity, i.e. a reduced dispersion of the [111] directions around the
growth axis. Further details can be found in the references 34,
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l11.B. Magnetic properties

The magnetic properties of SGA epitaxial films have been first explored by A. Avisou et al*®,
using the combination of macroscopic magnetization measurements (SQUID magnetometry, +7T)
and element- and shell- selective technique (XMCD at the Sm and Gd L, ; absorption edges, £7T).
Some complementary XMCD measurements have been performed during this PhD work in order to
extend the field range of investigation to +17T""). Such high field XMCD studies have been made
possible on the ID12 beamline at the European Synchrotron Radiation Facility (ESRF), in collaboration
with F. Wilhelm and A. Rogalev.

The magnetic field was applied perpendicular to the film surface and parallel to the direction
of the incident X-ray beam. XMCD spectra were recorded by flipping the helicity of incoming X-rays
and keeping the direction of the magnetic field fixed. The degree of circular polarization of the
monochromatic X-ray beam was estimated to be in excess of 85%. The spectra were recorded in the
total fluorescence detection mode. Measurements at the L edges of rare earth probe the transition
from 2p core levels to 5d empty states ; they permit to determine the projection of the 5d spin
momentum along the quantification axis, i.e. either parallel or antiparallel to the direction of applied
magnetic field. Due to the so-called breathing effect'®, a negative (positive) signal measured at the
L, (L3) edge results from a positive projection of 5d spin polarization along the quantification axis (i.e.
parallel to the positive field direction)™’.

It was verified that the shapes of the XMCD spectra do not change with the applied field
intensity and that they exhibit a maximum for the same energy values. As an example, figure 8
presents two XMCD spectra recorded at the Sm L, edge at 20K and +7T (blue curve) and at 115K and
+17T (green curve) for a SGA layer. To record element-selective hysteresis loops, the energy of the
incident X-ray photons was thus tuned to the maximum of the XMCD signal either at the Sm L, edge
(7.316 keV) or at the Gd L; edge (7.247 keV).
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Figure 8: Normalized x-ray absorption near edge structure curves (for both incident photons
polarizations) and normalized x-ray magnetic circular dichroic signals at the Sm L, edge for a 300nm
thick single crystalline Smy 497,Gdy 028Al, layer. XANES measurements and corresponding blue XMCD
curve have been measured at 20K and under +7T. The XMCD signal measured at 115K and +17T (green
curve, intensity multiplied by a factor of 5) has been added for comparison.

The main results are summarized in figure 9 and discussed in the following paragraphs.

11



Chapter 1

1 > Tcomp
20 I
(a) (b) .
16 1
E 1
3 12 1
0,0141— . . ) !
Single SGA layer Hfc=f+17T e 95K 2z s |
. Sm L, edge —e— 85K g 1
B o
ool rayriirirhe— LS , |
2 e
% ' | —e— 45K 1
o ¢ | —e— 20K 0
© 0,000 x 3 0 20 40 edl 80 100 120 140
® | \
[a) o “ . Te'nperalure (K)
LE) '\ ~r+:¥ — 1 8
2 0,007 - = 0012 . . + . T . .
N—Q -4 Q*H: o0 -9 j (c) I 6
- £ 0008 | — =
lo—0—9o—0 009000 g " 4 LQQ’
-0,014 fo-e 0 o o o0 o0 N 0004 2
20 -10 0 10 20 b | EE 25
Magnetic field (T) I 0,000 0 %”
(—3 -0,004 «E ! 23
& ! 42
» .0,008 1 =
a 6 3
g oo ! =
X 7 1 -8
0,016 —— J 10
0 20 40 60 80 100 120 140

Temperature (K)

Figure 9: (a) XMCD loops recorded at the Sm L, edge after a +17T field cooling for the 300 nm-thick
Smy,097,Gdo.026Al, epitaxial film. (b) Temperature dependence of the coercive field values extracted from
the XMCD loops. (c) Temperature dependence of the XMCD signal (dots) compared to the
magnetization measured by SQUID (squares) after a +7T cooling field. The magnetic L and S
configurations are sketched with the purple and green arrows respectively (from[”]).

l11.B.1. Perpendicular anisotropy and giant coercivity

The hysteresis loops measured at 95K and 85K (i.e. above the compensation temperature
Teomp=64K) for an external field applied perpendicular to the sample surface (figure 9 (a)) are
characteristics of a perpendicular easy magnetization axis, as previously reported by Avisou et
al. ™" 1t has been suggested that the perpendicular anisotropy in Sm based compound would
result from magneto-elastic effects related to the compressive strain observed along the growth
direction®”’.

The XMCD signal recorded below T.m, is almost constant in the +17T field range. The
coercive field can be properly determined only down to 85K (i.e. approximately 20K above T omp). Its
temperature dependence is given in figure 9 (b). The strong divergence when approaching the
compensation point is expected from the vanishing magnetization: the magnetization becoming
small, the Zeeman energy becomes also small and as a result the magnetic field required to reverse
the magnetization increases drastically. It is a common feature in usual ferrimagnetic
compoundsm]’[zz]. However, in ferrimagnetic compounds, the coercive field decreases when further
decreasing the temperature away from the compensation. This is obviously not the case in SGA
epitaxial films below T,m, despite the increase of magnetization at low temperature. The giant
coercivity is thus not related to the small magnetization value but to other features becoming
dominant at low temperatures. The persistence of a huge coercivity below the compensation
temperature in SGA epitaxial films also differs from the behavior reported in bulk SGA (for example
0.2T at 10K from™). The reasons for such a large coercive field and the specific role of structural
characteristics (antiphase boundaries, microstructure) in SGA epitaxial films still remain to be
clarified.
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The negative XMCD signal measured at the Sm L, edge for the maximum +17T field (figure
9(a)) reveals a positive projection of the 5d spin polarization, i.e. the spin contribution point towards
the positive field direction. This configuration (L-down and S-up), sketched by the respective purple
and green arrows in figure 9 (c), is favored by the Zeeman interaction above T.m, where S
contributions are dominant. Above T, the magnetization reversal in SGA epitaxial film is driven by
the flipping of the dominant S contribution towards the negative field direction (L-up configuration),
thus yielding a positive signal at the Sm L, edge as observed in figure 9 (a). Below T,mp, the signal
measured in the SGA epitaxial film remains negative over the entire +17T field range. Despite the
dominant L contributions in this temperature range, the smaller S component still point towards the
positive field direction: the S-up configuration is stabilized during the cooling process from above
Teomp and persists down to low temperature due to the diverging coercive field, as previously
discussed.

The temperature dependence of the XMCD signal recorded at 17T is reported in figure 9 (c),
in comparison with SQUID measurements (black squares). It reflects the variation of the 5d spin
polarization that monotonically decreases when increasing the temperature. This variation is in good
agreement with the one for 4f Sm and Gd spin contributions measured in bulk SGA at the Mys
edge? and confirms the close correlation between the 4f and 5d spin contributions. Two main
points have to be noted in figure 9 (c): (i) the Curie temperature can be extrapolated to 126K, in good
agreement with the Curie temperature obtained from SQUID measurements and with the bulk SmAlI,
Curie temperature, (ii) the 5d spin polarization exhibits a finite value at T.m, confirming the
persisting long-range ferromagnetic order in the compensated state, as reported previously by
Avisou et al.!*®'.

In order to analyze the possible existence of domains after the cooling process towards
below compensation, a specific cooling procedure has been used to specifically prevent the
formation of L-up domains: the cooling field has been reversed from +17T to -17T at Tcomp thus
“following” the dominant magnetic contribution. The resulting 5d polarization at 20K (star symbol in
figure 9 (c)) is very close to the one measured after the +17T usual cooling, which suggests a
homogeneous S-up magnetic configuration after the +17T field cooling. A high external field up to
17T does not permit inducing any “Zeeman-favored” L-up domains.

Beyond the epitaxial growth of (111)SGA epitaxial films, the group in Nancy undertook a few
years ago the investigation of magnetic SGA-based heterostructures:

(i) Exchange-coupled bilayers, where the highly coercive SGA compound acts as a
magnetically hard pinning layer®.The investigation of exchange coupling in SGA-based bilayers is
first a powerful way to probe the interface magnetic properties of SGA. At the SGA compensation
point, SGA/SA bilayers can also be interestingly compared to conventional AFM/FM exchange-bias
systems, where the zero-magnetization AFM is responsible for the biased reversal of the FM layer.
Despite its zero-magnetization state, as it is the case in AFM, the remaining ferromagnetic order in
SGA has however the strong advantage to enable the exploration of its magnetic behavior by specific
techniques such as XMCD, as it has been shown for single SGA layers in section 11.B.2.

(ii) Magnetic tunnel junctions, where SGA could constitute an original electrode capable to
spin polarize a current in its zero magnetization state™). The investigation of SGA-based magnetic
tunnel junctions permits to directly probe the possibility for zero-magnetization SGA to spin-polarize
a current and is also a good way to probe interface magnetic and electronic properties. Moreover,
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the general context of this study is the exploration of the tunnel properties in magnetic systems
where the electrodes are not conventional ferromagnets, as it is the case in the large majority of
magnetic tunnel junctions. An intense research activity namely aims at designing materials that
would permit to get a perfectly stable spin-polarized electrode. The idea is to eliminate interactions
with other magnetic elements and external field and for this purpose, ideal compounds would be
half-metallic antiferromagnets or ferrimagnets with 100% spin polarization and very small or zero
magnetization. Up to now, these materials however still remain theoretical objects. Conventional
ferrimagnetic alloys (RE-TM) have been already used as electrode in MTJ's?* and a finite tunnel spin
polarization could be measured at the magnetic compensation point. The use of SGA permits to go a
step further with a material for which the zero magnetization state coexists with a “true”
ferromagnetic state where all spin contributions point towards the same direction.

Exchange-coupled bilayers have been fabricated by the successive epitaxial growth of SGA
and SmAI, (SA) layers. As detailed in section I.C., SA can be considered as a self ferrimagnet where
the magnetic contributions are antiparallel spin and orbital moments. Those contributions exhibit
different temperature dependences but never perfectly cancel each other, which explains the
absence of magnetic compensation temperature. The orbital part is the dominant contribution over
the entire temperature range. In SGA/SA systems, the SA layer thus plays the role of a soft
ferromagnetic layer.

The investigation of the SGA/SA bilayer magnetic properties by SQUID magnetometry (figure
10) has confirmed the exchange coupling occurring at the interface, attested by the biased reversal
of the softer SA layer. Most interesting was the observation of this SA biased reversal at the SGA
compensation temperature (64K). This is a consequence of the persisting long range ferromagnetic
order in compensated SGA and a proof that this order is maintained at the SGA surface since
exchange bias effects are mostly sensitive to surface/interface properties. As mentioned previously,
SGA/SA bilayers can thus be interestingly compared to conventional AFM/FM exchange-bias systems
where the zero-magnetization AFM is responsible for the biased reversal of the FM layer.

Given the element- and electronic shell- selectivity of XMCD, it was possible to investigate
the magnetic properties of SGA in SGA/SA bilayers and especially to analyze the influence of the SA
reversal on SGA, which is a challenging task in conventional AFM/FM exchange-bias systems. XMCD
experiments have shown that the SA reversal induces the partial reversal of SGA (figure 11). This SGA
reversal is achieved via exchange coupling at the interface, as proved by the observation of a partial
SGA reversal even at the compensation (64K) where its magnetization drops to zero and thus doesn’t
interact with the external magnetic field. The relatively large amount of rotatable SGA moments
suggests the coexistence of domains with opposite orientation in the SGA layer: those will constitute
pinned and rotatable components.
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Figure 10: Magnetization measurements of Smg ¢;,Gdg g,5Al,/SmAIL, bilayer performed at 20K (filled
circles) and 64K (empty circles) with the magnetic field applied perpendicular to the sample surface
(prior to measurements, the system has been field cooled from 150K in 6T). Inset: similar
measurements performed on the single SGA layer at 70K and 30K (from

XMCD signal (arb. units)

XMCD signal (arb. units)

Figure 11: XMCD loop for the Smgg7,Gdg 025Al,/SMAI, bilayer recorded at 20K (filled circles) and 64K
(empty circles), for incident photon energy tuned to the Sm L, edge (top curves) and Gd L; edge
(bottom curves) (prior each measurement, the system has been field cooled from 150K in 6T). Inset:
XMCD measurements performed at the Sm L, edge for the same temperature and in the same
conditions for Smg 47,Gdg g,8Al> uncovered single layer (from
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Part of this PhD work has been devoted to the further exploration of this phenomenon, the
investigation of the SGA magnetic configuration and magnetic behavior in SGA/SA bilayers. The idea
was to study the formation of these domains in the SGA layer and to analyze the role of the cooling
field in the large +17T field range available at the ID12 beamline (ESRF). In this manuscript, we have
chosen to only briefly summarize this study (as it has been done above for previous studies on SGA
epitaxial films and heterostructures) since this part is not directly connected to the main objectives of
the PhD work. More informations can be found in reference!”.

Element-specific hysteresis loops have been measured at the Sm and Gd L,,; absorption
edges, the latter giving specific information on the SGA magnetic configuration and behavior under
field. +7T and +17T cooling fields have been used before measurements at the SGA compensation
temperature. The results suggest that, after the cooling process, different domains with opposite
orientations coexist in SGA of the SGA/SA system (figure 12, top right), in contrast to the
homogeneous configuration stabilized in the single SGA layer (figure 12, top left). Despite the
extraordinary large coercivity in SGA, the exchange coupling at the interface drives the formation of
L-up domains (proportion x), parallel to the L-up configuration in SA. Part of those domains
(proportion ax) is driven to reverse during the SA reversal under magnetic field (figure 12, bottom
right). Pinned domains are responsible for the SA biased reversal and the proportion of pinned
domains can satisfactorily account for the bias field value.
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Figure 12: Sketches of the magnetic configuration below the SGA compensation temperature in the
single SGA layer (left) and in the SGA/SA bilayer (right) for positive (top) and negative (bottom) fields. In
the SGA/SA bilayer, x corresponds to the proportion of L-up domains for the positive field, ax is the
proportion of L-up domains that reverses toward L-down for the negative field (fromm]).

An interesting observation is that the proportion x of L-up domains increases with increasing
the cooling field (17% for +7T and 36% for +17T). This is surprising since the Zeeman energy doesn’t
favor this L-up orientation, neither at the compensation (where the magnetization vanishes), nor
during the cooling process (where the S contribution is dominant over the orbital one). This result
suggests that the effect of exchange coupling, which favors the L-up orientation in SGA, is
strengthened when increasing the cooling field. In order to explain this phenomenon, we have
suggested an original mechanism, based on the effect of the cooling field on the interface domain
walls during the cooling process. Because of the decreasing SGA magnetization when decreasing
temperature from above compensation, the field-cooling process would push interface domain walls
towards SGA to keep most of the SA magnetization towards the field. The larger the field, the larger
the driving force to push domain walls in SGA. Those domain walls then only represent a cost in
energy, which leads to their annihilation and formation of L-up domains.
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Via this indirect process, the applied field permits controlling the magnetic configuration in
the zero-magnetization SGA. Its role is rather counterintuitive since it basically favors the magnetic
orientation that opposes Zeeman interaction during the cooling process. This phenomenon may
occur in other systems with low-magnetization materials and may be of more general interest to
control the magnetic configuration in zero-magnetization ferromagnets.

SGA-based magnetic tunnel junctions have been fabricated by capping a SGA epitaxial film
with a 2nm thick Al layer before the exposure to the air for natural oxidation, followed by the
sputtering of a [Co(0.2nm)/Pt(0.65nm)]s stacking that exhibits a perpendicular to the surface easy
magnetization axis. The full film has been patterned into micron-sized square-shaped MTJs using
standard lithography and ion etching techniques, which allow perpendicular tunnel transport
measurements across the insulating AlO, barrier.

Measurements performed at low temperature (15K) in the +0.15T field range (figure 13) have
shown (i) the reversal of the softer [Co/Pt] magnetization while the highly coercive SGA remains
unaffected and (ii) the simultaneous abrupt change in resistance of the MTJ. This phenomenon has
been unambiguously attributed to a Tunnel Magneto Resistance effect of approximately +0.2%
([R(4+0.14T) — R(—0.14T)]/R(4+0.14T)) in this SGA-based MTJ.
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Figure 13: Minor magnetization (top sketch) and resistance loop (bottom sketch) versus the magnetic
applied field measured at 10 mV and at 15 K after a 0.14T field-cooling on a SGA/AIO,/[Co/Pt]s
magnetic tunnel junction. The top sketches represent the parallel and anti-parallel spin orientation for
both electrodes.

The investigation of the temperature dependence of TMR (figure 14) has proved that the
TMR decreases when increasing temperature and vanishes in the vicinity of the SGA Curie
temperature (125K). These transport properties, intimately related to the SGA/AIOx interface, thus
reveal an interface magnetic ordering temperature close to the core of the SGA layer, a strong
indication of the quality of the interface. Of paramount interest is the observation of a finite TMR at
the SGA magnetic compensation (72K), a proof that SGA can simultaneously exhibit zero
magnetization and significant polarization of conduction electrons, to give rise to a spin-polarized
current. This study has also highlighted that the TMR is related to the relative orientation of spin
contributions, and not of magnetization of both electrodes (since TMR is always positive while the
SGA magnetization changes sign at compensation).
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Finally, the observation of a larger resistance when SGA and [Co/Pt] spin contributions are
parallel than when they are antiparallel, and considering the positive polarization of the Co electrode
in our system, implies that the SGA tunnel polarization should be negative.
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Figure 14: Top: Magnetization of a SGA single layer versus temperature, in increasing temperature
under zero-applied field after field-cooling under +7 T. The magnetic L and S configurations in the SGA
epitaxial layer are sketched with the dark and light grey arrows respectively. Bottom: TMR of a
SGA/AIO,/[Co/Pt]s MTJ versus temperature.

The experimental report of a zero-magnetization ferromagnet has been achieved by Adachi
et al.”® who succeeded in engineering a magnetic compensation point via the increase of the spin
contribution in the “self-ferrimagnet” SmAI, compound. This Gd-substituted compound has been the
focus of several research groups who contributed to the clarification and confirmation of the
mechanism at the origin of this unusual compensated long range ferromagnetic spin order.

Our group has been pioneer in achieving the SGA growth as epitaxial thin films. XMCD
measurements at the Sm and Gd L,; edges have confirmed the long-range ferromagnetic order
persisting at the magnetic compensation via the observation of a finite XMCD signal. Its dependence
versus field reveals that this compound exhibits a giant coercivity, exceeding 17T below T omp.

Taking advantage of the possibility to obtain high quality SGA epitaxial films that exhibit such
unusual zero-magnetization ferromagnet characteristics, various studies have been undertaken
towards SGA-based heterostructures. Those aimed both at investigating original and relevant
properties (exchange bias effects and magnetic behavior in the zero-magnetization pinning layer,
magneto-tunnel properties in the case of a zero-magnetization electrode...), but also at going further
into the analysis of SGA specific properties. Beyond XMCD investigations of SGA single layers that
probed the 5d polarization in the whole film, the exploration of exchange-coupled bilayers has
provided information on the persisting spin polarization at the interface. The transport properties in
MTJs, especially the finite TMR at compensation, have proved that this interface spin polarization is
also efficient at the Fermi level, and thus capable to generate a spin-polarized current.

18



Chapter 1

The main initial goal of this PhD work was to extend and strengthen the investigation of
surface/interface magnetic and electronic properties in SGA and SGA-based Magnetic Tunnel
Junctions. Following the first encouraging measurements on SGA-based MTJs (summarized in this
chapter and developed in more details in chapter 7 devoted to SGA-based MTIJs), our objective was
(i) to explore the SGA surface electronic properties that must be closely related to transport
properties in MTJs (ii) to analyze transport properties in SGA-based MTJs in connection with SGA
electronic properties and to try to quantify the SGA polarization, especially in the compensated state.

Two main directions have been followed to achieve these goals. The first one was to
undertake an X-ray Photoemission Spectroscopy study to analyze the electronic properties of
(111)SGA epitaxial films. This has been mainly performed using synchrotron-based XPS (beamline
Cassiopée at SOLEIL) where the tunable incident photon energy and the available angle resolution
allow the investigation of electronic structure along various directions and in the vicinity of the Fermi
level. Beyond the angle-resolved study, spin-resolved experiments have been developed in an
attempt to directly quantify the spin polarization at the Fermi level, and especially in the
magnetically compensated state. Those results are presented in the first part of this manuscript
(chapters 2 and 3).

In parallel to this direct spectroscopic approach, we have followed an indirect one, consisting
in the investigation of transport properties in SGA-based MTlJs. The ideas were to get a quantitative
estimation of the SGA tunnel polarization and to try to correlate these transport properties with the
SGA electronic structure.

A first essential step was the characterization and optimization of the second electrode, i.e.
the [Co/Pt] stacking. An extensive study has been devoted to this point, with a particular focus on the
influence of Pt thickness, bottom and capping layers (which play the role of the insulating barrier in
MTJs architectures) on the structural and magnetic properties. Those results are presented in the
second part of this manuscript (Chapters 4 and 5).

The objective of quantifying the SGA tunnel polarization from the TMR in MTJs requiring the
quantification of the [Co/Pt] tunnel polarization as well, a specific investigation of MTJs where both
electrodes are similar [Co/Pt] stackings has been undertaken. Beyond the determination of the
[Co/Pt] polarization, the analysis of magneto-tunnel transport properties appears to be a very
powerful probe of the interface magnetic configuration and behavior under field. This has permitted
to highlight some original properties in these [Co/Pt] MTJs and analyze the influence of the Pt
thickness and temperature, in combination with micromagnetic simulations. The results concerning
[Co/Pt] MT/J's are gathered in the third part of the manuscript (chapter 6).

The last chapter (chapter 7) presents the results concerning the effective spin polarization
dependence on the Pt thickness and temperature in [Co/Pt]-based MTJs and the results obtained on
the SGA-based MTlJs, using either an AlO, or MgO tunnel barrier. Details are first given on the
transport properties measured in SGA/AIO,/[Co/Pt], in connection with SGA electronic properties.
The choice of exploring the MTJs with a MgO barrier has been then motivated by (i) the results
obtained for [Co/Pt] stacking grown on MgO, (ii) the electronic structure calculation performed for
the SGA surface and (iii) the ARPES measurements on a MgO capped SGA film. The various attempts
to observe a TMR effect in SGA/MgO/[Co/Pt] MTIs are presented.
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The objective of this chapter is first to give some general basic informations on the physical
processes underlying the photoemission spectroscopy. Then, more specific details are given on the
Angular- and Spin-Resolved Photoemission Spectroscopy (ARPES and SRPES) to underline the
fundamental information these techniques can provide on the bulk and surface/interface electronic
structures. Finally, the CASSIOPEE beamline (synchrotron SOLEIL), where the photoemission studies
have been performed, is described. Results will be presented and discussed in the next chapter.
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l. Generalities on photoemission spectroscopy

I.A. Photoemission and the photoelectric effect

The photoemission is based on the photoelectric effect. When excited by an electromagnetic
radiation of energy hv, a solid emits photoelectrons in all directions in vacuum; the photoelectrons
are characterized by a kinetic energy (Ex) and a momentum K. In the case of direct optical transitions,
which is experimentally the most common case, the conservation of energy (figure 1) leads to the
following relation between the kinetic energy of the emitted photoelectrons and the binding energy
(Eg) of the excited state:

E, =hv—¢—E, (-1)
where @, the work function, is a characteristic constant of the sample surface and corresponds to the
minimum energy required to eject an electron out of the crystal. As a result, the photon energy must
be larger than @ to overcome this energy and emit photoelectrons. The order of magnitude for @ is
generally of a few eV (4-5 eV for metals). In this chapter, the following formalism will be used to

describe the energy for the initial (i) and final states (f):

E;=—Egand E, =E; +¢

The relation (I-1) becomes: E; =hv +E; (1-2)

Eg

Valence Band

Ep t2m——-----
Core Levels
g ———— - -
E
-1 » N(Eyn)
¢
} “““ hv
EB - El

Figure 1: Energy conservation in a photoemission process. If the photon energy is higher than the work
function ¢, the photoelectrons are emitted in the vacuum and measured as a function of their kinetic
energy (Right). Note: it is more practical to work with the binding energy Eg (left) when we refer to the
density of state in the solid. (At the Fermi level Eg = 0 eV). V, = E\~E, is the inner potential measured
between the vacuum level E,, and the bottom of the band E,.
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The rigorous way to describe the photoemission process is to treat the photon absorption,
the electron removal and detection as a single coherent system[”'m (one-step model sketched in the
right part of the figure 2). However, due to the complexity of such a treatment, a common
hypothesis is to consider only one electron in the so-called three-steps model (sketched in the left
part of the figure 2).

three-step model one-step model

excitation travel transmission excitation wave matching
into a bulk to the through the into a damped at the surface
final state surface surface final state

~ W\~
®

1
]
I
% -
N AAAAN AN AN N\

o+

Figure 2: lllustration of the three steps model (left) and the one step model (right) from Ref[a].

The three steps model has been introduced by C.N. Berglund and W.E Spicer“” in order to
describe in a simple way the photoemission process. It is a purely phenomenological model within
which the case of one electron is treated and the photoemission process is subdivided into three
independent and sequential steps: (i) optical excitation of one electron in the solid (ii) propagation of
the photoelectron to the surface (iii) escape of the photoelectron from the solid to the vaccum.

When the photon radiation of energy /v excites the solid, an electron absorbs a photon and
an optical transition of this electron from the initial ground state |¥;) to the final ground state |W¢)
occurs. The transition probability F_,; of the photoelectron can be approximated by the Fermi gold

rules:
Py = S| (%7 | Hone|[90)| "6 (B; — Ei — hv) (1-3)

H.

it defines the interaction Hamiltonian between the photon and the electron:

e e ez 2 (|_4)
Hmt=2_mC(Ap+pA)_ZSB+;1A

where p is the electronic momentum operator, A the electromagnetic vector potential, S - B the
interaction between the spin and the magnetic field. The commutation relation [p, A] = —iAV-A
and the dipole approximation (i.e. A constant over atomic dimensions (A(r,t) = Ag) and therefore
V-A =0 which holds in the ultraviolet) have been used. In the case of optical linear regime, the
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quadratic term in A? can be neglected due to the weak intensity of the electromagnetic radiation.
Besides working with low electromagnetic radiation like ultraviolet or soft X-ray, the interaction
between the spin (S) and the magnetic field (B) can be also neglected. Based on these two
assumptions, the interaction Hamiltonian between the photon and the electron can be re-written as:

Hine = it‘lo P (I-5)

During the optical transition, all the information on the electronic structure of the system is
conserved. The energy conservation described in the previous section leads to the equation (I-2); as a
result of the translation symmetry in the crystal, the momentum of the emitted photoelectron is
conserved and given by kf = k; + G where G is a vector of the reciprocal space. This leads to
ks = k; when considering the projection of the dispersion relations in the first Brillouin Zone.

During this second step, the photoelectron travels to the surface under the shape of a wave
package. As a result of the interaction between the photoelectron and other photoelectrons,
phonons or impurities in the crystal (which are not negligible), the photoelectron can be inelastically
scattered to the surface. In this particular case, the photoelectrons have lost the initial information
about the kinetic energy and consequently contribute to the inelastic background spectrum. The
escape probability for the photoelectron elastically scattered in the vacuum is strongly dependent on
the inelastic mean free path A defined as the distance over which an electron can travel through a
solid between two inelastic collisions. As a result, the inelastic mean free path determines the
surface sensitivity of the photoemission process. The universal inelastic mean free path curve versus
the electron kinetic energy is given in figure 3 for a few metals.

100

104

MEAN FREE PATH (A)

) 10 v 160 T .....1.6,00
ELECTRON ENERGY (eV)

Figure 3: Inelastic mean free path for a few metals versus the kinetic energy from 2 to 2000 eV (Ref[sl).

Figure 3 obviously shows that electronic information on the solid’s surface can be
preferentially obtained by photoemission with exciting radiation in the range [10-100] eV where the
inelastic mean free path is only a few atomic planes; this is the Ultra-violet regime (UPS) which is
suitable to investigate valence states. Working with higher energy in the X-ray regime (XPS) permits
to probe deeper in the volume (a few nanometers) and to study the core levels.
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1.B.3. Escape of the photoelectron from the solid to the vacuum

Making the assumption that the electron in the final state Ef can be described by the nearly-
free electron model, a photoelectron can escape out of the crystal to the vacuum only if the
following condition is satisfied:

h2k%
2m

= VO (I-6)

Where V, = Ey-Ey is the inner potential measured between the vacuum level Ey and the bottom of the
band E, (figure 1).

Due to the translation symmetry in the crystal, and in the case where bulk and surface have
the same periodicity, the parallel component k,, of the momentum k for the photoelectron emitted
in the vacuum is conserved. However, due to the discontinuity of potential in the direction
perpendicular to the surface, the perpendicular component k; is not conserved. This property is
sketched in figure 4.

|
I
|
I
|
|
k/ "i crystal
I

Figure 4: Refraction of the photo-electron from the crystal to the vacuum.

The determination of the momentum components in the vacuum and inside the crystal thus
requires certain assumptions regarding the electronic final states.
The final state in the vacuum is a pure free electron with an energy:

h? h?

2m

Inside the crystal, the final states are supposed to belong to a nearly-free electron band with the
following dispersion relation:

h2K? h?
Ep=—r=Vot o= —(kj,+ki)=Vo+ ¢ (1-8)

2m

Given the relation Ef =E, + ¢, one can calculate the components of the momentum inside the

crystal:
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1/2
k, = Ksinf = (27;}25’() sinf (1-9)

2m(Egcos?6+ Vo))l/z

2 (1-10)

k= (

In conclusion, this three-steps model constitutes an approximation of the accurate
underlying physical mechanism that permits to largely simplify the analysis of Photoemission
Spectroscopy (PES) data. From the measurements of the detected photoelectron kinetic energy (Ex)
and momentum direction in the vacuum (0), it is possible to calculate the initial energy and
momentum in the crystal. PES appears to be thus a powerful tool to determine the dispersion
relations E(k) of the electronic states.

It has been shown previously that the dipole element matrix for an optical transition of the
photoelectron from the initial ground state |¥;) to the final ground state |W¢) is proportional
to (le|A.p|LPi>. The dipole element matrix can be re-written as (‘Pf|E.r|‘Pi) where E is the electric
dipole operator of the incoming light and r defines the radial vector operator (the direction of E
defines the polarization of the incoming light). The conditions for which the dipole matrix element is
non-zero are usually called “dipole selection rules” whereas the dipole matrix elements which do not
obey these selection rules are usually called “forbidden transitions”.

In the case of a single electron in a central potential (the simplest system which can be
excited is the hydrogen atom), the “dipole selection rules” are given by:

Al = lf - li = il (|-11)
Am =ms—m; =0,%1 (1-12)

where | and m are the quantum numbers which characterize the eigenstates of the L? and L,
operators. Considering that the Hamiltonian only affects the spatial part of the wave function and
not the spin, a third rule must be considered and is given by:

As=sr—5,=0 (1-13)

where s is the spin quantum number. More details about the “dipole selection rules” demonstration
can be found in Ref”’,

Following these selection rules, the dipole matrix element vanishes if the initial and final
states both have zero angular momentum. If Am = 0, only the electric dipole operator E with a
polarization component along z will stimulate a transition between the initial and final states; if
Am = +1, only the electric dipole operator E with a polarization component in the (x,y) plane will
stimulate the transition between both states. Finally, As = 0 involves that the transition between
two states with different spin multiplicity is forbidden.

In the solid, the “dipole selection rules” are governed by the symmetry of the crystal due to
the periodic potential. As a result of the “conservation” of the quantum number m for the atomic
orbitals by reflection symmetry in the mirror planes, as illustrated in F. Bonell’s PhD'®, the “dipole
selection rules” can be applied for crystals with a periodic potential.

27



Chapter 2

Because of the boundaries conditions of the final state in the crystal which must be
compatible with outgoing plane wave (i.e. time-reversed LEED state), the final state must be totally
symmetric with respect to all symmetry operations. For the case of photoelectron emission with the
detector located in a mirror plane, the final state wavefunction has to be even with respect to the
incident mirror plane. For an initial state of either even (+) or odd (-) symmetry with respect to the
mirror plane, the polarization condition on the electric dipole operator for which (‘Pf|E.r|‘{’i) #0
can be given by:

e ForY¥,; even, = (+|+|+) = E even
e For¥;odd, = (+|—-|-) = E odd

As a result of the optical transition for the photoelectron governed by the Fermi gold rules,
only the initial states with the same symmetry as the electromagnetic field E can be excited and
detected by photoemission. An appropriate choice of the polarization of the incoming photon beam
in a photoemission experiment could thus permit determining the symmetry of electronic bands in
the crystal.

Il. Angle Resolved PhotoEmission Spectroscopy (ARPES)

As it has been shown in the previous section, and theoretically developed by C.N. Berglund
and W.E Spicer“”, photoemissions experiments can provide information about the band structure in
the studied material. Experimentally, the electronic band structure could be mapped from the angle
and energy dependence of the photoemission spectra. Since the first angle resolved photoemission
measurements performed by Neville V. Smith et al. on 1T-TaSe, compound'”, the ARPES is the most
powerful and most commonly used spectroscopy technique to directly probe the electronic structure
of a solid. The goals of this section are (i) to describe the ARPES geometry and its link with the initial
momentum k in the crystal (ii) to explain how ARPES data are usually presented and, more
importantly, which information can be extracted.

Il.LA. Geometry of the ARPES experiment

A schematic drawing of an ARPES experiment is shown in figure 5.

Hemispherical
analyzer Lens + Slits Ky

Detector

Figure 5: Geometry of the ARPES measurements. The red arrow illustrates the momentum K of the
photoelectron emitted in the vacuum after being excited by a monochromatic photon radiation (blue
undulated arrow) with an energy hv.
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In order to avoid inelastic collisions and to guaranty the conservation of the electronic
properties (i.e. energy and momentum of the electrons), ARPES experiments require Ultra High
Vacuum (UHV) environment, in a typically range of [10"°-10™] mbar. The photon radiation necessary
for the excitation of the electrons in the solid can be generated by a gas-discharge lamp working with
specific radiation of elements (the most common radiations used in laboratories for ARPES studies
being the He | and He Il radiations) or by using a synchrotron light. The synchrotron light presents the
advantage of having access to a wide continuous energy range from the soft to the hard X-ray (e.g. [1
eV-50 keV] for the French synchrotron SOLEIL). Besides using a synchrotron radiation enables to
change the polarization of the light which can provide fundamental information about the symmetry
of the electronic states in the crystal as detailed in the previous section. Other advantages of a
synchrotron light are the high intensity level in photoemission spectra, small photon spot or the
possibility to perform time-resolved measurements.

If the photon energy is larger than the inner potential, photoelectrons emitted in the vacuum
in all directions are collected by a 2D-hemispheric analyzer with a finite acceptance angle in the
vertical direction. The analyzer’s role is to filter the kinetic energy of the photoelectrons for a given
emission direction. Thanks to the application of an electric potential on the external and internal
hemispheres of the analyzer, only the photoelectrons with the desired kinetic energy are measured
by the detector while the other photoelectrons strike the wall of the analyzer. Beyond the possibility
to get angle resolution via the analyzer acceptance angle along the vertical direction (a), the sample
can rotate around the vertical K, axis, which provides angle resolution in the (K,;K,) incidence plane
(0).

Given the geometry of the ARPES experiment (figure 5) and the relations (I-9) and (I-10)
deduced from the conservations of energy and momentum, the measurements of the kinetic energy
and emission angles (6 and a) of the photoelectron in vacuum thus enable the determination of the
three components of the initial momentum k in the crystal:

1/2
k, (ZTZEK) sinf cosa (1-1)

2mEg\ /2 .
ky, = (7;2’() sina (1-2)

2m(Egcos?6cos?a+ V) 1/2

ke = ( > ) (11-3)

Measuring the intensity versus the kinetic energy for various detection angles, various
orientation of the sample and various incident photon energies would thus enable to access to the
dispersion of electronic bands along various high symmetry directions of the Brillouin Zone.

ARPES experiments provide directly an image of the electronic band structure of material in
the reciprocal space and thus give essential information about both binding energy and k-vector of
electrons inside the material. Besides, as previously mentioned, by an appropriate choice of the
polarization and energy range of the incoming photon beam, ARPES experiments can provide
information about the symmetries of the band structure and can investigate the electronic states
localized at the surface as well as deeper in the volume.

The ARPES data are generally collected as intensity maps I(Ex,a) for different 0 angles,
directly measured and delivered by the 2D-detector. In order to extract electronic band dispersions,
I(Ep, ky) and I(Eg, ky) maps can be calculated using the expressions (lI-1) and (II-2). An example of
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I(Eg, k,) map, measured for hv = 20 eV along the 'K direction of the Brillouin Zone (BZ) of YbAl,, is
shown in figure 6 (a). Several dispersive and non-dispersive bands can be observed.

In equivalent way, the electronic band dispersion can be represented by the compilation of
several line shape profiles of the intensity as a function of the binding energy at constant momentum
called Energy Dispersion Curves (EDCs). The plot of EDCs along the I'K direction of the YbAI, BZ are
shown in figure 6 (b). The intense peak localized at 0.17 eV corresponds to the non-dispersive 4f;/,
contribution of YbAI,.

Finally, “cuts” at constant energy (so-called iso-energetic maps) permit to explore the
electronic band structure in various planes of the Brillouin Zone. Iso-energetic maps obtained for
Ep =0 eV are Fermi surface mapping, as shown for example in the (k,, k,) and (kx, ky) planes of
YbAI, Brillouin Zone in figures 6 (c) and (d) respectively.

Binding Energy (eV)
Intensity (arb. units)

06 04 02 00
Binding Energy (eV)

= o TTTT
0.5 (d)

< < oof

-~ NG »
0.5 F : hv=20eV

20_ B N L /000004
10 05 00 05 10 10 05 00 05 10
k (A k(A

Figure 6: (a) I(Eg, k,) map of YbAl, along the I'K direction. (b) EDC obtained from (a). (c) and (d) Iso-
energetic cuts at Eg = 0 eV (Fermi surface mapping) in (k,k,) and (k,k,) planes respectively. The green
dotted and solid lines indicate the electronic band and Fermi Surface obtained by the LDA calculation
(from[gj).

lll. Spin-Resolved PhotoEmission Spectroscopy

This section briefly explains how essential information on the spin-polarization of the
material can be additionally extracted from photoemission experiments.

The basis of Spin Resolved Photoemission Spectroscopy (SRPES) is to analyze the spin of
emitted photoelectrons. The spin detection can be achieved by interaction with a solid target, using
either the scattering of photoelectrons by atomic nucleus (Mott scattering) or their interaction with
spin polarized electrons in a ferromagnetic thin film (asymmetric absorption or reflection). The Mott
scattering is commonly used for spin detection in spectroscopy experiments.

The Mott scattering corresponds to the asymmetric scattering of the electron (depending on
its spin) on an atomic nucleus. It results from the spin-orbit interaction. During its scattering, the
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electron gains an angular momentum L which is parallel or anti-parallel to its spin S, as sketched in
figure 7. The spin-orbit coupling favors the parallel alignment between L and S, i.e. the scattering
probability is greater towards +© than towards -8. This asymmetric scattering is characterized by the
Sherman function S: 6; = o, (1+S) and o, = oy (1-S) are the scattering cross sections for a spin up
respectively towards +© and towards -©.

+6 Gﬁ\
S S
g1 =09(1+5) K t t gy =09(1-9)

Scattered electron

Nucleus

Figure 7: Mott scattering on a heavy nucleus. The spin-orbit coupling favors the parallel alignment of
the spin electron momentum S with its kinetic orbital momentum L sketched by the red and orange
arrows respectively. g, and o, are the cross sections of the spin up diffusion in the left and right
directions respectively.

The scattering asymmetry being larger at high energies, the electrons are accelerated to tens
of keV. Besides, the spin orbit coupling being proportional to the nucleus charge Z, heavy elements
are generally chosen to constitute the solid target. In most cases, Au targets are used and the
maximum asymmetry is obtained for © = + 120°. The scattered electrons are collected by two
detectors positioned at + 120° from the target, which permits to measure one component of the
polarization. Another couple of detectors is generally added to measure a second component of the
polarization. Because of the poor efficiency of the spin analyzers (107), such spin-resolved
measurements require a very intense excitation source such as the one provided on synchrotron
beamlines.

In the ideal case where both detectors are perfectly similar, the scattering asymmetry A is
directly proportional to the spin polarization P and is given by:

-1
_hth o (m-1)
I1+1,

where I; and I, are the intensities measured by the two detectors localized at + 120° from the Au
target, and S is the Sherman function.

However, the real case is significantly different since the detectors are never perfectly
identical; there might be several issues leading to instrumental asymmetries: different sensitivities,
imperfect alignment in the analyzer, asymmetries in the acceleration voltages. The solution to get rid
of these differences between the detectors is to perform two sets of measurements where the roles
of both detectors would be exchanged: either in reversing the sample magnetization or in switching
the incident photon beam polarization. In the case where the detectors don’t exhibit any offset, it

can be shown that:
5 /1*1‘— /I_I+
A=XLlZ V12 _¢p (n-2)

/1{1;+ /1;13r

where I, I are the intensities measured in both detectors for the up magnetization and I, I; for
the down magnetization.
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Figure 8 (F. Bonell thesis'®) gives an example of a spin polarization measurement versus the
binding energy for a (001) Fe surface at its remanent state (room temperature and 60 eV incident
photon energy). Spin-resolved photoelectrons have been collected for up and down magnetized
states and the spin polarization has been calculated from the geometrical average of the measured
intensities (111-2).

= 10 .
.g e s W Figure 8: Spin polarization of (001) Fe
_g : R surface measured at room temperature
E, 0.0} A =608V and for an incident photon energy of 60
2 eV.
-05F

=
S 40—

-5 4

IV. CASSIOPEE beamline

The CASSIOPEE beamline at the French synchrotron SOLEIL is a soft X-ray beamline dedicated
to the study of the electronic structure of the matter by photoemission spectroscopies. Some
pictures of the beamline are given in figure 9.
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CASSIOPEE beamline

Figure 9: Pictures of the CASSIOPEE beamline (courtesy of Synchrotron SOLEIL).

Two spectroscopy chambers are respectively devoted to high resolution ARPES and SRPES
measurements. Both chambers are connected to a MBE preparation chamber for (i) sample growth,
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(ii) surface preparation by etching and annealing and (iii) surface characterization by Auger, RHEED
and Low Electron Energy Diffraction (LEED). The sample can be transferred under Ultra High Vacuum
from one chamber to another, which is an essential prerequisite for such measurements that are
extremely sensitive to surface properties. The pressure in the ARPES and SRPES chambers are
typically kept in a range of [10*-10™°] mbar.

The beamline characteristics are the followings: the incident beam is a monochromatic
photon radiation the linear polarization of which can be either s- or p-type. For s-polarization, the
electrical field is perpendicular to the incidence plane (the plane defined by the direction of incident
photon beam and the normal to the surface), i.e. parallel to the surface. For p-polarization, the
electrical field is in the incidence plane. The wide energy range available (8eV-1500eV) allows both
surface and bulk electronic studies of the condensed matter.

In the case of ARPES (SRPES) measurements, the emitted photoelectrons are collected by a
hemispherical analyzer SCIENTA R4000 (SES 2002 coupled to a Mott detector for the spin analysis)
through a vertical (horizontal) slit with an acceptance angle a of £15° (£8°). The SRPES measurements
are performed in the remanent state but the sample can be first magnetized under an external
magnetic field up to £1200 Oe. The sample can be cooled down to 4K (25K) in the ARPES (SRPES)
chamber.

The binding energy resolution (typically better than 10 meV) is given by the monochromatic
radiation resolution (typically 5 meV), the Pass Energy used and the size of the vertical or horizontal
slits. Whereas the angular resolution on the parallel (k,,) and perpendicular (k) components of the
k momentum vector are in the order of magnitude of the angle and energy step used during
photoemission experiments (approximately 102 A and 10 A™ respectively).

To summarize this chapter, photoemission spectroscopies are based on the photoelectric
effect and in a simple approach can be satisfactorily described by the three-steps model: (i) optical
excitation of one electron in the solid, (ii) propagation of the photoelectron to the surface and (iii)
escape of the photoelectron from the solid to the surface. Due to the high-resolution and continuous
progress in synchrotron sources, the ARPES and SRPES are the most powerful spectroscopies to
investigate the electronic band structure of the matter. Indeed, given the different degrees of
freedom available in the synchrotron-ARPES geometry (rotation of the sample, acceptance angle of
the detector and tunable photon energy), it is possible to have access to the three components of
the electron’s momentum inside the solid. So, ARPES experiments provide directly an image of the
electronic band structure of material in the reciprocal space and thus give essential information
about both binding energy and k-vector of electrons inside the material. Besides, by an appropriate
choice of the polarization and energy range of the incoming photon beam, ARPES experiments
provide information about the symmetries of the band structure and investigate the electronic states
localized at the surface as well as deeper in the volume. Generally the ARPES results are presented as
I(Ep, k,/) mapping where a cut at k,, permits to plot the EDC spectra at a particular point of the SBZ
and a cut at constant binding energies called iso-energetic map summarizes the electronic band
structure in the (ky, ky) or (ky, k;) plan. The spin analysis of photoelectrons, based on the Mott
scattering of the electrons by heavy nucleus, brings complementary information on the
surface/interface electronic structure. The measurements of spin up and spin down densities of state
enable the determination of the spin polarization, especially at the Fermi level where it is a key
parameter for transport properties in spintronic systems. Experimentally, the CASSIOPEE beamline at
the French synchrotron SOLEIL is a state-of-the-art instrument gathering
growth/preparation/characterization and analysis chambers (high resolution ARPES and SRPES) to
explore the bulk and surface/interface electronic structures.
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This chapter is focused on the photoemission experiments that have been performed mostly
on the (111)SGA surface, but also on MgO-covered SGA. Angle-Resolved PhotoEmission (ARPES) and
Spin-Resolved PhotoEmission (SRPES) experiments have been performed on the beamline CASSIOPEE
at the synchrotron SOLEIL (described in chapter 2), in collaboration with P. Le Fevre, F. Bertran and A.
Taleb.

This chapter is divided in four main parts. The first part is devoted to a literature review on
some RE and RE dialuminides electronic properties. The second part describes an essential and
difficult step before any ARPES analysis, i.e. the preparation of the (111)SGA surface with optimum
quality. The experimental data collected on the (111)SGA surface are gathered in the third section.
The analysis of the Sm valence stability via the measurements of 4f multiplets is first presented. The
main part concerns then the exploration of the valence band, where 3D-ARPES measurements with
different photon beam polarization have been performed to observe and study various electronic
states. Electronic band structure calculations (collaboration with C. Tiusan) have been developed to
help unraveling the nature of these various contributions. Finally, SRPES experiments have been
undertaken to probe the SGA spin-polarization at the Fermi level. The fourth and last section is
devoted to the study of MgO-covered SGA, a relevant system in the context of magnetic tunnel
junctions where the SGA electrode is covered by an oxide insulating barrier. The main goal was to
analyze the effect of the MgO cover on the surface oxidation, the Sm valence and the electronic
states described in the previous section.
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l. Literature review

Before the presentation and discussion of the experimental results obtained on Sm,.,Gd,Al,
during this PhD work, it is worth mentioning some important features previously reported on the
electronic properties of RE dialuminides and of RE metals. These will give an overview of the current
knowledge on these complex compounds and may help in the analysis and interpretation of the SGA
ARPES experiments.

I.A. Electronic band structure in Rare Earth dialuminides

Rare Earth dialuminides compounds have attracted particular interest because they show
variety of unusual physical properties, such as Kondo effect, superconductivity etc...Various studies
have been thus undertaken to explore their electronic properties, mostly via electronic band
structure calculations and photoemission spectroscopy experiments.

Electronic band structure calculations have been especially reported for LaAl,™, YAL"? and,
more recently, SmAL"' compounds. In these first two compounds, A. Hasegawa et al. used a self-
consistent Augmented Plane Wave (APW) method, taking relativistic effects into account for
LaAl,.They show that the first seven bands are fully occupied and the next three bands partially
occupied, resulting in complex Fermi surfaces consisting of various sheets with some specific
features: The LaAl, eighth band has small hole pockets around L points ; The LaAl, and YAl, tenth
bands have a large closed electron sheet centered at the I" point, with small electron pockets around
L points in YAL,. In the case of SmAl,, H.J. Gotsis et al.®! performed band structure calculations in both
the local spin-density approximation (LSDA) and the LSDA+U (U is the Hubbard parameter)
incorporating spin-orbit coupling. They used the general potential Linearized Augmented Plane Wave
(LAPW) method, as implemented in the WIEN2K code. The electronic band structure of SmaAl,
extracted from™ is presented in figure 1. Because of the localized nature of f electrons, the authors
showed that the Hubbard parameter has to be taken into account to properly describe the SmAl,
properties (f electron occupancy, spin and orbital moments, position of 4f bands). A physically
meaningful calculation is obtained with a U parameter between 0.5 and 0.6Ry.
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No specific indication about the nature of the bands can be found in® but from the
comparison with other calculations performed on LaAl,'", it appears that the lowest bands (binding
energy larger than 4eV) are likely due to the Al s like states while the region up to the Fermi level
shows the hybridized character of Sm-d and Al-p like states.

A recent paper by D. Paudyal et al.”! also highlights the crucial role of the Hubbard parameter
to properly locate the occupied and unoccupied 4f states below and above the Fermi level,
respectively, and to describe the 4f Crystal Field splitting. The authors calculated the Density Of
States for different REAIl, (R=Ho, Dy, Er, Ery;5Dyo2s, ErpssDyo.zs), using the LSDA+U method
implemented in the tight binding linear muffin tin orbital (TB-LMTO) approach. They could evaluate
the exchange and crystal field splitting, important for the understanding of low temperature
properties in pure and mixed Rare Earth dialuminides.

From the experimental point of view, high-resolution photoemission experiments have been
carried out almost thirty years ago to investigate different REAIl, compounds (RE=Lu, Gd, Dy, Er, Tm,
Eu and Sm)'. The aim was mainly to analyze the stability of the 4f configurations, i.e. the surface
effects on the 4f and 5p binding energies as well as on the valence state, as it is described in the
following section.

More recently, a three-dimensional ARPES study of YbAl,, one of the prototypical valence
fluctuation systems, has been published by M. Mastunami et al”. They could observe band
dispersions around the I" point and Fermi surfaces that are well described by the LDA calculation.
They also highlighted a strongly c-f hybridized and dispersive Kondo resonance peak, suggesting the
coexistence between the coherent Kondo state and the unrenormalized band structure in YbAIL.

G.K. Wertheim et al.”®!, performing XPS measurements as a function of the take-off angle,
were the first to demonstrate that a divalent component of the spectrum originated from Sm atoms
in the surface layer. B. Johansson'® then showed that this result was consistent with general cohesive
properties of metal surfaces. Based on the difference between energies for divalent and trivalent
bulk configurations, this author used general properties of the surface tension of metals to
determine the surface stable valence configuration in Rare Earth metals. The surface valence
transition results from the decrease in cohesive energy caused by the reduction of atoms
coordination at the surface. A. Rosengren et al.™ then further investigated the valence instability at
the Sm surface within a pair bonding model, confirming a favored divalent surface. They also
compared the calculated positions of the surface divalent samarium level relative to the Fermi
energy in the cases where a divalent surface covers a trivalent crystal (0.65eV) and where isolated
divalent Sm atoms are surrounded by trivalent atoms at the surface (0.26eV). They concluded that
the surface is composed of only divalent atoms.

Following these early papers, several groups have studied the surface character of the
divalent contributions e.g. as a function of the oxygen exposure" or the Sm coverage!™*"**,

C. Laubschat et al.™ have reported on the valence stability in Rare Earth compounds, and in
particularly in RE dialuminides. They have analyzed surface effects on the valence state by high-
resolution photoemission experiments and extended the work by B. Johansson'® to determine the
stability diagram for the RE dialuminide compounds (figure 2). Their approach was to consider the
measured binding energies as identical to the stability energies of Johansson’s scheme.

In this diagram, the horizontal lines denote the relative position of the Fermi level in the bulk
(EE) and at the surface (E3). The data above both Ef and E? reveal a stable trivalent configuration
in bulk and at the surface. The data below both Ef and E2 reveal a stable divalent configuration in
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bulk and at the surface, as it is the case for EuAl, and YbAIl,. For SmAl,, comprised between Eﬁ and

EE, the divalent configuration is stable at the surface and the trivalent configuration is stable in the
bulk.
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Figure 2: Stability diagram of the divalent and trivalent configurations for the RE dialuminide
compounds extracted from PES (blue circles) and BIS (blue squares) experiments. The horizontal lines

correspond to the relative position of the Fermi level in the bulk ED (red line) and at the surface (blue
Iine)[m.

I.C. Electronic surface state in Lanthanide elements

In the electronic structure of the matter, some electronic states specifically develop at the
surface. They can be identified by photoemission-based spectroscopies, especially via their non-
dispersive character along the direction perpendicular to the surface and their strong sensitivity to
any surface contaminants.

An occupied surface state has been first predicte and experimentally observed™® for
(0001) Gd crystal. Surface states have been then observed for various Lanthanide elements, mostly
by PhotoEmission Spectroscopy (PES) or by Scanning Tunneling Spectroscopy (STS) (Table 1).

d [15]

Lanthanide Metal Gd La Lu Dy Ho Er Eu Sm Tbh Tm Yb

Technics used PES STS STS-PES PES PES PES PES STS PES PES PES
Surface (0001) (110) (0001) (111)
References [16],[27] [18] [18][19] [19] ([19] ([19] [19] [20] ([21] ([22] [22]

Table 1: Experimental evidence of surface states for Lanthanide elements using Photoemission
Spectroscopy (PES) and Scanning Tunneling Spectroscopy (STS)
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From Table 1, it appears that the occurrence of a surface state is a common property of
Lanthanide metals surfaces. The surface state appears as a sharp peak by PES or STS and is localized
near the Fermi level around the T point (for Lu, La, Gd, Tb, Tm and Yb). It exhibits only small binding
energy dispersion with respect to the parallel component k,, whereas no dispersion is observed
with respect to the component perpendicular to the surface k,™"?". These surface states for
lanthanide metals were characterized as d-like surface state™™® (e.g. d- like surface state in the case of
(0001) Tm and (111) Yb surface®) in agreement with the first experimental observation and
prediction realized on (0001) Gd surface™"¢.,

To our knowledge, no surface state has been reported up to now in Rare Earth dialuminide
compounds.

Getting a smooth and high crystal quality (111) SGA surface without oxygen (0), nitrogen (N)
or carbon (C) contamination is a crucial step to perform relevant ARPES experiments. As it has been
described in the previous chapter, ARPES is indeed a highly surface sensitive technique since only the
electrons close to the surface can escape and be detected.

As described in the chapter 1, (111) SGA epitaxial films are grown by molecular beam epitaxy
at the Institute Jean Lamour in Nancy?®’. They are covered with a 25nm thick niobium, in order to
protect them from oxidation in air. A preparation process has thus been developed to obtain a Nb-
free SGA surface with required quality. For this purpose, preliminary experiments have been first
carried out in the IJL (in collaboration with Y. Fagot). Experimental conditions have been then
adjusted in the CASSIOPEE preparation chamber.

The (111) SGA surface preparation finally consists in two successive steps: (i) Removal of the
Nb cover layer by Ar sputter etching. The energy was chosen at 2 keV and reduced to 600 eV in the
final part of the etching process, close to the SGA surface. This step was regularly monitored by
Auger measurements; (ii) Annealing of the SGA surface. A “flash heating” at high temperature (above
550°C) during 15 min aimed at desorbing residual impurities, as well as rearranging and smoothing
the surface. The procedure of short etching (15 min at 600 eV) and annealing has been repeated
between each ARPES experiments in order to “refresh” the SGA surface which is rather unstable
likely due to the high affinity of Sm and Al to oxygen.

Several techniques of surface characterization (Auger measurements, RHEED, LEED and
photoemission experiments) have been used to confirm the quality and the crystal order of the (111)
SGA surface, and thus valid the preparation process.

Figure 3 presents the Auger spectra collected during and at the end of the Nb etching
process, around the Al, Sm and Nb contributions and at higher kinetic energies around the oxygen
peak.
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Figure 3: Left: Auger spectra collected during and at the end of the etching process of the(111) SGA
epitaxial film. Right: Auger peaks positions for Nb and Sm (Handbook of Auger electron spectroscopy).

The Nb being a heavy element and the current density during the etching being weak, several
hours (approximately 5 hours) have been necessary to remove the Nb cover. The etching process has
been followed up via the measurements of the Nb peaks localized at 169 eV and 200 eV, i.e. outside
of the range where Sm peaks are expected (figure 3 right). The decrease of the Nb peak intensity
with time attests for its progressive etching and the absence of Nb residual peak at the end of the
process confirms the Nb-free surface. Moreover, the Al and Sm peaks are clearly identified in figure
3. Nevertheless, the persistence of weak oxygen, carbon and argon contributions are observed. The
argon contribution results from the argon implantation during etching. The persistence of an oxygen
peak (not observed after a similar process in 1JL) is attributed to the Auger gun in the CASSIOPEE MBE
chamber (confirmed by XPS experiments). In order to avoid this contamination, no Auger analysis has
been performed after the final “refreshing” short etching and annealing steps.

II.B. Structural analysis of the Nb-free surface

The symmetry and roughness of the surface have been probed by LEED and RHEED
experiments. Both techniques are based on the electrons diffraction. In the case of the LEED
(RHEED), the electrons are accelerated at low (high) voltage and impact the surface perpendicularly
(with a small angle). The reflection of the electrons is observed on a phosphorescent screen. The
RHEED and LEED patterns are extremely sensitive to the surface geometry and permit to determine
the symmetry and crystalline structure of the surface, and to identify possible surface
reconstructions. Moreover, the RHEED patterns permit to analyse the surface roughness with the
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observation of thin and continuous diffraction streaks in the case of a smooth surface, or more or
less intense diffraction spots in the case of a rough surface.

Figure 4 presents the RHEED patterns collected along the [112] azimuthal direction before
(a) and after (b) the annealing of the Nb-free SGA surface. The RHEED pattern obtained at the IJL
after the initial growth is shown in figure 4 (c).

1

Annealing
above 550°C

Figure 4: RHEED patterns collected in the CASSIOPEE MBE chamber along the [112] azimuthal direction
of the Nb-free SGA layer (a) before and (b) after the annealing at a temperature higher than 550°C. (c)
RHEED pattern collected in the IJL MBE chamber after the initial growth.

Figure 4 (a) first shows that the crystal order has been preserved after the etching process,
but the surface is significantly rougher than it was just after the initial growth (figure 4 (c)). The short
high temperature annealing improves, i.e. smooth, the SGA surface as attested by the observation of
more continuous streaks in figure 4 (b). The annealed surface has been further analysed via the LEED
patterns collected for several electron energies (figure 5). The (111) plane of SmAI, (direct lattice) is
shown in the black box (upper right).
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(a) 65 eV

(b) 70 eV (c) 83 eV (d) 98 eV

Figure 5: LEED patterns collected at 65 eV (a), 70 eV (b), 83 eV (c) and 98 eV (d) on (111)SGA surface.
The elementary mesh of SGA is sketched by the green diamond. Upper right: (111) SmAI, plane, as
obtained from the software CaRlIne.

The different LEED patterns exhibit several intense diffraction spots. The spots surrounded by
the yellow rings and linked by the yellow dotted lines in figure 5 define the 1x1 hexagonal pattern of
(111)SGA surface in the reciprocal space and permit to extract the elementary mesh of SGA (green
diamond in figure 5 (a)). The external diffraction spots correspond to higher order. This hexagonal
symmetry for the (111)SGA surface is consistent with as-grown properties of SGA epitaxial films and
with the symmetry expected for the SmAl, (111) plane.

Finally, the spots’ intensities don’t depend on the incident electron energy (65 eV, 70 eV, 83
eV and 98 eV) which reveal the absence of surface reconstruction.

II.C. Electronic analysis

Photoemission spectroscopy, as described in the previous chapter, was systematically used
to provide complementary information on the surface quality, and especially on its possible
oxidation, by the exploration of the Al core levels. The spectra were collected at 4K and for an
incident photon energy of 100 eV around the Aluminum 2p multiplets. Figure 6 presents typical
examples obtained for a “clean” SGA surface (open symbols) and for a “partially oxidized” SGA
surface (filled symbols).
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Figure 6: Photoemission measurements of the Aluminum 2p contributions performed at 4K and for an
incident photon energy of 100 eV for a “clean” (111)SGA surface (open circles) with its fit (red curve)
and an “oxidized” (111) SGA surface (filled circles - signal multiplied by a factor 4.8). The metallic
contributions are well fitted by two Lorentzian peaks (blue curve) whereas the oxidized contribution is
fitted by a Gaussian (green curve).

In both cases, the 2p;,; and 2p;/, multiplets of the metallic aluminium are clearly visible and
well fitted by two Lorentzians separated by a spin-orbit coupling of 0.4 eV, in agreement with the
literature'®”. For optimal preparation conditions (in particular without any final Auger analysis after
the etching and annealing processes), only those multiplets are observed. In the other cases, a
supplementary contribution at higher binding energy, attributed to oxidized Al, is observed. The
photoemission signal is by the way strongly reduced (by a factor 4.8 in this example).

This PE analysis of Al 2p core levels appears to be very sensitive to the surface preparation
and a good probe of the SGA surface quality. Such measurements have been thus systematically
performed before each ARPES experiment and only SGA surfaces without oxidized Al contribution
have been studied.

In conclusion, the combination of complementary characterization experiments confirms
that the specifically developed preparation process is suitable to provide a clean (111)SGA surface
with good crystalline quality. Although the quality is likely still lower than for as-grown SGA epitaxial
films, especially regarding the surface roughness, the (111)SGA surface prepared in the CASSIOPEE
MBE chamber gathers satisfactory properties to perform relevant ARPES experiments.

It has to be underlined that, although the optimal preparation conditions have been clearly
identified, the surface preparation has remained a tough part in this study and required a lot of time.
The MBE base pressure is namely another crucial parameter, especially during the annealing process,
since pressures in the low 10° mbar range during annealing were required to get a clean SGA
surface. These drastic conditions may be difficult to reach in a synchrotron MBE, where successive
users groups work in the same MBE chamber and may evaporate various types of elements.

lll. Electronic structure of (111) SGA surface

This section gathers the ARPES data collected on the (111) SGA surface: around the Sm 4f
contributions to analyze the Sm valence stability and, for smaller incident energies, to probe the
various electronic states in the valence band area. All the data have been collected at low
temperature (4K) and for a p- or s- polarization of the incident photon beam. The data analysis and
interpretation have benefited from electronic band structure calculations (collaboration with C.
Tiusan). First SRPES results are presented at the end of this section.
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lHI.LA. Samarium 4f multiplets

The various samarium 4f contributions have been analyzed by PhotoEmission Spectroscopy
for incident photon energy in the [130eV-150eV] range. Figure 7 (a) presents the Energy Dispersion
Curve (EDC) at T point for two particular incident photon energies hv = 140 eV (black curve) and hv =
134 eV (grey curve).
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Figure 7: (a) Intensity versus the binding energy at I' point and around the Sm 4f contributions for the (111)SGA
surface. The sm’ and the Sm™* multiplets weight and binding energy positions[zsl are normalized by the ®l and °F
intensity and indicated by the vertical red and blue bars respectively. (b) Normalized intensity versus the incident
photon energy for the °I (black) and °F (grey) Sm multiplets. The black and grey lines are guide for the eyes.

The photoemission spectra around the Sm 4f contributions show two separate groups: near
the Fermi level up to approximately 3 eV in binding energy, and beyond for larger binding energies.

These two main contributions can be characterized by resonant photoemission where the
emission from 4f levels is resonantly enhanced for incident photon energy tuned to the 4d — 4f
energy threshold. The resonant photoemission process for the Sm** and Sm** can be summarized by
the following equations (llI-1) and (111-2) respectively:

SmA4d04f6 + hv > [Sm4d®4f 7] — Sm4d 04f5 + e~ (n-1)
SmA4d P4f> + hv > [Sm4d®4f°]* — Sm4d 04f* + e~ (n-2)
where * denotes the excited character of the state. This process is similar to an Auger decay process.
An electron of the 4d core level is promoted to the 4f level generating a 4d core hole. The system

being in an excited and unstable state relaxes by filling the core hole with one electron from the
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upper 4f level. This transition is accompanied by the emission of an electron which can be detected
in the photoemission experiment.

The resonant analysis is presented in figure 7 (b) for the contributions localized at 1.4 eV and
5.2 eV. These two contributions exhibit a maximum for an incident photon energy of 134 eV and 140
eV respectively. These values are in agreement with the resonance photon energy for the divalent
Sm*" (134 eV) and trivalent Sm*" (140 eV), as determined by resonant photoemissionm] and
absorption measurements?”’ on a Sm single layer.

Moreover, several peaks resulting from the 4f> and 4f* final state multiplets are identified in
figure 7 (a): final states (°H, °F, °P) of initial Sm®" (’Fo) and final states (°I, °F, °G, °D) of initial Sm>"
(°Hs2), as allowed by selection rules. Their weights and intensity ratios are in perfect agreement with
the Sm?" and Sm®" multiplets structure calculated by Gerken et al. in Sm metal®’ and presented by
the vertical bars (normalized with the °F and °l intensity respectively). However, a negative (positive)
chemical shift is observed for the Sm®" (Sm**), probably due to the different chemical environment.
The divalent and trivalent contributions are separated by 4.5 eV in binding energy which is in
agreement with the Coulomb correlation energy value determined on polycrystalline SmAI, by C.
Laubschat et al.'®.

To summarize this section, photoemission experiments for incident photon energies in the
[130eV-150eV] range enabled the exploration of 4f spectrum for the (111)SGA and the analysis of
valence stability. The superposition of the multiplets originating from the Sm?* and Sm**
contributions could be observed, in agreement with calculations made using different formalism e.g.
intermediate coupling® or Hubbard-I-formalism®® in Sm metal. The trivalent and divalent
contributions have been unambiguously identified by the resonant experiments and the multiplets
positions relative to the Fermi level.

No specific investigation has been carried out to localize the divalent atoms. However, from
the previous theoretical and experimental studies performed on Sm metal as well as on SmAl,, the
divalent contributions are most likely related to surface atoms. The position of divalent multiplets,
i.e. 0.68eV and 1.47eV, are by the way consistent with a divalent surface covering a trivalent crystal,
as calculated by A. Rosengren et al.""?.

Let’s finally mention that Gd multiplets are also expected for this SGA surface. They should
be localized near 8.6eV[29], but, due to the weak Gd concentration and the proximity with Sm
multiplets, they are likely embedded in the Sm signal and consequently not detected by
photoemission.

Beyond the analysis of the 4f contributions, photoemission spectroscopy with photon of low
energy has been used to investigate the SGA electronic properties of the valence band. Angle
Resolved experiments have been performed at 4K, for s- and p- polarizations and different incident
photon energies.

As mentioned in the section I1.B., the LEED patterns have permitted to confirm the hexagonal
symmetry of the SGA surface. The (111) SGA Surface Brillouin Zone (SBZ) is presented in figure 8 on
the LEED pattern, together with a sketch showing the first bulk Brillouin Zone for the fcc crystal with
its projection along [111]. High symmetry directions are (TK) and (M) with |TK|= 0.74 A" and
ITM| = 0.64 A™.

Taking advantage of the analyzer acceptance angle a along the vertical direction, of the
sample rotation 6 around the vertical K, axis (Chapter 2, section Il.A. figure 5), and of the tunable
incident photon energy hv, it was possible to explore electronic states along different directions of
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the BZ, for in-plane and out-of-plane wave vector measurements, as sketched in figures 9 (a) and (b)
respectively.

LEED pattern (65 eV)

Figure 8: Left: LEED pattern of (111) SGA surface taken at 65 eV. The (111)-SGA Surface Brillouin Zone
(SBZ) is delimited by the red hexagon and two high symmetry directions TK and TM are indicated by
the red dotted lines. Right: first bulk Brillouin zone for fcc crystal with its projection along the [111]
direction.
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Figure 9: Measurement configurations for (a) in-plane analysis: a-resolved scans at different 6 angles
for a given incident photon energy (b) out-of-plane analysis: a-resolved scans at different incident

photon energies for 6=0. The blue hexagon corresponds to the (111) Surface Brillouin Zone. The red
hexagon and rectangles correspond to the bulk BZ.

I11.B.1 In-plane wave vector measurements
Energy dispersion maps

Figure 10 presents the ARPES results obtained along the two high symmetry directions TK
and TM for an incident photon energy of 32 eV and a p-polarization.

47



Chapter 3
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Figure 10: Left: 1(Eg,k;/) maps along the high symmetry directions TK and TM. Right: Energy
Dispersion Curves (EDCs) at I point. The EDCs are adjusted (red curves) by three Lorentzians multiplied
by the Fermi-Dirac function. The ARPES experiments have been performed at 4K, for a photon energy of
32 eV and a p-polarization.

Two non-dispersive contributions, localized around -0.6 eV and -1.6 eV, can be first observed

along the two directions. They correspond to the Sm 4f divalent multiplets °H and °F respectively and
are attributed to the divalent surface contribution (section Ill.A.). These relatively intense bands
make the analysis of other less intense contributions difficult. They have been thus extracted from
angle-integrated EDCs, fitted by two Lorentzian curves and subtracted from the intensity maps. The
resulting maps after subtraction of the divalent contributions are shown in figures 11 (a) and (b) (p-
polarization). Measurements along TK with an incident s-polarization are also presented (figure 11
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p- polarization s- polarization

Binding Energy (eV)

Binding Energy (eV)

Figure 11: Intensity maps after subtraction of the two divalent contributions (measured at 4K for a
photon energy of 32 eV) (a) and (b) along the high symmetry directions TK and TM for a p-polarized
beam (c) along the high symmetry direction TK for a s-polarized beam.

After subtraction of the non-dispersive divalent contributions, the ARPES maps collected with
p-polarization (figures 11 (a) and (b)) exhibit mainly three features that are actually observed along
both directions, although the contrast is obviously better along TM:

() Anintense electron pocket, close to the Fermi level and strongly localized around the T point.
(i) Two dispersive bands (bands 1 and 2) observed for binding energies up to -0.8eV
(iii) One dispersive band (band 3) for larger binding energies with a bottom around -3eV

The electron pocket contributes to the strong spectral weight measured close to E; in the
EDCs (figures 10). In these EDCs, the three contributions are well-adjusted (red curve) by three
Lorentzians multiplied by the Fermi-Dirac function. The peak positions extracted from the fit are -
1.63 eV and -0.63 eV for the °H and °F contributions respectively with a full width at half maximum of
approximately 1 eV. The electron pocket is localized close to the Fermi level and exhibits a full width
at half maximum of 0.22 eV. The difference in peak width for these two contributions (divalent and
electron pocket) may result from different lifetimes of the hole and the photoelectron®”
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Energy dispersion

The in-plane energy dispersion curves of the various contributions have been fitted with a
parabola E = h?k?/2m* + E, where h is the Planck’s constant divided by 27, m* the effective mass
and E, the energy at the T point. These fits, reported in figure 12, permit to extract the effective
mass m* and E;, as summarized in Table 2. The binding energy position of the electron pocket and
the band 3 have been extracted from the fit of the Momentum Dispersion Curves (MDCs) (cut at
constant Eg in the I(Eg,k,) map) by two Lorentzian functions whereas the binding energy positions of
the bands 1 and 2 have been directly extracted from the map due to their weak spectral weight.
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Figure 12: Energy dispersion curves along ky for the electrons pocket and the dispersive bands identified

in figure 11 (a). The solid red curves are the parabolic fits using the relation E = h?k?/2m* + E,. The
extracted effective mass m* and E, are given in Table 2.

Electronic structures m*/m_ Eo(eV)
Electron pocket 0.27 -0.13
Band 1 -0.68 -0.25
Band 2 -0.40 -0.53
Band 3 0.24 -3.07

Table 2: Effective mass m* and E, extracted from the parabolic fits show in figure 12.

The fitted parabolic dispersion curves match pretty well with the experimental data. The
electrons pocket and the electronic band 3 have similar positive m*/m.. ratio which may suggest a
similar origin. The bands 1 and 2 present slightly larger negative m*/m.. ratio related to their shapes
with a maximum at the T point and a downwards energy dispersion.
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Polarization analysis

The various electronic contributions have been further investigated via the study of their
dependences on the incident photon beam polarization. As described in chapter 2 (I.C.), and as a
result of the optical transitions for the photon-electron governed by the Fermi gold rules, only the
initial states with the same symmetries as the electromagnetic field E can be excited in
photoemission. Following the development proposed by J. Hermanson®™" for cubic crystals, the
dipole-allowed initial symmetries for a (111) crystal face and for a normal emission are either A, or
Az (irreducible representation in single group notation), depending on the direction of the optical
electric field: A, for the electric field parallel to <111> and A;for the electric field in the (111) plane.

Two types of linear polarization are available on the CASSIOPEE beamline (figure 13): the s-
polarization, where the electric field is perpendicular to the incident plane (defined by the incident
photon beam and the normal to the surface), and the p-polarization, where the electric field lies in
the incident plane. If the (Oz) axis refers to the [111] normal direction, E, = 0 for the s-polarization
and E, # 0 for the p-polarization. It turns out that the A; symmetry should be allowed in the p-
polarization and the A; symmetry should be allowed in the s-polarization.

Figure 13: Sketch of s-polarization (perpendicular
z to the incident plane) and p-polarization (parallel
—_—————— @- ————— > X to the incident plane). The incident plane is
| s- polatjzation defined by the incident photon beam and the

| normal to the sample surface.
Incident plane !
p- polarization

The I(Eg, k,) energy map obtained along the TK direction for an incident photon energy of 32
eV and a s-polarization is presented in figure 11 (c) and can be compared to figure 11 (a) obtained
with a p-polarisation of the photon beam. The corresponding EDCs at the T point (after subtraction
of the divalent contributions) are given in figure 14.

120x10°
Figure 14: EDC curves at the I point for p-
polarization  (black circles) and s-
polarization (grey circles) and after
substraction of the divalent contributions.
The measurements have been performed
at 4K and for a photon energy of 32 eV.
The red curves correspond to the fits by
three Lorentzians multiplied by the Fermi
function.
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The energy map collected with s-polarization only exhibits some spectral weight at T point
and in the vicinity of -1.6eV, which could be attributed to a residual divalent part (not fully
subtracted, as it can be also seen for the p-polarization). The localized electron pocket, as well as the
three dispersive bands, totally disappears when the electric field is perpendicular to the incident
plane. This is also obvious in the EDCs where the spectral weight close to the Fermi level (electron
pocket) and for binding energies above -2.5eV (band 3) is strongly reduced.
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Given the development proposed by J. Hermanson about the allowed initial states for s- and
p- polarizations, one can deduce that these various contributions exhibit a A; symmetry.

Iso-energy maps

In order to explore the shapes of the various electronic contributions, iso-energy (kyk,) in-
plane maps have been extracted from the ARPES measurements. The in-plane maps for zero binding
energy (cuts of the Fermi surface) and for an incident photon energy of 32eV are given in figure 15
for both p- and s-polarizations.
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Figure 15: (k,, k,) cuts of the Fermi surface measured for an incident photon energy of 32eV and for (a)
p-polarization and (b) s-polarization.

The in-plane cut of the Fermi surface for p-polarization (figure 15 (a)) reveals a nice ring
shape associated to the electron pocket, localized around the T point of the Surface Brillouin Zone.
This contribution is strongly reduced for a s-polarized photon beam, which enables the observation
of a six-fold symmetry, in agreement with the (111) Surface Brillouin Zone, as sketched by the blue
hexagon.

Iso-energy (kyky) maps for larger binding energies (figure 16) highlight the shape of the
electron pocket, i.e. a paroboloid of revolution opening upwards. Its bottom is around -0.13eV and
the curvature is related to the effective mass, extracted from measurements along the k, direction
(figure 12 and table 2).
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Fermi surface (k, k,

0.25 0.50

Figure 16: Iso-energy (k,k,) maps measured for different binding energies at 4K for an incident p-
polarized photon beam of 32eV. (a-d): electron pocket contribution (e) band 2 (f) band 3.
The same intensity scale has been used, except for (a).

For larger binding energies in the energy ranges where other dispersive contributions have
been observed (figure 16 (e) and (f)), the (kk,) maps also exhibit a similar ring shape for the so-
called bands 2 and 3, revealing similar paraboloids of revolution. The separate analysis of bands 1
and 2 was not possible given the proximity (in space and energy) of these two contributions.
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111.B.2 Out-of-plane wave vector measurements

The further exploration of the various contributions to the electronic structure requires
investigating the influence of the incident photon beam. Changing the incident photon energy has
namely two main effects:

(i) It may drive some resonance processes, as it has been described in the case of 4f
contributions (section Ill.A.), and thus strongly enhance the photoemission intensity.

(ii) It changes the perpendicular component of the momentum k, and thus permits to probe the
electronic structure in the k, direction.

As described in chapter 2 (II.A.), in the case of normal emission (6 = a = 0°):

k, = 2m.(Ex + V,)/h2 (m-3)

where Eg is the measured kinetic energy of the emitted photoelectrons (dependent on hv)
and V; is the inner potential.

The EDCs at the T' point (normal emission) for different photon energies ([20eV-50eV] range)

and a p-polarized bean have been extracted from the I(Eg; k,) maps (detection over the detector
acceptance angle for various incident energies). They are presented in figure 17 (b).
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Figure 17: (a) : I(Eg, hv) map and (b) corresponding EDCs, measured in normal emission at 4K and for a
p-polarized photon beam.

The Sm divalent contributions (°H and °F) are clearly visible in the EDCs for the whole photon
energy range and thus partially mask the other electronic states identified in figure 11. Both divalent
contributions exhibit little dispersion as a function of the photon energy, which is consistent with the
localized character of 4f electrons and the surface nature of divalent contributions. As in the case of
in-plane wave vector measurements, the divalent contributions have been subtracted from each
I(EB, ky) map in order to highlight the dispersion of other electronic states along the normal
direction.

The I(Eg, Epnoton) Map at the I' point deduced from this treatment is presented in figure 17
(a). Some residual divalent contributions are still visible but the in-plane dispersive bands (1-3) can be
now better detected. The electron pocket and the other bands appear in a limited photon energy (k)
range, approximately between 30eV and 39eV, with an obvious large dependence of the intensity

54



Chapter 3

but small dependence of the binding energy. Since these various states are only visible for limited
photon energies, the dispersion in binding energy is not suitable to properly discuss their possible
two dimensional/three dimensional character. The analysis of the curvature, i.e. the effective mass,
is likely more relevant.

For this purpose, as well as for the possible investigation of the bulk band structure and its
comparison with calculation, it is necessary to determine the values of k, corresponding to the
various photon energies, which requires the knowledge of the inner potential V,. Vo is usually
experimentally determined from the periodicity and/or specific features identified when varying the
perpendicular component of the momentum. For metallic systems, Vo is generally comprised
between 11eV and 14eV and a value of 13.7eV has been determined from the symmetry of the Fermi
surface in YbAL”. In the present case where the observed contributions are only present in a narrow
photon energy range, the assumption was to localize the bottom of the electron pocket at one edge
of the Brillouin Zone, i.e. at one point of special symmetry along the T'L direction (|7L|=0.685A"). A
value of Vy=15eV permits to localize the bottom of the electron pocket around a L point in the fifth
BZ (k,=5|7L|=3.425A"). This value is slightly larger than, but remains in reasonable agreement with,
the ones reported in literature. An inner potential of 18.82eV is required for the band 3 that appears
at larger binding energies. No quantitative information could be extracted for the bands 1 and 2, due
to their weak spectral weight and their close proximity to the electron pocket and the residual
divalent contributions.

The deduced (Eg, k;) perpendicular dispersion curves for the electron pocket and the band 3
are presented in figure 18, left. As for in-plane measurements, these curves have been fitted with the
expression E = h?k?/2m* + E, to determine the effective mass m* and the bottom energy E,. The
extracted values are reported in Table 3, where the values deduced from in-plane measurements are
also recalled for comparison.
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Figure 18: (a-b): Energy dispersion curves along the perpendicular [111] direction for the electrons pocket (top)
and the band 3 (bottom) identified in figure 11 (a). The solid red curves are the parabolic fits using
E = h%k?/2m* + E,. The extracted effective mass m* and E, are given in Table 3. (c-d): Intensity versus the

photon energy for the same contributions. The solid red curves are Lorentzian fits.
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Electronic structures | Electron pocket Band 3
Direction probed k, k, k, k,
m*/m,. 0.27 5 0.24 1.08
Ey(eV) -0.13  -0.13 | -3.07 -3.05

Table 2: Effective mass m* and bottom energy E,extracted from the parabolic fits shown
in figures 12 (along k) and 18 (along k,).

It appears that these contributions are very little dispersive in the perpendicular direction,
especially the electron pocket, the effective mass of which is more than 20 times larger than in the
plane. This feature is less obvious for the band 3 but it still exhibits a perpendicular effective mass 4.5
times larger than the in-plane one.

The intensities measured as a function of the photon energy are reported in figure 18, right.
As mentioned previously, some spectral weight is detected only in a limited energy range. Both
contributions approximately peak around the same photon energy of 34eV, which also corresponds
to the k, positions close to the L point. Although the quantitative analysis of the bands 1 and 2 was
not successful, a close examination of I(EB; ky) maps for different photon energies reveals the same
tendency, i.e. a maximum intensity at 34 eV.

Iso-energy maps

As for in-plane wave vector measurements, iso-energy (k,k,) out-of-plane maps have been
extracted from the ARPES measurements collected for different photon energies. The (k,k,) map for
zero binding energy (Fermi surface mapping in the (k,k,) plane) is given in figure 19, where the FS
mapping in the (kk,) plane has been recalled for comparison. A sketch of the bulk fcc BZ permits to
locate those FS mappings.
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Figure 19: (a) Bulk BZ of SGA, in which k, corresponds to the [111] direction of the fcc BZ (b) and (c)
Fermi Surface mapping in the (k, k,) and (k,, k,) planes, respectively (measured at 4K with p-polarized
photon beam).
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The main feature observed in the (k,k,) plane and for a p-polarized photon beam is the so-
called electron pocket, centred at the L point of the bulk BZ. Contrary to the ring shape observed in
the (koky) plane, the electron pocket exhibits an elongated shape, more or less like an ellipse, in
agreement with the larger effective mass measured along k, than along k.

One can also notice that, in contrast with the ring in the (k,k,) plane, the spectral weight is
not uniform along the ellipse. This is likely related to the variation of intensity versus the photon
energy, as described in figure 18 (c). While in-plane measurements are collected at constant photon
energy, out-of-plane measurements require namely the variation of photon energy, as it is shown on
figure 19 (b) by the green curves. The region of high intensity corresponds to the data collected for
photon energies close to 34eV, in agreement with figure 18 (c).

To summarize this experimental section:

1. Various contributions to the (111)SGA electronic structure have been brought out by the
ARPES experiments: an intense and strongly localized electrons pocket, close to the Fermi
level, and two sets of more dispersive bands: bands 1-2, opening downwards, for binding
energies just below the electron pocket and up to -0.8eV and band 3, opening upwards, for
larger binding energies with a bottom around -3eV.

2. These electronic states exhibit a A; symmetry.

Their spectral weight is largely enhanced for photon energy around 34eV.

4. They exhibit isotropic dispersion in the (k,k,) plane, giving rise to dispersion sheets the shape
of which are paraboloids of revolution.

5. Their dispersion appears to be significantly reduced in the perpendicular direction, especially
for the electron pocket, the effective mass of which is increased by a factor of 20 (an increase
by a factor 4.5 is measured for the band 3).

w

It remains now to try identifying these various contributions that could be either related to the
bulk SGA electronic band structure, or resulting from the specific properties of the (111)SGA surface.
This is the main goal of the following section.

As briefly mentioned in section I.C, some electronic states may specifically develop at the
surface (so-called surface states) and can be identified thanks to photoemission-based
spectroscopies. Various criteria are usually considered to conclude to the existence of a surface state:

(i) Because of its strongly localized character, a surface state should be totally delocalized in k|,
as a consequence of the Heisenberg uncertainty principle. Its binding energy thus doesn’t
depend on k|, giving rise to a so-called “flat band” in this direction.

(ii) Pure surface states are located in an energy gap of the bulk band structure projected onto the
two dimensional SBZ (Shockley surface state®”). Resonant surface states coupled to bulk
states (predicted by Tamm™?*) may however occur and these don’t satisfy this condition.

(iii) Surface states are intrinsically highly sensitive to the surface conditions, especially the
roughness and the chemical adsorption. The surface state intensity decreases or disappears
with the surface contamination (oxygen or carbon for example) or surface disorders (ionic
bombardment), more rapidly and more drastically than bulk states.

The surface emission being a one step process, one can also mention that excitation peaks associated
to surface states are generally thinner than those associated to bulk states. The hole lifetime still
contributes to the peak broadening.
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In comparison with surface states, bulk states generally exhibit a significant dispersion in the
k, direction and are less sensitive to surface contamination. One has however to keep in mind that
some bulk states may also exhibit little dispersion along k; and that the degradation of the surface
quality will of course affect the measurements of bulk states as well.

The distinction between surface and bulk states can thus be tricky and only the association of
several strong indications can permit the clear distinction between those two. Electronic band
structure calculations are often priceless to support experimental assumptions.

In the following, we will first review the various experimental observations that would tend
to support the existence of surface states. We will then discuss these elements in comparison with
other experimental results from literature and electronic band structure calculations.

Experimental observations supporting the existence of surface states.

1. The first important point is the morphology of the observed electronic states: the isotropic
parabolic dispersion sheets in the surface plane with a small dispersion in the perpendicular
direction. As already mentioned, this last feature is especially relevant for the electron pocket that
exhibits a huge difference between parallel and perpendicular effective masses. This strongly points
out a two-dimensional character of the electronic state. The observed ring shape of in-plane iso-
energy maps is by the way commonly reported for surface states® and the values of m*/m.. are
close to the values extracted for surface states developing at the (111) surface of noble metals (Cu,
Ag or Au)®%.,

2. A second point is the dependence on the surface quality/contamination. Figure 20
presents the EDCs measured at the ' point for a photon energy of 32 eV for various surface
conditions: (a) and (b) correspond to two (111) SGA initial surfaces, just after similar but different
preparation processes. (c) and (d) correspond to the same initial surface as (b), but during and after
the PES experiments. The data are adjusted (red curves) by three Lorentzians (for the electron pocket
and both divalent contributions) multiplied by the Fermi-Dirac function.
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Figure 20: EDCs collected at the I point, at 4K and for a photon energy of 32 eV: (a) and (b) just after
similar but different preparation processes; (c) and (d) same initial surface as (b) but during and after
PES experiments respectively. The data have been adjusted by three Lorentzian multiplied by the Fermi-
Dirac function (red curves).
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Figures 20 (a) and (b) highlight the strong influence of the preparation on the localized
feature close to the Fermi level. Despite identical preparation processes, the localized state is above
the Fermi level (+0.03 eV) in one case and below (-0.09 eV) in the other case. This shift can be
explained by a change in the surface stoichiometry, giving rise to a hole doping in (a) and an electron
doping in (b). A residual oxygen contamination in (a) could pump electrons from the valence band
(electronegative character of oxygen) and shift the localized peak above the Fermi level. Successive
preparation processes tend to remove the residual oxygen contaminations and the peak then
appears below the Fermi level.

The comparison of EDCs in (b), (c) and (d) shows that the electron pocket as well as the
divalent contributions are strongly reduced (by a factor of approximately 6) at the end of the
experiment (approximately 12 hours long). The surface obviously deteriorates during the
experiments, likely due to some surface contamination despite the low base pressure (in the 10™°
mbar range) inside the photoemission chamber.

These various EDCs clearly prove that these three electronic states are very sensitive to the
surface condition. An interesting point is that the decrease in spectral weight seems similar for the
electron pocket and for the divalent contributions that are known to be localized at the surface.
There is no clearly identified bulk state to compare how it would be influenced by the same surface
characteristics. However, the decrease observed for the contribution at higher binding energy (band
3) appears to be comparatively smaller and slower.

One has to underline that these observations remain very qualitative. To investigate the
sensitivity of electronic states to surface conditions, the thickness and nature of adsorbates are
generally carefully controlled. The adsorption of [0.03-0.06] layers of oxygen?""2 typically results in
a decrease of the surface state intensity, much faster than for bulk states > and larger than 50% of
its initial value 12139,

3. The two previous remarks about the morphology/dispersion of electronic states and their
sensitivity to surface characteristics belong to the common criteria to identify surface states. One can
mention other elements that would be consistent with the occurrence of surface states.

The strong dependence of the spectral weight as a function of the photon energy may be
attributed to a resonant process, as it has been described for Sm 4f contributions (section IIl.A.). In
this photon energy range, a resonant process has been reported for the Gd 5d surface state (at 32eV)
where the 5d emission is enhanced for incident photon energy tuned to the 5p — 5d energy
threshold®’. The observed resonant-like behaviour at 34eV would tend to prove the 5d character of
these electronic states. Whether this 5d state should be attributed to Gd or Sm remains an opened
question, but the small Gd concentration and the reported resonant energy for Gd (32ev/>?57
compared to 34eV in this study) would tend to rule out a Gd contribution. PES experiments on a
(111) SmAI, surface (without Gd substitution) have been undertaken to clarify this point. Although a
similar contribution seems present in the vicinity of the Fermi level, the poor quality of the data,
related to difficulties in preparing the surface, unfortunately didn’t allow drawing any definitive
conclusion.

The observed electronic states exhibit a A; symmetry. The existence of a surface state with A;
symmetry is common to the (111) surfaces of the noble metals Cu, Ag, Au and has been observed for
Ni(111) * as well. A 5d,2 symmetry has been reported for the (0001) Gd surface state!™,

The conjunction of these several features would thus suggest the existence of electronic
surface states, especially for the electron pocket that exhibits the smallest perpendicular dispersion
and the strongest sensitivity to surface conditions. One can underline that no surface states have
been reported up to now for SmAI, or more generally for REAI, compounds in polycrystalline form. In
the paper by C. Laubschat et al.™*, the authors reported the photoemission spectra around the 4f
contribution of several REAl, compound (e.g. SmAIl,, GdAl,, DyAl,) and identified divalent
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contribution as surface features. They didn’t observe any additional contribution at the Fermi level,
maybe due to higher incident photon energies (70-75 eV).

Despite the various points reported above, the identification of the observed electronic
states as surface states is not straightforward: the limited energy range where they are observed
make the analysis difficult and the sensitivity of divalent contributions to the surface condition could
also drive the decrease of the electron pocket spectral weight.

Moreover, as recalled in section I.A., electronic band structure calculations performed for
YAL™ have evidenced the existence of small electrons pockets around L points that could explain our
experimental results. A similar feature by the way also appears in the calculated Fermi surface for
YbAL, (figure 1 (b) in 7).

In order to try clarifying this point, electronic band structure calculations for SmAl, have been
undertaken in collaboration with C. Tiusan (professor at the Technical University of Cluj-Napoca
(TUCN), Roumania). They were performed in the Local Spin-Density Approximation incorporating the
Hubbard parameter and the spin-orbit coupling (LSDA+U+SO). The Wien2k code, based on the Full
Potential Linearized Augmented Plan Waves (FP-LAPW) method, was used. This approach is similar to
the one developed by H.). Gotsis et al® to calculate the electronic structure of SmAl, (section L.A).
Gotsis’calculations were however performed for limited parts of the Brillouin Zone and some updates
and corrections have been added to the code since their publication in 2003. This justifies the
development of new calculations for bulk SmAIl,, over extended parts of the BZ. Further calculations
have been also undertaken to analyze the possible role of the surface on the Density Of States.

Bulk band structure calculations

Calculations have ben first performed with a bulk cell crystallizing in the Fd-3m symmetry
space group and with lattice constants equal to 7.912 A (figure 21).

The Hubbart (U) parameter and the spin-orbit (SO) coupling have been chosen to get proper
localization of the 4f trivalent contributions compared to the experiment (figure 7 (a)) and
satisfactory values for spin and orbital moments (mq, = -3.23 g and Mgy, = 2.95 g).

The calculated electronic band structure for bulk SmAIl, are presented in figure 22 along
different directions of the bulk Brillouin Zone. The I'L bulk direction (left part of the figure) is
experimentally probed when changing the incident photon energy. The LK and LW bulk directions
(right part of the figure) are experimentally probed via in-plane measurements along k, and k,
respectively.

Figure 21: Bulk SmAI, cell used for the electronic
band structure calculations.

60



Chapter 3

2.0

Energy(eV)

S R N N

G

Figure 22: Electronic band structure calculated for bulk SmAl, (Wien2k code). The color dots are guides
for the eyes.

The calculated electronic band structure along WLK (right part) presents several interesting
features that are in relatively good qualitative agreement with in-plane experimental observations
around the bulk L point, i.e. the surface I point (figures 11 (a) and (b)):

(i) Dispersive bands with positive effective mass and a bottom energy at approximately -3.2eV

(purple/orange)

(ii) Dispersive bands with negative effective mass and a top energy around -0.4eV and -0.2eV

(pink/green)

(iii) Localized spectral weight close to the Fermi level (red) with a minimum around -0.1eV at the

L point and positive effective mass.

(iv) Some relatively flat and diffuse spectral weight around -1.6eV.

Experimental observations however didn’t really evidence a contribution arising at the Fermi
level and at the L point, as it is the case for the calculated “blue” electronic state. This may be
masked by a much larger spectral weight for the localized electrons pocket (in red).

The calculated electronic band structure along T'L (left part) has to be compared with the
dispersion curves presented in figure 18 (a) and (b).

(i) The purple/orange bands starting at L at -3.2eV are flat around L. They only exhibit a small
dispersion when increasing towards I points. The experimental dispersion that we have
extracted in the explored % I'L range is slightly larger than the calculated behavior.

(ii) The red band exhibits a rather dispersive behavior with a decrease in binding energy towards
I" points. This is in disagreement with the large positive effective mass deduced for the
electron pocket in the perpendicular direction. The calculation doesn’t bring any evidence of
a flat contribution close to the Fermi level along I'L.

In summary, the conjunction of experimental observations and electronic band structure
calculations would suggest that the localized electron pocket around T of the (111)SGA SBZ is a
surface state with A; symmetry. This surface state, of 5d character, is likely built on the bulk state
close to the Fermi level. The other dispersive bands that exhibit similar symmetry and 5d character
would rather correspond to bulk states.
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One can finally underline that the main characteristics of those calculated electronic bands
are similar to those calculated in LaAl,™ and YALL™. In these papers, a A; symmetry is reported along
I'L for the band close to the Fermi level and the band with a bottom energy around -3.2eV,
consistently with these experimental results.

Surface Density Of States

Calculations have been recently extended to explore the possible development of a surface
state at the (111)SGA surface. For this purpose, a different supercell has to be built (figure 23 (a)) to
consider the different possible environments for Sm: the samarium located in the bulk of the
structure (bulk Sm), the samarium located at the surface (surf Sm) and the samarium located just
underneath the surface when this latter is formed by Al atoms (sub-surf Sm). Because of the size of
the supercell, computing times are much longer and it was not possible to calculate the electronic
band structure and to take the U and SO parameters into account. Only Density of States without U
and SO have been calculated.

No significant difference between bulk and surface environements (surface or sub-surface)
have been detected in the Sm f-DOS. The results obtained for Sm d states are presented in figure 23
(b) and (c).

6.6

(b)

DOS{States/eV>

=~

-8.2 -

Sub-surf Sm

-8,q [ —— Bulk Sm
— Sub-surf Sm

-3 -2 -1 a 1 2 3 4
Energy (eV}

(c)

DOS{States/eV)

Figure 23: (a) Supercell used for the DOS calculation. Bulk Sm, surf Sm and sub-surf Sm denote the
different Sm environments, respectively in the core of the crystal, at the Sm-terminated surface and just
underneath the Al-terminated surface; (b) Calculated DOS for bulk Sm and sub-surf Sm; (c) calculated
DOS for bulk Sm and surf Sm (Wien2k code).
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The comparison between the bulk and the sub-surf Sm d-DOSs (figure 23 (b)) doesn’t show
any significant difference both in the majority and minority channels, indicating no Sm surface states
for an Al terminated surface. The comparison between the bulk and the surf Sm d-DOSs (figure 23
(c)) does however highlight significant supplementary contributions in the surf Sm d-DOS, especially
in the majority channel. This would suggest the development of Sm d surface states, only for a Sm-
terminated surface; Sm electrons would be sensitive to the surface only when they are not covered
by Al.

In the present experimental case, no specific information is available on the chemical nature
of the SGA surface after the preparation process which has been developed. The observation of
several supplementary features in the surf Sm d-DOS close to the Fermi level would be however
consistent with our experimental results.

The SRPES experiments can bring complementary information on the electronic properties of
the (111)SGA valence band by probing the spin-polarization at the Fermi level. These measurements
have been performed in the so-called “spin chamber” of the CASSIOPEE beamline and in the
remanent state (zero applied magnetic field).

As mentioned in the chapter 2, a solution to get rid of possible differences between the
detectors is to perform two sets of measurements in reversing the sample magnetization. Because of
the huge coercivity in SGA films, this couldn’t be achieved in reversing the applied magnetic field.
Different field-cooling procedures (under +0.12T and under -0.12T) were required to stabilize two
opposite magnetization states (up and down spin orientations) in the SGA film. Because of the long
acquisition time in SRPES experiments, the SGA surface had to be “refreshed” following the protocol
detailed in section Il, for each temperature and each magnetization state. This is of course a
drawback since the surface characteristics may slightly change between the two magnetization states
but it appeared to be necessary due to the surface degradation. In summary, the process was the
following (i) surface preparation (ii) transfer into the spin chamber at a temperature above the Curie
temperature (125K) (ii) application of the magnetic field (+0.12T or -0.12T) (iii) Field-cooling down to
the measurement temperature.

Moreover, experimental issues arose in the MBE chamber (pressure rising well above 10°
mbar during the annealing process) during the SRPES synchrotron run, so that a lot of time has been
spent to get a surface with the required quality, similar to the surfaces used for ARPES. Only two
SRPES measurements have been thus performed, at 30K and 88K. 88K is the compensation
temperature measured by SQUID for this SGA expitaxial film.

These results are presented in figure 24. The spin up and spin down density of states and the
polarization have been calculated using the formalism detailed in F. Bonell’s PhD work*:

8

P= |(VEL -V NG +JG 1| x (1/0.12) (-4)
Lip = (4ot /2) X (L + P) = [(2 I+ 2./12—1;)/2] x (1 + P) (I11-5)
lown = Ueoe/2) x (1= P) = |(2J 17 + 2317 ) /2] x (1= P) (111-6)

where Il-”—L is the intensity collected by the detector i for the up (+) or down (-) spin orientation.
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Figure 24: (a) and (b) Spin resolved
intensities and (c) perpendicular to
the plane polarization measured at
30K and 88K (hv = 32eV, p-polarized
photon beam).
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As previously reported, these EDCs exhibit at both temperatures several contributions,
mostly the two divalent surface contributions and the electron pocket close to the Fermi level.

At 30K, a small positive polarization of approximately 13% could be extracted in the vicinity
of the Fermi energy, whereas no spin polarization is observed at the magnetic compensation (88K).
This later point is not consistent with transport measurements on SGA based magnetic tunnel
junctions, that evidenced a finite Tunnel Magneto Resistance at the SGA compensation and thus a
finite spin-polarization at the Fermi level®. This SRPES result would need to be reproduced and
confirmed since some doubts have been emitted concerning the real temperature during the
measurements. Complementary experiments are definitely required at several temperatures in order
to investigate the temperature dependence of the spin polarization and to clearly determine the
polarization in the compensated state.

The spin-polarization measured at low temperature is likely attributed to the 5d- based
electronic state observed by ARPES. D. Wegner et al.?” reported on a (0001) Sm surface state
observed by Scanning tunnelling spectroscopy but their results strongly suggest its non-magnetic
nature (unsplit contribution). The authors concluded that the topmost divalent Sm surface layer on
(0001) Sm is nonmagnetic despite the magnetically ordered trivalent Sm core layer. The present
results on (111)SGA would confirm the nonmagnetic nature of the divalent Sm surface contributions
but rather suggest the occurrence of a spin polarized surface state. One can also underline that the
measured positive polarization is consistent with calculation showing a surface state developed in
the majority channel (figure 23 (c)).

However, as recalled previously, the experimental conditions were particularly difficult
during this synchrotron run and complementary experiments are required before drawing any
definitive conclusions on these various aspects.
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IV. Electronic structure of (111)SGA/MgO

Following the study of electronic properties of a free (111) SGA surface, the next step was to
investigate the SGA/MgO system, in order to explore how the (111) SGA electronic properties are
affected by the presence of the MgO cover layer. This aspect is relevant for transport properties of
SGA-based magnetic tunnel junctions where the SGA electrode is covered by the insulating barrier,
typically MgO or Al,O;. This interface with the oxide layer may especially affect surface states, the
spin polarization at the Fermi level and thus magneto transport properties. The aim of this section is
to report on the electronic properties of this SGA/MgO system, where a special attention has been
paid to the Sm 4f contributions and to the electron pocket discussed in the previous part. As for the
free (111)SGA surface, the analysis of Al 2p multiplets was also used to analyze the oxidation of the
SGA/MgO interface.

A 2 monolayers thick MgO film has been deposited at room temperature on the (111)SGA
surface, right after the surface preparation process, in the CASSIOPEE MBE chamber. MgO has been
evaporated from an electron gun, previously calibrated (before our synchrotron run) by using RHEED
intensity oscillation. No observation of the Al 2p contributions has been performed between the
surface preparation and the MgO deposit to minimize the risk of surface degradation.

IV.A. Interface oxidation

As presented in section II.C., the preparation process developed for the free (111)SGA
surface permits to obtain a clean surface, where the observation of the Al 2p multiplets is the
signature of the absence of oxygen contamination (figure 25 (a), open symbols). The deposit of a 2
ML thick MgO film drives strong modification of SGA at the interface, as evidenced by the
appearance of a supplemental contribution at higher binding energy, attributed to oxidized Al (figure
25 (a), filled symbols). The two contributions for aluminum metal (2p;/; and 2ps/,) are however still
clearly visible and present the same characteristics, i.e. spin-orbit coupling, intensity ratio, and width,
as for the clean free SGA surface.

The observation of the typical Mg 2p peak reported for MgO"™? (figure 25 (b)) confirms the
presence of MgO on the SGA surface.

Metallic
28

24_' (a) Figure 25: (a) XPS spectra around
'(3\7. 201 hv =100 eV the Al 2p contributions measured
,,,i 16- at 4K and with a 100 eV photon
= ] . energy for a free (open circles) and
,:2:‘ 12__ Oxidized Al a MgO-covered (filled circles) SGA
§ 3‘_ surface. The signal for the MgO-
= 4 covered  surface  has  been
0 ; multiplied by a factor of 4.8. The
78 70  metallic contributions can be well
fitted by two Lorentzian (blue
= curves) and the oxide contribution
= by a Gaussian (green curve). (b)
"’9 XPS spectrum around the Mg 2p
i contributions measured at 4K and
'§ with a 100 eV photon energy for

g the MgO-covered SGA surface.

Binding Energy (eV)
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The observation of both metallic and oxidized Al contributions reveals that the probed SGA
volume is heterogeneous with oxidized and non-oxidized parts. The oxidized part likely corresponds
to the surface (PES experiments performed at the IJL have shown that etching the MgO cover results
in the decrease of the oxidized Al 2p contribution at the benefit of the metallic one). However these
two parts may also coexist laterally, in the hypothesis of incomplete covering of SGA by MgO.

An inelastic mean free path of approximately 5A is typically reported for a photon energy of
100eV"*?. The escape depth of electrons in the SGA layer must be however smaller when it is covered
by MgO, as in the case of Cr/Mg0"" for example.

The oxidized SGA/MgO interface of course likely perturbs the surface electronic properties of
SGA. This point is discussed in the following sub-sections by studying the Sm 4f multiplets and the
valence band.

IV.B. Samarium 4f multiplets

Figure 26 presents the XPS spectra around the Sm 4f contributions measured at the Sm**and
Sm®" resonance (140eV and 134eV) and in normal emission for the MgO-covered SGA (black curve)
and for the free SGA surface (grey curve). The emitted intensity for the free SGA surface has been
normalized with respect to the °I peak intensity (divided by a factor 5 and 3 for the Sm*" and Sm**
resonance respectively) to allow an easier comparison. The weights and binding energies for the Sm**
and Sm?" multiplets calculated by F. Gerken et al” are recalled by the red and blue bars
respectively.
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Figure 26: XPS spectra around the Samarium 4f contributions measured in normal emission with a
photon energy of 140 eV (a) and 134eV (b) for the MgO-covered (black symbols) and free (grey
symbols) SGA surfaces. The emitted intensity for the free SGA surface has been normalized with respect
to the °I peak intensity (divided by a factor 5 and 3 for the sm>" and Sm** resonance respectively). The
colored bars denote the calculated weights and binding energies for the trivalent (red) and divalent
(blue) Sm contributions 251
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The spectrum collected for the MgO-covered SGA mainly exhibits the trivalent Sm
contributions, already described in the part devoted to the free SGA surface. These contributions,
attributed to the core of the layer, are largely attenuated by the MgO cover (by a factor of
approximately 5), but their positions are identical to those measured for the free SGA surface. This
reveals that the SGA part below the surface is not affected, i.e. not oxidized, by MgO. A chemical shift
larger than 1 eV for the Sm*>* multiplets is indeed expected for oxidized Sm, as reported by G. Dufour
et al."?.

One can also notice that the Sm divalent contributions almost totally vanished; they are at
least reduced by a much larger factor than the trivalent ones (approximatively by a factor 10). This is
related to their surface state characteristics, which make them very sensitive to any cover or
adsorbates. This observation would suggest a complete covering of the SGA surface by the MgO
deposit.

As expected from the literature on Mg0™®, no additional contribution from MgO are
observed in this binding energy range. The MgO gap, extending down to 4eV below the Fermi level,
especially allows the study of the underneath SGA valence band, provided a reasonably thin MgO
cover layer.

IV.C. Valence band analysis

The valence band of the MgO-covered SGA has been analyzed via the measurements of the
intensity in normal emission for both p- and s- polarizations (at 4K and for a photon energy of 32 eV).
These EDCs are presented in figure 27 (a) and can be compared to those measured for the free SGA
surface (figure 14). Figure 27 (b) presents an in-plane cut of the Fermi surface extracted from the
ARPES measurements (with p-polarization).

I (A)

10000 =0. . .
hv=32eV  p- polarization "ZO & g Dt
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Intensity (u.a)

s- polarization

-3.0 2.0 1.0 0.0
Binding Energy (eV)

Figure 27: (a) EDCs measured in normal emission for the MgO-covered SGA (T=4K and hv=32eV) with a
p-polarized (black circle) and s-polarized (open circle) beam. (b) in-plane cut of the Fermi surface
extracted from ARPES measurements.

These results first show some residual broad divalent contributions. Their relative shapes and
width, similar to what has been observed for a ‘contaminated’ surface, suggest that these persisting
contributions originate from MgO-covered SGA rather than from uncovered SGA. The strong
attenuation and change in their respectively weights would result from the change in the chemical
environment at the SGA surface. There is no evidence of uncovered SGA like divalent contributions.

Interestingly, the electron pocket appears to survive at the SGA/MgO interface. It exhibits the
same symmetry as for the free SGA surface (disappearance for the s-polarized beam) and a similar
ring-shape in the in-plane FS mapping, signature of an isotropic paraboloidal shaped in-plane
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dispersion sheet. From the fit of the in-plane energy dispersion curves using E = h?k?/2m* + E,, a
ratio m*/m,. of 0.32eV and a bottom of the band E, = -0.12 eV have been found. These values are
very close to those determined for the free SGA surface. No out-of-plane measurements have been
performed in this case, and thus no information can be brought about the perpendicular dispersion.

As divalent states that partially subsist below the 2 ML thick MgO cover, this other
contribution appears to survive and presents similar characteristics at the SGA surface and at the
SGA/MgO interface.

To summarize, the ARPES measurements on MgO-covered SGA have shown that the
SGA/MgO interface is affected by the MgO cover with an oxidation localized at the SGA surface.
Despite the interface oxidation and the MgO cover, the ARPES measurements have revealed the
persistence of the electron pocket close to the Fermi level. This may be surprising for a contribution
with surface state characteristics but divalent 4f surface states partially persist as well. Moreover, it
is known that surface states as interface resonant states may survive the cover layer, as it is the case

in Fe- based magnetic tunnel junctions with MgO barrier®”.

A few important points can be underlined to summarize this chapter:

(i) A specific preparation process has been developed to obtain clean and good quality
(111)SGA surfaces, suitable for relevant ARPES experiments.

(ii) Photoemission experiments performed for incident photon energies in the [130eV-
150eV] range enabled the observation of the multiplets originating from the Sm®" and
Sm>" contributions, unambiguously identified by the resonant experiments. The divalent
contribution is most likely related to surface atoms, as suggested by previous studies
and by their binding energies, consistent with a divalent surface covering a trivalent
crystal™. This result is in agreement with the stability diagram for SmAl, reported by C.
Laubschat et al.™.

(iii) ARPES experiments have permitted to perform an accurate analysis along various
directions of the BZ and to extract relevant informations on the (111)SGA electronic
structure. The conjunction of experimental observations and electronic band structure
calculations would reveal the occurrence of a surface state with A; symmetry, appearing
as a strongly localized electron pocket around T in the (111)SGA SBZ. This surface state,
of 5d character, may be built on a bulk state close to the Fermi level. Other electronic
states, with similar symmetry and similar d-character, would rather correspond to bulk
bands.

(iv) First SRPES suggest a low temperature positive spin polarization at the Fermi level.
These results have to be confirmed and completed, especially to analyse the
temperature dependence of the spin polarization and eventually its value at the SGA
magnetic compensation.

(v) The study of the MgO-covered SGA system revealed an oxidized SGA/MgO interface but
the persistence of the localized electron pocket close to the Fermi level.
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This chapter is divided in two main sections. The first section defines and identifies the
different contributions to the magnetic anisotropy and reminds the magnetization reversal process in
magnetic nanostructures. The second section gives an overview of the magnetic properties,
especially the perpendicular magnetic anisotropy, in [Co/Pt] multilayers, as they can be found in the
literature. It is shown how various parameters such as the deposition technique, the thickness or the
nature of the buffer can influence the anisotropy.
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l. Introduction to the magnetic anisotropy

Magnetic films with magnetization orientated perpendicular to film plane are currently the
best candidates in magnetic storage devices with respect to the challenge to decrease the bit size.
This technology is actually used in commercial hard drives with the highest storage densities. This
phenomenon of having a preferential magnetization perpendicular to film plane is usually referred to
as Perpendicular Magnetic Anisotropy (PMA). Magnetic anisotropy is characterized by an effective
anisotropy constant (K.ss) that has a volume contribution Ky and a surface or interface
contribution K. The magnetic anisotropy can be described as:

1
Keff = KV + ?KS (I'l)
where t is the thickness of the ferromagnetic layer.

In the following, a macrospin model sketched in figure 1 will be used to get an expression of
the total magnetic anisotropy E4 = K.fr.V. The angle 6 defines the angle between the external
magnetic applied field H and the easy magnetization axis whereas ¢ defines the angle between the
magnetization M and the easy magnetization axis. The magnetization M is defined as M u(r) with
Mg = |M| the magnetization at saturation and u(r) the unit vector. The easy magnetization axis is
defined perpendicular to film plane, along the z axis. This will be the case for our [Co/Pt] multilayers.

z Easy magnetization axis

x

Ferromagnetic layer

Figure 1: Sketch of a ferromagnetic layer (FM) with its magnetization M making an angle ¢ with the
easy magnetization axis whereas 6 defines the angle between the external applied field H and the easy
magnetization axis. The thickness of the ferromagnetic layer is equal to t.

I.A. Origin of magnetic anisotropy in thin magnetic films

I.A.1. Shape anisotropy

The phenomena related to the magneto-statics in the matter are completely described by
the Maxwell equations. In a magnetic material with homogenous magnetization, the projection of
the magnetization at magnetic matter surfaces generates surface magnetization currents. These
currents induce a local field, opposite to the magnetization, called demagnetizing field that will be
labelled H 4(7) in the following. The demagnetizing energy E; resulting from this field is given by:
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Eq = —2[[[ M. Hq(r)av = —“OTMS [ff w.Hq(r)dv (1-2)

with Ms the saturation magnetization and p, the vacuum permeability.

Generally H (1) can be determined exactly only for second order geometries e.g. ellipsoidal
or spherical geometries. However, making the hypothesis of a uniform magnetization in the
considered volume, a demagnetizing tensor N depending only on the geometry of the system can be
calculated. Consequently, the demagnetizing field can be re-written as Hyi(r) = —N.M and the
demagnetizing energy as:

MZ
E; = ""2—5 (N2 + Nyyu2 + Nyu2) XV (I1-3)

where Nyy, Ny, and N, are the diagonal components of the demagnetizing tensor. In the case of
thin films with perpendicular anisotropy, it can be shown that Ny, =0, N,,,, = 0 and N,, = 1 and
consequently the demagnetizing energy can be written as:

2
E; = —%sinztp XV (1-4)

The microscopic origin of the magneto-crystalline anisotropy is the spin-orbit interaction and
the crystal electric field. As a result of the interaction between the electronic orbital and the orbital
moment, magnetization is favored along some crystallographic directions. Consequently, in a crystal,
some directions are easier to be magnetized than others. These directions are called easy
magnetization axis. In practical, the magneto-crystalline energy can be developed in series of cosine
and sine of the angle between the magnetization and the crystallographic easy axis. For the case of
cubic crystal (e.g. Ni or Fe crystals), the magneto-crystalline energy Ex is given by:

Ex = (Ki(afa3 + ajaj + afa3) + Ky(afaiai + ) XV (1-5)

where K; and K, are the first and second order anisotropy constants respectively, a4, a,, az the
direction cosines between the magnetization and the crystallographic axis.

For a uniaxial symmetry (in first approximation for hexagonal, rhombohedral and tetragonal
crystals), the magneto-crystalline energy Ex can be expressed as:

Ex = [Kisin?(@) + Kysin* ()] XV (1-6)

Generally, the second order term can be neglected and Ey can be simplified as Ex = K;sin?(¢) X V.

Surface or interface anisotropies have been predicted by Néel in 1954™ and experimentally
observed for the first time in 1968 by Gradmann and Muller™. It results from the broken symmetry
at the interface or at the surface of the magnetic layers. The magnetic surface or interface anisotropy
Ek is given by:
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Ki K2 2
Exs = (52 +52) sin(p) x V (1-7)
where K} and KZ? are the anisotropy constants of both surfaces or interfaces, and t is the
thickness of the ferromagnetic layer. For perpendicular magnetic anisotropy, Kj is positive.

As for the surface or interface anisotropy, the magneto-elastic anisotropy in multilayers
appears when the thicknesses of the layers are thin, typically in the nanometer range. Strains can
appear in those thin films before relaxation and may thereby alter the direction of the magnetization.
These strains are due to the lattice mismatch between the different layers in [FM/NM] multilayers
and also deposition techniques. Two regimes can be distinguished, below and above a critical
thickness t..

Below the critical thickness, the magneto-elastic anisotropy is a volume contribution. The
lattice parameters of the different layers are close, at an intermediary value between those of each
layer, in order to minimize the energy. This regime, where the strains are constant, is called coherent
regime and the magneto-elastic anisotropy energy E,,. can be expressed as:

Eme = KV,meSinz((p) XV (1-8)
where Ky . is the volume magneto-elastic anisotropy constant.

Above the critical thickness, the magneto-elastic anisotropy is a surface contribution. In this
case, it becomes more favorable to introduce misfit dislocations and each layer of the multilayer
adopts its own lattice parameter and strain relaxation occurs. This regime where the strain is

proportional to 1/t is called incoherent regime and its magneto-elastic anisotropy energy E,. is
given by:

Ene = %[Ks,meSinz ((P)] XV (1-9)

where K. is the surface magneto-elastic anisotropy constant and t is the thickness of the
ferromagnetic layer.

Finally, the magnetic anisotropy energy E,4 can be expressed as the sum of all the anisotropy
contributions described previously:

1 2
OM.g) + KS +KS+KS,me]

Ea = |(Ky + Ky me =22

sin?(@) XV = K ¢rsin?(@) X V (1-10)
Here, the effective anisotropy constant K, is divided in a volume contribution Ky = K; + Ky e —
toM2 /2 and a surface contribution Ks = K& + K2 + Ks me- This expression is valid only for thin films
where the magneto-crystalline anisotropy is uniaxial, the second order term in Ex neglected.

Making the hypothesis that the top and bottom ferromagnetic interfaces contribute equally
to the surface anisotropy (K§ = KZ), Ks can be re-written as Kg = 2K¢ + Ks e
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The effect of layer roughness on the perpendicular anisotropy has been studied by P. Bruno
in reference®™™. In the model, the roughness amplitude is ¢ and the lateral correlation length of the
roughness is {. As a result from this model, a surface contribution to the magnetic anisotropy
associated to the roughness has been derived and equals:

K, = Mo 2o{1—f2n (%)]} (1-11)

2
where f is a function of o and {. The associated anisotropy energy contribution equals:

toMZ 3

E; = %[T sof (%) sin? ((p)] XV (1-12)

It is a dipolar surface contribution which is always positive and so favors a perpendicular
magnetization. The perpendicular anisotropy appears more intense when the roughness is stronger.

P. Bruno also studied the effect of roughness on the magnetic surface anisotropy predicted
by Néel. He showed that roughness can reduce this contribution by:

AKs _ _ 20 (1-13)
Ks ¢

The formation of interface alloys can contribute to modify and reduce the symmetry
breaking at the interface between the layers and as a result to reduce the magnetic anisotropy
predicted by Néel.

In practice, the effective anisotropy constant is extracted from M(H) loops by subtracting the
areas between the M(H) loop along the hard and easy magnetization axis. This method called “area
method” is based on electromagnetic considerations where the difference of areas corresponds to
the energy needed to turn the magnetization from the easy magnetization axis to the hard
magnetization axis:

Ker = to(f M.dH — [ M.dH) (1-14)

Hard axis Easy axis

The “area method” is always valid even for large and multi-domains structures™ or tilted
easy axis of magnetization. This is the case in several of our [Co/Pt] multilayers. Therefore, the
determination of K¢ is always relevant and rigorous. On this basis, a plot of K,¢r X t versus t
where t is the thickness of the magnetic layer allows the determination of both the volume and the
surface contributions, as it should vary as a linear function of t according to equation I-1. The slope
corresponds directly to Ky and the intercept at zero thickness to K. Figure 2 gives an example in the
case of [Co/Pt] multilayers.

The negative slope of the curve means that K, is negative and favors an in-plane
magnetization whereas the positive value for K; favors a perpendicular magnetization. So the
preferential magnetization direction results from the competition between the volume and surface
contributions. Below a critical cobalt thickness (t.), 1.1 nm in this example, the surface contribution
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dominates the volume contribution which leads to a positive value of K,¢r and a magnetization

perpendicular to the film surface whereas for high cobalt thickness (larger than 1.1 nm), the volume
contribution is dominant which leads to a negative value of K,¢; and a in-plane magnetization. More
details about the deviation from the linear behavior at low Co thicknesses will be given later.
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Figure 2: K.r¢ X tc, versus tc, where tc, is the Cobalt thickness in [Co/Pt] multilayers. When Ko is
positive, PMA is obtained (sketch right, top); When K4 is negative, in-plane anisotropy is favored
(sketch left, bottom).

The Stoner-Wohlfarth model is the simplest model to explain the magnetic behavior of
nanostructures when submitted to a applied magnetic field. The model applies only for single domain
nanostructures for which coherent magnetization reversal occurs. Consequently, the magnetization
can be described as a macro-spin. The two contributions to the energy of the nanostructure are the
Zeeman energy that tends to align the macrospin with the applied field and the anisotropy energy
which tends to align the magnetic moments along the easy magnetization axis. As a result, the total
energy of the system (E) corresponds to the sum of these two contributions and equals:

E = [—yOMS X Hcos(6 — ¢) + Keffsin2 ((p)] XV (1-15)

with M, the saturation magnetization, ¢ the angle between the magnetization and the easy axis of
magnetization, 8 the angle between the magnetic field and the easy axis of magnetization (defined in
figure 1). The magnetic configuration is given by ¢ and is obtained by minimizing E with respect to ¢,
for given values of 8 and H, taking only the stable equilibrium states into account. The M(H) loops
when the magnetic field is applied along the easy and hard magnetization axis are shown in figure 3
(Right). When the magnetic field is applied along the easy magnetization axis (8 = 0°), the magnetic
response is a square and hysteretic loop. The field needed to get a zero magnetization along the
applied field is called the coercive field and is labelled H.. The remanent magnetization, i.e. the
magnetization at zero applied field, is equal to Mg, the saturated magnetization. When the magnetic
field is applied along the hard magnetization axis (6 = 90°), the magnetic response is non-hysteretic
with zero magnetization remanence. The magnetic field necessary to saturate the ferromagnetic
material is called the anisotropy field, Hg.rr, and is equal to:

ZKeff
HoMs

Hygerr = (1-16)
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In the case of the Stoner-Wohlfarth model, the coercive and effective anisotropy fields are
equal. In practice, this happens only for small nanostructures with nanometric lateral sizes. Usually,
the coercive field is lower than the effective anisotropy field due to some defects in the sample
which favor the nucleation of domains, their propagation leading to the magnetization switching.
However, a good estimate of the effective anisotropy is obtained from H,r. Indeed, along the hard
axis, the magnetization often rotates to saturation and is therefore well reproduced by the Stoner-
Wohlfarth model. Finally, in the Stoner-Wohlfarth model, the H. varies with ©. An analytical
expression can be derived and is given by:

_ 2Kegr 1
HOMS(

- - e (1-17)
sin/3(0)+cos /3(9))

This is the well-known Stoner-Wohlfarth asteroid (figure 3 left).

B=0" M
- F'y
Stoner-Wohlfarth asteroid
Hard axis _ Hc
o=90° b —* H
Easy axis 8 =90° M
180° e =

c—H
270" —/

Figure 3: Left: Stoner-Wohlfarth asteroid. Right: M(H) loops for particular © angles of the Stoner-
Wohlfarth asteroid.

Il. Perpendicular Magnetic Anisotropy in [Co/Pt] multilayers

Multilayers with perpendicular anisotropy have several key advantages over multilayers with
in-plane magnetization in spintronics and memory applications: higher thermal stability and smaller
domain wall widths”’, lower threshold current for spin-transfer switchingm and for current-induced
domain wall motion®. According to the previous section on the magnetic anisotropy, the
perpendicular anisotropy appears when the surface contributions overcome the volume
contributions which are generally dominated by the shape anisotropy. However the origin of the
surface contribution in multilayers remains an open question and depends on the control of the
interface at the atomic level. It is generally attributed either to the surface anisotropy predicted by
Néel or to the magneto-elastic strain®®, Since the discovery of the PMA in [Co/Pt] multilayers by
P.F. Garcia et al.™® it is known that the PMA is strongly related to the surface morphology of the
[Co/Pt] multilayers™ ™ This can be understood from Bruno’s models described in the previous
section where it is reported that the roughness and inter-mixing can play a crucial role on the surface
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anisotropy. Consequently, the surface anisotropy strongly depends on the preparation conditions
(e.g. nature of the substrate, buffer layer, sputtering pressure, and thicknesses of the Co and Pt
layers) and the growth techniques used (e.g. sputtering, evaporation, Molecular Beam Epitaxy).
Despite the various parameters which can be tuned, some general trends for the PMA dependence
can be extracted from the literature and are reported below.

IlLA. Influence of the crystallographic orientation and preparations

A very complete review paper published by M.T Johnson et al.™ on the perpendicular
anisotropy in various [Co/X] multilayers with X = Pt, Pd, Au, Cu summarizes the different trends of the
PMA dependences on the crystallographic orientation and the preparation conditions. This paper has
been published in 1996 but remains an interesting reference to introduce and give an overview of
the main parameters which drive the PMA in [Co/Pt] multilayers. Consequently, unless otherwise
indicated, the different graphics and tables shown in this section are extracted from reference.

The dependence of the effective anisotropy constants times Co thickness versus Co thickness
are reported in figure 4 for different crystallographic orientations and growth technique, i.e.
Molecular Beam Epitaxy (MBE) or Sputtering (S). These permit to extract both volume and surface
anisotropy constants.

3 1 1 |
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A (11} w (11D
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w (100}
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Figure 4: Dependence of the volume (Ky) and surface (Ks) anisotropy contributions in epitaxial and
sputtered [Co/Pt] multilayers for different crystallographic orientations.

In figure 4, the negative slope indicates a negative volume anisotropy Ky, driven by the shape
anisotropy (—poMZ/2) and favoring an in-plane magnetization; the value at zero Co thickness
reveals a positive interface anisotropy K favoring a perpendicular magnetization. All the [Co/Pt]
multilayers experience a perpendicular to in-plane magnetization transition when the Co thickness
increases. As described in section I.C, below a critical cobalt thickness (larger than 2.4 nm for (111)
epitaxial [Co/Pt] multilayers), the surface contribution dominates the volume contribution and the
magnetization is perpendicular to the multilayers plane (out-of-plane configuration) whereas for
thicker cobalt layers, the volume contribution is dominant and the magnetization lies in the
multilayer plane (in-plane configuration).

Whatever the growth technique used, the larger PMA is observed for the (111)
crystallographic orientation where Kg is maximum and Ky minimum. The largest negative K value
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(weak PMA) is observed when the [Co/Pt] multilayers are grown along the (100) direction in line with
the large strains in these layers and the positive magnetostriction[s].

A summary of the values of K, and K reported in literature (different substrates or buffers,
deposition techniques) is given in Table 11,

Substrate Composition/ K. K. Deposition
buffer mnterface (mfm2)  (MIm?) technique
GaAs (Co/Pt(100)),  0.59 —-5.98 MBE
Glass, Quartz, SvPt (Co/Pt(100)), 031 —1.00 E
Gads (Co/Pt(110)), 042 —1.95 MBE
Glass. Quartz Si/Pt  (Co/Pt(110)), 037 —0.91 E
Glass, Quartz, Si/Pt  (Co/Pt(111)), 0.76 —0.92 E
GaAs(111) (Co/Pt(111)),  0.82 MBE
GaAs (Co/Pt(100)),  0.20 -0.73 E
Glass. S1 (Co/Pt(111)), 042 —0.68 E
Glass/Pt (Co/Pt(111)), 050,058 —1.0,—0.7 E
81 (Co/Pt(111)),  0.27 —0.7 E
GaAs {Co/Pt(111)), 0.97 —-0.74 MBE
(Co/Pt(111)),  0.92 —1.11 5
[ P(111) ColPt 115 —0.77 MBE |

Table 1: Ky and Ks constants for different substrate natures and deposition techniques (MBE for
Molecular Beam Epitaxy, E for Evaporation and S for Sputtering).

The enhancement of the PMA for the (111) texture is confirmed whatever the growth
technique, the substrate or the buffer. By changing the nature and the pressure of the gas during the
sputtering of the [Co/Pt] multilayers, several studies have shown the close correlation between the
(111) texture and the enhancement of the PMA™™* The paper by C.-J Lin et al.™ where the largest
coercive field has been reported for multilayers with the best (111) texture has confirmed the crucial
role of the (111) texture in the enhancement of the PMA. Moreover, as reported by Table 1 and in
several papers™*®, a (111) Pt buffer layer increases drastically the PMA by favoring the (111)
texture. Consequently the [Co/Pt] multilayers are generally grown on thick (20-200 A)*¢* (111)
textured Pt under-layer. However, a stronger PMA for [Co/Pt] multilayers growth on TaOx buffer
than [or; Pt buffer with comparable crystallographic properties has been recently reported by S. Emori
et al.””.

I1.B. Deviation from the linear behavior

In figure 4, a small deviation from the linear behavior of K,¢r X t¢, can be observed at low
Co thickness. Several other studies™?***?! have reported this deviation which can be better observed
in figure 5 for [Co(d)/Pt(6.5nm)] sputtered sandwiches, extracted from the paper by M. Kisielewski et
al.??

As mentioned in the previous section, several features such as the roughness, the intermixing
and the magneto-elastic effects can explain this deviation at low Co thickness. With a mismatch of
10% between the Co and Pt, most authors have excluded a coherent growth at low Co thickness and
attribute the decrease of PMA to a reduction of the surface anisotropy predicted by Néel,
consistently with the second part of P. Bruno’s model. This hypothesis has been experimentally
confirmed by using different techniques. For example by studying the surface morphology of [Co/Pt]
multilayers via atomic force microscopy experiments, J-H Kim et al.™*" have correlated the decrease
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of K5 to an enhancement of the roughness induced by changing the Ar pressure during the
sputtering of the [Co/Pt] multilayers. S. Hashimoto et al” linked the decrease of effective
anisotropy in [Co/Pt] and [Co/Pd] systems and the reduction of the X-ray diffraction intensity to the
formation of an interface Co,Pt, alloy. Complementary work on the magnetic anisotropy dependence
on the structural properties of CosoPts, alloy on MgO buffer® has confirmed the decrease of K, with
the decrease of the order in the CoPt alloy.

Finally, it has been recently reported by S. Bandiera® that the insertion of a Cu layer in
Pt/Co/Pt trilayers permits to limit the mixing between the Co and Pt and permits to restore partially
the effective anisotropy.

’ N
1 i —
§ Figure 5: Variation of K¢ X d as a function
%‘J 07 of the Co thickness d in Pt 4,m/Co(d)/Pts.snm
o sandwiches.
b [ -
“ L |
L]
1 1 1 1 1 |
0 1 2 3 N

To summarize, the first section of this chapter gives an overview of the origins of the
magnetic anisotropies in thin films (i.e. shape, magneto-crystalline, surface and magneto-elastic
anisotropy) and their main features. The Stoner-Wohlfarth model that allows describing the
magnetization reversal in a nanostructure with uniform magnetization has been exposed. Two
particular configurations have been identified, whether the applied field is along either the easy or
the hard magnetization axis.

From the rich literature on the [Co/Pt] multilayers, it appears that the PMA is strongly
dependent on the crystallographic orientation, the growth technique and the nature of the buffer
layer. The strongest PMA is reported for the (111) textured [Co/Pt] multilayers grown on a (111)
textured Pt buffer. Moreover, a deviation from the linear behavior for the K,¢s X t¢, dependence as
a function of the Co thickness is observed for small Co thicknesses. It likely results from the decrease
of the Néel surface anisotropy which favors the PMA in [Co/Pt] multilayers. This decrease has been
experimentally explained by the increase of roughness or inter-mixing with the possible formation of
Co,.Pt, interface alloy when the Co thickness decreases. These would reduce the broken symmetry
at the interfaces, as theoretically suggested by P. Bruno.
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The knowledge of the magnetic properties in [Co/Pt] multilayers is a crucial step for the
development of [Co/Pt]-based magnetic tunnel junctions. As detailed in the previous chapter, several
parameters such as the crystallographic orientation or the buffer nature must be considered in order
to achieve a strong perpendicular anisotropy in [Co/Pt] multilayers. In this chapter, we report on the
study of various types of [Co/Pt] multilayers, where we focused on the influence of two main
parameters: the Pt thickness and the nature of the buffer layer. This latter is all the more important
in MTJs based on two [Co/Pt] electrodes since the top one has to be grown on the insulating barrier.

After the description of the investigated systems, the results are presented and discussed in
two main sections. The first one is devoted to the structural investigation of the [Co/Pt] multilayers
using high angles and low angles X-ray diffraction, to determine the growth direction, the layers’
thicknesses and roughnesses. The second section is devoted to the magnetic properties of [Co/Pt]
multilayers, especially the effective anisotropy and saturation magnetization, the variations of which
have been related to the structural characteristics. The effect of temperature has been explored for a
few specific samples to extract accurate and relevant parameters for low temperature
micromagnetic simulations (next chapter).
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The goal of this study is to characterize the structural and magnetic properties of [Co/Pt]
multilayers before their integration in magnetic tunnel junctions. A magnetic tunnel junction is
defined by two magnetic electrodes (top and bottom electrodes) separated by an insulating barrier
(a thin MgO or Al,O; layer in our case). As reported in the previous chapter, the PMA of [Co/Pt]
multilayers strongly depends on the buffer nature. Consequently, in order to accurately characterize
the [Co/Pt] multilayers that will be used as the top and bottom electrodes in the magnetic tunnel
junctions, several sets of [Co/Pt] multilayers have been studied, with various buffer and capping
layers. The different sets are summarized in the Table 1.

Buffer [Co/Pt] stacking Capping
Set A Ta/Pt [Co/Pt],s/Co MgO
Set B Ta/Pt/MgO [Co/Pt], Pt
Set C Ta/Pt [Co/Pt],/Co Al,O,
Set D Ta/Pt/ALO, [Co/Pt], Pt
Set E Ta/Pt [Co/Pt], Pt
XRD sample Ta/MgO [Co/Pt]s, No capping

Table 1: Description of the different [Co/Pt] multilayers investigated in this study.

The [Co/Pt] multilayers have been sputtered on a Silicon substrate (Si) covered by 100 nm of
an amorphous Silicon oxide (SiO). In order to avoid the Si diffusion into the [Co/Pt] stacking and to
favor the good adhesion of the 5 nm-thick Pt layer, a 5 nm-thick Tantalum layer has been first
deposited. The nominal thickness of MgO or Al,O; is equal to 2.5 nm and typically corresponds to the
[2-3 nm] thickness range used for the insulating barrier in magnetic tunnel junctions.

Sets A and C, where the [Co/Pt] stackings are respectively covered with MgO and Al,O3, are
similar to bottom electrodes ; Sets B and D, where the [Co/Pt] stackings are respectively grown on
MgO and Al,0;, are similar to top electrodes. Sets A and B would thus constitute the bottom and top
electrodes in MTJs with MgO barrier, whereas sets C and D would constitute bottom and top
electrodes in MTJs with Al,O; barrier. The sets A and D are all constituted of 4 Cobalt layers (the first
or last one being in direct contact with the oxide layer) and 7 Co/Pt interfaces. Within each set, five
samples with different Pt thicknesses have been sputtered in order to analyze their properties as a
function of the non-magnetic spacer (see Table 2).

Pt nominal thickness (nm) Co nominal thickness (nm)
Set A,B,C and D 0.90/1.13/1.35/1.58/1.80 0.58
Set E 1.80 0.29/0.72/1.01/1.10/1.37/1.80/2.02/2.23
XRD sample 0.97 0.50

Table 2: Nominal thicknesses for the Pt and Co layers in the different [Co/Pt] multilayers investigated in this study.

According to the PMA dependence on the Pt and Co thicknesses reported in the
literature™?! a Pt thickness larger than 0.9 nm and a Co thickness in the [0.5 nm -0.6 nm] range
should lead to a strong PMA. Since the PMA is very sensitive to various preparation/structural
parameters, these trends must be however confirmed in our [Co/Pt] multilayers.

The choice of the number of Co layers (n = 4) has been motivated by two reasons:
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- increasing the number of Co layers yields an increase of the PMA but also to a less abrupt
magnetization reversal with the nucleation of domains. These features have been illustrated by C.J-
Lin et al.™ in [Cog.3nm/Pt1onm] multilayers where the number of Co layers have been increased from 5
to 80. So n = 4 should permit to stay in a regime where the [Co/Pt] reversal is mono-domain®.

- n = 4 corresponds to the [Co/Pt] stacking used in perpendicular MTJs where a TMR of 8%
has been reported by C. Ducruet et al®. This value is larger than the TMR of 6% observed in L1,-

ordered CoPt alloy based magnetic tunnel junctions'.

The small thicknesses of the layers constituting the [Co/Pt] stackings and the presence of a
thick Pt buffer make the analysis of the texture of sputtered [Co/Pt] multilayers difficult. The “XRD
sample”, with a larger number of [Co/Pt] repeats and without any Pt buffer/capping layer, has been
fabricated to enable the characterization of the crystallographic orientation in [Co/Pt] multilayers. In
this case, the [Co/Pt]s, stacking has been sputtered on a Ta/MgO buffer.

The set E has been fabricated for the specific analysis of effective anisotropy versus the Co
thickness, in comparison with previously published results (chapter 4).

The X-Ray Diffraction technique (XRD) is very commonly used for the structural analysis of
thin films. It is a non-destructive approach that can easily bring valuable information: at large angles
and in specular geometry, one can determine the average crystallographic orientation, the dispersion
in this orientation, the inter-reticular distance between atomic planes parallel to the sample surface,
the coherence length in the direction perpendicular to these atomic planes; at low angles, the so-
called X-ray reflectometry gives access to the thicknesses, roughness and density of the different
layers constituting the multilayer stack. The principle of XRD at large and low angles is sketched in
figure 1 (a) and (b).

When incoming X-rays with a wavelength A are scattered by the crystal lattice (hk/ atomic
planes parallel to the sample surface, as sketched in figure 1 (a)) constructive interferences occur
when the Bragg’s law given by nd = 2dy;sin(8) is satisfied. dyy; is the interplanar distance, n is an
integer and @ is the angle between the incoming X-ray beam and the atomic planes.

In XRD experiments at high angles and in specular geometry, the wavelength A is known and
the sample rotates by © while the detector rotates by 26. The intensity is collected as a function of
the angle ©, and Bragg reflections are thus observed when the conditions of diffraction are satisfied.

Contrary to the large angle XRD which occurs throughout the bulk and gives intensity for
specific geometrical conditions, X-ray reflectometry (figure 1(b)) is based on the reflection of the
incoming X-ray beam at the surface/interfaces and gives intensity at any angles in the low angle
range generally up to approximately <5°. The reflection at the surface or interfaces correspond to
different electron densities, i.e. to different refractive indexes (n), in the different layers which
constitute the sample. Below a critical angle 6., related to the density of the material, the total
external reflection occurs. Above 6., one part of the incoming intensity is reflected and one part is
transmitted through the material.

In the very simplified picture where the system consists of a single layer, interference fringes
(Kissing fringes) are observed with a period related to the total layer thickness and the decrease in
intensity when increasing the angle 8 is related to the layer roughness. However, a proper analysis of
X-ray reflectometry results requires the adjustment of experimental data using the Fresnel or Parratt
formalism or the matrix formalism as described in A. Gibaud book''.
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The X-ray reflectometry is thus a powerful tool to characterize a layered system, in particular
to determine the layer thicknesses and to analyze surface/interface properties. It can especially bring
information on the sharp, or not sharp, character of interfaces. However, since the reflectivity signal
only depends on the electron density profile in the system, XRD at low angles and in specular
geometry doesn’t permit to distinguish between a rough and an inter-mixed interface with the
possible formation of an alloy between neighboring layers. More details about the XRD at low angles
can be found in the book of A. Gibaud"'.

(a)

Incoming X-ray

Diffracted, reflected X-ray

Incoming X-ray
Diffracted, reflected X-ray

Transmitted X-ray

Figure 1: Sketches of the X-ray diffraction principles at large (a) and low (b) angles when incoming X-
rays interact with the matter.

The XRD experiments on [Co/Pt] multilayers have been performed in the Institute Jean
Lamour using a PanAnalytical X’Pert Pro diffractometer (figure 2) and working with the wavelength A
= 1.54056 A (electronic transition K,; of the copper anode). Thanks to the use of dedicated primary
and secondary optical blocks (respectively mounted before the sample and before the detector), high
resolution and high intensity XRD can be performed in the low and large angles ranges.

The primary optical block is composed of attenuator foils and slits. The multi-layer crystal
converts a divergent beam projected by a line focus of an X-ray tube into a quasi-monochromatic and
guasi-parallel beam of high intensity. The secondary optical block is composed of a Parallel Plate
Collimator (PPC), a set of parallel plates configured to limit the angular divergence of the diffracted X-
ray beam. Moreover, a PIXcel detector with extremely high dynamic range and low noise is used.
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Figure 2: Picture of the PanAnalytical
X’Pert Pro diffractometer used for the
structural characterization of the [Co/Pt]
multilayers.

The adjustments of the low angles XRD spectra have been made using the commercial X'pert
Reflectivity software which uses the Parratt formalism'®. Starting from the various initial parameters,
i.e. thicknesses, roughnesses and densities of the layers, a segmented adjustment is realized: it
consists in adjusting first the part of the curve close to the critical angle 8., and then in progressively
adjusting the curve over the full angle range. The strategy used for the segmented adjustment was
the following: (i) to determine the thicknesses of the layers by adjusting roughly the position of the
Kissing fringes to the experimental reflected curve in keeping the densities fixed at their bulk values
and the roughnesses at an arbitrary value (0.2 nm). (ii) When the thicknesses were more or less
determined, the density and roughness parameters have been allowed to vary over a specific range.
The upper boundaries for the density (resp. roughness) were the bulk values (resp. the thickness of
the different layers). Except in some specific cases that will be mentioned in the manuscript, the
different [Co/Pt] bilayers forming the stacking have been considered identical: the Co (resp. Pt) layers
all exhibit the same density, thickness and roughness.

The roughness, defined by the deviation from the ideal sharp interface, is given by the
parameter o; in figure 3: the probability to find the interface at z;+z(x,y) is given by the Gaussian
distribution Pj(z) with variance o; which characterizes the “degree of roughness”, i.e. the larger o; the

rougher the surface’.

Z;

Figure 3: Interface with mean z-coordinate z; and fluctuation z(x,y). n; and n;,; are the refractive indexes
of the j and j+1 layers o,
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I1.C. Growth direction in the sputtered [Co/Pt] multilayers
The crystallographic orientation of the [Co/Pt] multilayers has been studied using the “XRD
sample” described in the first section (Tables 1 and 2). The XRD pattern recorded at high angles is

presented in figure 4. The intensity is plotted in logarithm scale as a function of the scattering vector
amplitude || Q]| which is related to the angle 8 by:

llQll = =sin(6) (1-1)

(111)-[Co/Pt]

N=0
|
10000 T — T T !
| 3000
| 0 .
! & 2000
=1 Bulk Pt | =
(111) G
% 10003 | | e 1
§ : A : B OO 10 20 30 0
L ! Q ! Omega ()
= | Bulk Co
g 1004 . . 111) B‘;‘(‘;Opt BulkCo 1
| ! \l, N=+1 @ (200
|
| 1
I ' !
104 I : | E
+ ]

250 275 3,00 3.25 3,50 375

Q (angstroms™)

Figure 4: X-ray pattern collected at high angles for the “XRD sample”. The positions of the N = -1, 0 and
1 Bragg peaks for the periodic [COg g7nm/Pto.snmlso Stacking are shown by the red vertical dash lines. Inset
is the rocking curve measured across the (111)-[Co/Pt] multilayers Bragg peak (open circles) with a
Gaussian adjustment (red line).

This pattern shows first the occurrence of an (111) average Bragg peak, located between the
(111) reflections expected for bulk Co and Pt, and the absence of other Bragg reflections. The system
is thus (111)-textured. The Full Width at High Maximum (FWHM) of the rocking curve measured
across this peak (inset figure 4) reaches 13.5°, revealing a relatively large mosaicity, i.e. dispersion of
the [111] direction around the growth axis. A FWHM of 9° has been reported in [Co/Pt] multilayers
by D. Weller et al.'®.

The (111) Bragg peak is observed for a scattering vector ||Qexp|| = 2.81 A% This value can be
compared with the calculated scattering vector obtained from the nominal Co and Pt thicknesses and
the (111) interplanar spacings in bulk elements: ||Q.qll = 2.87 A™. This value is larger than the
experimental one, which is likely related to imperfect calibration for the Co and Pt thickness and/or
strains in the Co and Pt thin layers.

The (111) main Bragg peak (N = 0) for the [Co/Pt] multilayers is surrounded by N = -1 and N=
+1 satellites due to the periodicity of the structure'®. The AQ spacing between the main Bragg peak
and its satellites permits to determine the [Co/Pt] bilayer thickness equal to 1.8 nm, i.e.
approximately 22% larger than the 1.47 nm expected from the nominal Co and Pt thicknesses.

Figure 5 presents the X-ray pattern collected at low angles for the [Co/Pt]s, multilayer (XRD
sample) with the fit obtained using the X’'Pert Reflectivity software and the fitting procedure
described in the previous section.
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Figure 5: X-ray pattern collected at low angles for the “XRD sample” (black curve) and its fit with the
X’Pert reflectivity software (red curve).

The position of the low angle Bragg peak ||Q|| = 0.35 A™ reveals a [Co/Pt] bilayer thickness
of 1.8 nm, in agreement with the value determined at large angles. The curve exhibits a small
wavelength modulation related to the total thickness of the [Co/Pt] stacking. The periodicity of the
so-called Kissing fringes reveals a [Co/Pt] total thickness of 94.6 nm (average on 10 modulations), i.e.
approximately 5% larger than the total thickness expected from the 50 repetitions of 1.8 nm thick
bilayers. The deviation in the total thickness can be due to some deviation in the Co and Pt flux
during the [Co/Pt] multilayer sputtering.

In order to obtain a good agreement between the experimental reflectivity curve and the fit,
the first [Co/Pt] bilayer had to be separated from the remaining [Co/Pt]4s stacking, based on the
assumptions that some deviations in thickness and roughness may occur at the beginning of the
sputtering process. From the reflectivity adjustment (red curve in figure 5), the Co (Pt) thickness
determined from the fit is 0.67 nm (1.83 nm) in the first [Co/Pt] bilayer and 0.61 nm (1.225 nm) in
the remaining [Co/Pt], multilayer. A total thickness of 92.5 nm has been determined, i.e. only 2.8%
larger than the value expected from the 1.8 nm thick bilayer. The Co (Pt) roughness determined from
the fit is 0.48 nm (0.25 nm) in the first [Co/Pt] bilayer and 0.42 nm (0.18 nm) in the remaining
[Co/Pt]ss multilayer. It appears than both layers are rougher in the first bilayer and that the Co
roughness values are close to the Co thickness, which suggests very perturbed Co layers.

To summarize the structural analysis of the thick [Co/Pt]s, stacking on Ta/MgO, the results
have evidenced a (111) texture despite the absence of a 5nm thick Pt layer. This (111) texture thus
likely occurs in all [Co/Pt] sets, in those similar to bottom electrodes as in those similar to top
electrodes. The (111) texture is consistent with previous observations found in the literature!* %
and should promote the PMA, as detailed in the previous chapter. The large mosaicity reveals
however a pretty large dispersion of [111] axis which may be related to the growth on MgO. The
large roughnesses, especially for Co layers, also point out a rather perturbed stacking.

Figure 6 presents the X-ray reflectivity patterns collected for the set A (Pt buffer/MgO
capping) and for the set B (MgO buffer/Pt capping). The X-ray reflectivity patterns for the set C (Pt
buffer/ Al,0; capping) and set D (Al,O; buffer/Pt capping) are presented in the figure 7.

All the reflectivity curves have been fitted (red curves) using the X’pert reflectivity software
and following the procedure reported in the section II.B.
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Set A: Pt/[Co/Pt]3/Co/MgO
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Figure 6: X-ray reflectivity spectra (black curves) and their fits using X’pert Reflectivity (red curves) for
the sets A (Left) and B (Right). The reported Pt thicknesses are the nominal ones.
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Set C: Pt/[CO/Pt]3/CO/A|203 Set D: A|203/[C0/Pt]4/Pt
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Figure 7: X-ray reflectivity spectra (black curves) and their fits using X’pert Reflectivity (red curves) for
the sets C (Left) and D (Right). The reported Pt thicknesses are the nominal ones.
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Despite the rather high complexity of these layered systems, an excellent agreement is
obtained between experimental reflectivity curves and the results of the fitting process for the sets
A, B and C. In the case of the set D (Al,O; buffer), the counting statistics is not so good and a
satisfactory agreement between experimental data and adjustment is only obtained in a reduced
angle range, approx. up to 2°. Above this value, the reflectivity signal is too noisy and more or less
embedded in the background.

The fits have permitted to determine with a relatively high degree of confidence the
thicknesses and roughnesses for the Co and Pt layers in the [Co/Pt] stackings. These are successively
presented and discussed in the two following paragraphs.

The Co and Pt thicknesses extracted from the reflectivity fits are presented in figures 8 (a)
and (b) respectively.

0.9 T T T 2.4
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Figure 8: Evolution of the Co and Pt thicknesses extracted from the X-ray reflectivity fits versus the
nominal Pt thickness.

Note: in the case of the sets A and C, the Co thickness reported correspond to the average of the Co
thickness (roughness) between the [Co/Pt]; multilayers and the Co layer deposited on the top of
[Co/Pt]; stacking.

In agreement with the constant Co nominal thickness (0.58 nm) in the four sample sets, no
significant changes in the fitted Co thickness can be observed for the different samples. The average
of the Co thickness for the multilayers sputtered on Pt and Al,O; is 0.61 nm whereas it is equal to
0.58 nm for the multilayers sputtered on MgO. These results reveal a dispersion of approximately
13% between the different sets and a maximum shift of less than 11% compared to the nominal
value.

Concerning the Pt thickness, the fitted values exhibit smaller dispersion with a maximum of
6% difference between different sets for a given Pt nominal thickness. However, the fitted values are
significantly larger than the nominal thickness, by roughly 20%. This shift can be explained by an
imperfect calibration of the Pt flux.

Despite a significant difference between the Pt thicknesses and the nominal values, the
relatively small dispersions for the Co and Pt thicknesses between the different sets prove the good
reproducibility in the sputtering process, especially for the [Co/Pt] multilayers in each set. Given the
high quality and consistency of reflectivity adjustments, the Pt and Co thicknesses obtained from the
fits will be used instead of the nominal thicknesses in the following paragraphs.

92



Chapter 5

11.D.2. Co and Pt roughnesses

The roughnesses obtained from the reflectivity fits for the Co and the Pt layers are presented
versus the Pt thickness in figures 9 (a) and (b) respectively (c/2 is reported for an easier comparison
with the layers’ thicknesses).
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Figure 9: Evolution of the Co and Pt roughnesses extracted from the Reflectivity fits versus the Pt
thickness.

Note: The Co roughness reported for the sets A and C correspond to the average of the Co roughness
between the [Co/Pt]; multilayers and the Co layer deposited on the top of [Co/Pt]; stacking.

For both the Co and Pt layers, the general trend is a decrease of the roughness when the Pt
thickness increases, although the effect is more pronounced for Co layers than for Pt ones. This trend
is observed for each set but the results obtained for the set D (Al,O; buffer) are obviously more
scattered, which is likely related to the poorer quality of the fits.

[Co/Pt] multilayers sputtered on a Pt buffer (red symbols) exhibit smaller roughnesses than
those on MgO and Al,O; buffers (blue symbols). The use of the Al,0; buffer appears to particularly
damage the quality of interfaces. The difference is significant for Co layers, the roughness of which is
increased by nearly 50% in the case of MgO and Al,O; buffers. Given the small thickness of the Co
layers, such values of roughness mean that the Co/Pt interfaces are not well defined with high
degree of roughness and/or inter-mixing. The situation is better for Pt layers, the larger thickness of
which probably helps in smoothing the interface, but higher roughness are still obtained on the Al,0;
buffer.

In summary, better interfaces are formed when using a Pt buffer, i.e. in the case of bottom
electrode- like multilayers. The use of MgO, and worst Al,0; buffers, leads to increased roughnesses,
i.e. more perturbed interfaces in the case of top electrode— like multilayers. In both cases, increasing
the Pt thickness tends to improve the interface quality. Finally, Co/Pt and Pt/Co interfaces appear to
be significantly different, with a higher degree of roughness and/or intermixing for the formers than
for the latters.

lll. Magnetic properties in the [Co/Pt] multilayers

llIlLA. Experimental setup

The magnetic measurements of [Co/Pt] multilayers have been performed in the Institut Jean
Lamour at room temperature by using a Vibrating Sample Magnetometer (VSM) and at low
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temperature by using a Superconducting Quantum Interference Device (SQUID). Pictures of both
devices are shown in figure 10. The field range available for VSM (resp. SQUID) measurements is
+2.5T (resp. +7T). All the “magnetization versus field” (M(H)) loops have been recorded for an
applied field perpendicular and parallel to the sample surface.

i 8
T ——
s

B i e

Vibrating Sample Magnetometer

Device

Figure 10: Pictures of the experimental setups for the magnetic measurements on Co/Pt multilayers.
The VSM and SQUID are respectively shown in top and bottom parts (courtesy of C.C magnetism-IJL).

l1l.B. Experimental results

Figure 11 presents the M(H) loops collected for the sets A and B (MgO as respectively
capping and buffer layers) with the external field applied perpendicular (L) and parallel (//) to the
sample surface. Figure 12 presents the M(H) loops collected for the sets C and D (Al,O; as
respectively capping and buffer layers) with the external field applied perpendicular (1) and parallel
(//) to the sample surface.
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Figure 11: M(H) loops for the out-of-plane (left) and in-plane (right) configurations measured at room
temperature for the sets A (top) and B (bottom).The reported Pt thicknesses are the fitted ones.
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Figure 12: M(H) loops for the out-of-plane (left) and in-plane (right) configurations measured at room
temperature for the sets C (top) and D (bottom). The reported Pt thicknesses are the fitted ones.
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These results first permit to determine the easy magnetization axis in the various [Co/Pt]
multilayers. In comparing the shapes of M(H) loops for perpendicular and parallel applied fields, it is
obvious that the easy magnetization direction is perpendicular to the sample surface for [Co/Pt]
sputtered on the Pt buffer (sets A and C), in the whole Pt thickness range: the M(H) loops measured
with the perpendicular applied field are more or less “square” with a strong hysteretic behavior and
equal remanence and saturation values. The more linear and non-hysteretic behavior observed for
parallel applied field is consistent with a magnetically hard direction. The [Co/Pt] multilayers
sputtered on MgO and Al,O; buffers (sets B and D) both exhibit a transition from in-plane to
perpendicular-to-the-plane easy axis when increasing the Pt thickness.

The Table 3 summarizes the perpendicular or in-plane character of the magnetic anisotropy
as a function of the Pt thickness (average of the Pt thickness extracted from reflectometry
adjustment and detailed in section 11.D) for the different sample sets.

Pt thickness (average) Pt buffer MgO buffer Al,O; buffer

(nm) MgO capping Al,0, capping Pt capping Pt capping
(set A) (Set C) (Set B) (set D)
1.21
1.43
Perpendicular

1.69 .
190 Perpendicular Perpendicular
2.11

Table 3: Perpendicular or in-plane character of the magnetic anisotropy versus the Pt thickness for the
different sample sets.

Beyond these first qualitative observations, a more quantitative analysis can be undertaken
(i) to explore the dependence of magnetic anisotropy via the determination of the effective
anisotropy constant and (ii) to investigate the magnetization amplitude in these various systems, and
see how both anisotropy and magnetization could be linked to the Pt thickness and/or structural
properties.

These are the objects of the two following paragraphs.

111.B.1 Effective anisotropy

The effective anisotropy constants have been extracted from the M(H) loops via the “area
method” described in the previous chapter. Figures 13 (a) and (b) present the effective anisotropy
constant and coercive field dependence on the Pt thickness for the four different sample sets. Figure
13 (c) presents the effective anisotropy multiplied by the Co thickness versus the Co thickness for the
set E. This sample set corresponds to [Co/Pt], multilayers with 1.8 nm thick Pt layers and different Co
layers thicknesses, sputtered on a Pt buffer (Tables 1 and 2).
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Figure 13: \Variations of the effective anisotropy constants (a) and coercive fields (b) with the Pt
thickness for the four different sample sets. (c) Effective anisotropy multiplied by the Co thickness versus
the Co thickness for the set E. The red star corresponds to the value extracted from the set A and for the
largest Pt thickness (2.06 nm). The lines are guides for the eyes.

Figure 13 (a) first shows that all sample sets exhibit an increase of the effective anisotropy
constant with the Pt thickness, with stabilization around 2 nm. By comparing the various sets, one
can observe that the effective anisotropy constants are similar and the highest for the sets on Pt
buffer (A and C), but significantly reduced for the sets on MgO (B) and Al,O; (D) buffers, the
reduction being more important on the Al,O; buffer. For these two sets, the negative values of
effective anisotropy constants obtained for small Pt thicknesses are the signature of the in-plane
anisotropy.

The effective anisotropy constant increase with the Pt thickness is in agreement with
previous results reported by C.-J. Lin et al.™ in [Co(0.3 nm)/Pt(x nm)] multilayers (x € [0.2 - 2] nm)
where a stabilization of the effective anisotropy constant around 1.2 nm is reported. It can be noted
that our values for the effective anisotropy constant (larger than 0.2 MJ/m? on Pt buffer) are larger
than the values reported in their paper (Ko = 0.1 MJ/m? for Pt thickness larger than 1.2 nm) but can
be well understood by the factor 2 between our and their Co thickness and the number of Co layers

(4).

Figure 13 (c) obtained from the measurements of the sample set E permits us to extract the
surface contribution Kg and the volume contribution Ky, defined as Kqrr X teo = Ky X teo + 2Ks
(see (I-10) in chapter 4). The intercept at zero Co thickness corresponds to 2K whereas the slope of
the linear part gives us directly K. It turns out that Ks = 0.72 mJ/m? and Ky = -1.3 MJ/m>. These
values are in the range of the surface and volume anisotropy constants reported in the literature for
(111) textured [Co/Pt] multilayers (see chapter 4).

Moreover, two regimes with the Co thickness can be distinguished. For t;, > 1.1 nm, the
demagnetizing field, the main contribution to the volume anisotropy, is larger than the interface
anisotropy and tilts the magnetization towards the sample plane. For t;, < 1.1 nm, the interface
anisotropy is dominant and drives the easy magnetization direction towards the perpendicular to the
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sample plane. As mentioned in the literature devoted to [Co/Pt] multilayers, a deviation of the PMA
from the linear behavior is observed at low Co thickness. This reduction in effective anisotropy likely
originates from the reduction of surface anisotropy due the degradation of the interfaces when
decreasing the Co thickness.

Discussion on the PMA in connection with structural properties

The larger effective anisotropy for [Co/Pt] sputtered on Pt can be first explained by a likely
better (111) texture which is known to promote the PMA as reported in the literature (see chapter
4). This hypothesis is strengthened by the results reported in figure 13 (b), where larger coercive
fields are also observed for the [Co/Pt] multilayers grown on a Pt buffer, suggesting the reduction of
domains nucleation and consistently with the more abrupt magnetization reversal (figures 11 and
12). Beyond the effect of (111) texture, our structural analysis has evidenced a significant difference
in roughness, especially for Co layers, between the samples grown on Pt and those grown on MgO or
Al,O;. The roughness is the highest for samples on Al,0;, those exhibiting the smallest effective
anisotropy.

As reported in the previous chapter, roughness, interdiffusion, and magneto-elastic effects,
can namely lead to the decrease of the PMA. The mismatch of 10% between the Co and Pt eliminates
the hypothesis of a coherent growth for the [Co/Pt] multilayers and thus rules out possible magneto-
elastic surface contribution. Bruno’s model shows that an increasing roughness may: (i) promote the
PMA if only the dipolar surface anisotropy is considered (ii) reduce the PMA due to the weaker
broken symmetry associated to the Néel surface anisotropy. In our case, the increased roughness
appears to reduce the effective anisotropy, in agreement with the second part of Bruno’s model.

Based on this model, the effect of roughness can also account for the variation of effective
anisotropy versus the Pt thickness presented in figure 13 (a). A similar trend for K.«(tp:) has been
reported by C.-J Lin et al™ but no really explained. Our structural analysis has shown that the Co
roughness decreases when increasing the Pt thickness (figure 9) and that this decrease is stronger for
[Co/Pt] multilayers sputtered on MgO or Al,03, those for which the increase in effective anisotropy is
also more important.

As mentioned previously, our X-ray reflectometry study in specular geometry doesn’t permit
to distinguish between roughness and intermixing effect at the interfaces. The formation of an
interface Co,Pt; alloy can also lead to the reduction of the PMA by limiting the broken symmetry at
the Co/Pt interfaces.

The variation of the magnetization with the Pt thickness is reported in figure 14 for the four
different sample sets. Those magnetization values have been calculated at saturation and per Co cm?
via the Co thicknesses obtained from X-ray reflectivity adjustments and the determination of the
samples area. The main source of error in the magnetization calculation comes from the error on
sample area that can be estimated to + 1 mm?.
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Figure 14: Magnetization versus the Pt thickness for the different sample sets. The black horizontal line
corresponds to bulk Co (1430 emu/cms) and the dash lines are guides for the eyes.

For all sample sets, the magnetization is obviously larger than for bulk Cobalt (1430
emu/cm?) and this increased magnetization appears to depend on the buffer layer: An enhancement
of approximately 24% (AM = +345 emu/cm®) is observed for [Co/Pt] stackings sputtered on Pt (sets A
and C) and an enhancement of 47% (AM = +678 emu/cm®) is observed for [Co/Pt] stackings sputtered
on MgO (set B) and Al,O; (set D) buffers. The values determined for sets A and C are similar, showing
no influence of the capping layer on the [Co/Pt] multilayers magnetization.

Two main contributions to this magnetization enhancement could be obviously considered:
the enhancement of the Co magnetic moment and the appearance of an induced magnetic moment
on Pt atoms. It is well known from previous studies on various Co-based and Pt-based systems that
both phenomena are likely to occur, specifically at the Co/Pt interfaces. Any definitive conclusion on
the origin of this magnetization enhancement would thus require an element-selective and even
better, an element-selective and depth-resolved analysis. It is however instructive to discuss the
amplitude of AM and its dependence on the Pt thickness in comparison with previously reported
results.

An enhancement of the interfacial Co orbital moment in [Co/Pt] multilayers has been
evidenced and quantified by D. Weller et al.™ by XMCD measurements: Am,, = +0.07 ug/ Co atoms.
The results were confirmed by Nakajima et al*” who have unambiguously shown (XMCD
measurements at room temperature): (i) the enhancement of the Co orbital moment (Am,,, = +0.064
Ug/at.), essentially localized in a single atomic interface layer (ii) a close connection between the
enhanced Co orbital moment and the Co 3d - Pt 5d hybridization. More recently, M. Gottwald et
al.™® have reported on the enhancement of both Co effective spin and orbital moments at the Co-Ni
interfaces. In sputtered systems, those enhancements are determined to be Amgyin.efr = +0.1 up/at.
and Amg, = +0.07 pg/at. In our case, the measured enhanced magnetization would correspond to
approximately +0.7ug/Co at. for sets B and D and +0.35u5/Co at. for sets A and C. These values
appear to be much too large to be exclusively attributed to the increased Co moment and suggest a
large induced polarization on Pt atoms, as previously reported by several authors.

A large magnetization enhancement has been namely reported in [Co/Pt]
multilayers™ M4 50 attributed to the Co induced spin-polarization on the neighboring Pt
atoms, explained by the Co 3d- Pt 5d hybridization. The presence of heavy metals like Pt in [Co/Pt]
multilayers induces a strong hybridization between the Co 3d and the Pt 5d orbitals, which shifts the
Pt 5d bands towards the Co majority spin and induces a Pt spin moment parallel to the Co moment. A
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large Pt orbital moment aligned parallel to the Co magnetic moment results from the strong spin-
orbit coupling in Pt and contribute to the enhanced total magnetic moment compared to bulk Co.

Induced Pt magnetic moments have been calculated to be + 0.37ug in CosgPtso alloy and
+0.08up in [Cooanm/Ptignm] muItiIayers“G]. Experimentally, room temperature spin absorption
measurements performed at the Pt L; edge for [Co/Pt] multilayers ([Co(0.4nm)/Pt(x nm)] with x €
[0.9 - 4] nm)"” have proved that Pt atoms at the interface with Co are spin-polarized with an average
moment decreasing from 0.15 to 0.03 up when increasing x. A few years later, The use of a depth-
resolved technique (resonant X-ray reflectometry) has permitted to analyze the Pt magnetization
depth profile at a single Co,gnm/Ptsonm interface: the authors reported an induced Pt 5d magnetic
polarization of 0.21 ug/atom at the rough interface (roughness of 0.7 nm) followed by an exponential
decay within 1 nm 8 More recently, based on magnetometry measurements at room and low
temperatures for [Co(0.4 nm)/Pt(x nm)] multilayers with x € [0.8 - 8] nm, J.W. Knepper et al.™* have
suggested that: (i) Pt atoms in thin Pt layers can be polarized by Co atoms on both sides of the Pt
layer (ii) the thickness over which Pt atoms are polarized at the Co/Pt interface increases when
decreasing temperature and can reach 3nm at low temperature.

In the present case, if one considers that the excess in magnetization AM only originates
from the induced Pt polarization, the average induced Pt magnetization Mp; and the total effective
thickness where Pt atoms are polarized tp,; are related by the following expression:

MPt X tPOl =AM X 4‘tc0 ("I'l)

Given the 1nm value reported for the room temperature Pt polarized thickness at a Co/Pt
interface, on can assume that the thin Pt layers in the present samples are fully polarized. The
effective polarized part would thus correspond to the three Pt layers surrounded by Co layers and to
an approximate 1 nm thick layer in the first (last) bottom (top) Pt ( tp,; = 3tps + 1). This permits to
calculate a rough estimation of the average Pt induced moment for the various samples (figure 15).
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These induced moments are similar™ or slightly higher than those generally reported for
similar systems. In contrast to a single Co/Pt interface or to relatively distant interfaces, the close
Co/Pt interfaces in present samples with thin Pt layers likely promote larger induced moments. Pt
atoms at one Co/Pt interface are namely polarized by the closest Co atoms but also by the Co atoms
on the other side of the Pt layer™®.

Figure 15 highlights a larger induced Pt moment in the [Co/Pt] stackings sputtered on MgO
and Al,O; buffers (set B and D) than in stackings sputtered on Pt (sets A and C), by a factor of almost
2. As for the effective anisotropy constant, this difference likely originates from different interface
morphologies, as attested by the different Co roughnesses (figures 9). Roughness and/or inter-mixing
increase the quantity of Pt atoms in direct contact with Co atoms and thus likely increase the average
Pt induced moment, and consequently the magnetization of the [Co/Pt] multilayers.
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In this hypothesis where Pt layers are fully polarized, the average induced Pt moment
appears to decrease when increasing the Pt thickness. This can be first explained by (i) the decay of
the Pt moment when going further from the Co/Pt interface (ii) the increased distance between
consecutive Co/Pt interfaces so that Pt atoms close to one interface are less polarized by the second
further interface. But one could also invoke (iii) the decrease in Co roughness when increasing the Pt
thickness (figure 9). If this change in morphology affects the induced Pt moment, as it is obvious from
the difference observed between the sets grown on Pt on those grown on the oxide layers, the
decrease in roughness when increasing the Pt thickness should also contribute to the reduction in Pt
induced moment. A more accurate evaluation of these three possible effects would require a depth-
sensitive analysis of the induced Pt moment.

l11.B.3. Influence of temperature

The magnetic properties versus temperature have been studied for three samples belonging
to the set B: with 1.42 nm, 1.73 nm and 2.19 nm — thick Pt layers. The temperature dependence of
Mg and K,rs are reported in figure 16 (a) and (b). These values will be later used as parameters in
micro-magnetic simulation (OOMMF), in order to calculate the different magnetic behaviors of the
top electrode at different temperatures (chapter 6).
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Figure 16: Magnetization (a) and effective anisotropy constant (b) versus temperature for three
different [Co/Pt] multilayers on MgO buffer (set B). The solid line corresponds to the variation of bulk Co
magnetization.The dash lines are guides for the eyes.

For the three Pt thicknesses, the magnetization slightly increases when the temperature
decreases. Given the weak bulk Co magnetization variation with temperature in this temperature
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range (solid line), this increase cannot be attributed to Co atoms, but rather to an increase of the Pt
induced magnetic moment and/or of the polarized Pt thickness, as suggested by T. Sugimoto et al.*?.
A similar behavior has been reported by P.J. Bloemen et al. on [Coggnm/Pt] multilayers with Pt
thicknesses varying in the [0.9nm-4nm] rangem]. The study by J.W. Knepper et al™ on
[Co(0.4nm)/Pt(x nm)]g multilayers with x up to 8 nm concludes that the Pt polarization can extend to
3 nm from the Co/Pt interface at 25K. This leads to an increase in saturation magnetization with Pt
thickness at low temperature, while it decreases at room temperature because of the increased
distance between Co/Pt interfaces.

In the present case where the three Pt layers surrounded by Co are likely fully polarized at
room temperature, the increase of the polarized thickness at low temperature is essentially due to
the last top Pt layer: tpy;(50K) = 3tp, + 3 = tpy;(300K) + 2. In the hypothesis where the
average Pt moment doesn’t change with temperature in the thickness tp,;(300K), one can calculate
the average Pt moment in the supplementar polarized 2nm at low temperature: it comes 0.11p/at.
for samples with 1.42 nm and 1.73 nm Pt layers, and 0.42s/at. for the sample with 2.19 nm thick Pt
layers. This latter especially high value would suggest that the increase in magnetization in the third
sample should be partly attributed to an increase of the Pt average moment inside the Pt layers
surrounded by Co. In this sample where Co/Pt interfaces are distant by 2.19 nm across Pt layers, the
increase of polarized thickness at low temperature may likely explain a larger polarization on Pt
atoms that become more and more sensitive to both interfaces. An increase of 35% compared to the
room temperature result together with the supplementar 2nm polarized at the top interface
(0.11pg/at) can account for the low temperature magnetization value. The effect of increased
polarized thickness inside the Pt layers surrounded by Co could be also responsible for the larger
increase in magnetization when decreasing temperature for this particular sample (figure 16 (a)), in
agreement with Ref™*.

Concerning the effective anisotropy constant, no significant variation is observed with
temperature (figure 16 (b)). This result is somehow surprising since the increase in magnetization
should namely lead to an increase of the dipolar anisotropy term — uyM?2 /2 which contributes to tilt
the magnetization towards the sample plane, and thus to reduce the PMA. The constant effective
anisotropy suggests the occurrence of a positive contribution that would counterbalance the
increase in dipolar anisotropy, i.e an increase of Néel surface anisotropy and/or magneto-elastic
effect’™®. Magneto-elastic contributions have been proposed to account for the temperature
dependent anisotropy in [Co/Au] muItiIayersm] but don’t appear to be relevant in [Co/Pt] multilayers
that exhibit different variation of K versus temperaturem]. The origin of the PMA dependence on
temperature in [Co/NonMagnetic] multilayers actually remains an open question.

The first goal of this thorough study of [Co/Pt] stackings was to provide an accurate structural
and magnetic characterization of the magnetic systems potentially used as bottom and top
electrodes in Magnetic Tunnel Junctions. The aim was to especially focus on the link between their
magnetic and structural properties, and to pay a specific attention to the influence of the Pt
thickness, an aspect which is seldom developped in the numerous previous studies.

(111) [Co/Pt] multilayers with a good reproducibility of the deposited thicknesses have been
sputtered on various buffers: Pt (with MgO or Al,O; capping, for bottom electrode), MgO and Al,O;
(with Pt capping, for top electrode).

The structural and magnetic properties of the [Co/Pt] multilayers are qualitatively
summarized in the Table 4. For each quantity in the left column, the green arrows sketch the
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tendency (constant/increase/decrease) observed when increasing the Pt thickness; the yellow stars
symbolize the relative amplitudes.

Pt buffer MgO buffer Al,0; buffer
MgO capping (set A)  Al,O, capping (set C) Pt capping (set B) Pt capping (set D)
Roughness N ke N ke Y FAdie LY P kg ig
Magnetization = i = b = Pk = ITIT
Coercive Field =» W H PAGA g o by e e
Effective Anisotropy A pAgigie o pAgkg e A pA ke A pie

Table 4: Qualitative summary of the different structural and magnetic parameters for the four sample sets

No significant difference could be noticed between the sets A and C, revealing no effect of
the capping layer for the same Pt buffer. Strong differences have been however observed between
the systems grown on Pt (A and C) and those grown on MgO (B) or Al,O; (D):

1. The Co/Pt interfaces are more perturbed when grown on MgO and Al,O; than
on Pt, with however a significant decrease in Co roughness when increasing the
Pt thickness.

2. The systems grown on Pt exhibit higher effective anisotropy, although PMA is
observed for all sets for Pt thickness above 1.5 nm. The effective anisotropy
increases when increasing Pt thickness.

3. The increase in magnetization compared to bulk Co is twice more important in
the systems grown on MgO or Al,O3, although all sets exhibit a largely increased
magnetization due to Pt induced polarization.

The comparison between those different sets tends to highlight the prominent role played by
the layer roughness, especially by Co layers roughness in the present case. It appears that rough
interfaces contribute to the reduced PMA, in agreement with Bruno’s model describing how the
roughness limits the Néel surface anisotropy. This effect is also observed for a given sample set since
the smoothing of interfaces (in increasing the Pt thickness) tends to improve PMA. Simultaneously,
rough interfaces contribute to the enhanced magnetization via the polarization of Pt atoms in direct
contact with Co. This effect on magnetization may also indirectly drive the reduction of PMA via the
increase of the dipolar anisotropy contribution which favors in-plane magnetization.

Finally, the effect of temperature has been analyzed for one of the sample sets: it appears
that decreasing temperature has a very limited effect on the effective anisotropy, despite the
increase observed for the saturation magnetization (increase of the Pt induced moment and/or
polarized Pt effective thickness). In order to account for this constant effective anisotropy, a
supplementary contribution favoring PMA and opposing the low temperature increase of the dipolar
contribution has to be taken into account. This contribution remains to be clearly identified.

Concerning now our first interest in these [Co/Pt] stackings as future electrodes in MTlJs,
these investigations have proved that the different systems are suitable for integration in [Co/Pt]-
based MTJs. Bottom and top electrodes both present satisfactory structural characteristics that
enable the stabilization of Perpendicular Magnetic Anisotropy. Since the top electrodes exhibit
however reduced quality, especially when using the Al,0; buffer, our choice was to focus on MTlJs
with [Co/Pt] electrodes separated by an insulating MgO barrier.
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Chapter 6
Magnetic Tunnel Junctions
with [Co/Pt]-based electrodes
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The [Co/Pt] multilayers, the structural and magnetic properties of which were discussed in
the previous chapter, have been integrated as electrodes in magnetic tunnel junctions. This chapter,
devoted to the [Co/Pt]-based MTs, is divided in two main sections. The first section presents the
magnetic properties of MTJs full stacks, before nano-structuration. A specific attention is paid to the
role of the hard electrode, constituted of a [Co/Pt] stacking magnetically hardened by a CoTb layer.
The influence of the Pt thickness and temperature are especially investigated, both experimentally
and via micromagnetic simulations.

The second section is devoted to the magneto transport properties of patterned MTJs,
mostly driven by the magnetic layers in contact with the tunnel barrier. The transport measurements
are focused on the tunnel characteristics and on the major and minor R(H) loops. These enable to
study the effective tunnel polarization, to determine the Curie temperature in the [Co/Pt] multilayers
(next chapter) and to analyze the coupling through the MgO barrier. The experimental (field,
temperature) diagrams for R(H) characteristics highlight distinct behaviors closely related to the hard
electrode magnetic response and original phenomena like domains’ duplication and spring magnet
behavior.

Thanks to the magnetic parameters extracted in the previous chapter, all magnetic behaviors
can be reproduced and explained by micromagnetic 3D OOMMTF simulations.
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l. Introduction

I.LA. MTJ’s structure

The structure of the MTJs studied in this work is sketched in figure 1. The bottom and top
electrodes consist in [Co/Pt]3/Co multilayers, separated by a 2.5nm thick MgO insulating barrier (the
MgO thickness is the same for all the MTJs discussed in this chapter). The thickness of the Co layers is
the same for all samples, equal to 0.6 nm. The thickness of the Pt layers varies between 0.49 nm and
2.19 nm. These electrodes are thus similar to the samples belonging to the sets A and B, previously
discussed in chapter 5.

The top [Co/Pt]s/Co electrode has been magnetically hardened by a 20nm thick CogsTbys
layer (referred to as CoTb in the following), an alloy that has been extensively investigated during M.
Gottwald’s PhD work'". Given its high anisotropy, the CoTb is used to pin one electrode by exchange
coupling, so that it should be possible to get separate reversal for both electrodes and thus to obtain
the total Tunnel Magneto Resistance value. After the growth, a 3 steps optical lithography process is
used to pattern 30umx30um junctions and to take electrical contacts (Ta(5nm)/Pt(150nm) bilayer)
on both sides of the MgO tunnel barrier.

Note: During my PhD, | did not take part to the nano-patterning of the magnetic tunnel junctions.
Therefore, no explanation about the nano-patterning process is given in this chapter but more details
can be found in several other PhD manuscripts>?.

Sio,

Buffer : Ta (5nm)/Pt(10nm)

Figure 1: Sketch of the Magnetic Tunnel Junction with the bottom and top [Co/Pt];/Co electrodes.
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In the case where the tunneling of electrons through the barrier is only composed of a spin
polarized tunneling channel, the effective tunnel polarization of the [Co/Pt] multilayers in contact
with MgO (P[Co/pt]/Mgo) can be extracted from the experimental TMR value using the Julliere’s
model™:

TMR
24+TMR

(I-1)

P[CO/Pt]/MgO =

As it was shown in several previous studies, and especially in the paper by F. Montaigne et
al.” the extracted polarization is not only related to the band structure of the electrode material but
rather to the system electrode/barrier. The parabolic band model shows indeed that all the
characteristics of the barrier have to be taken into account to define the polarization of an electrode,
especially in the case of thin and low height tunnel barriers. But equation I-1 remains valid.
Furthermore, the picture of separated electrodes is limited to resistive enough junctions. For low
resistive junctions, it is necessary to consider the tunnel junction as a single entity. Therefore, to
ensure separate electrodes, a 2.5 nm thick MgO barrier has been chosen with barrier heights above 1
eVv.

The magnetic response of the hard CoTb/[Co/Pt]s/Co electrode has been simulated using the
3D OOMMF micromagnetic code. In order to reduce calculation time, a pillar of 50 nm x 50 nm has
been considered with a cell size of 50 nm x 50 nm x 1 nm. The demagnetization field was not taken
into account for this calculation. The multilayer stack used in the micromagnetic calculations is
sketched in figure 2.

MgO
Co
P& Co
J RKKY( P+ Co
Pt Co
. Figure 2: Multilayer stack used in the
Jint g micromagnetic calculations.
CoTb
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As it has been mentioned, the magnetic properties of the CoTb alloy have been extensively
studied in M. Gottwald’s PhD work'". The exchange constant has been chosen equal to 6x10™ J/m",
and independent of temperature. While the saturation magnetization is known'", the evaluation of
the effective anisotropy is difficult since the magnetic fields to saturate the CoTb films in plane
exceed the maximum fields available in our setups. It could be evaluated at room temperature but its
variation with temperature has been inferred from the magnetic response of the CoTb/[Co/Pt]s/Co
multilayer and from literature'®. The variations of CoTb saturation magnetization and effective
anisotropy with temperature are given in figures 3 (a) and (b).
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Figure 3: Magnetic properties of the CogsThy4 alloy. (a) M measured as a function of temperature. (b)
Effective anisotropy constant measured at room temperature and inferred at lower temperature from
the magnetic response of the CoTb/[Co/Pt]3/Co bilayer.

The [Co/Pt] multilayer was treated as 1 nm thick Co layers (i.e. thickness of one cell) coupled
by a RKKY interaction through the Pt layers. The exchange constant in the Co layers has been chosen
equal to 30x10™*? J/m, the usual parameter used in OOMMEF, and independent of temperature. The
saturation magnetizations and effective anisotropy fields have been extracted from measurements
(see previous chapter). The RKKY exchange constant ( J...xn) could be determined for the thickest Pt
layers (i.e. 1.73 nm and 2.19 nm) from the shift of the [Co/Pt]; reversal observed by transport
measurements of the nano-structured MTlJs; this will be presented later in the chapter. For the
thinnest Pt layers (i.e. 1.42 nm), the coupling constant has been deduced from the exchange spring
response of the CoTb/[Co/Pt]s/Co multilayer. Those exchange constants /..., and their variations
with temperature for the different Pt thicknesses are given in figure 4.

Finally, the temperature-independent exchange constant at the Co/CoTb interface J;,; has
been chosen equal to 15x10** J/m, an average value between the exchange constant in the CoTb and
in the Co layers.
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Figure 4: Temperature dependence of the RKKY interaction constant between Co layers through Pt for
different Pt thicknesses (deduced from the magnetic response of the CoTb/[Co/Pt]s/Co bilayer for the Pt
thicknesses equal to 1.73 nm (grey) and 2.19 nm (blue) ; deduced from the exchange spring response of
the CoTb/[Co/Pt]3/Co multilayer for the Pt thickness of 1.42 nm (red)).

Il. Magnetic properties in MTIJs full stack

Before the lithography process, the magnetic response of the MTIJs full stack has been
studied using conventional magnetometry via the measurements of M(H) loops with the magnetic
field applied perpendicular to the surface (the easy magnetization axis) and for temperatures
between room temperature and 4K. This is an important step to understand the behavior of the
multilayer stack. In the case of electronic transport measurements in MTlJs, the results are indeed
mainly or exclusively related to the magnetic response of the electrodes in contact with the tunnel
barrier. The use of magnetometry brings information on the magnetic behavior of the whole system.
Some particularly interesting features, observed for the CoTb/[Co/Pt];/Co hard electrode, turn out to
be essential in the understanding of transport properties. These are reported below.

Il.LA. Magnetization reversal

Typical M(H) loops measured at room temperature with the magnetic field applied
perpendicular to film plane are presented in figure 5 for Pt thicknesses smaller (top left) and larger
(bottom left) than 1.73 nm.

These hysteresis loops are first typical of measurements along the easy magnetization axis,
confirming the strong perpendicular anisotropy in these MTlJs (in both [Co/Pt]s/Co and CoTb layers).
Several jumps and steps are observed during the field sweep corresponding to different magnetic
configurations for the soft and hard electrodes. They are sketched in figure 5 (Right) in ®, ®, ©, ©
and detailed below.

The magnetic behavior of the [Co/Pt];/Co multilayer in the soft electrode has been discussed
in the chapter 5. Its magnetization reversal occurs in a single magnetic switch of the multilayer stack,
whatever the Pt thickness, and is observed at low fields (switch from step ® to ®).

The magnetic response of the CoTb/[Co/Pt]s/Co hard electrode however depends on the Pt
thickness, as observed in figure 5 (Left). For Pt thicknesses smaller than 1.73 nm (top left), a single
step is also observed (from ® to ®), corresponding to the total magnetization reversal of the hard
electrode. For Pt thicknesses larger than 1.73 nm (bottom left), the hard electrode magnetization
reversal occurs in two distinct steps (from ® to © and from © to ®). A close look at the jump
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between ® and © reveals an amplitude of % of the [Co/Pt];/Co magnetization, suggesting a partial
reversal of the [Co/Pt];/Co in the CoTb/[Co/Pt];/Co electrode: only three Co layers switch, the last Co
layer being pinned by CoTb (sketch ©). Increasing the negative applied field finally drives the
simultaneous reversal of the last Co layer in [Co/Pt]3/Co and of the CoTb layer.

From these two different behaviors in the hard electrode, it appears that the MTJs may
exhibit different magnetic configurations depending on the Pt thickness: For Pt thicknesses smaller
than 1.73 nm, the magnetizations of the electrodes are either parallel (® and ®) or antiparallel (®)
depending on the applied magnetic field. For Pt thicknesses larger than 1.73 nm, there exists an
(intermediary state where the magnetization in the hard layer becomes inhomogeneous and breaks
in different parts: the magnetizations directly above and below the tunnel barrier are likely parallel,
although the magnetization reversal in the hard layer is not completely achieved.
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Figure 5: Left: M(H) loops measured at room temperature and with the field perpendicular to the plane
for MTIs full stack with Pt thicknesses smaller (top) and larger (bottom) than 1.73 nm. Right: sketch of
the different magnetization configurations for the soft and hard electrodes (micromagnetic

calculations): ® parallel configuration, anti-parallel configuration with the reversal of the soft

electrode, © intermediary step with the reversal of the [Co/Pt]; multilayers in the hard electrode, ®
back to parallel configuration.
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Discussion

The above results permit to get important information on the magnetization reversal in the
hard electrode. (i) The [Co/Pt]s/Co multilayers cannot be considered neither as a uniform single
magnetic layer nor as a single macro spin. The multilayer has to be modeled by four Co layers,
ferromagnetically coupled by RKKY interaction, as it has been presented in section |.B. This
conclusion is in agreement with the macrospin model developed in the chapter 4 and extended to
the case of multilayers considering that each Co layer are independent and obey to the same law. It
will play a crucial role in the micromagnetic simulations detailed later. (ii) The simultaneous reversal
of the [Co/Pt]3/Co and CoTb magnetizations in the hard electrode depends on the strength of the
coupling between the Co layers in the [Co/Pt]3/Co multilayer.

For “thin” Pt layers, the coupling between Co layers is strong. The reversal of the [Co/Pt]5/Co

multilayer is complete and its reversal leads to the reversal of the CoTb layer. This is reproduced by
the micromagnetic calculations in figure 6 (Pt thickness of 1.42 nm).
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Figure 6: Left: Calculated M(H) loop for the CoTb/[Co/Pt]s/Co multilayer with 1.42 nm thick Pt layers.
Right: magnetic configurations calculated for different applied fields in mT.

For “thick” Pt layers, as a result of the rapid decrease of the coupling when increasing the Pt
thickness, only % of the [Co/Pt]5/Co multilayer is reversed while the Co layer in contact with the CoTb
is pinned along the CoTb magnetization. The Zeeman energy leads to the reversal of the three Co
layers in the [Co/Pt] multilayers, the last Co layer switching with the CoTb layer at higher applied
field. This behavior is also reproduced by the micromagnetic calculations of figure 7 (2.2 nm thick Pt
layers). If the reversal is stopped for a field between -320 mT and -520 mT, while the CoTb layer has
not switched, an exchange bias behavior could be observed.
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Figure 7: Left: Calculated M(H) loop for the CoTb/[Co/Pt]s/Co multilayer with 2.19nm thick Pt layers.
Right: magnetic configurations calculated for different applied fields in mT.

For all Pt thicknesses, using the amplitude of the magnetization reversal in the soft electrode
(figure 5) and in either the hard electrode (figure 6) or the Co/CoTb multilayer (figure 7), it was
possible to extract a CoTb saturation magnetization of 395 emu/cm?. This value is close to the one
measured and reported in figure 3.

As we have seen, different types of magnetization reversal can be observed depending on
the Pt thickness. In the following, we will show that, for a given Pt thickness, minor loops can lead to
complex magnetic configurations. Starting from saturation under positive field, we will report on the
influence of the maximum negative applied field value (in the following called H,.,) on the minor
loop. We will also show that the temperature can strongly affect the magnetic properties of the MTJs
full stack.

The results presented in this section are obtained for the [Coggnm/Pt1.420m)3/C00.6nm based
MTJ. This is a typical example and the different behaviors with H,., and temperature can be extended
to the whole studied Pt thickness range.

The effect of a partial reversal of the hard electrode has been explored in measuring minor
loops, i.e. in reversing the field before the complete reversal of the
[Coo.6nm/Pt1.420m]3/C00 6nm/COTho0nm electrode. After positive saturation, the field is decreased,
reversed to negative values, stopped at H,., before saturating the system under positive field again.
Typical minor loops measured at room temperature are presented in figure 8 (a). For the sake of
clarity, only two values of H,., during the hard electrode reversal have been chosen here.
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Figure 8: Top: M(H) loops measured at 300K for H,,., = -0.5 T (black squares), -287.5 mT (red squares)
and -282.5 mT (blue squares). Bottom: Domains structure at remanence imaged by Kerr microscopy and
MFM in a single CoggTh;, layerm.

The value of H,,, = -0.5 T is sufficient to observe the total reversal of both electrodes, leading
to a symmetric M(H) loop, as it is presented in figure 5.

However, for smaller H,., chosen during the reversal of the hard electrode, an intermediate
magnetization state corresponding to this partial reversal is stabilized. The amplitude of the second
jump gives a ratio of approximately 65% and 28% of reversed magnetization for H,, =-287.5 mT and
H.ev = -282.5 mT respectively. This ratio is conserved in the remanent state, i.e. after switching off the
applied field. This specific property for the CoTbyonm /[CO0.6nm/Pti.a20m)3/CO0enm €lectrode is likely
driven by the reversal mechanism in the CoTb layer. As shown in M. Gottwald PhD work, switching
off the applied field during the reversal process freezes the magnetic configuration in a 20 nm thick
CogsTh, layer, as illustrated in figure 8 (b). The domain structure persists at the remanence and is
therefore responsible for the stabilization of the intermediary magnetization step in the CoTb M(H)
loop.
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The nucleation process in the hard electrode has been simulated using micromagnetic
calculations. Using the room temperature parameters for 1.42 nm thick Pt layers, the calculation
shows that the reversal starts in the top Co layer and propagates into the entire
[Coo.6nm/Pt1.420m]3/C00.6nm @and CoTbyonm layers (figure 9).

The proposed scenario is thus first a nucleation in the top Co layer and a propagation into the
[Cop.6nm/Pt1a2nml3/CO0.6nm and CoTb,gnm layers with the formation of lateral domains. When the
negative field is stopped before complete reversal and is switched back to zero, those domains are
stabilized in the CoTb layer and in the [Cog.gnm/Pt1.42nm]3/C0O0.6nm Multilayer in contact with CoTb.
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Figure 9: Nucleation of a reversed domain in the CoTb,pnm /[CO0 6nm/Pti.a2nmlz/CO0.6nm €lectrode. This
simulation has been done on a 400 nm x 400 nm pillar with 5 nm x 5 nm x 1 nm cell size, taking the
demagnetization energy into account (the nucleation thus occurs at the center of the pillar). The
reversal starts in the top Co layer (b) and propagates into the entire [Cog gpm/Pt1 42nml3/ CO0.6nm aNd
CoTbonm layers. (b), (c), (d) and (e) are obtained for the same applied field, as a function of time.
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The influence of temperature on the M(H) loops for the MTIs full stack has been studied
between 300K and 45K. At 300K, the magnetization reversal for the MTJ with 1.42 nm thick Pt layers
occurs in two steps associated to the two electrodes (figure 5 top): the hard electrode reverses as a
single block since the [Cog gnm/Pt1.42nm]3/CO06nm Multilayer is strongly coupled to CoTh,g,m by direct
exchange. When decreasing the temperature down to 150K and below, the reversal process in the
hard electrode changes significantly, with the occurrence of two successive steps (figure 10 (a)). The
smooth part (labeled C;) suggests the creation of a spring magnet configuration in the
[Coo.6nm/Pt1.42n0m]3/CO0 6nm Multilayer in contact with CoTb. This was confirmed by micromagnetic
calculations, as shown in figure 10 ((b) and right part).

This change in magnetic behavior of the hard electrode at low temperature is driven by the
magnetic properties of the CoTb layer with temperature. When the temperature decreases, the
CogsTh1, magnetization decreases and its anisotropy increases™. In our case, the main consequences
are a drastic increase of the effective anisotropy and of the coercive field in the CoTb layer, leading
to its reversal for higher negative field values and to a higher restoring force when the
[Coo.6nm/Pt1.420m]3/C0O0 6nm Multilayer magnetization starts reversing. This results in the formation of a
spring magnet configuration.
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Figure 10: Left: (a) M(H) experimental loop for the MTJ full stack measured at 150K. (b) M(H) calculated
for the CoTbpnm/[CO0.6nm/Pt1.420ml3/CO0.6nm hard electrode at 150K. Right: Magnetic configurations for

the soft and hard electrodes: ® parallel configuration, anti-parallel configuration after reversal of
the soft electrode, © 1, 2 and 3 reversal of the [Co/Pt];/Co multilayer in the hard electrode by the

creation of a spring magnet ® back to a parallel configuration.
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11.B.3. Calculated (H,T) phase diagram for the hard electrode

The magnetic response calculated for the hard electrode can be summarized in a phase
diagram as a function of temperature and applied field for a given Pt thickness. The calculated phase
diagrams for the CoTbyonm/[CO0.6nm/Pt1420m]3/CO06nm and the CoTbaonm/[COo.6nm/Pt2.19nm]3/CO0.6nm
multilayers are reported in figure 11 top and bottom respectively. Those Pt thicknesses have been
chosen because they are characteristic of the two main behaviors observed for the hard electrode in
the present MTlJs, as shown in the section Il.A.
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Figure 11: Calculated phase diagrams for the hard electrode with (top) 1.42 nm thick and (bottom) 2.19
nm thick Pt layers (micromagnetic calculations using the magnetic parameters of
[CO0.6nm/Pt1.420m]3/CO0.6nm ANA [COG 6pm/Pt2. 19nml3/CO0.6nm Multilayers reported in the chapter 5).

Both phase diagrams exhibit several different areas presented in different colors (blue, red
and green) and with different numbers (1,2 and 3 or 3’) which correspond to the different magnetic
behaviors of the hard electrode described in the previous sub-sections.

In the “blue” areas (small H,,), the magnetic field is not strong enough to reverse neither the
[Co/Pt]3/Co, nor the CoTb layer of the hard electrode. The full CoTb/[Co/Pt];/Co magnetization
resists to the applied field. In the MTJ, this should lead to a symmetric minor M(H) loop
corresponding to the reversal of the soft electrode only.

In the “red” areas (large H,., and high temperature), the magnetic field is strong enough to
reverse both the [Co/Pt];/Co and the CoTb layer of the hard electrode. The full CoTb/[Co/Pt];/Co
multilayer reverses, which should lead to a symmetric major M(H) loop with complete reversal of
both hard and soft electrodes in the MTJ structure.

The “green” areas (middle range H,, and low temperature) correspond to a magnetic
configuration where the CoTb didn’t reverse and the [Co/Pt]s/Co multilayer partially reversed. This
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results from the strong increase of the anisotropy constant and from the decrease of the saturation
magnetization of the CoTb layer when the temperature decreases (figure 3). Depending on the Pt
thickness, two different magnetic behaviors, labeled as 3 and 3’, are predicted. For “thin” Pt layers
(green area 3), the total reversal of the CoTb/[Co/Pt]3/Co hard layer occurring at room temperature
is replaced at low temperature by a progressive and reversible reversal of the [Co/Pt]s/Co multilayer.
Considering the strong RKKY interaction in the [Co/Pt]s/Co multilayer, the cost in exchange energy is
distributed all over the multilayer and an exchange spring behavior is predicted (figure 10). For
“thick” Pt layers (green area 3’), the reversal of the CoTb/[Co/Pt];/Co hard electrode occurs in two
steps as a result of the rapid decrease of the RKKY coupling between the Co layers in [Co/Pt];/Co. The
[Co/Pt]; part reverses first, followed, if the applied field is sufficient, by the Co/CoTb part (figure 7).
The cost in exchange energy is located at one Co/Pt interface. The magnetic reversal of the [Co/Pt];
part is then not reversible and an exchange bias behavior can be predicted.

In previous sections (chapters 5 and 6), the magnetic properties of the soft and hard
electrodes have been studied by magnetometry both as single independent systems and in the MTJs
full stack. Micromagnetic simulations performed in using magnetic parameters extracted from
experiments could nicely reproduce experimental observations.

The next step consists in exploring the magneto-transport properties in patterned MTJs. The
aim is first to investigate how the various magnetic behaviors described in section Il could affect the
transport properties and give rise to interesting and original features. The magneto-transport
properties are also a fine probe of the magnetic configurations in direct contact with the insulating
barrier, and thus constitute a powerful tool to complement magnetometry and micromagnetic
simulations. Finally, in the general context of this work, a specific attention has been paid to
determine the tunnel polarization of the [Co/Pt] based electrodes. This last aspect will be developed
in further details in the next chapter.

The electronic transport characteristics have been measured in using an “home made” setup
controlled by a Labview interface and composed of a cryostat for the low temperatures
measurements (down to 20K), a two probes device for the electrical measurements and an
electromagnet that can deliver a magnetic field of +1.8T.

As a first step to characterize the MTJs, the conductance (G) versus voltage (V) characteristics
have been measured and fitted using a polynome of V:

G=A+B-V +C-V? (1-2)

Thanks to the Brinkman’s model”), the different parameters of the tunnel barrier, especially
its thickness, height and height asymmetry, can be extracted from the A, B and C constants. The fit is
limited to low applied voltages since the Brinkman’s model is valid only in the case of trapezoidal
barrier and for low voltages compared to the height of the barrier. Figure 12 presents the G(V)
characteristic measured at room temperature for the [Cog gnm/Pt1.73nm]3/C00.6nm based MTJ and the fit
using equation (I-2). The trend reported here for one tunnel junction is the general trend observed
for all MTJ)’s, independently on the Pt thickness.
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The non-linearity of the current versus voltage characteristics is a prerequisite of a tunnel
behavior for the electrons'®. The barrier average parameters extracted from the Brinkman’s model
applied to several tunnel junctions are the following: thickness d = 1.6 nm ; mean barrier height
< ¢ >= 1.05 eV and barrier asymmetry A¢p = 0.5 eV. As a result, and for all the tunnel barriers, the
barrier’s shape is trapezoidal at zero applied voltage, with a barrier height at the bottom interface
(@, = 1.3 eV) higher than the barrier height at the top interface (@, = 0.8 eV/).

uI i
7 Barrier shape

Pt/Co Pt/Co CoTb

Energy

Figure 13: Potential energy seen by the electrons during the tunnel process and corresponding
multilayer stack. The potential through the barrier is trapezoidal with the highest potential at the
bottom interface.

The origin of the strong asymmetry A¢ in the height of the barrier is not clear and somehow
surprising. It could be justified either by different crystalline structures for the Co layers below and
above the MgO barrier, by a different density of states at both interfaces or by different work
functions for the two electrodes (we can expect that Co is not continuous when deposited on MgO,
see chapter 5).

In order to use equation (I-1) to determine the effective tunnel polarization of the [Co/Pt]
stacking in contact with MgO, the temperature dependence of spin-polarized tunneling has to be
investigated to extract the non-polarized contribution to the conductance Ggs;. We use the
formalism developed by C. H. Shang et al.” who showed that the total conductance can be
expressed by:
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G(0) = G(TY{1 + P,(T)P,(T) cos(0)} + G (T) (11-3)

where 0 is the angle between the magnetization directions of the two electrodes,
P,(T) and P,(T) are the effective tunneling electron spin polarizations of the ferromagnetic
electrodes, Gg; (T) is the non-polarized contribution to the conductance and G(T) is the direct
elastic tunneling prefactor defined as:

G(T) = G, CT/Sin(CT) (111-4)

where Gg is a constant and C = % 1.387 x 10~* with d the barrier thickness in angstroms

and ¢ the barrier heightin eV.

The dominant part of conductance is elastic, spin-polarized tunneling between the two
ferromagnetic electrodes, each with an electron polarization P that decreases with increasing T due
to thermally excited spin waves. The variation of the electron polarization was expected to follow the
Bloch law P,r¢(T) = Po(1 — aT3/%), where a is the material dependent constant and P, the spin
polarization at OK'". The second part of conductance is due to assisted, spin-independent tunneling,
that can vary with temperature.

In a first step, the parameters related to the spin-polarized part of G can be determined in
fitting:

AG = G(180°) — G(0) = 2G(T)P,(T)P,(T) (111-5)

G(180°) and G(0°) are the conductances measured for respectively antiparallel and parallel
orientations of magnetizations in the ferromagnetic electrodes. The plot of AG for different voltages
and their fits are reported in figure 14.

The fitting process was first to let the  exponent in P.rf(T) = Po(l — aTﬁ) a free
parameter and to keep G(T) constant. The result of the fit was =3/2 showing that the Bloch law is
followed in our case. B was then fixed to 3/2 and it turned out that the extracted G(T) is constant.
This result is somehow surprising. Indeed, using the parameters extracted from the Brinkman fit and
equation (llI-4), a variation of 5% is predicted. For a Pt thickness of 1.73nm, a = 5.086 X

3
1075 K=>/2 , which corresponds toa T, =653.5Kif a = 1/Tc/2'
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Figure 14: Temperature dependence of AG for different applied voltages. The experimental points are
represented using dots connected with bold lines. The fits are represented by thin lines. (The electric

characteristics have been made on [COy gnm/Pt1 730ml3/Co0.6nm Mmultilayer based magnetic tunnel
junctions).
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Using the parameters deduced from the first step, the second step consisted in extracting the
non-polarized contribution to the conductance by fitting: G(0°) = G(T){1 + P,(T)P,(T)} +
Gg;(T) and G(180°) = G(TY{1 — P,(T)P,(T)} + Gg(T) (figure 15). The Gg(T) contribution was
well reproduced and fitted using a T2 variation law. This variation was predicted by L.I. Glazman et
al™ in an inelastic tunneling process through a single localized state when the electron-phonon
interaction is weak but sufficient to enlarge the tunneling resonance peak. It exists thus a non-
polarized inelastic channel, the conductance of which varies between 0% at low T and 10% at room T
of the elastic, spin-polarized tunneling channel.

The experimental TMR value in the Julliere’s model™ has to be modified accordingly:

TMR (1+65’(T)/G(T))
24TMR (1+GSI(T)/G(T))

Picospti/mgo = (1-6)

In the case of the present MTlJs, considering that G, equals zero yields an under-estimation
of the spin polarization of the ferromagnetic electrode at room temperature by 5% to 10%. Another
consequence is the overestimation of the value of a.
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Figure 15: Temperature dependence of G(0°) (black curves) and G(180°) (red curves) for different
applied voltages. The dots represent the experimental points and the lines represent the numerical fits.
(The electric characteristics have been measured on [COgenm/Pt1.73nml3/CO0.60m Multilayer-based
magnetic tunnel junctions).

l1I.LA.2. R(H) characteristics

The R(H) characteristics were measured with the applied field along the easy magnetization
axis (perpendicular to the MTJs’ plane). The R(H) curves measured at room temperature for the
[Coo.6nm/Pt1.420m]3/CO0 6nm based MTJ are presented in figures 16 left (a) and (b), respectively for He, =
-0.5 T and H,, = -0.2 T. The different magnetic configurations calculated for the soft and hard
electrodes are sketched in figure 16 right.
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Several steps and jumps are observed in figure 16 (a) and can be correlated to the
magnetization jumps observed in figure 5 (top left) for the MTJ full stack. For the high positive
applied field values, the low resistance state corresponds to a parallel configuration for the
magnetization of both electrodes (sketch ®). When decreasing the applied field to negative values, a
first jump is observed and corresponds to the reversal of the soft electrode (sketch ®). The
magnetizations of both electrodes are antiparallel and thus the resistance becomes high. A further
increase of the negative applied field leads to the reversal of the hard electrode and the MTJ goes
back to a low resistance state (sketch ©). The symmetric behavior is observed when sweeping the
field from negative to positive values.

If the magnetic field is stopped after the first resistance jump and switched back to positive
values, the system stays in a high resistance state until the positive field is high enough to drive back
the magnetization reversal in the soft electrode. Only the reversal of the soft electrode is observed
(figure 16 (b)).

These two main behaviors, major and minor R(H) loops, have been observed at room
temperature for all the measured MTlJs, whatever the Pt thickness and the reversal mechanism in the
hard electrode. Consequently, the parallel and antiparallel states are well defined, the TMR can be
measured and the effective [Co/Pt]/MgO polarization can be extracted using the Julliere’s model.
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Figure 16: Left: R(H) characteristics measured at room temperature for a reversed field H,,, of (a) -0.5 T
and (b) -0.2 T. Right: magnetic configurations of the soft and hard electrodes: ® parallel state,

reversal of the soft electrode (anti-parallel state), © back to a parallel state with the reversal of the

hard electrode.
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Note: During the nano-patterning via the lithography process, the MTJ full stack is exposed to
temperature up to 180°C. It is well known that the RE-TM compounds are sensitive to the
temperature annea/ing[“] and therefore the magnetic properties of the hard electrode are modified.
In the case of CoTb alloys, the PMA is kept but a decrease of the coercive field is reportedm. This
decrease in CoTb coercive field leads to the decrease of the coercive field of the hard electrode in the
nano-patterned MTIJs. This difference between full stack and patterned MTS can be observed between
the M(H) loops in figure 5 and the R(H) loops in figure 16.

The magnetic properties and magnetic parameters in independent [Co/Pt] multilayers could
be determined in the chapter 5. These permitted to partly explain the magnetic response of MTJs full
stack (chapter 6, section I). Then, a specific attention has been paid to the complex hard electrode for
which the Pt thickness and temperature may strongly affect the magnetization reversal. Calculated
(H,T) phase diagrams of the magnetic configurations in the hard electrode for different Pt thicknesses
could predict the magnetic behaviors in MTlJs full stack.

Similar (H,.,,T) phase diagrams have been experimentally measured for nano-patterned MTIJs
by systematic R(H) transport measurements on the [Cog 6nm/Pt1.420m]3/CO0.6nmy
[Coo.6nm/Pt1.730m]3/C00 6nm and [COg.gnm/Pt2.16nm]3/C006nm based magnetic tunnel junctions. These are
reported in figure 17 (left part). A close agreement between experimental (left) and calculated (right)
phase diagrams is observed.

As predicted in the calculated phase diagram, several distinct behaviors are experimentally
observed and correspond to different R(H) characteristics as a function of temperature and H,. For
the three Pt thicknesses, the phase diagrams present the usual common R(H) characteristics
presented in figures 16 (a) and (b), i.e. the symmetric major and minor loops observed in the “red”
and “blue” areas respectively. The “green” areas have been also predicted. In these field and
temperature ranges, the CoTb magnetization does not reverse, leading to the occurrence of a spring
magnet or exchange bias loop, as it will be described in further details in section I11.B.2.

However, two new areas (“orange” and “yellow”) appear in the MTJs’ experimental phase
diagrams. These were not predicted in calculated phase diagrams for the hard electrode and should
be thus specific to tunnel properties and/or to the MTJ’s structure. The “orange” area appears
between “red” and “blue” areas while the “yellow” area appears between “red” and “green” areas.
As reported in figure 8, stopping and reversing the field during the magnetization reversal of a single
CoTb layer leads to the stabilization of domains at zero applied field. The density of reversed domains
depends on the maximum negative applied field H,., after positive saturation. Such a phenomenon
likely occurs during the reversal of the hard electrode, generating a non-homogeneous stray field on
the soft electrode. This results in the occurrence of original behaviors in these “orange” and “yellow”
areas, as described in the following paragraphs.
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Figure 17: Left: Experimental phase diagrams of the [COyenm/Ptiaznml, [COo.6nm/Pti73nm] and
[CO0.6nm/Pts.19nm] based MTIs (R(H) behavior versus temperature and H,.,). Right: Calculated phase

diagrams of the [COggpm/Pt1.a2nm] and [COy enm/Pts10nm] based hard electrodes (M(H) behavior versus
temperature and H,,).
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l11.B.1. Duplication of domains from the hard to the soft electrode

The accurate investigation of the R(H) behaviors in the orange and yellow areas (figure 18 (a)
and (b) respectively) has permitted to identify a specific phenomenon corresponding to the
duplication of magnetic domains from the hard electrode to the soft electrode. Such an effect has
been previously reported only in the case of in-plane magnetized spin-valves and MTJs!*? 14,

Two different domain duplication processes have been identified, depending on the Pt
thickness and temperature (figures 18 (a) and (b) for orange and yellow areas respectively). For the
sake of clarity, only the symmetric major loop (black) and the loop measured for one value of H,,
(red) are reported. These measurements have been performed at 300K and 190K for the
[COO.Gnm/Ptl.AZ nm]3/ COO.Gnm based MTJs.

(a)
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(b) t Hﬂ;‘p{{ Hsut:'
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Figure 18: Major loops (black squares) and minor loops (red squares) measured for the [COy gpm/Pti.42
wml3/C00.6nm based MTJ at (a) T=300K and H,., = -0.236T and (b) T= 190K and H,., = -0.877T. The

magnetic configurations for the different resistance steps are sketched in ®, ®, ©, ®, ® and detailed
in the text.
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Several resistance steps and jumps are observed in figures 18 (a) and (b), and correspond to
different magnetic configurations of the soft and hard electrodes. In ®, © and ®, the low resistance
state reveals a parallel configuration of both electrodes magnetizations. In ® and ®, the intermediate

resistance states are signature of coexisting parts where the electrodes magnetizations are either in
a parallel or antiparallel configuration.

Domains’ duplication process in the “orange” area

Once the MTJ magnetization is saturated under a magnetic field of +1.5T, the applied field is
decreased to zero and reversed. Increasing the negative applied will leads first to the reversal of the
soft [Co/Pt] magnetization.

When H,., enters in the field range where the reversal of the hard electrode occurs, magnetic
domains form in the [Co/Pt]5/Co multilayer in contact with CoTb and propagate into the CoTb layer in
a dynamical process (figure 9 and figure 18 (a), sketch ®). The magnetization in these domains is
parallel to the magnetization of the soft electrode and as a result, increasing the value of H,,
progressively reduces the junction resistance to the low resistance measured when the
magnetizations of both electrodes are parallel.

However, if H,e, is chosen during the hard electrode reversal and the applied field is brought
back to zero, the junction resistance is kept at an intermediate value R;, the resistance measured
under the applied field H,,. As the single CoTb layer, the CoTb/[Co/Pt]5;/Co multilayer obviously
keeps the domain structure stabilized at H,.,. When the applied magnetic field is reversed to positive
values, the magnetic moments of the [Co/Pt]s/Co soft electrode are submitted to a space-dependent
magnetic field.

The magnetization of the soft electrode under regions where the magnetization of the hard
electrode is oriented along the applied field is submitted to an effective field equal to the applied
field plus the magnetic stray field of the hard layer: those regions reverse first for a magnetic field
H,4. In this state ©, the MTJ resistance goes back to the low value R, proving that the multi-domain
structures of both electrodes are perfectly parallel (sketch ©) and suggesting that the domain walls
don’t contribute to the TMR, as it will be discussed later. This phenomenon where the multi-domain
structure of the hard electrode is “printed” to the soft electrode is called domains’ duplication.

The magnetization of the soft electrode under regions where the magnetization of the hard
electrode is oriented antiparallel to the applied field is submitted to an effective field equal to the
applied field minus the magnetic stray field of the hard layer: those regions will reverse in a second
step, for a larger applied field H,3. The magnetic configuration of the soft electrode turns to be
perfectly mono-domain again, whereas the domain structure persists in the hard electrode. This
results again in coexisting areas where both electrodes magnetizations are either parallel or anti-
parallel (sketch ®), giving rise to another intermediary resistance state R3 in the positive field region.

Finally, by further increasing the positive applied field, the domain structure in the hard
electrode disappears and the MTJ recovers its low, parallel resistance state (sketch ®).

Note: The amount of reversed and non-reversed domains in the hard electrode and, as a result, the
resistance amplitude R; in the (H,.,,0) branch of the R(H) loop depends on H,.,. When H,., is too small,
the magnetization of the hard electrode is not affected by the field, and a minor R(H) loop for only the
soft electrode reversal is measured (“blue” area). When H,., is large enough to drive the full
magnetization reversal in the hard electrode, a major R(H) loop is measured (“red” area). When H,,,
drives a partial reversal of the magnetization in the hard electrode, magnetic domains appear and
domain duplication occurs. The “orange” area emerges between the “blue” and the “red” areas.
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Domains’ duplication process in the “yellow” area

The “yellow” area appears at low temperatures and separates the “red” area from the
“green” area. In the green area, the [Co/Pt]3/Co multilayer in contact with CoTb layer is reversed
(exchange biased M(H) loop for thick Pt layers) or partially reversed (spring magnet behavior for thin
Pt layers) while the CoTb layer is not affected by the field (high anisotropy and low magnetization). In
these two cases, the parts of the magnetic layers in contact with the tunnel barrier are in a parallel
configuration, resulting in a low tunnel resistance. When increasing H,.,, the applied field becomes
large enough to drive the partial reversal of the CoTb layer and this corresponds then to the “yellow”
area: a domain state starts to nucleate in the CoTb layer (figure 18, sketch ®). Then, when reducing
the field towards zero, the domain state of CoTb duplicates into the [Co/Pt]3/Co in contact with CoTb,
leading to the intermediate resistance value R; (figure 18 (b) and sketch ®)). From this state, the
same domains duplication process as the one described for the “orange” area occurs from the hard
electrode to the soft electrode.

As shown in figure 17 (bottom left), this phenomenon is already observed at room
temperature for “thick” Pt layers. In this case where the hard electrode magnetization reversal
occurs in two separate steps (Figure 5 bottom left), it is possible to choose a value of H,., where the
[Co/Pt]s/Co layer has reversed and where the CoTb partial reversal starts with the formation of
domains. This domain structure then duplicates into the [Co/Pt]3/Co in contact and further into the
soft electrode. In the case of “thin” Pt layers, the “yellow” area appears for temperatures lower than
225K, when the magnetization reversals in the CoTb and [Co/Pt];/Co layers are no more
simultaneous but occur for different magnetic fields, as a consequence of the CoTb increased
anisotropy.

Domains walls’ contribution to the TMR

It has been shown in figure 18 that, for applied magnetic fields between H,; and H,;, the
MTJ’s resistance is the resistance of the parallel magnetizations state. The magnetizations of both
electrodes are thus locally parallel, on both sides of the tunnel barrier. This also suggests that the
domain walls, labeled as DWs in figure 19, contribute as a resistance of parallel magnetizations state
as well.

In order to discuss this point, we will first assume that the magnetizations of the domain
walls are antiparallel on both sides of the tunnel barrier (as shown in figure 19) and calculate, in this
hypothesis, their total surface S,, over the tunnel junction.

N

DWs DWs

>
Figure 19: Sketch of the DWs in perpendicular
t ® * ® 1 MTJ. Spy (Sy) is the surface of domains with
Hopp (< Hyyp) magnetizations oriented (opposite) along the
1 ® l' @ 1 positive applied field, S,, the surface of domains

walls.

The DWs constitute a tunnel channel in parallel with the tunnel channel of the domains.
Then, the conductances of both channels can be added to have the total conductance of the MTJ.
Let's now consider the total conductance of the MTJ and its variation along the R(H) loop, i.e. for
different magnetic configurations. The conductances G; = 1/R;, G, = 1/R, and G5 = 1/R5 are
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those corresponding to ®, © and © states in figure 18 (a). The variation of the conductance jump

amplitudes AG,; = G, — G; and AG,3 = G, — G3 measured at Hy; and Hy3 and the sum of these two
conductance jumps AG = AGyq + AG,3 are reported in figure 20.
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Figure 20: Variation of the conductance amplitude jumps measured at H,; (red) and at H,; (blue) as a
function of the negative field H,., at which the field is reversed. The black filled circles correspond to the
sum of the two conductance jumps. The lines are guides for the eyes. (Measurements on [Co g gpm/Pt1.42
wml3/ COoo.6nm based MTJ at 240K).

Increasing H,, towards negative values leads to a decrease (increase) of AG,; (AG,3),
whereas AG exhibits a constant behavior with H,,. If the DWs contribute a local conductance with
antiparallel magnetizations, it has been shown by P. Rottlander et al."™® that:

SnT' SW

AGyy == (Gp — Gpp) + < Gap (n-7)
S, Sw

AGys = 5 (Gp — Gup) + ?GAP (In-8)

Where S, (S;) is the surface of domains with magnetizations oriented along (opposite) to the
positive field direction, S,, is the surface of the DWs, S is the total surface of the MTJ (§ =S, +
Snr +Sr), Gp (G4p) is the conductance of the MTJ when the magnetizations of the electrodes are in
a parallel ( anti-parallel) configuration.

Given the experimental variations of AG,; and AG,5 (figure 20), equations I11-7 and I11-8 show
that the increase of H,., toward the negative values leads to a decrease (increase) of the surface of
domains with magnetizations parallel (opposite) to the positive starting saturating field.

The sum of the two conductance jumps can be expressed as:

Sr Snr Sw
AG = AGz3 + AGZl = (? + T) (Gp - GAP) + Z?GAP ("l-g)

And the area density of domains walls is given by

= ()G o

In the present MTJs, R, = Rp (low resistance state after the duplication process) and consequently
A,, = S,, = 0 for all fields. If DWs contribute to an antiparallel magnetizations configuration channel,
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their surface is thus equal to zero. The result contrasts with in-plane magnetized MTJs where a
maximum area density of 8% has been estimated'™?..

Since those domain walls do really exist, as proved by the observed duplication process,
either their surface is negligible (low density of domain walls and low lateral extension, typically 2 to
5 nm for perpendicular magnetization), either the magnetization inside the DW on both sides of the
tunnel barrier are parallel. Considering the ferromagnetic coupling observed through the MgO
barrier in these MTJs (see section 1lI.C), the parallel orientation on both sides of the barrier is highly
probable.

Figure 21 (a) presents the R(H) curves measured in the “green” area (T=60K) of figures 17 for
[Coo.6nm/Pt1.420m]3/CO0.6nm,  [CO0.6nm/Pt1.730m]3/CO06nm aNd  [COo gnm/Pt2.19nm]3/CO06nm based magnetic
tunnel junctions. The magnetic behavior of the MTJ full stack measured at 65K for the “thin” Pt layer
is recalled in figure 21 (b).

These R(H) characteristics can be easily understood from the magnetic properties of the hard
electrode and more especially of the CoTb layer. Because of the increase in anisotropy and decrease
in magnetization when decreasing temperature, the CoTb magnetization reversal occurs at higher
and higher fields, exceeding 4T at 65K (figure 21 (b)). Consequently, in the entire H,., range allowed
by the experimental setup, the CoTb is pinned and its magnetization remains in a single domain
state, parallel to the positive field direction. H,., is however large enough to reverse the [Co/Pt]s/Co
multilayer in contact with CoTb. The magnetization being thus parallel on both sides of the MgO
barrier (sketch ®), the system is in the low resistance state.

By increasing the field back towards the positive value, the exchange coupling between the
CoTb layer and the [Co/Pt]5/Co multilayer in contact leads to the first reversal of the [Co/Pt]s/Co
multilayers of the hard electrode (sketch ®). The magnetization on both sides of the tunnel barrier
being opposite, the resistance state of the system becomes high. The soft electrode finally switches
when increasing the applied field further (sketch ©) and the system goes back to its low resistance
state.

Two limit cases for the R(H) characteristics have been identified in figure 21 (a): they
correspond to the two magnetic behaviors, i.e. spring magnet or exchange bias, of the hard
electrode, observed and reproduced using micromagnetic calculations.

For “thin” Pt layers (filled squares in figure 21 (a)), the reversal of the [Co/Pt]s/Co multilayer
of the hard electrode is perfectly reversible and reproducible creating a spring magnet configuration
as experimentally observed in MTJs full stack between approx. -1.5T and -4.5T (figure 21 (b)). For
“thick” Pt layers, the reversal of the [Co/Pt];/Co multilayer of the hard electrode is a typical bias loop.
As observed in the MTIs full stack (figure 5 bottom left), only three [Co/Pt]; multilayers switch, the
last Co layer being pinned by the CoTb. The ferromagnetic exchange coupling through the Pt layer
leads to the horizontal shift of the magnetization reversal observed in figure 21 (a). The magnitude of
this horizontal shift allows extracting the exchange coupling constant /..., that has been used in the
micromagnetic calculations (figure 4).

These different results obtained by transport measurements are perfectly in agreement with
(i) the magnetic behavior of the hard electrode as a function of Pt thickness and temperature
detailed in the section Il (ii) the predicted phase diagram obtained by micromagnetic calculations
using the magnetic parameters of the [Co/Pt]3/Co multilayer determined in the previous chapter.
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Figure 21: Left: (a) Normalized TMR versus applied field measured at 60K for MTJs with Pt thicknesses
equal to 1.42nm (filled squares), 1.73 nm (open squares) and 2.19 nm (open circles). (b) M(H) loops
measured at 65 K for H,., =-6T (black squares) and H,., chosen before the reversal of the CoTb layer (red
line) for the MTJ with Pt thickness equal to 1.42 nm. Right: Sketches of the magnetic configurations of
the bottom and top electrodes.

l11.C. Coupling through the MgO barrier

This last section presents the results concerning the magnetic coupling between the
electrodes through the MgO tunnel barrier. The coupling between electrodes leads to the horizontal
shift of the minor loop associated to the soft electrode reversal. The amplitude of this shift is directly
related to the exchange coupling between electrodes™ ", The field shift of the [Co/Pt] soft
electrode reversal has been extracted from R(H) minor loops and plotted as a function of
temperature for the different Pt thicknesses (figure 22).

For temperatures in the 4K-300K range and for all studied Pt thicknesses, the coupling is
found to be ferromagnetic (negative field shift). It decreases when the temperature decreases which
is an unusual behavior. Indeed, if the coupling is related to the magnetization of the films, since
magnetization increases when temperature decreases, coupling should increase. At low
temperatures and for several points, a cross to weak antiferromagnetic coupling is observed. The
field shift is larger for smaller Pt thickness and exhibits a stronger variation as a function of
temperature.

When two ferromagnetic electrodes are separated by an insulating barrier, mainly two types
of coupling can occur: interlayer coupling of RKKY-type predicted by P. Bruno™” and/or
magnetostatic coupling (according to the orange peel coupling observed and generalized by J.C.S
Kools et al in spin-valves devices“sl). Contrary to the case of ferromagnetic electrodes separated by a
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metallic spacer, where the RKKY coupling oscillates with the spacer thickness, the ‘tunnel’ RKKY
coupling through an insulating barrier decreases exponentially when the barrier thickness increases.
Interestingly, this coupling decreases with temperature, which would be in agreement with our
results. However, both theoretical predictions based on P. Bruno’s calculations™” and experimental
results published by J. Faure-Vincent et al.™® report that the RKKY coupling through an insulating
layer is negligible for thickness larger than 2 nm. With a 2.5nm thick MgO layer, the RKKY coupling
between the [Co/Pt] multilayers of the soft and hard electrodes can be reasonably excluded.

The field shift reported in figure 22 is thus likely driven by the orange peel coupling between
both electrodes through the MgO insulating barrier.

25,0 T T T T T T
-o-tpt=1.42nm
tpt=1.73 nm
125 -e—tp=2.00 nm | Figure 22: Temperature dependence of
-o-tpt=2.19nm the field shift for R(H) minor loops (soft

electrode reversal) for different Pt

0,04 thicknesses : 1.42 nm (black), 1.73 nm
d v (green), 2.00 nm (blue) and 2.19 nm
(red).

-12,54 J

Field shift (mT)
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The orange peel coupling between ferromagnetic layers with perpendicular magnetization
separated by a non-magnetic spacer has been modeled by J. Moritz et al? . In their model,
illustrated in figure 23, J. Moritz et al. consider two ferromagnetic layers F, and F,, each of thickness
t, separated by a non-magnetic-metallic spacer (NM) of thickness b. M; and M, are the
magnetizations of F, and F, respectively whereas 2h and T represent the peak-to-peak amplitude of
the roughness and its spatial wavelength respectively. The angles © and 1y are defined as the angle
between the normal to the interface (n) and the z-direction (perpendicular to the multilayer) and as
the angle between the direction of the magnetization m and the z-direction.

Figure 23: Sketch of magnetic layers F;
and F, separated by a non-magnetic
spacer NM. The +’ and -’ represent the
effective magnetic charges responsible
for the magnetic coupling between the
Iayers[m].

In this model, the roughnesses of the layers are correlated and the anisotropy axis is always
locally normal to the interface. J. Moritz et al. calculate analytical expressions for the magnetostatic,
the exchange and the anisotropy energies[zo]. The total energy is given by the sum of the three
contributions; by minimizing the energy with respect to ¥ both in the parallel and anti-parallel
magnetizations configurations, it has been possible to extract the magnetic configuration and the
resulting magnetostatic coupling, labelled AE. A positive (negative) sign of AE means an anti-
ferromagnetic (ferromagnetic) coupling between both ferromagnetic layers.
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The model proposed by J. Moritz et al. has been tested for the current perpendicular MTJs in
using the experimental magnetic parameters of the [Co/Pt] multilayers grown on MgO (chapter 5).
The results are shown in figure 24 left, presenting the dependence of AE on K, the uniaxial
anisotropy, for different roughnesses.
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Figure 24: Variation of AE with the uniaxial anisotropy of the ferromagnetic layer in contact with the
NM layer in the Moritz model. The structural and magnetic parameters used for the calculation are:
peak to peak roughness = 1.2 nm, 1.6 nm and 2 nm; t=0.6 nm; T=7 nm (typical grain size); b=2.5 nm and
the magnetic parameters of the [Co/Pt] multilayers deposited on MgO.

Discussion

Depending on the multilayer parameters, the calculation shows that the coupling can be
either ferromagnetic or antiferromagnetic. For a given roughness, the ferromagnetic coupling
constant decreases when Ku increases and can change to antiferromagnetic. The slope of the
variation decreases when the roughness decreases. For a small value of K,, a strong decrease of the
ferromagnetic coupling through NM is predicted when the roughness decreases. On the other hand,
for high values of K,, a transition from a ferromagnetic to an anti-ferromagnetic coupling can be
observed.

To compare the simulation with experimental data, one has to keep in mind that the uniaxial
anisotropy ( K, = eff + yOMSZ/Z) is mainly driven by the saturation magnetization that increases
when the temperature decreases. An increase of Ku in the simulation is thus synonymous of a
decrease of temperature in the experiments. Moreover, the structural analysis of [Co/Pt] stackings
(chapter 5) has shown that increasing the Pt thickness leads to a significant decrease of the layers
roughnesses. The calculated variation of AE versus K, for different roughnesses (figure 24 left) can be
thus compared to the experimental temperature dependence of the field shift for different
thicknesses (figure 22 and 24 right).

It appears that experiments and calculations are in good agreement with each other. Most of
the experimental features described above are consistent with the evolution of the coupling energy
reported in figure 24: (i) the coupling is mainly ferromagnetic (ii) it decreases when the temperature
decreases, i.e. when K, increases (iii) it increases when the Pt thickness decreases, i.e. when the
roughness increases.

The experimental variations of the exchange coupling between the electrodes through the
insulating MgO barrier would therefore confirm that it is essentially due to orange peel coupling.
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The magnetic properties of MTJs full stack reveal several interesting features, mainly driven
by the magnetic properties of the hard electrode. Since the strength of the coupling between the Co
layers through the Pt spacer decreases rapidly when the Pt thickness increases, two reversal modes
of the hard electrode have been highlighted at room temperature. For thin Pt thicknesses, the
simultaneous reversal of the [Co/Pt]5/Co multilayer and of the CoTb layers is observed whereas for
large Pt thicknesses, the reversal occurs in two steps (first reversal of the [Co/Pt]; multilayer followed
by the Co/CoTb reversal for larger applied fields). At low temperatures, the drastic increase of the
anisotropy and the decrease of the saturation magnetization in CoTb prevents its reversal, leading
either to a spring magnet behavior for thin Pt thicknesses or to an exchange bias behavior for large Pt
thicknesses. Finally, by playing with the field history, it is possible to stabilize a remanent
intermediate magnetization state with the persistence of domains in the hard electrode. The
different magnetic behaviors observed by magnetometry have been reproduced by micromagnetic
calculations using the magnetic parameters of the [Co/Pt]s/Co and CoTb individual multilayers, and
summarized in original phase diagrams. Those can account for the magnetic properties observed in
MTJs full stack.

The magneto-transport properties of patterned MTJs have been explored to investigate how
the various magnetic behaviors could affect the transport properties and give rise to interesting and
original features. Their analysis also constitutes a powerful complementary tool for the study of
magnetic configurations, especially at the MgO interface. Beyond the usual cases where the applied
field can reverse both electrodes (major symmetric loop) or only the soft one (biased minor loops),
the resistance versus magnetic field characteristics have highlighted two interesting behaviors for
magnetic fields in the range of the hard electrode magnetization reversal: (i) if the magnetic field is
large enough to reverse the [Co/Pt] multilayer in the hard electrode but not the CoTb layer, the R(H)
loops exhibit some common characteristics with M(H), associated to the [Co/Tb] reversal: an
exchange biased loop or a reversible spring magnet behavior. This last property is very attractive and
could be used in the development of magneto-resistive sensor at room temperature and high fields;
(ii) if the magnetic field is large enough to reverse the [Co/Pt] multilayer in the hard electrode and a
part of the CoTb layer, the development of magnetic domains in the hard electrode gives rise to a
domains duplication phenomenon from the hard to the soft electrode. This is nicely observed via the
occurrence of a low resistance intermediate state. The analysis of the conductance has shown that
the domains walls in perpendicular MTJs don’t contribute to the TMR, thus contrasting with the
results obtained for in-plane MTlJs.

Finally, the ferromagnetic coupling between both electrodes through the MgO tunnel barrier
has been found to decrease with decreasing temperature and increasing Pt thickness. These results
have been successfully explained using the theoretical model developed by J. Moritz et al. ?’ based
on a stray field interaction between perpendicularly magnetized layers separated by a non-magnetic
spacer.

134



Chapter 6

[1] M. Gottwald, thesis (2011).

[2] F. Montaigne, thesis (1999).

[3] D. Lacour, thesis (2002).

[4] M. Julliere et al., Phys. Lett. 54A, 225 (1975).

[5] F. Montaigne et al., J. Appl. Phys. 91, 7020 (2002).

[6] P. Hansen et al., J. Appl. Phys. 66, 756 (1989).

[7] W.F. Brinkman et al., J. Appl. Phys. 41, 1915 (1970).
[8] J.G. Simmons, J. Appl. Phys. 35, 2655 (1964).

[9] C.S. He et al., Phys. Rev. B 58, R2917 (1998).

[10] L.. Glazman et al., Sov.Phys. JETP 67, 163 (1988).
[11]Y.J. Wang et al., Phys. Rev. B 41, 651 (1990).

[12] M. Hehn et al., Phys. Rev. B 61, 643 (2000).

[13] P. Rottlander et al., Phys. Rev. B 69, 064430 (2004).
[14] D. Lacour et al., J. Appl. Phys. 89, 8006 (2001).

[15] J. Faure-Vincent et al., J. Appl. Phys. 93, 7519 (2003).
[16] L.E. Nistor et al., Phys. Rev. B 81, 220407 (2010).
[17] P. Bruno et al., Phys. Rev. B 49, 13231 (1994).

[18] J.C.S. Kools et al., J. Appl. Phys. 85, 4466 (1999).

[19] J. Faure-Vincent et al., Phys. Rev. Lett. 89, 107206 (2002).
[20] J. Moritz et al., Europhys. Lett. 65, 123 (2004).

135









Chapter 7

Chapter 7
Spin-polarization in [Co/Pt]- and
SGA- based magnetic tunnel junctions
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This chapter is devoted to the integration of the SGA compound in magnetic tunnel junctions,
to build hybrid MTIs in which the spin-polarization of one electrode (the [Co/Pt] multilayer) is already
known. The aim is then to determine the spin-polarization of the SGA/MgO system. Chapters 5 and 6
allowed getting a perfect knowledge of the magnetism and the electronic transport properties of
[Co/Pt]-based magnetic tunnel junctions. So, the [Co/Pt] multilayer has been chosen as a reference
material with perpendicular magnetization to constitute the free electrode.

This chapter follows from magneto-transport results detailed in the chapter 6. In a first
section, the effective tunnel polarization in [Co/Pt]-based magnetic tunnel junctions is presented. Its
dependence on the Pt thickness is discussed in considering the Pt induced moment in [Co/Pt]
multilayers (chapter 5). Its dependence on temperature permits to extract the Curie temperature
and to discuss the T, variation with Pt thickness in comparison with the variation of the inter layer
coupling. The second section gathers the magneto-transport results obtained in SGA-based MTlJs
with an AIO, insulating barrier and underlines the specific features that motivated further
investigation, especially with a MgO barrier. The preliminary results obtained with a MgO insulating
barrier during this PhD work are finally presented and discussed in the last section.
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I. TMR and effective polarization in [Co/Pt] based-MTIJs

I.A. Effective polarization of [Co/Pt]: more than an interface phenomenon?

As a reference for hybrid SGA/MgO/[Co/Pt], MTls, the effective polarization of the [Co/Pt]
multilayers (Pt thicknesses ranging from 0.49nm to 2.19nm) was first determined from TMR values
measured in [Co/Pt]-based MTlJs. The results are shown in figure 1, for three different temperatures.
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® 15K

0,5 1,0 1,5 2,0
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Figure 1: Left: Effective tunnel polarization versus Pt thickness measured at 15K (blue dots), 100K (red
dots) and 300K (black dots). The blue line is a fit of the data measured at 15K (see text). The black line is
the expected variation from the fit at 15K and including the variation of polarization with temperature
from the Bloch law. Right: Pt induced magnetic moment profile in a [Co/Pt] bilayer[”.

As shown in chapter 6, the effective polarization is extracted from the TMR value using a
modified expression of the Julliére’s model:

TMR (1+GSI(T)/ G(T))
P[co/Pt]/Mgo = 2+TMR (1+GSI(T)/G(T))

(I-1)

At low temperatures, Gg equals zero (Gg X TY)"? and the extracted polarization reflects the
effective polarization of the [Co/Pt]/Co/MgO interface. The result is plotted at 15K and 100K in blue
and red respectively. A decrease of the effective tunnel polarization with increasing the Pt thickness
is observed. At first glance, this result is somehow surprising, since spin-polarized tunneling is usually
considered as an interface phenomenon in sputtered MTJs, and thus no dependence on the Pt
thickness is expected. This decrease suggests that the induced polarization in the Pt layers should be
taken into account.

As discussed in chapter 5, in the hypothesis where Pt layers are fully polarized, the average
induced Pt moment appears to decrease when increasing the Pt thickness. This can be first explained
by (i) the decay of the Pt induced moment when going further from the Co/Pt interface (ii) the
increased distance between consecutive Co/Pt interfaces so that Pt atoms close to one interface are
less polarized by the second further interface. Finally, it has been shown by J. Geissler and al'” by
resonant X-ray reflectometry in a [Co,6nm/Ptsonm] bilayer that the Pt induced polarization profile
follows an exponential decay (figure 1, right).
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Based on this study and experimental observations, a model (sketched in the figure 2 and
detailed in the next paragraph) is proposed to gualitatively explain the behavior of the effective
polarization with the Pt thickness.

“Thick” Pt thickness

5
>

Thickness

Pt Magnetic moments (pg)

5

>
Thickness

“Thin” Pt thickness

A S

Q’&.

a5

>
Thickness

Pt Magnetic moments (pg)

Figure 2: (a) and (c) Sketches of the Pt magnetic moment distribution with the Pt thickness (red vertical
bars) in [Co/Pt] multilayers. (b) and (d) Sketches of the spin up and spin down polarization densities

through the Co and Pt layers.
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For “thick” Pt layers, the first Pt atomic planes are polarized at the Co/Pt interfaces (sketch
(a)) and the polarization is reduced to zero in the middle of the Pt layers. Consequently, at the
Co/MgO interface, the effective tunnel spin polarization of only the Co thin layer will be measured
(sketch (b)). In the case of “thin” Pt layers, the Pt induced magnetic moment doesn’t reach zero in
the multilayer (sketch (c)). As a result, at the Co/MgO interface, the effective tunnel spin polarization
of the Co thin layer in contact with MgO is “reinforced” by the spin polarization of the nearest Co/Pt
interface. Then, the effective tunnel spin polarization will be enhanced (sketch (d)) and a higher TMR
value than in the case of “thick” Pt layers is measured.

In this model, considering the exponential decay of the Pt induced moment from the
interface', the effective tunnel spin polarization should vary as:

Poss(tpe, OK) = Pg, (1 + exp (- %)) (1-2)

The fit of the experimental data led to P¢, =17.3% and A = 1.63 nm (figure 1, blue line). The
characteristic decay length A at low temperature is in agreement with the reported experimental
values between 1 and 3nm. The polarization is also in agreement with the value expected for such
thin Co layers where a polarization P, between [9-20]% have been reported by spin polarized

photoemission at room temperature for Co thickness between [1-9] ML,

At room temperature, the effective tunnel spin polarization has been corrected using
equation (I-1). The value of G, /G is known (see chapter 6) and different from zero, considering that
the MgO tunnel barriers are of same quality (made in the same run, in the same sputtering
chamber). The results presented in figure 1 (black dots) show a similar decrease as a function of the
Pt thickness. The effective tunnel spin polarization can be written as:

Pogy (tpesT) = Poo 1+ exp (=2)) (1 = atp)T2) (-3

where the a parameter of the Bloch law ((1/Tc)3/2) depends on the Pt thickness, as presented in the

next paragraph. Equation (I-3) has been plotted in figure 1 (black line) without any free parameters,
using P;, = 17.3% and A = 1.63 nm (from the low temperature measurements), and a(tp;) =

3/2
(;) (from the temperature dependence of polarization, paragraph |.B.). A close
778—136tp;

agreement with the experimental data is observed.

In conclusion, the variation of the effective spin polarization at room temperature results
from the exponential decay of the induced magnetic moment in the Pt layers and from the reduction
of the polarization of the Co layer predicted by the Bloch law. In our knowledge, these results have
not been reported before in [Co/Pt] multilayers based MTJs.

Generally, in addition to the elastic tunneling electron channels introduced in the Julliére’s
model, other inelastic spin independent channels resulting from magnetic excitations (e.g. excitation
of magnons[‘”) must be considered in the TMR expression and thus in the effective polarization (the
spin independent channel has been removed). The present results thus show that the direct elastic
tunneling with a Bloch’s law dependent polarization is the main contribution to the TMR dependence
on temperature.
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I.B. Bloch low and Curie temperature

The [Co/Pt]/Co/MgO effective tunnel spin polarization dependence on temperature has been
studied and reported in figure 3 (a) for the different Pt thicknesses. As shown for the 1.73nm thick Pt
layers (chapter 6), this variation could be accurately fitted using the following expression:

Perp(T) = Py (1 - aTg) (1-4)

The fits of experimental data are given by the solid lines in figure 3 (a).
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Figure 3: Effective [Co/Pt]/Co/MgO polarization dependence on temperature in [Co/Pt]-based MTIs
(dots). The data were fitted using the Bloch’s law (solid lines). (b) Curie temperature dependence on the
Pt thickness extracted from transport measurements (black dots) [this studh] ol from optical experiments
(red dots )[5]. The solids lines are guides for the eyes.

The Curie temperatures, deduced from the Bloch coefficients (a = (1/TC)3/2 ) obtained from
the fits, are presented in figure 3 (b) (black dots) as a function of the Pt thickness. T, decreases with
increasing the Pt thickness and can be satisfactorily fitted with a linear variation (T, =778 —
136tp;). The T, values, drastically reduced compared to bulk Co, are in agreement with those
extracted from optical measurements'”’ (red dots) for [Co/Pt] multilayers with similar Co and Pt
thicknesses. For thick Pt layers, the values are also close to the T, measured on single 2.6ML thick Co
layers'®7),

In order to explain this Pt thickness dependence of the Curie temperature, the role of the
interlayer coupling between the Co layers in the [Co/Pt] multilayers was taken into account. The

141



Chapter 7

interlayer coupling should namely play a role in the ferromagnetic order and must be considered in
the expression of the Curie temperature. By simple considerations, S. Bandiera® determined the
following relation:

- J+DugMs(0) (A +2(A")
c= 3JNkg

(I-5)

with A and A’ the couplings between the Co atoms in a single layer and between Co atoms from two
different Co layers separated by Pt respectively; J is the total angular momentum (J =L+ S) and N is
the number of magnetic moments per unit volume. If the coupling A’ decreases, for example by
increasing the Pt layer thickness, the Curie temperature should decrease, in agreement with the T,
behavior observed in the figure 3 (b).

The coupling A’ must be, by the way, closely related to the RKKY coupling. From the model
developed by S. Bandiera'®, the ratio A’/A can be extracted:

T2 _ ()
210 T (A) (1-6)

where TCO is the Curie temperature when A’ equals zero. Considering that A’ equals zero for the

. S . . L T,—T¢
thickest Pt layer (which is not exactly the case since RKKY interaction is not zero), the values for ;TOC

Cc
and the RKKY coupling (from chapter 6, average value over the total temperature range,) are

reported in figure 4 versus the Pt thickness. A close correlation is namely observed. For the smallest
Pt thickness, A’ is 10% of A, the coupling between Co atoms inside the layer. Increasing the Pt
thickness to 1.7nm reduces A’ to 2% of A. This reduction by a factor 5 also appears in the RKKY
coupling when going from the thinnest to the thickest Pt layers.
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Figure 4: open symbols: relative variation of Tc with the Pt thickness (considering that A’ is equal to zero
for tp:=2.2nm). Filled symbols: variation of the RKKY coupling as a function of the Pt thickness.

As suggested by Bruno and studied in the paper®, another explanation to the decrease of Tc
when increasing the Pt thickness may be the formation of Co,Pt,, alloy, resulting from the inter-
mixing between the Co and Pt atoms at the interface. However, in this Pt thickness range, the
reflectometry studies (chapter 5) have shown a decrease of the Co and Pt roughnesses and/or inter-
mixing when increasing the Pt thickness. This explanation to the decrease of T, can thus be excluded
in the present case.
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The use of SGA as an original electrode in MTJs with an AlO, insulating barrier has been first
undertaken in our group by M. Da Silva et al.™”. This study proved that SGA can simultaneously
exhibit a zero-magnetization and provide spin polarized conduction electrons, being thus able to give
rise to a spin-polarized current in the magnetic compensated state. In this section, we will remind the
main features observed in SGA based-magnetic tunnel junction with AlO, insulating barrier.
Consequently, this section is largely inspired from the published work by M. Da Silva et al.; additional
non-published data that partly motivated this PhD work are also added.

The details of the SGA growth using MBE have been given in chapter 1. In order to grow the
insulating tunnel junction, the sample has been first covered by 2nm of Al (MBE) and then exposed to
air during 12h for natural oxidation. As mentioned in reference™™®, natural oxidation is an
uncontrolled process compared to other oxidation methods such as Ar/O, plasma oxidation or as
pure oxygen oxidation. However, TMR effects could be observed and have been previously reported
using this growth method™"*?, On top of the 2nm-thick AlO, insulating barrier, a [COg.2nm/Pto.65nmls
multilayer has been sputtered in order to form the top electrode. The [Co/Pt] multilayer has been
chosen because of its perpendicular magnetic anisotropy, since SGA exhibits a perpendicular to film
plane easy magnetization axis (see chapter 1).

As for the [Co/Pt]-multilayer based MTlJs, the electrical and transport characteristics have
been measured with a “home-made” experimental setup consisting of a two probes station at room
temperature, and a cryostat at low temperature. A £0.15T magnetic field is available.

Figure 5 presents the low temperature conductance versus applied voltage measured on a
10umx10um magnetic tunnel junction after field-cooling under +0.15T down to 15K.

T=15K :
0,304 1
—_ |
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Figure 5: Conductance versus Voltage characteristic extracted from Current versus Voltage
characteristic measured at 15K on a 10umx10um magnetic tunnel junction after a field-cooling process
under + 0.15T. The dash vertical line denotes the horizontal shift of the conductance minimum.

Several anomalies are clearly visible in the G(V) characteristic. First of all, the minimum of the
conductance is not localized at 0 V but for a negative voltage (approximately -0.1 V). Then, for
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positive applied voltages, the behavior largely deviates from the parabolic behavior. This kind of
electric response can result from an oxygen gradient in the insulating barrier, which leads to an
asymmetry in the tunnel barrier height; but it can also reflect the electronic band structure of SGA
and/or SGA/MgO interface. Similar asymmetries in the G(V) characteristics have been indeed
reported in Fe/MgO/Fe magnetic tunnel junctions in the presence of surface state® that
dramatically affect the tunnel conductance behavior. The G(V) anomaly observed in SGA-based MTlJs
could be thus consistent with the volume/surface localized state close to the Fermi level observed by
ARPES for the SGA/MgO system (chapter 3). This hypothesis must be nevertheless confirmed for
SGA/MgO/[Co/Pt]s hybrid MTlJs, the results of which are presented later in this chapter.

In order to investigate the possible effect of an oxygen gradient in the AlO, tunnel barrier on
the observed conductance anomalies, some attempts have been made during this PhD work with a
better controlled process: plasma oxidation (Ar/O,) of the Al layer. High resistive junctions that don’t
exhibit any TMR effect have been obtained, possibly related to an over-oxidation of the Al layer.
Further experiments are required to improve the control of the oxidation process and explore that
way.

Figure 6 recalls the magnetization and transport measurements at 15K after a +0.15T field
cooling process for the SGA/AIO,/[Co/Pt]; magnetic tunnel junction.
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Figure 6: (a) Magnetization and (b) Resistance loops versus applied magnetic field measured at 10 mV
and at 15 K, after a +0.15T field-cooling process for SGA/AIO,/[Co/Pt]s MTJ. The letters ® and
denote the magnetizations configurations of both electrodes, as sketched in the right part.

Considering the huge coercivity in SGA epitaxial films at low temperatures (see chapter 1),
only the magnetization reversal of the [Co/Pt]s multilayer is observed in the explored field range
(figure 6 (a)). This reversal is accompanied by an abrupt change in resistance (figure 6 (b)) that proves
the existence of a TMR effect in SGA/AIO,/[Co/Pt]s. A TMR of 0.2% at 15K has been extracted from
figure 6 (b). The attribution of parallel and anti-parallel magnetic configurations to the high and low
resistance states respectively will be discussed latter.
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The key point of the study by M. Da Silva et al. consists in showing that the TMR is not zero
at the SGA magnetic compensation. The temperature dependences of the SGA magnetization (single
layer) and of the TMR (SGA/AIO,/[Co/Pt]s MTJ) at different voltages are presented in figure 7 (a) and

(b) respectively.
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Figure 7: Temperature dependences of: (a) the SGA magnetization (measured for a single layer in
increasing temperature under zero-applied field after field-cooling under +7 T). The magnetic L and S
contributions in SGA are sketched with the dark and light grey arrows respectively. (b) the TMR in a

SGA/AIO,/[Co/Pt]s MTI for different voltages.

The observation of a finite TMR value at the magnetic compensation is the proof that SGA
can simultaneously exhibit a zero-magnetization and a polarization of the conduction electron, being
thus able to give rise to a spin-polarized current in the magnetic compensated state.

Contrary to the RE-TM alloys-based magnetic tunnel junctions where a sign inversion is
observed and results from the reversal of the dominant contribution (L to S crossing Tcomp)[l‘”, a
monotonic decrease of the TMR with temperature without sign inversion is observed for
SGA/AIO,/[Co/Pt]s MTJs. This is consistent with the magnetic orientation of the spin and orbital
moments in the SGA layer. As detailed in the chapter 1, the S-up configuration is stabilized during the
cooling process from above T.m, and persists down to low temperature in SGA epitaxial films. The
monotonic variation of TMR thus shows that this effect is related to the relative spin orientations
(not the magnetization orientations) of both electrodes. Consequently, for the positive applied fields,

145



Chapter 7

the high resistance state observed in figure 6 corresponds to a parallel configuration for the spins of
both electrodes (sketch ®), whereas for the negative applied fields, the low resistance state
corresponds to an anti-parallel configuration for the spins of both electrodes (sketch ®).

Based on the positive spin polarization associated to the electronic structure of Co/Al,05™*
and the observation of a larger resistance for the parallel spins state, M. Da Silva et al. suggest that
the spin polarization of SGA should be negative.

Another interesting feature reported in figure 7 is the sign inversion of the TMR occurring for
high voltages. This suggests an inversion of the spin-polarization with the voltage for one of the two
electrodes, most likely the SGA electrode. This inversion appears when the additional contribution to
the conductance is activated (figure 5).

Beyond the proof that SGA can simultaneously exhibit a zero-magnetization state and a
polarization of the conduction electrons™, other interesting features such as the anomaly in the
conductance characteristic and the inversion in the sign of the TMR for high voltages have been
observed in the SGA/AIO,/[Co/Pt]s MTJs.

The photoemission experiments described in the chapter 3 have shown the persistence of an
electronic state at the SGA/oxide interface which could be consistent with the observation of these
different features. The SRPES experiments however suggested a positive spin-polarization, which
differs from the negative polarization deduced from the TMR measurements.

Two hypotheses can be made at this stage:

e First, the nature of the insulating barrier can lead to different electronic properties at the
metal/oxide interface. Several papers "™ have namely demonstrated the crucial role
played by the metal/oxide interface in the determination of the spin-polarization of the
tunneling electrons. The nature of the bonding at the metal/oxide interface can especially
influence the character of the tunneling electrons and consequently the sign of the spin-
polarization. In the present study, the electronic properties probed by photoemission
correspond to the SGA/MgO interface, whereas the electronic properties probed by
transport measurements correspond to the SGA/AIO, interface.

e Second, as shown in figure 7, a sign inversion of the TMR occurs when the additional
contribution to conductance is activated. Then, for +300mV, the sign of the SGA polarization
likely changes and becomes positive, in agreement with the photoemission experiments.

As a result, the anomaly in the conductance and the change in sign of the TMR could be
explained by the activation of the localized electronic state measured by photoemission, as it has
been previously reported for Fe/MgO/Fe. However, preliminary electronic structure calculations
performed for a SGA surface (chapter 3) show that no surface states should develop for an Al-
terminated surface. This would suggest that the G(V) anomaly observed in MTJs with an AlO, tunnel
barrier would rather originate from electronic bulk states.

The elaboration and investigation of SGA/MgO/[Co/Pt] magnetic tunnel junctions appeared
to be crucial to get a deeper understanding of the transport properties in SGA-based magnetic tunnel
junctions.

The first step in the study of SGA-based magnetic tunnel junctions consists in the growth of
SGA, a challenging point especially concerning its crystallographic structure and the control of the Gd
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concentration. To achieve a Gd substitution smaller than 3% (necessary to generate a compensation
temperature), the deposition rate of Gd has to be small and very well controlled. For the study by M.
Da Silva et al. on SGA/AIO,/[Co/Pt] MTlJs, the SGA films have been fabricated in a dedicated MBE
chamber. Unfortunately, during this PhD work, several technical issues resulted in a long period
where no new samples could be produced. This strongly limited the number of SGA-based samples
that could be fabricated. Furthermore, this MBE chamber is not connected to the sputtering set-up
used to grow the [Co/Pt] multilayers.
Consequently, two main strategies have been developed to grow the SGA/MgO/[Co/Pt] MTls:

e Hybrid MBE/sputtering deposition process
In this case, the SGA epitaxial film is optimally grown in the dedicated MBE chamber, covered
by Nb to prevent the surface from further oxidation in air and then brought into the MPGA setup
(figure 8) where:

1- The Nb layer is etched using an Ar gun with Auger analysis to ensure the total
removal of the material. The sample is then transferred under UHV in the
connected MBE chamber to perform a thermal annealing followed up by RHEED
analysis.

2- The MgO barrier is grown either by MBE or by sputtering, once the sample is
brought back (under UHV) to the sputtering chamber.

3- The [Co/Pt] multilayer is finally made by sputtering.

Most of the SGA-based MTlJs investigated during this PhD work have been obtained using this
strategy. The results are presented in the following. Those systems are also the closest to those
investigated by ARPES and SRPES (capped SGA grown by MBE in Nancy, etched and annealed in the
CASSIOPPE MBE chamber).

Figure 8: Picture of the MPGA setup at
/L used to prepare the MgO/[Co/Pt]
part of the MTJs.

o All sputtering deposition process

In order to avoid the transfer between various deposition setups and the etching/annealing
process of the SGA layer, all in-situ SGA(Sputtering)/MgO(Sputtering)/[Co/Pt](Sputtering) can be
made using the MPGA set up.

The structural and magnetic properties of SGA films made by sputtering have been studied.
However, as suspected, the main bottleneck was to control the Gd stoichiometry, to generate the
magnetic compensation. All the attempts to get a low enough Gd content failed, even when keeping
the target shutter closed... Despite satisfactory structural characteristics ((111) texture after
annealing), this pathway has thus been given up.

In conclusion, SGA/Nb layers have been grown in the dedicated MBE chamber where an
optimal control of the SGA deposition can be achieved. Similar layers have been used for the
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photoemission experiments and as starting blocks to fabricate SGA-based MTJs (MgO and [Co/Pt]
grown by sputtering in the MPGA setup).

lll.A. SGA surface preparation

As explained in the previous paragraph, the growths of the MgO and [Co/Pt] multilayers have
required (i) the transfer of the capped SGA epitaxial film into another deposition setup and most of
all (i) the SGA surface preparation. The same procedure as the one developed for the photoemission
experiments on the CASSIOPEE beamline has been followed: (i) protection of the sample surface by a
thick Nb capping layer (ii) etching of the capping layer (iii) annealing of the free SGA surface.

A typical Auger spectrum collected at the end of the etching process (lJL) is presented in
figure 9 (red curve). An Auger spectrum collected for a SGA surface prepared in the CASSIOPEE MBE
chamber is recalled for comparison in figure 9 (black curve).

T T T T T 0,12

Figure 9: Auger spectra collected at
the end of the etching process of
(111)SGA surface performed at the lJL
(red curve) and in the CASSIOPEE MBE
chamber (black curve).
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The Auger peaks identified as Al and Sm can be observed at the same kinetic energy and with
the same ratio for both (111)SGA surfaces. These results suggest the same stoichiometry for both
SGA surfaces prepared at IJL and in the CASSIOPEE MBE chamber. The presence of Carbon and Argon
contaminations is observed in both cases.

The RHEED patterns collected at the IIL before and after annealing are presented in figures
10 (a) and (b), respectively. The RHEED patterns collected in the CASSIOPEE MBE chamber are
recalled in figures 10 (c) and (d). One has to underline that the annealing processes are significantly
different: a 90min annealing at 500°C (achieved by thermal radiation) in the IJL and a 15 minutes
flash annealing at higher temperature (not known, achieved by electronic bombardment) in the
CASSIOPEE MBE chamber.

CASSIOPEE

Figure  10: RHEED patterns
obtained at the IJL (a,b) and in the
CASSIOPEE MBE chamber (c,d)
before (a,c) and after the different
annealing processes along the
[112] azimuthal direction of the
Nb-free SGA layer.
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The diffraction patterns collected just after the etching (figures 10 (a) and (c)) clearly exhibit
spotty streaks, resulting from a rough (111)SGA surface. The comparison with initial RHEED patterns
collected in the MBE chamber just after the SGA growth (figure 4, chapter 3) reveals that such
roughness is induced by the etching process. The effects of the annealing processes appear to be
significantly different: the slow and long annealing at 500°C (lJL, figure 10 (b)) has relatively little
effect on the SGA surface morphology, while the flash annealing at higher temperature (CASSIOPEE,
figure 10 (d)) significantly smooth the surface, as evidenced by the appearance of more continuous
streaks.

Recently, a new annealing process at slightly higher temperature (550°C) has been tested at
the IJL (figure 11). The continuous streaks observed after the annealing at 550°C unambiguously
reveal a much smoother SGA surface, the characteristics of which become very similar to the as-
grown SGA film.

Figure 11: RHEED patterns collected at the IIL for a free SGA surface before (a) and after (b) annealing
at 550°C.

These results suggest that an annealing temperature equal to or higher than 550°C is
required to get a smooth SGA surface. It can be noticed that this temperature corresponds to the
deposition temperature for SGA epitaxial films. MTJs have been grown on this optimally prepared
SGA surface but low resistances have been measured suggesting some problems during the
lithography, cut or bonding processes of the MTlJs. The precise reasons remain to be identified.

The transport measurements reported below have been performed on MTJs grown on 500°C
annealed SGA surfaces.

l11.B. Common features in perpendicular SGA-based MTJs

ll.B.1. Tunnel conductance versus voltage

Similar electronic transport measurements as for the [Co/Pt]-based MTJs (chapter 6) have
been performed for SGA-based MTJs. The first step to characterize the MTJs has been to analyze the
conductance (G) versus voltage (V). Fitting the experimental variation with a polynomial law of V
permits to extract the parameters of the tunnel barrier thanks to the Brinkman model (chapter 6).

The SGA/MgO/[Co/Pt] MTJs appeared to be much more breakable than their analogue
[Co/Pt]/MgO/[Co/Pt] MTJs, which has greatly limited the number of measurements that could be
done. The origin of this issue could be linked to the quality of the tunnel barrier, the technological
process, the sample cutting or the bonding process. Figure 12 presents the G(V) characteristic
measured at 80K for SGA/MgO/[C0og.sgnm/Pt1.gnmla MTIs (10pum x 10um).
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The parabolic behavior of G(V) is a first sign of a tunnel behavior for the electrons and results
from the non-linearity of the current versus voltage characteristic. The barrier parameters extracted
from the Brinkman’s model are d = 1.21 nm, ¢ = 1.16 eV, A¢p = —0.11 eV, R = 241 ohms for the
barrier thickness, barrier height, barrier asymmetry and resistance, respectively. In comparison with
[Co/Pt]/MgO/[Co/Pt] MTlJs, the tunnel barrier appears thinner, its height is quite the same, and its
asymmetry is strongly reduced. While the reduced MgO thickness could be linked to a change in the
MgO deposition flux, the change of the barrier asymmetry is difficult to comment on the basis of the
poor statistics of the measurements on SGA/MgO/[Co/Pt]. It could be linked to the roughness of the
SGA layer, as inferred from RHEED measurements.

l1.B.2. Tunnel conductance versus temperature

The resistance or conductance dependence on temperature is another “good” criterion to
assert the tunnel conduction through the magnetic tunnel junction. The conductance dependence on
temperature in SGA-based MTJ is reported in figure 13 (black dots). The conductance obviously
decreases when the temperature decreases, which confirms the tunnel character of the conductance
and excludes a metallic character of the SGA-based magnetic tunnel junction (e.g. due to pinholes
that lead to an increase in conductance when the temperature decreases”)).

The tunnel characteristic is however not conventional. A linear behavior of conductance with
temperature is namely observed for low applied voltage bias. For comparison, elastic tunnel
conductance curves expected from the parameters extracted from the Brinkman fit are added to the
figure 13 (black or blue lines). These cannot reproduce the experimental data. A non-spin-polarized
conductance contribution has then been fitted using a T' law!2/ 28] (red line). The fitted value for
Y=1.036 doesn’t correspond to any conduction contribution identified in literature up to now?"*®.,
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Figure 13: Variation of the conductance

- 415} T with temperature (black dots) for a
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T from the parameters extracted from the
3 400 Brinkmany fit. The red solid curve is a fit
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Because of the limited number of measurements, no definitive explanation could be given for
this behavior. One possibility would be however the oxidation of the bottom electrode. As previously
observed in over oxidized Al,O; tunnel junctions!**V20) and references therein “+h o gyxidation of the bottom
electrode can induce charge localization or can increase the effective thickness of the tunnel barrier
at low temperatures.

The R(H) characteristics were measured with the magnetic field applied along the easy
magnetization axis (perpendicular to the MTJs’ plane). The R(H) curves measured at 100K, 80K, 50K
and 35K for SGA/MgO/[Cog sgnm/Pt1.snmla MTls are presented in figure 14.
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Figure 14: R(H) characteristics measured at 100K, 80K, 50K and 35K for SGA/MgO/[C0 sgnm/Pti snmla
MTJs (10um x 10um)

No change in resistance versus the applied magnetic field can be observed in the explored
field range (+0.45T) and consequently, no TMR and spin-polarization values for SGA can be extracted
from these experiments. A first hypothesis would be to invoke the non-reversal of the [Co/Pt]
multilayers. This is however highly unlikely, given previous results on SGA-based MTJs with Al,O;
barrier™ and on [Co/Pt] multilayers-based MTJs (chapter 6) showing that the [Co/Pt] multilayers
reversal is achieved for (+0.3T).

In this PhD work, the studies have been mostly focused on SGA-based MTJs with MgO tunnel
barriers that relax the constrains linked to the oxidation of an Al layer to make a tunnel barrier. The
successive deposits of SGA and MgO/[Co/Pt] in two different deposition chambers constitute
however another strong drawback. The results obtained on SGA-based magnetic tunnel junctions
with an MgO insulating barrier significantly differ from the previous results obtained with an AlO,
insulating barrier: no anomaly has been observed in the G(V) characteristic and no TMR has been
detected in the applied field range allowed by the experimental setup.

The study of the tunnel junctions has been completed by photoemission studies on SGA and
MgO-covered SGA that still allow drawing the following conclusions:
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e The quality of the SGA surface strongly depends on the annealing process after removal of
the capping layer. While the annealing process at CASSIOPEE resulted in a SGA surface where
band structures expected from calculations could be observed, the annealing process used
up to now at lJL is not optimal. The surface roughness, stoichiometry (etc...) may not be
suitable to get the electronic transport features seen in tunnel junctions with AlO, barrier,
where the quality of the SGA/AIO, interface was not altered by any chemical or physical
treatment.

e The SGA surface oxidizes when covered by MgO (chapter 3). The band structure can be thus
altered in comparison with AlO, tunnel barriers. In this latter case, the SGA surface was likely
not oxidized thanks to the 2nm thick Al layer and the soft natural oxidation process. The SGA
interface oxidation may lead to an additional contribution to the tunnel barrier at low
temperature.

e A localized electronic state, possibly a surface state, exists at the Fermi level when the
surface is optimally prepared. This surface state persists even after the deposition of MgO.

In summary, tunnel junctions with an improved SGA/MgO interface have to be definitely
prepared. A first step will be the preparation of the SGA surface at higher annealing temperatures. A
second, likely more promising, will be of course the successive depositions of both SGA and MgO in
the same dedicated MBE chamber. The SGA/MgO system can be then relatively safely transferred in
air to the sputtering chamber for the [Co/Pt] deposition. Moreover, the L project consisting in
connecting various analysis and deposition chambers under UHV will greatly improve the fabrication
conditions of such challenging hybrid systems.

The careful analysis of [Co/Pt]-based MTJs has shown that the effective [Co/Pt]/MgO
polarization depends on the Pt thickness and is linked to the induced polarization of the Pt layers.
This conclusion is sustained by a simple model based on the polarization of Pt atoms at the Co/Pt
interfaces that decreases with the Pt thickness. The effective polarization dependence on
temperature can be well adjusted by a Bloch’s law and permits to extract the Curie temperature as a
function of the Pt thickness. This evolution is shown to be linked to the variation of the RKKY coupling
between the Co layers in the [Co/Pt] multilayer. As a result, the room temperature variation of the
effective [Co/Pt]/MgO polarization versus the Pt thickness originates from the variation of the
intrinsic Pt polarization and from the variation of Tc.

The transport measurement on SGA-based magnetic tunnel junction with an AlO, insulating
barrier have proved that SGA can simultaneously exhibit a zero-magnetization and polarized a spin
current. Interesting features such as an anomaly and asymmetry in the G(V) characteristic, a sign
inversion in the TMR with the voltage have been highlighted and could be explained by the electronic
properties of SGA/Oxide interface where a localized electronic state with 3d character has been
detected at the SGA/MgO interface (ARPES).

SGA-based MTJs with MgO insulating barrier have been consequently fabricated in order to
explore these aspects. Nevertheless, the first G(V) characteristic on SGA-based MTJs with MgO has
revealed neither asymmetry nor anomaly, and no TMR effect could be observed. These results are
likely explained by the difficulties to get a “good enough” SGA/MgO interface. Tunnel junctions with
improved SGA/MgO interface should be elaborated in the next future in: (i) increasing the annealing
temperature of the SGA surface preparation during the hybrid MBE/sputtering deposition process,
(ii) developing the all-MBE deposition process in the SGA dedicated MBE chamber, to prevent the
sensitive SGA surface from any chemical/physical treatment.

First tests to explore those two research directions are already in progress.
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General conclusion and future projects

The aim of this PhD work was first to extend and strengthen the investigation of
surface/interface magnetic and electronic properties of SGA epitaxial thin films. In a second step, this
ferromagnetic material, that exhibits zero magnetization at the compensation temperature, has been
integrated in magnetic tunnel junctions to further explore its electronic properties and test its
potential interest for spintronics studies and applications. The investigation of SGA-based MTJs has
motivated the previous accurate analysis of MTJs based on two similar [Co/Pt] electrodes and of
[Co/Pt] multilayers.

Synchrotron-based angle-resolved photoemission spectroscopy has been used to study the
surface/interface electronic properties of (111) SGA epitaxial thin films. Those experiments have
permitted to explore (i) the samarium valence stability with the identification of the samarium
divalent and trivalent contributions localized at the surface and in the bulk of the thin film; (ii) the
electronic states along various directions of the surface and bulk Brillouin Zones. The conjunction of
experimental observations and electronic band structure calculations revealed the occurrence of a
resonant surface state with A; symmetry, appearing as a strongly localized electron pocket close to
the Fermi level and around T in the (111)SGA SBZ. This surface state, of 5d character, is likely built on
the bulk electron pocket developing around L points close to the Fermi level. Interestingly, this
electronic state is still observed for a MgO-covered surface and its signature should thus be detected
in the transport properties of magnetic tunnel junctions. ARPES experiments have highlighted other
electronic states with similar A; and 5d-character but larger in-plane dispersion that would
correspond to bulk contributions, as obtained from band structure calculation. First SRPES
experiments have been undertaken to get a direct estimation of the spin polarization at the Fermi
level. Those preliminary results suggest that the Sm** divalent contributions identified as surface
features are not polarised and that the resonant surface state is polarized at low temperature.

The next step towards the integration of SGA in magnetic tunnel junctions consisted in the
study of structural and magnetic properties of the second electrode of the MTJ: [Co/Pt] multilayer
with perpendicular magnetization. The combined structural and magnetic analysis permitted to
highlight the prominent role played by the layer roughness, especially the roughness of the Co layers.
It appeared that rough interfaces contribute to the reduced PMA, in agreement with Bruno’s model
describing how the roughness limits the Néel surface anisotropy. This effect is limited by increasing
the Pt thickness that can smooth the interfaces and tends to improve PMA. Simultaneously, rough
interfaces contribute to the enhanced magnetization via the polarization of Pt atoms in direct
contact with Co. This effect on magnetization may also indirectly drive the reduction of PMA via the
increase of the dipolar anisotropy contribution which favors in-plane magnetization. The effect of
temperature has been finally analyzed: Decreasing the temperature appeared to have a very limited
effect on the effective anisotropy, despite the increase in saturation magnetization. In order to
explain this constant effective anisotropy, an additional contribution favoring PMA in decreasing
temperature has to be taken into account but remains to be identified.

The [Co/Pt] multilayers have been then integrated in [Co/Pt]/MgO/[Co/Pt] magnetic tunnel
junctions. The goals of this intermediate step were (i) to check the magnetic behavior of [Co/Pt]
multilayers inserted in MTJ and their magnetic behavior when hardened by a CoTb pinning layer (ii)
to study the effective spin polarization of the [Pt/Co]/MgO interface which is essential for the
determination of the effective spin polarization of SGA/MgO and the comparison with direct
photoemission measurements.
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Several interesting features, mainly driven by the magnetic properties of the CoTh/[Co/Pt]
hard electrode and the magnetic history of the sample, have been observed. When the
magnetization of the CoTb layer is not reversed, exchange biased loops or reversible spring magnet
behaviors could be generated. This last property is very attractive and could be used in the
development of magneto-resistive sensor at room temperature and high fields. When the
magnetization of the CoTb layer is partially reversed, the stabilization of magnetic domains in the
hard electrode gives rise to a domains duplication phenomenon from the hard to the soft electrode.
This is nicely observed via the occurrence of low resistance intermediate states. The analysis of the
conductance showed that the domain walls in perpendicular MTJs do not contribute to the TMR,
thus contrasting with the results obtained for in-plane MTJs. All these features have been well
reproduced by micromagnetic calculations using the magnetic parameters of the different [Co/Pt]
multilayers determined by VSM and/or SQUID measurements. Finally, the ferromagnetic coupling
between both electrodes through the MgO tunnel barrier has been found to decrease with
decreasing temperature and increasing Pt thickness. These results have been successfully explained
using the theoretical model developed by J. Moritz et al. based on a stray field interaction between
perpendicularly magnetized layers separated by a non-magnetic spacer.

The observation of well-defined parallel and anti-parallel states allowed the determination of
the [Pt/Co]/MgO effective tunnel spin polarization as a function of both the Pt thickness and
temperature. This analysis has shown that the effective [Pt/Co]/MgO polarization is linked to the
induced polarization in the Pt layers. This conclusion is sustained by a simple model based on the
polarization of Pt atoms at the Co/Pt interfaces that decreases with the Pt thickness. The effective
polarization dependence on temperature can be adjusted by a Bloch’s law and permits to extract the
Curie temperature as a function of the Pt thickness. This evolution is shown to be related to the
variation of the RKKY coupling between the Co layers in the [Co/Pt] multilayer. As a result, the room
temperature variation of the effective [Co/Pt]/MgO spin polarization versus the Pt thickness
originates from both the variation of the intrinsic Pt polarization and from the variation of Tc.

Finally, SGA/MgQO/[Co/Pt] MTJs have been grown and their magneto-transport properties
have been studied. While G(V) showed tunnel characteristics, especially an increase of resistance at
low temperature, no TMR effect could be measured. This contrasts with the encouraging results
previously obtained on SGA/AIO,/[Co/Pt] MTJs. With our knowledge of the system, this difference
may likely be explained by the difficulties to get a suitable controlled SGA/MgO interface, either due
to the SGA roughness or oxidation state.

This PhD work has thus significantly contributed to a deeper understanding of magnetic and
electronic properties in SGA epitaxial films, [Co/Pt] multilayers and in SGA- and [Co/Pt]-based MTls.
However, several important features remain to be clarified, several interesting questions have
emerged and further experimental work would be definitely required to address those issues.

The analysis of the [Co/Pt] multilayers and of the role of the Pt thickness would benefit from
an accurate investigation of the Co/Pt interface by High Resolution Transmission Electron Microscopy
(HRTEM) and Nuclear Magnetic Resonance (NMR). These would help extracting the roughness and
intermixing of the layers, which is difficult via only X-Ray experiments. The Pt induced magnetic
moment could be also evaluated with element-selective spin-dependent X-ray absorption and even
better resonant magnetic X-ray reflectivity to extract a Pt magnetic profile between the Co layers.
Spin-resolved photoemission spectroscopy experiments could be also considered to directly analyze
the spin polarization of [Co/Pt] multilayers at the Fermi level and to explore the role of the Pt
thickness on this spin polarization, in comparison with the information that have be extracted from
the Julliere’s model.

155



General conclusion and future projects

[Co/Pt]-based MTIJs exhibit several specific features that would require further investigation:
The origin of the shift observed in the G(V) characteristic towards negative voltage is for example
worth studying in possible connection with the MgO insulating barrier. The (111) texture for MgO
obtained by sputtering should be confirmed and the G(V) behavior for epitaxial (111)MgO insulating
barrier should be analyzed. Complementary information on the morphology of the Co layers at the
interface with MgO, i.e. the structure of the system, could be brought by TEM observation. The
effect of annealing, that is expected to smooth the Co/MgO/Co interfaces and increase the (111)
texture in [Co/Pt] multilayers, could be also studied on the G(V) behavior and TMR values.

Another point of interest would be the optimization of the spring magnet behavior at room
temperature, in order to develop a new generation of sensors where cooling is not necessary to
achieve the required properties.

As far as SGA is concerned, new spin-resolved photoemission experiments are definitely
required to determine the spin polarization dependence on temperature and to directly extract its
value at the compensation temperature. Scanning Tunneling Spectroscopy experiments could also
bring complementary information on the electronic band structure of (111)SGA surface. Electronic
band structure calculations have to be developed (i) to calculate iso-energetics maps that could be
compared to the experimental results (ii) to explore the influence of the surface in taking the
Hubbart parameter into account. The first calculations have revealed the absence of surface states
for Al-terminated surface. New ARPES experimental data on (111)SGA surface covered by Al,O;
would be thus interestingly compared with those obtained on MgO-covered SGA.

Concerning SGA-based MTJs, the main progress are first expected from a better
control/quality of the SGA/MgO interface. The short-term projects are thus: (i) to increase the
annealing temperature during SGA surface preparation of the hybrid MBE/sputtering deposition
process, (ii) to develop the all-MBE deposition process in the SGA dedicated MBE chamber, in order
to prevent the sensitive SGA surface from any chemical/physical treatment. Besides, new sets of
MTJs could be fabricated with an AlO, insulating barrier (natural oxidation process) and with
different SGA Gd concentrations, in order to explore the possible role of the Gd content in the
conductance anomaly reported in SGA/AIO,/[Co/Pt] MTlJs. Since the position in energy of the Fermi
level will be changed, different G(V) behaviors are expected. Finally, test of spintorque experiments
are planned with SGA/AIO,/[Co/Pt] MTlJs, especially in the compensate magnetic state where the
SGA zero-magnetization should enhance the spintorque efficiency.
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Des propriétés électroniques de Sm,,Gd,Al, aux jonctions tunnel comportant des électrodes Sm,,Gd,Al, et/ou des
multicouches de [Co/Pt] : vers 'intégration de ferromagnétique sans aimantation dans de nouveaux dispositifs

Le contexte général de ce travail est le développement et I'intégration de nouveaux matériaux magnétiques ayant des
propriétés originales et d'intérét potentiel pour la spintronique. En tant que matériau ferromagnétique d’aimantation nulle,
le composé Sm,_,Gd,Al, (SGA) attire une attention particuliére, puisqu’il est capable, dans son état magnétique compensé, de
polariser en spin un courant d’électrons.

Les études réalisées au cours de cette thése ont tout d'abord apporté des informations pertinentes sur les propriétés
électroniques de (111)SGA. Des expériences de photoémission résolues en angle sur synchrotron ont permis d'effectuer une
analyse précise selon diverses directions de la zone de Brillouin. Les observations expérimentales associées a des calculs de
structure de bandes électroniques suggérent I'existence d'un état de surface résonant de symétrie A,, apparaissant comme
une poche d'électrons fortement localisée autour du point T. Cet état, de caractére 5d, s’appuie sur un état du volume prés
du niveau de Fermi, et semble persister lorsque la surface SGA est couverte par MgO. Les autres états électroniques
observés, de méme symétrie et de méme caractere d, correspondraient a des bandes de volume. Les premieres expériences
polarisées en spin ont été entreprises pour obtenir une estimation directe de la polarisation de spin au niveau de Fermi.

En vue de l'intégration de SGA dans des jonctions tunnel magnétiques, une attention particuliere a été portée aux
multicouches [Co/Pt] et aux JTMs a base de [Co/Pt]. Les multicouches [Co/Pt] constituent la seconde électrode des JTMs a
base de SGA. Leurs propriétés magnétiques (en particulier I'anisotropie perpendiculaire et I'aimantation a saturation) ont été
soigneusement étudiées en fonction de I'épaisseur de Pt et de la nature de la couche tampon (Pt, MgO ou Al,03), et en
liaison avec leurs caractéristiques structurales. Les résultats mettent en évidence le role joué par la rugosité des couches, qui
contribue a réduire l'anisotropie perpendiculaire et a augmenter I'aimantation via la polarisation du Pt.

Dans les JTMs a base de [Co / Pt], les propriétés magnéto-électriques ont tout d’abord permis de déterminer la polarisation
tunnel de [Co/Pt], essentielle pour obtenir une estimation quantitative de la polarisation du SGA a partir des propriétés des
JTMs. Le comportement magnéto-tunnel est également une sonde puissante de la configuration magnétique d'interface et a
révélé des propriétés originales telles que la duplication de domaines ou un comportement de type « spring magnet ». Ces
phénomenes, liés a diverses interactions dans et entre les électrodes, sont bien expliqués et reproduits par les simulations
micromagnétiques. Malgré la premiére observation d'une TMR finie dans SGA/AIOx/[Co/Pt], les tentatives pour observer un
effet TMR dans SGA /MgO/[Co/Pt] ont été malheureusement infructueux jusqu'a présent, comme cela est finalement
présenté et discuté.

From Sm,,Gd,Al, electronic properties to magnetic tunnel junctions based on Sm,,Gd,Al, and/or [Co/Pt]-electrodes:
towards the integration of Zero Magnetization ferromagnets in spintronic devices

The general context of this work is the development and integration of new magnetic materials with original properties of
potential interest for spintronic applications. In this field, the Sm,_.,Gd,Al, (SGA) compound drives a particular attention, as a
Zero-Magnetization ferromagnet that can exhibit a spin polarization in its magnetic compensated state.

The studies carried out during this PhD thesis have first brought relevant information on the (111)SGA electronic properties.
Synchrotron-based Angle Resolved PhotoEmission Spectroscopy experiments have permitted to perform an accurate analysis
along various directions of the Brillouin Zone. The conjunction of experimental observations and electronic band structure
calculations would reveal the occurrence of a resonant surface state with A; symmetry, appearing as a strongly localized
electron pocket around T in the (111)SGA SBZ. This surface state, of 5d character, may be built on a bulk state close to the
Fermi level, and interestingly survives in a MgO-covered SGA surface. Other observed electronic states, with similar
symmetry and similar d-character, would rather correspond to bulk bands. First SRPES experiments have been undertaken to
get a direct estimation of the spin polarization at the Fermi level.

Towards the integration of SGA in magnetic tunnel junctions, a special attention has been the paid to [Co/Pt] multilayers and
to [Co/Pt]-based MTlJs. The [Co/Pt] multilayers would constitute the second electrode in SGA-based MTJs. Their magnetic
properties (esp. perpendicular anisotropy and saturation magnetization) have been carefully investigated as a function of Pt
thickness and nature of the buffer layer (Pt, MgO or Al,0;), and in close connection with structural characteristics. The results
highlight the prominent role played by the layers roughness, which contributes to reduce the perpendicular anisotropy and
enhance the magnetization via the Pt polarization.

In [Co/Pt]-based MTIJs, magneto-electric properties could first be used to determine the [Co/Pt] tunnel polarization and its
dependence on the Pt thickness, essential to get a quantitative estimation of the SGA polarization from SGA-based MTJs
properties. The magneto-tunnel behavior is also a powerful probe of the interface magnetic configuration under field and
revealed original properties such as domains duplication or spring magnet behavior. These phenomena, related to various
interactions in and between electrodes, could be nicely explained and reproduced by micromagnetic simulations. Despite the
first observation of a finite TMR in SGA/AIOx/[Co/Pt], the attempts to observe a TMR effect in SGA/MgO/[Co/Pt] MTJs have
been unfortunately vain up to now, as it is finally presented and discussed.
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