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Abstract

In this thesis, the growth, structure, magnetic anisotrofggipr, and Gilbert damping
of thin Fe films grown on GaAs (110) and GaAs (100) are investigated usirgjtu
ferromagnetic resonanc@MR), low energy electron diffraction, and Auger electron
spectroscopy as a function of time, capdenger,and substrate dopinghe timeevolution
of magnetic aisotropy and the surface morphology aincappedFe fiims of different
thicknessesinder ultrahigh vacuum conditions is quantifieldeversal of irplane uniaxial
anisotropy as a function of time observed at room temperature inm Fe/GaAs (110).
While for other thicknessea graduatlecrease of iplane uniaxial anisotropy with tiné-
5% per 2soursfor 1 and2 nm) is observedAs the thickness of the filmeducesinterface
effects play a major role, and consequently, there is a lesser modifichtimagnetic
anisotropy.On the other hand;efilm grown on GaAs (100) havinthe same thicknessf
4 nm showsa negligible change of magnetic anisotropy over tiritds demonstrated that
the time stability ofFe film under vacuum conditions is correlated withe substrate

orientation and the thickness

The effect of Ag/Pt cap layers on the magnetic anisofrggctor, and Gilbert
damping parameter of fim Fe film grown on GaAs (100) is studiedngulardepeneént
and frequencyependent ferromagnetic resonance measurements were performed to
determine the mentiongaopertiesA significant reduction othe out-of-plane anisotropy
(78%) is observed after cappiriee with Ag and Pt The surface anisotropy and sqirbit
couplingare modified after cappingewith Ag, which inturnaltersthe magnetic properties
of laying Fefilm. It is illustrated that the change in the Gilbert damping is correlated with
the simple model proposed by Grate, which descrilpesortional relation between Gilbert
damping parameter o ’ and density of s tUncappedFefbmt ferr
showedan enhanced dactor (3.7% with respect to bulke in [100] directiondue to
increased orbital moment at the surface. The &gpmng layer significantly suppresses the
surfacestatesand the gfactor is reduced to bulk valug = 2.0 9. The cappingwith the
heavy metal Pt even aftem2Zn of Ag can modify the magnetic relaxatiorechanisnby

spin pumping (injecting pure spin cuntdrom Feinto Pt) sincahespin diffusion length of



Ag is very high (132152nm) [1]. All these effects occurring at the Pt/Agg interface
ultimately amend the electronic structureFaffilm, tailoring the magnetic anisotropyg-

factor, and damping mechanism.

Finally, the Pt/Ag/Fe/GaAs (110) heterostructure was stuthedhree diferent
dopingtypesof GaAs substrate (undopeddpped, and 1Wloped) usingx situFMR. The
influence of substrate doping on the magnetic propegigs magnetic anisotropysfgctor,
andGilbert damping is determined usingnangular and frequencydependent FMRIt is
verified thatthe type of dopingnside substrate cadeterminethe deviation ofmagnetic
propertiesof ferromagnetic film grown on top of.iThe inplane uniaxial anisotropy is
significantly changed55-85%) with the type of substrateloping On the other hand,on
dependence dahe g-factor on the type of doping was found in these heterostructures.
addition, he intrinsic damping re’ “* wa s f o u ndby20% inthep-daped dample
with respect tdhe undoped sampld.he origin of theseninor effects might be due to spin
orbit interactionat Fe/substratenterface which is modified after doping the substrate. The
electronicpropertyof the semiconductor is directlyfatted by the dopingoncentration,
and this can alter thelectronic structurat Fe/GaAs interface resulting in the change of

Gilbert damping



Zusammenfassung

In dieser Arbeit werden das Wachstum, die Struktur, die magnefAstabetropie, der
g-Faktor und die GilberDampfung von dinnen Helmen, die auf GaAs (110) und GaAs
(100) gewachsen sind, mit Hilfe vom situ ferromagnetischer Resonanz (FMR),
Niederenergieelektronenbeugung und AugBtektronenspektroskopie als Funktiaer
Zeit, der Deckschicht und der Substratdotierung untersucht. Die zeitliche Entwicklung der
magnetischen Anisotropie und der Oberflachenmorphologie von ungedeckiimEr
unterschiedlicher Dicke unter Ultrahochvakuumbedingungen wird quantifiziag. D
Umkehrung derin-plane uniaxialen Anisotropie als Funktion der Zeit wird bei
Raumtemperatur in 4 nm Fe/GaAs (110) beobachtet. Bei anderen Schichtdicken ist eine
graduelleAbnahme dem-planeuniaxialen Anisotropie mit der Zeit zu beobachtetb (%o
pro 24 Stunden fuar 1 und 2 nm). Mit abnehmender Schichtdicke spielen die
Grenzflacheneffekte eine gréRere Rolle, so dass sich die magnetische Anisotropie weniger
stark verandert. Andererseits zeigt einFilen, der auf GaAs (100) mit derselben Dicke von
4 nm gewachsen ist, eine vernachlassigbare Anderung der magnetischen Anisotropie im
Laufe der Zeit. Es wird gezeigt, dass die Zeitstabilitit desFilres unter
Vakuumbedingungen mit der Substratorientierung und der Dicke korreliert.

Die Wirkung von Ag/PiDeckstichten auf die magnetische Anisotropie, defagjtor
und den GilberDampfungsparameter von 5 nm-Fém, der auf GaAs (100) gewachsen ist,
wird untersucht. Es wurden winkelabhé&ngige und frequenzabhéngige ferromagnetische
Resonanzmessungen durchgefihm, die genannten Eigenschaften zu bestimmen. Eine
signifikante Verringerung desut-of-planeAnisotropie (78%) wird nach der Beschichtung
von Fe mit Ag und Pt beobachtet. Die Oberflachenanisotropie und did8pirKopplung
werden nach der Bedeckung von & Ag verandert, was wiederum die magnetischen
Eigenschaften des Halms verandert. Es wird gezeigt, dass die Veranderung der Gilbert
Dampfung mit dem einfachen Modell von Grate korreliert, das eine proportionale Beziehung
zwischen dem GilbefD&mpfungp a r a me t e r a und der Zus
ferromagnetischen Films beschreibt. Der nicht abgedeckkelfiezeigte einen erhdhten g

Faktor (3,7 %) in Bezug auf das-Melumen in [1L00jRichtung aufgrund des erhdhten



Bahmoments an der Oberflache. Die-Bgckschicht unterdrickt die Oberflachenzustande
erheblich, und der-§aktor wird auf den BulwWert reduziert §=2,09). Die Bedeckung mit

dem Schwermetall Pt kann sogar nach 2 nm Ag den Mechanismus der magnetischen
Relaxation durch SpiPumping (Injektion von reem Spinstrom aus Fe in Pt) verandern,

da die Spidiffusionslange von Ag sehr grol3 ist (2332 nm) [1]. All diese Effekte, die an

der Pt/Ag/FeGrenzflache auftreten, verandern letztendlich die elektronische Struktur des
FeFilms und passen die magnetischAnisotropie, den gdraktor und den

Dampfungsmechanismus an.

Schlie3lich wurde die Pt/Ag/Fe/GaAs (1i8gterostruktur fur drei verschiedene
Dotierungstypen des Ga/A&ubstrats (undotiert,-gotiert und rdotiert) unter Verwendung
von ex situFMR untersuchtDer Einfluss der Substratdotierung auf die magnetischen
Eigenschaftenwie die magnetische Anisotropie, derFFgktor und die GilberDampfung,
wird mit winkel und frequenzabhangd-MR bestimmt. Es wird nachgewiesen, dass die
Art der Dotierung im Substralie Abweichung der magnetischen Eigenschaften des darauf
gewachsenen ferromagnetischen Films bestimmen kanm-plane uniaxialénisotropie
wird durch die Art der Substratdotierung erheblich verander8E85). Andererseits wurde
bei diesen Heterostkturen keine Abhangigkeit desFgktors von der Art der Dotierung
festgestellt. Daritiber hinaus wurde festgeste
der pdotierten Probe um 20 % geringer ist als in der undotierten Probe. Der Ursprung dieser
geringfugigen Effekte konnte auf die SpahnWechselwirkung an der Fe/Substrat
Grenzflache zuriickzufuihren sein, die nach der Dotierung des Substrats verandert wird. Die
elektronische Eigenschaft des Halbleiters wird direkt von der Dotierungskonzentration
beenflusst, und dies kann die elektronische Struktur an der Fe/Ga&szflache verandern,

was zu einer Anderung der Gilbé@ampfung fuhrt.

Vi
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Introduction

1 Introduction

Over t he l ast t hree decadessemi t haduictt to
heterostructures has r 4 htwnd admmeanntaatli cad d ¢ r sn
magnetism in ultrathin fi26lms Tthet dalsscw vieary «
phenomena in ultrathin ferromagneet@GMR)i,l] ms
tunneling magnetoresistance ( TMR), and spir
device [¢Y.nckep/tGaAs heterostructure 1s consi
been extensively studied so far for spintr
barrier across [l Renabel/eGsa Assp iim tiemrjfeactei on 1 e a
of spin [t]Jaannds isspteamri ol ti ig{f 2 Idn oa & dri ¢ b wsad, r Baipti n
torque found at a single crystallidd Fe/ Ga
enabli-hnghapge current conversion, facilita

manipulation.

Furthermore, -ot hi ¢ Faegds spinthe Fe/ Ga As
controlled wi[l$ awnh ieclhe cmteraines ftiheltd t he el ectr
can modorflitpmagnetic fields. The latter ef
orbit torque devices with | ow hbece W&a As ony s ing
from a fhAilngdoament of i1interpbanesunhexobbeanat
withfé6bdrcubic anisotropy, which gi JledSs 11 se
1 & The observation of anisotropic (Jijlbert
1 81 s another d itshthienl cptsi vteo purnodpeerrsttyand t he ma

mechanism in such systems.

Ga As 1 s a semmpomuadct or having a Z1inc
(@as5. B)5, as Figuetwhwiitnh a direceVbatnd@®K.of
(001) esxuhrifbaictes a wide range of reconstruct.i
of surfaded eathdhms sgr face and subsequent fil
GaAs (110) surface shows mbud hkffade rimehnan 3
zigzag chains of alternating Ga and As ator

be el ther-tAtami nat e d depending on the subs
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Introduction

The epitaxteflilgnr oomt hGaoAfs (100) was first
Grah}t They attributed this epitaxial growth
Fand GaAs % Howavthers,] Ithttice mismatch also g
at the i1interface causFdg Itmet We@dwlxd wedd atllo ¢ ¢
evolution of stress dhRuefi hm o©he GepAst £ 90d]) . g
indicate additional tensile 1nterface stre:

with fi1ilm thicknes:s and falls in thicker fi

The reconstruction of the GaAs substrate
the sur fsacgeiadticsshtel y nafffiadt gr o Wtthi lanmm dg rnmwownp
on 1iticlGasur face, e. g. (4x6), c(8x2), (4x2)
foll ow-W¥yblkemegr owth where nucleation of 3D i
proeds wiltahshedrayer gr owt h. Onrthk otheEacdhanc
(2x4)(4xnxd) ¢ the growth proceeds via-bwucleat
layer growth. Depending on the growththemp
FeAsGa compound or inter medial[d@ I[Tahyee rwiidst hf oort
intermi xed or reddbdead llagyear, @do omagddteidz at
substrate temperature during gr o wénhdgaaa nd 1t
24 Theoretical calculatfFetomshopwetfhkat bbadi
over (Famt coamsd pr e fye rc otoor [@fHen ahtiegdh 1

The -doiuftf usion and surHeleposegregabvnowadart
reported by S 4d2nfowhaenrd Mihyeayg anmeaa s ur ed AES 1 nt
Fefilm thickness and -57kb)s.t rTahteei rt efmpnedriantgusr ei n
of both Ga and As atoms from the substrate
more pronounced than Ga at the sambasmdbdtr
that this segregation could be easily remoh\
occur after that. T h e o rdeit fi fcuasl1i osnt uodrio €ssceugyruegggas

evenKatwli l-&i1 fGfau soiudan or s eagtr ehgiag h eorn [2tJenthpye roact

Xu e[ Bfailr. st pr op os etdh et hfee rervoonlaugtnieotri €o fp h a s
films gr own -4doxn6 .GaTAhse y( 1sOu0g)ge st e d F efh al tm tuhpe tios
3. ML thickness proceadd 1i, n s thlgd dmtiuncdh ®ag tmadonnc o f

phase. However,cdrhteisrruawsllayndisn g¥ o wmode t o f
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measuring multipfrtedqghidn csyi glh MR i aant -pnloadnief i ca't
uniaxial magnetic anisotropy has been obseryv
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Fundamentals

2 Fundamentals

In this chapter, the fundamental aspects of ferromagnetism in thin magnetic structures
relevant tothe analysis of the experimental results obtained in this thesis are summarized.
First, the different contributions tinemagnetic anisotropy are discusseleif, he equation
of motion, which describes the precessiomafjnetizatiorM around an effecte magnetic
field, is explained.Finally, the different contributions of the magnetic damping to the
relaxation mechanism and its relation to the ferromagnetic resonance lineavelth

described.

2.1 Magnetic anisotropy

Magnetic anisotropy ithe dependence of magnetic properties on the direction of the
applied field with respect to the crystal latti@epending on the orientation of the applied
field with respect to the crystal lattice, lower or higher energy in the @ifithe magnetic
field is required to reach saturation magnetization. For example, for BCC Fe, the lowest
density of atoms is ithe <100> direction and consequently <100> is the easy axis. In
contrast, the atoim density is highest in <111> directiomdaconsequently <111> is the
hard axis.In between the easgndthe hard axis, there lies an intermediatas in <110>
direction. The magnetization is not necessarily parallel to the appietd unlessH is
applied in an easy axi$he magnetization tedion is given by the equilibrium conditipn
where the total energy of the material is mininfdde magnetic anisotropy energy AH)
is the energy to rotate the magnetization of a single magnetic domain from its easy axis to
the hard axis.In general, the magnetic anisotropy can be generated from the shape of the
sample or can be induced by an external means e.g., during film gapplying field
during deposition, by irradiatiofrom substrate lattice mismatatc The MAE is typically
a small contribution on the order of a few peV/atom to the total (several eV/atom) of a cubic
crystal[37]. The physical origin of the magnetic anisotropy energy is the interaction of the
mean exchange field and the orbital monwdrihe atoms in the lattic&his is referred to as

spinorbit couping. The only other mechanismesponsible for the creation of magnetic
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anisotropyis the dipoledipole interaction which is responsible for shape anisotrtpy.

depends entirely on the sample shape.

Let’s assume a small f cerwhichalhthemagnetization n gl e ¢
IS pointing in the same directioifthe energy of this ferromagnetic material in the absence

of anexternal field is dominated by anisotropy energy described by:

E,=Ks i’
(2.1)

whereK is the anisotropy constant with a unit of energy per unit volgimea3), andé is
the angle between the magnetizatldiand easy axidNow when the external magnetic field
H is applied to the ferromagndahe magnetation is pulled towards the field direction.

Therefore, the total energy of the magnetization is given by

E=Ks i?6—uyMHc o(¢p —0)
2.2)

where(¢ — 0) is the angle betweehi andM.
H

» easy axis

Figure2.1 Schematic drawing of magnetization, applied figldd easy axis for a material.

2.1.1 Intrinsic anisotropy

The direct source of magnetic anisotropy is the-spiit coupling, which couples the
spinto the orbital motion of an electron in a crystal structure. This coupling is generally a
weak interaction. When the spin is reoriented by applying an externaketageld, the

orbit also tries to orient. However, the orbit resrsitatingthe spin axis due tthe strong
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interaction between orbit and lattice. The energy required to overcome thisrisiin
coupling, i.e., rotate the spin system from its easy, &xisalled the anisotropy energyhe

orbital angular momentum for 3d ions in a perfect cubic crystal is quenched. The magnitude
of the spironly moment ism = gugS, with g = 2. However, in thin films, a significant
orbital moment appears due to redlisgmmetry of the distorted lattic&hich contributes

to the spirorbit coupling and, consequently, the anisotropy energy of the system.

The spinorbit interaction leads to a coupling between magnetization and the atomic
lattice of the material. Theraf®, the interaction varies accordin to the crystal structure.
It is shown by a perturbation theory approf@®j that the anisotropy ergy is proportional

to the difference of orbital momen; in easy and hard direction

§
MA E= ¢4’u |.uLe as?.uLharLi
B

(2.3)

where the parametep depends on the band structure and the magnitude of the orbital

moment ¢ is the spirorbit coupling constant.

2.1.2 Dipole-dipole interaction

Another source of magnetic anisotropy is the interaction between magnetic dipole

momentgy; andy; placed at a distance gf given by:

o 3 5

B (ﬁi i 3(F i) - (7 ﬁj))
Eq i -
i ] ij

(2.4)

The second term in equati@y shows that théipole energy depends on the orientation of
the magnetic moment with respect to the distance between them. The dipole etteegy is

lowest when the magnetizatidh points parallel to; and it costs energytrotate the two
dipole moments perpendicular to thg ; axis. Shape anisotropy derives from the

demagnetization field, which depends on the geometry of the sample. The demagnetizing
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fields originate from a nespherical sample where it is easier to magnetize along a long axis
than a short axis. The demagnetizatieidfiH; in a simple case for an ellipsoid can be

expressed as:
Hy= —N; M,i,j=X,Y,2 (2.5)

where)V; js the demagnetizing tensor, which is generally represented by a synfimeBic

matrix with diggonalizedV (Nx + N, + N, = 1). The magnetic anisotropy can be induced

by applying stress or by depositing or annealing the sample in a magnetic field to create a
micro-scale texture. The magnitude of the stiesksiced anisotropy I&,, ,= %o/ls, where

o is the uniaxial stress any is the saturation magnetostrictiah, & —7 x 1 0° for Fe)

[39]. The effect of tension on a single crystal or a thin film is to create a preferred direction
of magnetization parallel to the direction of applied stress. A small strain may give rise to a
significant anisotropy contribution. Therefore, it becomes mongoitant in epitaxial
structures, where film and the substrate have slightly different lattice parameters. The lattice

mismatch between film and the substrate gives rise to a significant uniaxial anisotropy in

thin films, specifically in the ultrathin limit

The magnetic anisotropy energy density

Phenomenologically, the easy direction of magnetization is determined by minimizing

the free energy density, which is expressed as:

Fzeeé‘Fan'i'Fd‘l'Fcouﬁi_lFm.e.
(2.6)

where F, , .S the Zeeman energy, , iS the anisotropy energy density, is the
demagnetization energy as described by equakiéh €. , ,, js;the exchange energy which
is connected to the spatial inhomogeneity of the magnetizationg,gnds the magneto

elastic energywhich is a function othe direction of the magnetization and the stresses.

Zeeman part is generated by an externajmetic fieldE, , = —M - B. For a cubic crystal,

the anisotropy energy density in terms of the power of directional cosines can be written as:

Fe wi= Ko + Ky(aiaZ + aias + aza3) + Ks(aiajas)

10
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2.7)

HerekK,, K,, andK, are the anisotropy constants and= (%) i = 1,2,3 is the directional

cosines withM; as the projection of magnetization on tHecrystal axis.K, being the
isotropic part is generally neglected, and only higireler terms are considered. If all the
directional cosines are expressed in spherical coordinates

a; =s 10w odgy

a, =s i0s i¢gna n d

az =c 06s
(2.8)
The free energy of a cubic system is written as:
1
F, .i=Kss 126?1—§K4(c o4%h +7)s i* @
(2.9

Here@ is measured otaf-planei.e., against the [001] directipand¢ is measured in the
in-planei.e., against the [10@}irectionas shown irFigure2.2. Equation2.9 is valid for a-

Fein the bulk symmetryThis means that tharystal anisotropyn bulk Fe, unlike thin film,

is truly cubic (K, = K,,). Figure 2.3 (a) shows the free energy surface of the fourfold
anisotropy with the crystal directions marked in easy <100>, intermediate <110>, and hard
<111> axs for Fe. In the absence of an external megig field, the magnetization lies along

the easy axis (100) direction. Along with fourfold cubic anisotrojnere exist uniaxial
anisotropy in thin films in both plane and oubf-plane directionwhich can be described

as:
El =K, s i6c o*&p — 5)

Flf=K, s i’
(2.10)
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Figure2.2 Schematic representationtbk coordinate system for the film planes.

whereé is the angle between the easy axis of uniaxiglame direction with respect to the
easy axis of cubic #plane directionFigure2.3 (b) shows the free energy surface of the two
fold uniaxial inplane anisotropy for thd-e crystal system. The uniaxial anisotropy
contribution becomes significant in the case of ultrathingigimce it originates from strain
inducel at the surface and interface of the film. Thihg, total intrinsic anisotropy of a thin
film can be divided into volume and surface contribution depending on the thickdegs
the film

Ks,eff
Kl:Klv+ ld

(2.11)

Here K¢/ /= 55 %P st ags® acut @hnains both surface contributions from the
substrate surface and interface as well as vacuum sudfasethe thickness of the film.
Usually, 2K / /is taken since there are two surfaces, and it is difficult to separate the
contributions fromboth properly Note that this is an energy density &l is a constant

contribution originating from the inner part of the sample. The subscript i stands for various

contributionsmentioned in equation 2.6, 2.18, and 2.19.
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There is a temperature dependence of all the anisotropy energies depending on several
factors, for example, thickness. The general temperature dependence of anisotropy according
to theCallenCallen mode[40Q] is given by

KT M) T
K0 * MO

(2.12)

wherei is the order of the constant. Therefore, uniaxial anisotigpy M3(T) and cubic

anisotropyk, o« M* {T).

2.2 Landau-Lifshitz -Gilbert equation

The motion of the magnetizatidh around its equilibrium position is described by the
LandauLifshitz-Gilbert (LLG) equatiori41]:

=

0

(o5

L . af- oM
t=—y(MxBef}+M<Mx—>

(2.13)
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Figure2.4 Trajectory of magnetizatiorcaording to equation 231[42].

The first term in the righband side of equatio.13 represents the precession of the
magnetization around effective magnetic fiBld; which includeghedriving rf-microwave
field (trajectory shown irFigure 2.4), the demagnetizing field, the external field, and the
anisotroy field. The second termon the righthand side neresents the damping, which

pushes the precession back to its equilibrium positiois. the damping parameter and is

related to the Gilbert damping paramefeaccording to

G
a_yM

(2.14)

wherey is the gyromagnetic ratio given lgﬁﬁ whereg is spectroscopic splitting factor,

usually calledhe g-factor (in generakhe gtensor) The gfactor describes the ratio of spin

and orbital momentum:

Hy
g =2(—+ 1)
Us

(2.15)
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2.3 Ferromagnetic resonance

Ferromagnetic resonance (FMR) is the resonant absorption of external electromagnetic
radiation in a ferromagnetic substarjd@]. The measurement technigiseanabgous to
Electron spin resonance (ESR) or Electron paramagnetic resonance (EPR). On applying an
external magnetic fieltb paramagnetic materjdahe separation between energy levels of an
unpaired electron spin increases and the resonance occurs wfrequkacy of microwave
matches with the energy differenc®E = hd = gugB (Zeeman effect). Herg is the g
factor described in sectio@.2. However, the resonance in ferromagnet differs from
paramagnet or isolated atom. EPR deals mainly with indivicadhted atoms (spin or
orbital moment), which are weakly interacting, whereas FMR deals with a complex system
of strongly interacting electrons (exchargripled spins)43]. When the magnitude and
orientation of the magnetization insideferromagnetic crystal change¢he resonance

condition can be significantly changed. The most common form of resonance condition is

gup
wo =YBe 5.y = o

(2.16)

Therefore, the resonance condition can be experimentally observedisitkeeping
the external field constant and varying the microwave frequency or by kedpeg
microwave frequency constant and varying the magnetic field. The latter case is adopted in
this work(also at differenf’ < 4 0GHz). SinceB, ; flepends on the crystal symmetry, the
shape of the sample, direction of the external field, and magnetization direction, the magnetic
anisotropy contributions can be determined by analyzing the resonance field. The resonant
absorption line is also charagized by its intensity and linewidtfAB), which is the fuH
width at half maxirum (FWHM) of the absorbed signal. The linewidth gives information

about the relaxation process (magnetic damping) inside the ferromagnet.

Smit and Beljerd44] have suggested a very convenient method to determine the
resonance frequency BMR. They took spherical coordinatgstemwhere the orientation

of the magnetizatioM is defined by polaand azimuthal angle andé, respectively. The
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resonance frequency is given by tlmublederivatives (Fg o Fy ¢) of the anisotropic part of

the magnetidree energy densit§ after the spherical coordinates:

y 1
(‘)res_'MS iergFHGFcbd)_FHZgb)z
2.17)

In this approach, the sample is assumed to be homogeneously magnetized, and
dynamical effects (damping) are neglected. This means the precession of magnetization is
described by only the first term in LLG equati®Ad3. In the FMR experimenf is varied
by sweeping the external magnetic field at a constant microwave field, which perturbs the
magnetization. The field at which resonance frequency matches the employed microwave
frequency is called the resonance fidd, = uoH,. The characteristic feate of the
resonance frequency in a single crystal is that it depends on the angle of the magnetizing
field with respect to the crystallographic axes. This dependence is caused by
magnetocrystalline anisotropy. At a fixed microwave frequency, the resofieldcg, , is
lowest near the easy axis of the magnetization and highest in the hard axis. This change
defines the anisotropy energy of the system, which comes from the crystal structure, as
explained in sectiof.1 In a ferromagnetic thin film (Fe&3s used in this work) having a

BCC structure containing tetragonal distortion, the free engrigygiven by:
For Fe(100)

F=—-M-B(s ifns ifg-c o(p —pg) +c obc 06) + Ky s i e o*6p — 6)

1 : 1 .
—§K4"(3+c 048p) s 1481—(5,110M2—K2l>s i &
(2.18)

ForFe(110)

F=—-M-B(c o6c o8 +c o(p —pg)s i0m i0g) +Kys i?Ac 0*kp — &)

1 1
+ 7 Kay <c o' +s %20 (c oqu—is i2¢1>

+ (s i*6x (s i*q+s i22¢))> + GHOMZ — KZJ.) c o’§
.19

Here6; and¢y are the polar and azimuthal angle of external field B with respect to [001]

and [100direction, respectivelyd is the angle between the easy axis of uniaxiglame
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anisotropyK,, and easy axis of ifplane cubic anisotrop¥,,. K,, is the owof-plane
uniaxial anisotropy. The coordinate system for the film used in this work is shdviguire
2.2.

The anisotropy fieldiyH, = 2K,, /M in Tesla can be determined by measuring the
angular dependence of the resonance figld at a fixed microwave frequency and fit the
data with equigon 2.17 evaluated at equilibrium angles of the magnetizaiand¢. When
the external magnetic field is oriented along the film plane, the resonance field can be
simplified as equatia (2.18) and (2.19). These equations are valid for sampleith
saurated magnetizatigrwhich means the field applied is enough to align all the magnetic
moments parallel to the equilibrium angle of the magnetization (saturated or linear mode).
When themagnetization of theample is not fully saturated, a small signal (lower intensity)
is observed at lower fields called unsaturated orlim@mar mode. Equatio8.20 and2.21
indicates thaf? versusB, , makes a parabolic function. Therefore, thiagtor of the film
(by usingy from equatior2.16) can be determined by measuring the frequatependent
resonance field. This kind of measurement and analysis was performed in this work

described in chapter 5.

For B || [110] direction

() = o B2 o vt 5
Y r ells M M r ellsT Ho effI'M

(2.20)

ForB | [1 O]@lirection

() = (5 et 55 (5 vt ot 535
Y r ells M r ellsT Ho eff"M

(2.21)

In typical FMR experiments, the absorption of microwave power as a function of the
external magnetic field is measured. Conventionally a resonance cavity is employed to
measure FMR. Howeventher ways can be used aldor example,using a coplanar
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wavegude where microwaves are transmitted through a microstrip line. The absorbed power
in the microwave setp is directly proportional to the derivative of the imaginary part of

susceptibilityd ¥/0 BThe relation between absorbed power and susceptilsilgiven by

P = 0.5w yb?
(2.22)

wherep is the amplitude of the microwave field. High sensitivity can be achievedem
resonance of the cavity when all the microwave power is absorbed, and tlzem® is
reflection, albeit in the ideal case. In reality, some power is always lost during transmission,

which is measured subsequently as the reflected power.

2.4 Magnetic relaxation

The resonance linewidikH is a measure of relaxation processes insideafagnet,
e.g., spin relaxation, spin fluctuation, and scattering. Two principal mechanisms are
responsible for magnetic relaxation: sfattice relaxation and spispin relaxatior45]. The
spintlattice relaxation, also called intrinsic or viscous damping, is the direct energy
dissipation from the magnetic system to the thermal-bathirreversible process. The spin
spin relaxation is the energy scattering to the otherwpire keeping the energy within the
magnetic spin systenfigure 2.5 illustrates both the prosses during magnetization
dynamics. The uniform motion of the magnetization wits 0 (uniform mode) in an FMR
experiment may scatter with energy dissipation into the thermal bathl{pdthcan also
scatter into nofuniform spin waves (path 2) with+ 0 — a reversible process. In the long
run, this energy also travels along path 3 into the heatRimkoth processes, the structural
or magnetic phase transition is crucial since any spin fluctuation influences the linewidth as
a function oftemperatureThe theoretical description of these processes was given by the
Bloch-Boembergen equatidd6, 47]
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Figure2.5 Schematic illustration ofitferent relaxation processes. Reproduced ffd5j.

oM . M, M,  M,—M
_t: —)/(M xBef}—T—zex—T—zey—T—lez

(2.23)

In this case, two different relaxation ratBsandT, are introduced in the Landau
Lifshitz equationT; denotes the longitudinal relaxation rate which follows the directhath
andT, is the transverse relaxation rate in which the energy is scattered to the transverse
components of the magnetizatiofy andM,, [45]. Figure2.6 illustrates both phenoman
The projection of the magnetization vector on the effective field reamadnstant, and

energy is scattered into the transverse components.

M x aM /ot

(b)

Figure2.6 Schematic illustration of (a) LLG equation and Bdpch-Bloembergen process

of spinspin relaxation taken frof8].
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2.4.1 Gilbert damping

The second term in the LLG equati®ri3 describes the Gilbert dampifdl], which
includes Gilbert damping parametefequatior2.14) which gives the relaxation rate in sec
lwhile « is a dimensionless quantity. The origin of Gilbert damping is assumed to be spin
orbit coupling.The effect leads to spiiip scattering of eleconsresuling in thetransfer of
angular momentum and energy from spin degredseetlom to the latticp49]. The value
of parameter determines theateof damping precession in a ferromagnet. Therefore, it is

of great importance in spintronics devices whef@st switcling process is advantageous.

Two modes of electronic transitibvave been suggestedbulk ferromagneticystems
leading to spirorbit interaction responsible for Gilbert dampirfidne first is when magnon
annihilation leads to electrohole pair generatn that occuigs the same bandalled
intrabanddamping This makes the damping inversely proportional to the temperathee
dependencef this mode orthetemperaturshowsmetallic phenomena, hence it is termed
as‘ ¢ o n d ulcit kiTkéi secpond models® involves magnon annihilation leading to
electronhole pair generation, but in this caske pairs occupy different bandslled
interbandThismodealso shows a temperature dependence but has the opposite dependence
so it is t elrinfd8Bl]. Thesesmodethawwthattthedamping is correlated
with the density of states, showing the importance of thHeaBd in ferromagnets and that it
strongly depends on the sponbit parameter foboth the intraband and interband processes
[52, 53] at the Fermi edgeThe Gilbert parametest can be determined by measuring
frequencydependent FMR linewidthH. A standard FMR experiment assuming uniformly

magretized sample leads to a linear dependence of linewidihon w

AH, (o) 2 G w
G T V3yZMc ofs

(2.24)

whereg is the angle betweeﬁ f pndﬁ. The linear slope of linewidthH as a function of
frequency as shown fRigure2.7 givesa parameter.

2«

tolAH, = poAHy + Ne2s

2 f
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(2.25)

L
V3
width athalf maxinmum) is extracted from complex Lorentzian fiiH,, is the inhomogeneous

AH, ,represents the ped&-peak linewidthAH, ,= —=AHgp yy y WhereAHg y y(full -

broadening which comes from inhomogeneities present in the sample. Inhomogeneity can
arise from imperfection or defects present in the crystal structure or polycrystalline sample.
This gives an offseiH,, in the frequencydependentihewidth plot, as shown in the shaded

area inFigure2.7. It is important to note that the Gilbert damping contribution is anisotropic
[17, 18,54, 55. It is because the sporbit coupling,and the resaance linewidtrarealways
angulardependent. The magnetization precession can be easily damped in the easy axis as

compard to the hard axis.

The model of intrinsic damping is valid fapure ferromagnet, but if a ferromagnetic
film is capped with a nemagnetic or metallic layer, other contributions may exist. The
enhancement of Gilbert damping is due to the transfer of spin angular momentum to the
adjacent normmagnetic layer known as spin pumpiig|. Theeffective magnetic damping
is considered then as a sum of intrinsic damgixfd;), inhomogeneous broadenitwH,),

and spin pumpingAH; ,), which decays inversely with the ferromagnet film thickness.

AH, ; = AHq, + AHg + AH |,
(2.26)

2.4.2 Two-magnon scattering

A second important magnetic damping also called extrinsic damping represents the
nonuniform magnon moddk # 0) as shown irfrigure2.5in path 2. The scattering process
or energy trangfr from uniform to noruniform modes is termed as twaagnon scattering.
Extrinsic damping originated from inhomogeneities (such as point or line defects, impurities,
nonuniform film, and strained film due to lattice mismatch) present in the ferromagmet. Th
sample which cannot be treated as a single domain, the interaction between multiple domains
(magnetization precession), can give rise to excitation of magnon scattering. The theoretical
description of twemagnon scattering is given by Ble8toembergendquation2.23). This
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equation describes the energy dissipatlmough two major relaxation channéjsatrs 1
and 2)to the final thermal bath of the latticEhe linewidth fronmthe Bloch-Bloembergen

equation by taking’, relaxation into accoun#g] is given by

(2.27)

Here H, , s the resonance field andlH, ./dw, . £an be easily calculated from the
resonance equation (for example, equai@ or 2.21). Unlike Gilbert damping described
by equatiorR.24, the frequency dependence of timagnon scattering is not linear with
It saturates t@linear slope aa very high frequency but gives a steep Aorear slope aa

low frequency (se€igure2.7). The result for resonance linewidth is given by

w2 = (20) — wy/2

w? — (%)2 + wy/2
(2.28

(2.29

HereTl gives the strength of thiezo-magnon scattering mechaniseffective magnetization
4M, ; jncludes the anisotropy fields. The tmmagnon scattering can also be anisotropic
since it depends on the direction of the misfit dislocations. The experimental evidence of
nontlinear linewidth inFefilms on GaAs (001fapped with Au, Pd and Cr was reported by

G. Woltersdorfetal. [57] using time and sggially resolved Kerr effect measurements. They
have found that three capping layers behave differently in terms of the spin relaxation
processAu cap layergyive onlybulk Gilbert damping of th&efilm, while Pd cap layers
cau® an additional Gilbert damping due to spumping On the other hand;r cap layers

lead torobustextrinsic dampingwhich can be described by twwagnon scattering.hus,

the combination of @ert damping, inhomogeneous broadening, and-rvagnon

scattering gives a better understanding of spin dynamics in thin films and multilayers.
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Figure2.7 Schematic diagram dfFMR linewidthas a functiorof frequency taken frofb8].

The dashed line corresponds to pure Gilbert dampepgesented by equatidh24, the

dotted curve corresponds to tmmagnon scattering represented by equati@8, and the

solid curve is the sum of all contributions. The shaded area shows the offset in the linewidth

coming from inhomogeneousoadening.
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3 Experimental techniques and methodology

3.1 UHV set-up

The experiments performed forhitghh svachwewms
(UHV) chamber maint ainSexd Olalmbar .baBoe rperaccsh us wc
vacuum conditions, the chamber has a combimna
Plsu 300) along with a Varian TM titanium subl
pump (Pfeiffer TM Compact Turbo TMU 521 P).
maintained at <é6xb@°smbapredAsnoetanf -pump f£er ves
the turbomolecul ar purh@P?nwbiatrh. aAnb aisoen pgraeusgseu rnee
absolute pressure in the UHV chamber., A mani
angr©tatioeyn pilnanteh)e -dxi rect i omslbly Z8I® vemmeanrtt &
are controlled by stepper motor using the co
0. 01 mmM°masdp cltwiomvieclryomet er screws move the seé
xy plane within a cmaolpubftoandissedfii mmedT T
for liquid nitrogen cooling and a resistive

sample temperature variation from 297 to 960

An 1ntegrated current loop 1insipel adther siasm
used to heat the sample up to 960 Kt ype s amp
thermocouple 1s assembled in the copper samp
The UHV chamber is equippedrwiibhmade\@bsd¢tiom
ton gun (sputter gun) to prepare thandubstra
Auger electron spectroscopy (AES) for struct
contains a microwave es hfoarrtk MiRaudnee acs fu rseemminrt i gnipd

GHz. A «lkseatcthp oif FigweB.h wn i n

The electron beam evaporator has four poc
per malsglfey TONi evaporator wused i1is an Oxford Sc
it works &s s¢he wmnacFRgued2sdhe t9cOF dpmrrnes t o positiv
voltage potem¢=i 2l kbVr o Aghttnlgytt&n wire generat

gl ow emission, l e adijng Tthoe seemieslseicotnr ocnusr raernet a(
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Feand generate hkEegptrngal Thid omaked by colli

These 1ions partially meet the Flux meter, o
of 200 nA 1 sndecmam abtee dmeaasured. The PID cont
flux constant by controlling the filament

filamenthepotwemper-awtuee afidt hduW also the nuri
c hanlThea ¢ s ud It @d mtgr i,c avli wpoohwtegrig e pot ent i al , is ¢
evapor at olrh emadteeproisailt.i on rate can thus be ke
The Quartz microbalance, used t o tnae anseutracl t I
sheet with two square apertures. It 1s to

evaporating material while waiting for the
of shapéordx2x*2manmmbe depositedg ENapprass on
maintain7exd 0b’mbow, whech puwre condition for

The "iAan gun works on the principlienof hsput
substrate under akpl iThe pbonghiawadl pagssafe3 dt
aflx10°mbar. The plasma chamber was used as a
to transfer the sample in andLBED dmdmAES
measur ement of the s agmpolteo, r .i tF ocra nF MpRe imteoahsausre
to be turned downwards. It i1is done by a scr
t he s ampl ea nmhwolfpdlearn ef rpoons iptl iapmaes it toi cam iims i1 de t |
More details of the UHV c¢hambd4r258%ndF uirttsheao
techniques e. gi.n BIVHiEDee s AES beandn 1 ater sect
Construction soyfs ttelindh ev dJdiHWum hamber consists

which the preparation and chemical and stru
be performed. Attached to this s pihseitteuTps t h
be ablmroaowh atplpe di fferent preparation and 1
mounted on a VG Scienta TM Omniax 800mm ma
wholapsat Figuedh idiguied.3,al so contains a block
makes the complexity of thedilW@liVY aemhahboewrs et a
evaporator chamber and the transfer c¢chambe
affecting the vacuum in the other chamber
temperature and pressuraitowyicede amlde smaied ¢ h
a program i1interfaced with the chamber.
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(W) 103endiuepy

AES LEED

to plasma chamber

iajsuen

Z

Figure31The UHuWp siest s howing es s esnetcitailo ne loefmetnhtes vi
chamber -zt npltalnee . x Mimipwbtetwdri vMy, (SD), e varp
quartz monitor (QM), sputter gun (SG).
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Fil

Figure32Schematic diagram o[f2the evaporation p:

3.2 Advantagesand limitations of the UHV system

In general, -fmdsmt safudtilees tadrienoseiiftuhne re npbeerdfdo
systems, whhra mhgnaticafilm is covered wit
However, in both cases, the oxidation of t
significantly modify thermdgnsnetila Tomhwellste
magnetic and structur alhinmydaacsuuurne meaormad ir tetinodne r
useful to obtainhael #bani magpeopertgyof 1tse
layer. Fasthea moremeat function of film thiec
series of samples of wvarying film thicknes
di ffraction pattern and ferromiaignetdaeatnedod
thickness dependaenbe obtained duringi nthe g
s imeut hod thus makes i1t practical to vary gr

pressure in the chamber, and film growth ra

We hiaawesyntuhesis and characterization fac
sample preparation and measwmr'&nertywp scalhy ex g
a method of data collection or manipulatio

envi onment . This prevents t he sampl e from
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properties during growth. During sample gr o
well as perform different snmetawmprwenehma ve atvs ad
purposhrbhe characterization tools (LEED, AES
met hobdeam evaporation) for t he sample prepa
l imitat iiosisg afto ru pt hee. g . , depositiowmw medfam s amp

technique, and for the magnetic property’s m

lon Getter
Pump, IN2
Titan sub.
pump

VoV 03

"el"

VoV 19

Vo[ 18 Vo

VoV = Prevacuum
UHV = UHV area
BE =Venting valve
FD =Fine control
P =valve

Titan sub.
pump

’4 normally open
N normally closed

Figure33Bl ock diagram of the UHV setup describin
The UHV wvalves separate the UHV area from
facilitating the vealsitmg dtshrfoowgheldrcyt rNictad d g«
which prevent unintentional ventilation of t

FD is for the finely meter ddl intake of gases
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3.3 In situ Techniques

3.3.1. Low energy electron diffraction

Low energy el ¢{lcEtBADon sduaf icadtmigqme for the
surface stracysutrel bfnsitmlgile il ms. The bas
experimbat foblao wa mlgl temnnaetregde t manobe am cafedel ec
towards a single crystal surface,saatt e¢hedc
electrons 1s resemdediwveidgtecpositDae to t
path of electronsl 0iOn el W)w anyamugcyxh blka nfgghite wnl 0i n
34sample diffraction i1is only from the topmo

best suited for the analysis of surface ge

camer s uwittalbl ¢ i mage processing software. A
probes, vacuum conditions are required beca
at nor mal pressures. I n general, however,

comtimation of <c¢clean s ulr0fmbcaers) atrhea nmasheomgi g an

electrons ‘mbypi)cal ly <10

The electr-Bmeglife t keh/ddeEFngehaccel erated |
the film normal onto the sample and elastic
of the eliecha ohi memtdi E energy of the electrc
mentioned corres pointdisd et oo ft haet comidce rd iosft ammcgens
used for Bragg diffraction. The Bragg condi

as foll ows:

(3.1)

whekies the wave vectorkpdf asdheidectfden@twdvel
i1s a reciprocal lattdicme wseicamal dwmr fhee . catl
points are arranged infiniteluntalicoscee roldeng a
s ¢ e iriguies.5. The ditrthsecd titomr od wave vector can
constructiom aviitild aHewevwdr, otfhe el ectrons u

a small penetration depth 1nto the material
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resulting trans dtiinoenn sfiroonna 1t hcea sied etask iats wfoetwo a t
pdrodic swelling odfi rveecrttiiocna la sr oidnsdFiguredtmegd zb y 1
( b) The diffractfioorn as pwitde arraen gael loofwelkdi net i ¢
me a n, however, t hat t he intensities of spot
electrons do not experience the full periodi
there 1isremickl of ntedrefctrons scattered from d
sur face. Since the penetsattipoparddpethecsr orvsy
with a few layers of atoms giving rnes to br

zero intensities in tfthke intermediate energy

100

Inelastic mean free path (nm)
=

0.1 Lotmtsan

b ial i i aaial i b, Adaal A A Al
10 100 1000
Kinetic Energy (eV)

Figure34Exper i ment al inelastic mean free path
mat efoilal s

00 GO & 00 20

X

Figure 35 ( a) Ewald construction for di ffraction

period2city
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3.3.2. Auger electron spectroscopy

Auger electron spectroscopy ( AEi§uje36, s b a s ¢
which involves t-hevelbnatzam, owh ieedfxhcaiitcaotfieol nl oow
outlerve l electron decaying to fill the cor
genenatrdsy photon or 1 souttrearn alfiesviremljgeld thieom no ff |
electron, which 1 s, by definition, an Auger
by the electron lle veilss 1inmodveoplevneddz nef.tga.h,d okaL s ¢
Auger elleeacvtersont he at om with constant kinetic
by the differences 1n bi nwh fEg: neinneursg iae sc oor fr etc
term fofutmkde iwamrand electron wave function
set of Auger mthaynbedi 6os . idehteliy the compo
The high surface sensitivity of Augegth spect
vacuum system, is due to the 1-3m@Q@cedV mkiamet
energy range, which30WieFThawiAhgar tlheaksangec a
with overlayer coverage, which ies odo nessicsatpec

probability on the depth of the parent aton

Auger
vacuum a) b) c) Ielectron
energy —sesesse |l sesesese .. Ceseee L.

L & I_] 2@ L'I O@ L]

electron-impact
(high energy)

\ ionization relaxation
v

Figure36Schematic of the Auger process (a) hig
1onizattlomwedf ecloercet r otnr d{ rygf exxckadlst eakagtyr on

to ejlektion

In the experiment, an electron beam with

sample diameter of 0.5 mm and hits the samp
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process there. The emitted Auger eal eattcong ha
analyzer A cylindrical mirror analyzer ( CMA
analyze the energies of Auger el ectrons. A
detected electrons N( E) 1s pl athtee dAugga i neslte
intensi (ly0*+k03pamadl li s superimposed upon the hi
inelastically scattered electrons, Auger ele
mode . The derivative dNqEi)ndg Eaismablt as neds b
modulation on the analyzer pass energy and
through the analyzer. By electronically wvar)
control o3senroitshee rsaitg noa.l

Auge electron transitions require three el
atomic numbers greater than -ltehvreele icoanni zbaet idoent
one of the critical factors 1n Ag gtelre tprainma 1ty
electron beam energy so that the relative KL
KLL Auger transitions-attomuemmher mokeémenmnt e nsbuft
transitions increase 1n inhdnsubyewguehtlingere
transitions 1increase as well. By progressi v«
Auger transitions, the elemental sensitivity
a factor of less than fifty.

Assuminganbkat ioheimt ensities can be measurt
s et of controlled conditions, the atomic con

(/S
= S a/SD

he

wheS,es t

3.3.3. In situ ferromagnetic resonance

Ferromagnetic resonance 1

anisotropyf acteormrgi eisn,t eg Il a yagurd
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ma
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S €

mi
t h
di
di
of
m o
1s

mo

gnetic ttlni ne xfpielrmsme nt s , t he sampl e is 1
di ofrequencyt ynpiiccraglwlagwre@GHawlednd t he radio fr
th the precession frequency of magnetizat
crowave power 1s absorbed by the sample.
ferromagnetiwa we nrpel sco nannta cmiwirtoy, 1 n whi c
th a magnetuw ge rcpoenmmpdoinceunita rh t o t he ekheer na
gnetization of the sample precegyswlicahr ou

mprises of ptlthe deoxftherl mmilbllryo waagvred foatehedr hi nt

ielidgwwhilHEh are responsible for anisotropies

ins 1in a ferromagnet -buldut mulfitrsie ¢ vheersci ys , F M1
t upng sutbielii ze d, which 1is mounted 1n the

equency of 40 GHz.

The schedmatMR uesft up Hisg shheo Whe i measuring
cated in the middle of at hsthaoses paodlaepst eorf, aw
ound the glass adapter, the modwuhatmoagnet

ield in ttIB® k#émge ThE MmOcrowaves are appli e

low the glass adapter s w410t abHze. fTohre tdheet ef
r for med via reflected mi cr owa wel apewerb.et.

crowave synthesizer and microwave feedthr

e forward direc#0omGHael <coxmnectcohatoidde(
rected to the shortcut |1 8¢ttemddbaok taethe
ode. This directsthetheroewaver nadl at dmwenaean
microwave power. The geneadatadipldc fvelt ag
dulation frequencyelodokiHire ¢élhtee rexale rmagd n emt
swept while keeping mi cr o waiwvne tfercehgnui eqnuc
dul ation, control of the external magnet:i

EMX EPR spectrometer 1s wused here.
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__|  Modulation coils UHV Chamber
| J—

—\

A

Sample

Magnet

Glass adapter

| Microwave synthesizer

- Lock-in amplifier D

FigdtTehe schematic det ecnt isoduttpup aMihc roo waFvMR pfoow
transmitted from the symsthostzerrwevunatc(B8g¢guld
approached from abowvwer eagmd nicsy tthed din Adde t ho
area where the shomd¢ticdarfmeltd amA xaed nal momd
applied. The reflected mi cr owaveC) pawert hies

mi cr owavly ¢guade d( The signal -recampgliiefdi ¢th.er e

3.4 EXx situ techniques

Apar ti f rtsoen uni ques with texw tlEHMuncihgaunebse rwe rse

also used to measure the surface morphology

3.4.1 Atomic force microscopy (AFM)

At omic force microscopy 1s a sur,pbacea anal
vacuum t o greenseorlayde romp ht hoc 1 mages of a sur fa

resolCiootmpoanr.ed to traditional scanning electr
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imaging of dielectric material s ulrafyaecress awidt
allows the determination of surface roughn
tests. An AFM wuses a cantilever tip to scan
attache-yd $pDagheok the s anpel emofvoermepnrte cdiusrei nagn
A z scanner controls the distance bet ween t

an attractive force between t he sur face an

the surface. Howaeawermbroamghthael osaetti teovetrhe s
contacts 1t, increasingly repulsive force t
from the surface. A laser beam is used to d

t he surmrfeafde.ctBmg an incident beam off the
deflection wildl cause slight changes- 1in th
sensitive photodiode (PSPD) can be wused to
over a raised surface feature, the resultirt
in the directionartmdectolredede tblye cttheed PbSePaDm An
topography of a sample surface bgresannilheg
raised and lowered features on the sample s
which is monitored by the PSPD. By using a
above the surface, thus maimhei AFMgcancgansn
accurate topographic[6da pT hoef atnhael yssuirsf aocfe tfheec
of the shape and location of wthialrAaFzM wigsi s t i c
t hree modes, namelomtacntt anotd emo den,d ta@amppi ng |
t hec dntgahcet ssample surface. The detector moni

and the force i1is calculated using Hooke's 1

F=—-kx
(3.3)

where F 1k sthskper ifnogr cceaomsiceamt j | @ weé r dceofnlteacctti ot
mo d e, the cantilever oscillates mnear t he s
oscil 1l ahktidobnotvice slkesgnant frequency. In tappi
at or bselliogpvht gy s onant frequency. The tip 11

during scanning, contacting the surface at
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' Laser

Segmented
Photodiode
\ Cantilever
with Tip
/
e Sample

Figure38At omi ¢ force microscopy diagram showing

lever (laser and photodiode), Wh}i ch amplifie

3.4.2 Ex situ FMR

To perform FMR in an ambient environment,
along with a microwave synthesizer -mmdi sdetec
s howhiguied 9 The devices usedchlware anmiecrRohde as1yad
SMA 40Krymndr micr owave Tdhdetoeidit otre cfhhrei gdu@em&iHsa st
f oorn BMR us et up. The CPW has DbRoegne rl'ist H3bugbrsat prhait ce
CPW structure on the top side of the substr:
ground planes to both sidewavdAnfandgeemaying
to one end of the center conductor. On the o
BiSavlaawthe current through the center condu
center conductoectangaoaflacire¢ehbatfibittd 1lines a
on the microwave field, the magnetic field o
with this field, which results in a varying

var yitnaggevoalt the detector side.

The sample itself 1is posiithigora39d nadn fti xp do f
with a sample holder 1in a goniometer. The ex

film plane. The strength of the magnetic fie
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coils are specially detshieg nneadg nfeotr ptohlee ss ewh iucp

the microwaved3XrkHamaency up to

Figure3.9S ¢ h e maetxi cs MRfus et up .
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4 Structural and magnetic characterization of Fe on GaAs (100) and
GaAs (110) as a function of time

In this chapter, the experimental results of thesitu LEED, AES, and FMR of
epitaxial Fe thin films grown on GaAs (100) and GaAs (110) as a function of time are
presented. The time evolution of structural and magnetic properties of undapfleds
wasstudied at room temperature under UHV conditions. It is observed that Fe/GaAs (110)
is magnetically unstable with changing anisotropy, while Fe/GaAs (100) is significantly
stable with negligible change in anisotropy and relaxation over several hours kept
vacuum after deposition. A magneatwrphological transition in Am Fe/GaAs (110) was
found over 6 days at room temperature. However, for lower thicknesfeg{bhm and 2
nm), the transition was faster. The thtlependent changes of-filane and otiof-plane
anisotropy constants were determined, indicating a sign reversal-pd&ne uniaxial
anisotropy in 4 nm Fe/GaAs (11®While a decrease of4plane uniaxial anisotropy in 1 and
2 nm Fe/GaAs (110yas observedOn the other hand, @mFe/GaAs (D0) shows a
negligible change itheresonance field over time. The magnetic stability of 4F&film
grown on GaAs (100) and GaAs (110) over several days is compared.

4.1 Introduction

Fe/GaAs heterostructure has been extensively studied for its structural, magnetic, and
spin transport properties in the last three decades and is considered as a model system for
spintronics deviceg19, 23, 28, 65]. Although numerous works on structure, surface
morphology, and magnetic properties of uncappedilms grown on GaAs have been
reported24, 30, 31, 66, 67], very few studies were focused on thihependent stability of
the structure and magnetic properties of this sy§&n68]. In particular the effect of
structural and morphological changes, actingle film surface, on the magnetic properties
of Fe/GaAs with time is unknown. The smoothening of ultraff@islands grown on GaAs
(100) studied byillingham et al[32] is contradictory wittthe studies by Godde et E30],

whereauthorsfound no change in the surface morphology@on GaAs (100) or GaAs
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(110) at room tempature several hours after deposition. Excellent time stability of covered
200 nm thickFefilm grown on GaAs (100) was shown by Weissman €i68).

Thomas et al.69] and Lu et al[70] demonstrated that the strain relaxation in Fe/GaAs
(100) system proceeds in an anisotropic fashion causiplgireuniaxial anisotropy in thin
films. However, they have analyzed the strain relaxation as a function of thickmess
temperature. This anisotropic strain relaxation can also affect the magnetic anisotropy of the
Fefilm even at room temperature if the systes kept in ultrahigh vacuum conditions. The
Fe/GaAs samples studied here were grown, characterized, and méasittesghder UHV
conditions and in a broader range of time than in the prdyiogeportedexperimers.
Furthermore, the magnetic stabilidy such a system at room temperature and under UHV

conditions vasanalyzed usingn situFMR measurements.

4.2 Sample Preparation

All the samples discussed in this chaptare prepared with the same synthesis
method as described below. In some cases, there was a change in temperature during
substrate preparation, which will be mentioned in the individual sample description 4A
mm? cut from commercially available undoped GaA80) and GaAs (110) wafer was used
as a substrate. The substrate wascpganed with ethanol in an ultrasonic bath before
transferring to the UHV chamber. The substrate is then pasted on the sample holder using
silver pasteand it is heated up to 150f@r 5 minutes. After transfer inthe UHV chamber,
the substrate was ion etched with Argon gas at a partial pressiire bfd® mbar along
with slow heating up to 96K for one hour. The substrate was placed perpendigi&ing
the sputter gun. Argorpsttering was performed atkeV during heating, which was reduced
to 0.5keV when the temperature reachethaximum valuee.g.,960K. Subsequently the
substrate was annealed at around-920 K (exact temperature value for a particular sample
will be stded later) for 30 minutes at a pressure<o8 x 1 0° mbar. Afterthe sputtering
and annealing process, the substrate eoaed down to room temperature. The substrate
preparation yields a clean, welidered, oxygeifree, reconstructed GaAs surface seen by
LEED and AESThe LEED and AES results will be discussed in section 4.3.
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TheFefilm named film lwas grown at room temperature by molecular beam epitaxy
using an electron beam evaporator with a deposition rété dft 0.0 2am/min, which was
monitored bya quartzcrystal microbalance. The base pressure of the UHV chamber was
about5 x 1 0! Imbar while it rose to abotGtx 1 0! °mbar during=edeposition. It should
be noted that all the samples described in this chapter were characterized without any
capping layer otheFefilm. LEED and AES were measured afferdepositiornto confirm
the good epitaxial growth. After LEED and AES measuremém sample was transferred
to the FMR position by rotating it downwards using a screwdriver as described in section
3.1. The FMR measurements were carried out using a microwave probe with the external
magnetic field applied perpendicular to the microwawagnetic field component and
parallel to the film plane. Thea situFMR setup has been described in deta|iBit) 42].

4.3 Time-dependent structural and magnetic stability of Fe/GaAs (110)

The zinc blende structure tife (110) surface of GaAs can be viewed as two staggered
facecentered cubicRCQ) latticesas shown irFigure4.1 (a). The LEED pattern shows the
reciprocal space of the crystal surface plane with a more significant reflex distdht@]in
direction. The ratio between two side lengthslihd] and [100] directions should k& =
1.4 1 4 a simple cubic structure for (110) plaaed our LEED pattern as shownRigure
4.1 (b) results in a ratio of 1.38.05, which is close to the theoretical value. The crystal
structure of deposited 4 nRefilm on cleaned GaAs (110) substrate is again determined by
LEED. Figure4.2 (a) shows a typical LEED pattern Befilm taken at an energy of 186 eV
confirming epitaxial growth of bodgentered cubicdBCC) structure. fie rectangular LEED
pattern also has an aspect ratio of 1:£@85. The broadening of diffraction spots indicates
a rough surface which is due to Volmateber growth. STM studies have shown that
grows with a 3Dcluster on GaAs (110) surface followeg BD growth for higher film
coveragd30, 71]. To see theoughness profile of the filnex situAFM was performed on
surfaceoxidized (in air) Fe film. The AFM scan kigure4.2 (b) shows a very rough surface
with terraces of height-8 nm and RMS roughness of 3.4 nm confirming isikkel growth
of the film. The AES measurement of the film after deposition showed Fe peaks.
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(a) - (b)

¢« ae

4 A

Figure4.1 (a) Top view of GaAs (110) surface. (bEED pattern of cleaned GaA$10)
substrate at an energy of 14V.

(c)
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Fi gédX(ea) LEED pattern of 4 nm Fe/ GaA
AFM scan of thm smame) fotxtmdid«xd in airt
in the [Thage (b)

The magnetic measurement was carried out usisgu FMR with the magnetic field
applied parallel toJ10] direction in the film plan€lhe time used to measure LEED, AES,
and transfer of the sample to FMR position along with settinip siu FMR compments

was roughly one hour. Therefore, the first FMR speutmeasured of the sample was

around 55 minutes after deposition. The FMR spectra were measured every hour at room

temperature. Microwave absorption derivative spectra were recorded at a fregfiency
~13GHz with a modulation frequency ofkHz. The microwave power was calibrated to
12.9dBm (power calibration using the LabVIEW program). The time constant and
conversion time on the loak amplifier was set to 40.96s and 81.92ns, respectively. T
modulation amplitude was set ton®2l and the modulation phase to 200°. The pressure

during the FMR measurement was maintained atx 1 0! °mbar.
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The resonance fiel(fit by complex Lorentzian function}y shifted t089.4mT from
89.1 mT after one hour ashown inFigure4.3 (a). Along with the resonance position shift,
the line shape of the FMR spectra is also changed (red curve) after 105 niigutes4.3
(b) showsthe time dependence d&fMR spectra taken at 12.93 Glfzonstant frequency
during measurementyhere greyscale represents the normalized amplitude of microwave
absorption derivative which is progimnal tod }/d B It is visible in thetime dependent
FMR spectra that initially a single resonance is present updtddursafter deposition
However, after 4 hours a second resonance line appears at a higher magnetic field which
grows with time toan even higher field andlowly saturate after 40 hours. The lower
resonance line shifts drastically to a higher magnetic field in the first 24 hours after
deposition. The two resonance lines are visible in thehir FMR spectrum shown in
Figure4.3.

10F g . v — 0.14
—— 55 minutes 1
—— 105 minutes| 0.12
05
£0.10
& e m
0.0 T 5:
() =.0.08 Q
05 0.06
X -
. L . L 0.04
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m
S
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Q
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HoH (T)
Figure4.3 (a) Normalized FMR spectra of 4 nm Fe/GaAs (1il6) 1 in the first hour after
deposition. (b) Timalependent FMR of 4 nm Fe/GaAs (11€tprting fromtwo hours after
deposition with the magnetic field applied parallel to 0] direction.Red dots she the

resonance field of film At different time intervals. Inset shows the overlapped FMR spectra
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of film 1 and film 2 measured after depositior{110] direction Single FMR spectra dle
2" 12" and 629 hourof film 1 areshownseparately.

The two resonances are due to the change from a rough surface with larger areas of
thinnerFeto a smoother surface with a quasiform thickness of 4 nifv2]. Directly after
the preparation of the film, the anisotropy field is given by the roughness of thelikand
morphology only. After 4 hours and beyond, the final magnetic surfacdataie with the
narrower resonance at higher fields as expected for an almost flat film. During the time
dependent evolution, both resonances can be observed because both morphological
conditions coexist across the few mm?2 large @oéghe film. As timegoes on, the intensity
of the second line increases. The substantial shift of the lower resonance fi@d} (@13h)
in the first 24 hours indicates a rapid morphological change &ffiln. In this period (10
35 h) these two areas with different rbngss are large enough to act as separate magnetic
regions that are only weakly coupled to each other. This is also the reason why the upper

line is asymmetri¢72].

After 30 hours, theate of resonance field shift decreased ta@T1h and the two lines
are merging as seen in the'6BEMR spectrum irFigure4.3. The formation of big teaces
(Figure4.2 (b and c)) is also evidenced by a decréadige linewidth over time. The apparent
change in the resonance field is caused mainthéyghange of the anisotropy constants. To
confirm this, anguladependent FMR measurements at different times on anotirar-¢
film on GaAs (110)named as film Zyrown with the same synthesis conditions were
performed. GaAs substratefdi 2 wasprepared by annealing at 916 K3or 30 minutes
resultingin thesameLEED pattern of GaAs (110) substraie beforeTheFe (4 nm) film 2
was deposited with a rate 0081 nnvmin and flux of 2A. The resonance field of both
samples (film 1 and film 2matches quantitively as well as qualitatively Hit(] direction
as shown in the inset #ligure4.3 (b) and red dots. Therefore, both samples carabitye

compared.

The FMR spectraf film 2 were fitted with a complex Lorénfunction(equation 5.2)

for each inplane angle. This fit yields the FMR resonance fields, linewidth, and intensity.
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The resonance fields were plotted as a function of azimaitiggé and were fitted using free
energy densityequation2.19). All the fits were performed, keepingagnetization M-
1600kA/m and g = 2.09, which islose tothe Fe bulk value. This fit yields the anisotropy

constants of filn? discussed in section 4.4.

[111] [001] [111]  [110] [111]
T T T 1 T

O after deposition

/\ 15 hours

O 40 hours
80 hours

[ 6 days

-50 0 50 100 150
In-plane angle ¢, (°)

Figure4.4 Azimuthal angular dependence of the resonance field of 4 nm Fe/GaAgilfh10)
2 at a microwave frequency of 13.054 GHz at different times. The solid lines ardhfé to

experimental data (open symbad&cording to equatio®.19 [72].

The inplane anguladependentesonance field measuratia microwave frequency
of 13.054GHz at different periods is shown figure4.4. All the angulardependent FMR
measurements were carried out at room temperatureK(3@dd UHV conditions €
2x 1 0! °mbar). The microwave power was calibrated to Hith and other modulation
parameters were the same as before. The two resonancdsef2had] direction of the film
planewere also obtained for this sample. However, only the prominent resonance peak
positions were taken to analyze angwdapendent behavioThe first anguladependent
FMR measurement after deposition (black circlesigure 4.4) depicts a foufold-like
symmetry which is not expected fafFe (110) film. The expected (110) crystal symmetry
has twefold geometry with three principal directions namely [100], [110], and [111] as easy,
intermediate, and hard axis respectively reported by Roenab{36] and Prinz et al.73].

However, this is not the case in the black curvégfire4.4, which is unusual. Nevertheless,
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as time evolves, thexpectedrystal symmetry slowly grows and becomes visible aftgr

40 hours (blue curve iRigure4.4). This indicates that &éfilm is grown onthe(110) oriented
substrate is initially unstable, but slowly relaxes over time and reaches its final state after
several hours. The first 280 hours are very crucial in this transformation sincestti of

themagnetic resonandme is very fast in thigperiod[72].

[111] _ [001]  [411] [110] [111]
. , , .

O after deposition|

‘—A— 15 hours

1} o -

50 100 150 0 50 100 150
oH (°) Time (hours)

Figure4.5 (a) Angulardependenpeakto-peaklinewidth of 4 nm Fe/GaAs (11@)m 2 at

-50 0

different periods. (b) Linewidth at intermediate and hard direction as a function of time.

The smoothening of the film surface is also supported by the decrahsdirgwidth
attheintermediate 110] directionand increase dhelinewidth inthe hard [L11] direction
after several hours as can be seeRigure4.5 (b). Similar behavior was observed fibie
previous sample measured & (] direction. The influence of surface roughness on the
magnetic properties of thin Co films was reported by Steinmuller [gt4. They measured
by Brillouin Light Scattering (BLS) the spiwaves dispersiorand observed a considerably
broader linewidth for the rough film as comparedthe flat film. They attributé this
broadening tahetilting of the magnetization M following the roughness of the film s@fac
The tilting of the spins away from the easy axis (a local variation of alignment of M) due to
surface roughness will lead tioe local variationof the magetic anisotropy energy, giving
rise to new allowed spiwave modes, increasinghe spinrwave peak linewidth
inhomogeneouslyThis model explains that o&efilms in the initial state after deposition
with arough surfacéavebroader linewidths, which gets smoother over tiemulting in a
decreasef thelinewidth. Thus, thehanges in resonance field and linewidth are explained
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by the island relaxationfdhe film surface with time at room temperature under UHV

conditions.

The AES peaks dfefilm measured after deposition as well as after several days in
the UHV chambeareshown inFigure4.6. The AES peak dfeat 47 eVis the best surfaee
sensitive test in terms of changes of the valence band electronic strudtertuefto oxide
formation or chemisorption of other gases (CO,@® example). It has been shown by
Kebe et al[75 and Smentkowski et gl76] thatthe submonolayer absorption of oxygen
on Fefilms and the formation of iron oxides give a significant shift as well as the change in
the shape offFe (47eV) peak. Furthermore, they also observed a decraadbe
magnetization of thEefilm with increasng oxygen exposure. However, in our samples, as
can be seen froiRigure4.6, theFe peak shows no change in shape and shift in energy after
6 days. Themall peak of oxygen at 5EX can be due to a subonolayer of weakly bonded
CO or CQ, which shows a slight relative increase in intensity. It is known that at
1.3 3x 1 0! “mbar pressure gssumingsticking coefficient = 1) inside the chamber, 1
monolayer of contamination will be formed in ~8.4 hours. So, we cannot avoid
contamination of any film over time even under UHV conditions. Along with this, the
angulardependent resonance field at differgpdriods does not give any change in
magnetization. Therefore, the oxidation of uncappeflim over time can be quickly ruled
out. Seo et al[77] found that AES is quantitative with respect to the iron oxides and the
amplitude ratios of Osi0eV/Ferozev lines, to a first approximation, is proportional to the
relative content of oxygen and iron in the chemical formula. In our case, at first the#atio
0.1623 in depositede film which increases te ~ 0.3113 after 6 days, which indicates a
slight increase of oxygen atoms on the film surface after 6 days. However, these values are
far below the value obtained by Seo et al. for iron oxides, confirtime absence ofe

oxide.
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Figure4.6 AES spectrum of 4 nm Fe/GaAs (110) just after deposition and after 6 days under
UHV conditions.

To see if thinneFefilms also havea similar timedependent structural and magnetic
behavior under UHV conditions, two more samples with 2 anoh Tthickness ofFe were
studied in the same way. Rtie 2 nm Fe/GaAs (110) sample, the substrate was annealed at
940K for half an hourandFewasdeposited at a pressure-ef x 1 0° mbar.The LEED
pattern of the substrate after sputter cleaning looks the sathe asme of therevious
samplesfigure4.1). AES spectra of GaAs substrate after cleaning gives clear peaks of Ga
and As as shown iRigure4.7 (a). Further, after 2m of Fe deposition, no GaroAs peak
was seen in AES spectra (even 3 dafgsr deposition). This confirms no odiffusion or
segregation of Ga or As to thefilm surface. This is because the film growth andradlitu
measurements are performed at room temperature. The AESfezdkt 47eV (Figured.7

(b)) again shows no change with tinoenfirmingno oxidation otthe pureFefilm.
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The in situ azimuthal anguladependent FMR of @m Fe/GaAs (110) taken at a
frequency of 12.06%Hz (microwave power = 15.1 a8 is shown inFigure 4.8. Two
resorance lines are observed for this sample also, while only the prominent resonance peak
is used for fitting and analysis. It should be noted here that the tfF@¢h10) symmetry is
already formed after deposition unlike them Fe sample, where it tookeseral hours to
reach this symmetry. This indicates that the crystal planes being closer to the substrate
already align in (110) geometry after deposition. Since the desired crystal symmetry is
already formed after deposition, the dynamic relaxation willdster. However, the energy
landscape observed for this sample is not completely symmetric with respect to the easy axis
[100] as shown ifrigure4.8 (b). Moreover, the spectra measured for this sample are noisy
resulting in a poor signdb-noise ratio Figure 4.9 (b)). These effects are due to aglar
inhomogeneity in the film. Due to noisy resonance lines, it is very difficult to fit aith
perfect Lorentz shape to calculate and analyze resonance position and linewidth. Therefore,
the prominent peaks were chosen to determine the resonance fielédobrspectrum.
Figure4.9 (a) shows the angulalependent resonance field at different times. The shift in
the resonance field dhe intermediate 110] direction is in the opposite direction i.e.,
decreasing to lower field value with time. The resonance field fit was done by using the same
free energy density model fée (110) described by equation 2.10 see the change in
anisotropy parameters for ghihicknesgdiscussed in section 4.4)wo distinct resonance

lines visible after deposition at1Q] direction as shown iRigure4.9 (b) merge to aisgle
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resonance peak after 69 hours indicating smearing of the islands into-amjt@sn film.

However, the relaxation of islands does not lead to a homogeneous film after 70 hours.
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Figure4.9 (a) Azimuthal angular dependence of the resonance field of 2 nm Fe/GaAs (110)
at a microwave frequency of 12.068Hz at different times. The solid lines are fit to the
experimental data (open sym&p Only prominent resonance field positions were selected
for fitting purposes. (b) FMR spectra takentla intermediate directionds = 90°) after

deposition and after 69 hours.

The next step was to lower the film thicknéssl nm, where the interfacial effects

play a significant role in determining the magnetic properties and observe the time
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dependent transitiofhe LEED pattern of lnhm Fe/GaAs (110) is visible as shown in the
inset of Figure 4.10 (a) depicting a typical BCC structure. Thepeakdistance ratio was
determined using LEED imageéaken after deposition and afted@ys(not shown here)

This ratio is 1.709+0.05 after deposition, while it reduces to 1.423+0.05 after 9 days. It has
been found by several group&s, 79] that the inplane lattice expansion occurs in the thin
Fefilm grown in GaAs due to lattice mismatch causing tensile stress. This is also the case
here for Inm Fefilm where initially after deposition the film having tensile stress expands

in the inplane direction givinga bigger lattice distance ratio. But, with time this strain
relaxes over time and the crystal symmetry tries to reach back its ideal structure. It has to be
noted here that the crystal structure is maintained while the distortionsrresthe crystal
planes are relaxing with time. The-tane stress and strain are strongly affectedhly
interdiffusion of substrate Ga and As atoms espedalgnultrathin film[80]. On the other

hand, Auger measuremsraf this sample surprisinglyacthot show ay clear peak of Ga or

As (Figure4.10), indicating no outiffusion or segregation of substrate atoms at the top of
the film. In addition to this, the Auger peakkdgat 47eV does not give any shift in energy

or change in shape with time confirming no oxidation after 9 days in the vacuaumibeh
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Figure 4.10 AES spectra of him Fe/GaAs (110) (a) Ga and Asaks before and after
deposition. Inset shows the LEED pattern ofmd Fe/GaAs (110) taken at 1&¥ after

deposition. (bJFepeaks before and after deposition as well as after 9 days in a vacuum

Thein situangulardependent FMR was measured at a frequency of 1256&9with
a microwave power of 18Bm and a modulation frequency ok8iz. InFigure4.11 (a), the
resonance field as a function of thepilane angle is plottedhenmeasured ~24 hours and
6 days after depositioithe easy axis is rotated from its orientation towatd€] direction
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and intermediate axis to [001] directiofhis is due to the mientation transition below
critical thicknesg15]. The shift of resonancedfid at intermediate directiordQ1] is of the
same order of magnitude as fondh Fe film (~20mT) but in the opposite direction.
Similarly, the resonance field at easy directi@h(] is moving to a higher field instead of
decreasing with time in the case of a sample. The principalréctions of the~e (110)
plane seem to shift with time. This is another indication that the crystal symmetry is relaxing
over time by reducing the dlattice expansionThe anguladependent linewidth plot of 1

nm Fe (110) is shown iRigure4.11(b). The variation oAH around[110] direction is larger
than aroundJ11] direction due to larger uniaxial anisotropic field. This is an indication of
anisotropicdamping at reduced Fe thickness as found G&Aas(100)[17]. There is no
second resonance line observed in any direction for this sample as sHaguré#.11 (c),
which indicates a hoogenous film growth (signal to noise ratio for this sample was much
higher than for the 8m sample). A clean FMR spectra ofith~5ML Fe film indicates a
good quality microwave short which can detect few atomic layers of ferromagnetic film with

a large sasitivity.
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Figure4.11 (a) Azimuthal angular dependence of the resonance field of 1 nm Fe/GaAs (110)
at a microwave frequency of 12.069 GHz taken one day and 6 days after deposition. Open
symbols are the experimental data, and the solid lines are the fit according to eg@ation

(b) Angulardependent linewidth of am Fe/GaAs (110) at different tim€s) FMR spectra

of 1 nm Fe/GaAs (110) measuredsituafter 1 dayin [110] and [001] directions

4.4 Magnetic anisotropy as a function of time in Fe/GaAs (110)

The angulaidepenént resonance field was analyzed using equatib®for all three
samples (12, and 4hm Fe/GaAs (110)) to determineane and oubf-plane anisotropy
constantsAll the fits were performed assuming magnetizatibs 1600 kA/m and gactor
2.09 (bulk Fe), except forthe 1 nm Fe sample whereM = 1570kA/m was used The
anisotropy parameter plot as a function of time for three thicknesses is shegurev.12.

The change in fodfold cubic anisotrop¥,, overtime is only 23% for 2 and 4\m sample

and ~8% for Inm sample. It is another confirmation for a stafleic crystal structure of
uncappd Fefilms grown on GaAs (110) for all the thicknesses with time. The chairihpe
out-of-plane uniaxial anisotrop¥,, is only ~3% inthe 1 nm Fe sample, indicating no
significant contribution from the surface. It again confirms the homogeneity of thin film
which remains stable over time. Similarly, there is @y.5% decrease &, , in 2nmFe
sample after 69 hours and ~10% decreasenim Besample after 6 days. This is due to the
rough surface morphology of these films, which gets smoother over time, reducing the
surface contributionsFe/GaAs and volume are not expected to relax over time, only

Felvacuum interface is contributing kg, giving a small changeédence, we can conclude
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that there is no significant effect on cubic and-@igplane uniaxial anisotropy with time.
The energy which is predominantgtiveduring surface relaxation is tvelumein-plane

uniaxial anisotropy.

The inplane uniaxial anisotropi(,, gives a dramatic change over time fonm Fe
film with a sign reversal after 30 hou&ucha unique timedependent change in thepiane
uniaxial anisotropys very unusual for a Fe film at a constant thickness and teraperat
This change is attributed to the process of surface relaxation, i.e., morphological changes
occurring on thdilm surface at room temperatui&e assumehat the smoothening of the
film surface takes place and the formatadrihe flatterraces within the initially rough film
similar tothat mentioned i32] causes the change inetinplane surfacanisotropy{81]
and continuous increase in thepglane uniaxiabnisotropy with a sign chan@&5, 81]. The
free energy density behaviouarFe (110)81] matches qualitatively with our resonance line
fit (Figure4.4, solid lines). The thicknessrnin is in the critical thicknessnge, where the
spin reorientation of the easy axis occuesulting in the sign change of the uniaxial
anisotropy{16]. The slow relaxation over several daysiiscethe magnetic system is kept
under UHV conditions at room temperatufsnealing the samplean make the process
faster but it will also introduce intermixing effect at the surface and intefi@&teresulting
in the modification of the crystallinityn case of Inm, and 2nm Fe (110) filng there is a
decrease ok, over timeof 26% and 68% respectivelyMoreover, tharansition over time
in these filmsis much faster as compared to# film. This isbecauseof the strong
interfacial effects at Fe/GaAsterface aneéxpected crystal symmetry of Fe (110) is already
formed after depatson.
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Figure 4.12 Anisotropy constants of Fe/GaAs (110) as a function of time for different
thicknesses of Fe. The error bargf are smaller than the symbol size)0 5x 1 6 J/n?).

4.5 Time-dependent structural and magnetic stability of Fe/GaAs (100)

GaAs (100)unlike (110) exhibits a range of surface reconstruction e.g., 2x4, 4x6, 2x6
depending on the substrate preparation and growth condifi@8ls This surface
reconstruction has a significant effect on the initial growth morphology as well as the growth
mode ofFeon GaAs (100). Depending on the chemical bondinglaesurface free energy,
eithera Ga or Asrich surface termination is formexh GaAs (100). Theubstratesurface
terminatiorireconstructioralso decides thmitial nucleation andjrowth of Fe[66, 84] and
interdiffusion at the interface of Fe/GaAs (1(BJ]. The preparation of the substrate GaAs
(100) is similarto described in sectioA.2, with an annealing temperature of 960After
cooling the substratedown to room temperaturethe LEED patternshows a (1x6)
reconstruction, as shown Kigure4.13 (b) taken at an energy of &Y. Figure4.13 (a)

shows the Auger spectra thie GaAs (100) substrate after sputter cleaning. A smallocarb
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peak at 282V and oxygen peak at 52¥ is still there along with all Ga and As peaks in
the higher energy range. It has been found for other samples that further spotteeatng
leads to a very rough surface resulting in broad LEED spots ahly imgisy Auger peaks.
Therefore, no further treatment was done on the substratan®~film was deposited on

this substrate at a rate 0f1 nnmimin, as described in sectien2. Figure 4.14 shows the
Auger spectra and LEED pattern taken aferfilm deposition. A 1x1 LEED pattern is
obtained, showing cubic (100) face oBCC structure with a lattice distance ratio of
1.02+0.05.Fe peaks are clearly seen in the Auger spectra of Fe/GaAs (100). After LEED
and Auger measurement, the sample was transferred to the FMR position for magnetic
measurement without any capping layeramdf it. The FMR spectra were taken every hour
at room temperature to observe the tdependent behavior of magnetic progsrtinder

UHV conditions. Since more than &tinutes are spent in LEED, Auger measurernamd

transfer of sample, the first FMRectum s recorded afteb0 minutes.

Figure 4.15 (a) shows the two initial FMR spectra taken at 12.88iz with the
magnetic field applied parallebtthe [110] direction of Fe. The microwave power and
modulation parameters are the same as the ones usednfoFd/GaAs (110) (section 4.3).

The resonance line shape, as well as the resonance fielh{L80by complex Lorentz)

after 100 minutes, is ¢hsame as after 50 minutes. The two resonance spectra are lying on
top of each other with no change after 50 minutes in a vacsuthx(1 0! °mbaj). It
indicates that there is no change in the magnetic propertiesrffe film grown on GaAs
(100) within 1.5hours after depositiorigure 4.15 (b) shows further FMR spectra as a
function of time in a greyscale plot where greyscale represents the normaliitdaarof

d ¥/0 B The filled red circles indicate the resonance field position of each spectrum. The
resonance field decreases very slowly from 13Z0to 129.87T in 36hours. The shift

in the resonance field is only 0.88T after 36hours in a vacuum. This indicatésat the
uncapped Fe (100) film is magnetically stable at room temperature under UHV conditions.
This is due to the laydyy-layer growth of the Fe film on GaAs (100) substrate. The growth
mode of Fe for (100) GaAs substrate gives a uniformly flat filnh wisurface roughness of
0.82nm measured by AFM scan as showirigure4.16 (b). The linewidth extracted from
FMR spectra as a function of time is showirigure4.16 (a). A tiny increase (less than 1%)

in the linewidth after 36 hours reveals the stable magnetic relaxation of Fe film over time.
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Hence, uncappedmn Fe film grown on GaAs (100) is magnetically and structurally stable

at room temperature under UHV conditions for more than 35 hours.
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Figure 4.13 (a) Auger spectrum of a clean Aish GaAs (100) substrateurface The
numbers show thenergy in eVof Ga and As peaks. The inset shows the spectrum of the
same substrate recorded at lower eneligdisatingthe presence of carbon and oxygén)

A LEED pattern of orderedl(x 6) reconstructé GaAs (100) substrate taken at an energy
of 63 eV.
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Figure4.14 (a) Auger spectrum of 4 nm Fe/GaAs (100) just after deposition and 7 days after
deposition. Inset of (a) shows the lower gyescan taken 7 days after deposition. (b) A
LEED pattern of 4 nm Fe/GaAs (100) taken at an energy of 117 eV showingaraezi:d

BCC structure
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Figure4.15 (a) FMR spectiof 4 nm Fe/GaAs (100gken in [110] directiorb0 minutes
and 100 minuteafter deposition (b)Timelependent FMR of 4 nm Fe/GaAs (100) taken at
room temperature and 12.931 GHz two with the magnetic field applied parallel to [110]

direction. Greyscale reftts the normalized amplitude of the microwave absorption
derivative, which is proportional @ ¥ d BRed dots show the resonance field positigfi,

of each spectruni.he error bars qgfyH, (red dots) are smaller than the symbol size.
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Figure4.16 (a) Timedependent FMR linewidth of 4 nm Fe/GaAs (108xet shows the
LEED pattern of .2xm Fe/GaAs (100) on thd'@ay after deposition taken at 207 €l) Ex
situ AFM scan of same filmlx1 p m) axidizedhin air andine profile of the blue line

in the image.

The LEED pattern taken seven days after deposition,@grsimn the inset ofFigure

4.16 (@) depicts a cubic (100) plane of BCC structure with a lattice distance ratio of
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1.03+0.03 again. This confirms thatgltubic crystal structure of the uncappedwFe film

surface is maintained after 7 days under UHV conditions. However, the LEED spots
observed after 7 days are a little broader as compared to the ones obtained after deposition.
It is due to the adsorpticof gases, which are unavoidable even under UHV conditions. This

is also visible in the Auger spectra taken after 7 days from deposition, as shBigaori

4.14 (a) and inset, where carbon and oxygen peaks are obtained at 271 asd, 512
respectively. Nevertheless, this minor contamination does not disturb the crystal structure

and stability of the fim.

4.6 Comparison of Fe (100) andFe (110)

Having established that the structural and magnetic prepeftFe aresignificantly
affected by the surface reconstruction of GG 30], we can compare the Fe/GaAs (100)
with Fe/GaAs (110) system. Notably, the growth modthefefilm is different on GaAs
(100)andGaAs (110). The differenceomes from the surface reconstruction of GaAs for
two different orientatios GaAs (100)with (1x6) surfacereconstruction has As dimer rows
alongthe[110] direction giving initially nucleation oFe clusters followed by percolation
of layerby-layer grovth on Fe (001). This reconstruction also gs/éise to tetragonal
distortionsof the Fe crystal at the interface resulting in uniaxialglane anisotropy ifre
(100) film. On the other hand, GaAs (110) with no surface reconstruction divestadd
growthwith a change of morphology with increasing thickn@éese differences in the film
morphology result in dissimilar time stabilitiye (100) is magnetstructurally more stable

thanaFe(110) film under UHV conditiosat room temperature.

The FMR measementof both Fe (100) andre (110) films with nominallythe same
thickness can be comparékhble4-1 gives the resonance field and linewidth at different
times. Both samples have completely different valag¢ a particular point of time after
deposition showing different magnetic behavior doedissimilarities in growth and
structural properties. Thus, we conclude that the-tlefgendent study drefilms grown on
GaAs with two different orientati@gives fundamental information abaie aging ofFe

filmswhich can be utilizedor tuning tre magneti@nisotropy.
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Sampl e Ti me uoH,. ( mT) HolAHy, ,( mT ]
50 min 130. 3 1. 46
4nm \Ea A(s1 0 100 mi 130. 2 1. 46
37 hou 129. 8 1. 47
50 min 8 a. 1. 87
4nm \Ea As (
100 mi 8 9. 1. 81
film 1
37 hot 1 0.95 2. 71

Table 4-1 Comparison between two samplef resonance field and linewidtimeasured

along [110] directiorat different tims. The error bars for all the valuaseless than 1%.
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5 Influence of capping layer on the magnetic properties of Fe/GaAs (100)

In this chapter, the experimental resultsnadituLEED, AES, and FMPf an epitaxial
5 nm Fefilm grown on GaAs (100) with and withoatcapping layer are presentédy and
Pt capping modifieshe surface anisotropy and sqirbit coupling at the interface tdieFe
film. The in-plane anguladependent FMR aheuncapped 5im Fefilm was measureth
situ to calculate the magnetic anisotropy parameters and compare it with the anisotropy
constats of a Fe film capped with Zam Ag and 3 im Pt measuredx situ The g-factor,
which is related to sptorbit coupling parameter, Gilbert dampjrandthe spin pumping
contributiors were determined for uncapped and cappedilm by frequencydependent
FMR.

5.1 Fabrication and characterization of the sample

A commerciak x 4 mn? and 0.5mm thickundopedGaAs (100) wafer was used as a
substrate. The substrate was-pleaned with absolute ethanol in an ultrasonic bath and
verified in an opticamicroscope for a scratdhee surface. After this, the substrate is pasted
on the sample holder using silver paste and heated up t&€C1f0 drying. This sample is
transferred to the UHV chamber through the transfer mechanism, and the sample preparation
process was carried out. The characterizations performed at each step of the sample
preparation are schematically showrFigure5.1. The base pressuoé the UHV chamber
was9.8 x 1 0! mbar. The surface of the substrate was prepared by sputtering at an energy
of 1keV (ion etching with argon gas) at partial pressurexfi 0° mbar and heating up to
920K. Sputtering and heating forHbur and subsequeannealing at 928 for 10 minutes
were performed. LEED images were taken of the clean GaAs (100) substrate at
3.6 x 1 0° mbar. The substrate preparation yieldsaanbination of{1 x 6}a n {d x 6}
reconstruction of GaAs (100) surface, as showRigure5.1 (a) and a* There can be a

random coalescence of domains with two different reconstrgaifo@aAs (100)85].
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Figure 5.1 Schematic of prepared sample and characterization follotvedsample

preparationn situandex situ

The Fe film of thickness 5hm was grown on the prepared substrate at room
temperature with a deposition rate0of 1 nmimin observed with the quartz monitor. LEED
images were taken aft€e deposition to verify the epitaxial growth. Sharp LEED spots of
the Fefilm, as shown irrigure5.2 (b), (c), indicate an excellent epitaxial growth of BCC
Feon GaAs (100)F e 1x4 LEED pattern with an aspect ratio of THIR05 confirms perfect
cubic (100) BCC structureAES was also measured after LEED Bg film at
2.6 X 1 0° mbar and room temperature. The Auger peakSexdt 47eV and 704V are
clearly visible inFigure 5.3 (a) and (b). After Auger measurement, the sample was
transferred to the FMR position for anguland frequencydependent FMR measurements
with an external field applied parallel to the filmlape. The pressure during FMR

measurements was betweer 1 0! %and7 x 1 61 Imbar.

After all the FMR measurements on uncapfesl Fefiim had been performed (100
hours in total), the sample was transferred back to LEED and deposition position. The LEED
image taken after 101 hours at 188 (Figure5.2 (d)) shows a very similar pattern with an
aspect ratio of 1.080.05, confirming no structural (lattice distance) chaoig@im surface
with time. As was summarized in Chapter 4.5, the magnetic properties measured during this
time can be considered as stabletf@ uncapped-e film under UHV condition at room
temperature. Bm Ag film was deposited on top tife Fe film at room temperature with a
deposition rate 0od.11nm/min. The lattice parameter of FCC Ag (4.08pis close tathe
Felattice constant multiplied by2, therefore Ag film can be grown epitaxially with 452 in

plane structure rotation with respect . F
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[110]

Figure5.2 LEED image of (a) GaAs (100) at 108 g¥@*) GaAs (100) at 64V, (b) 5nm
Fe/GaAs (100) at 116V, (c) 5nm Fe/GaAs (100) at 18V, (d) Fe/GaAs (100) at 17&V
after 101 hourqe) 2nm Ag on 5nm Fe/GaAs (100) at 62V, (f) crystallographic directions
of GaAs (001).

Figure5.2 (e) shows the LEED pattern taken after Ag deposition at an energyedf. 62
It indicates a diffusive crystal growth of Ag d¥e film because of low Ag thickness
(2n m~ MD). The sharpness of LEED spots indicates the lateral periodicitgtomic
terraces, and the length of atomic terraces is given by the coherence length of the electron
beam at 10@V. Therefore, diffusive growth would mean that the lateral epitaxy is absent.
After Ag deposition, the Auger measurement indicates a clear Ag peak a¥/388 shown
in Figure5.3 (a). Since the Auger electron bed&keV) can penetrate up torn of the
film, Fepeaks were also visible at higher energy, as showigure5.3 (b). Along with the
Fepeak, the oxygen peak at 58¥ is also observed, which can be due to contamination at
the surface during FMR measurement. It would require roughly 2.8 hours for a monolayer
of contamination to deposit on thsurface of a prepared film at a pressure of
1.3 3x 1 0! °mbar. This means that the film will have several monolayers of contamination
even at UHV conditions aftea few hours. For example, during 100 hours of FMR

measurementhe Fe film will have ~35ML of contamination on top which can be mainly
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associated with £ CO, GO, if the sticking coefficient is one for all coverage. However,

with ahigher coating with gas, the sticking coefficient gets smaller.
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Figure5.3 AES of 5nm Fe on GaAs (100) taken aftére deposition and after 2 nm Ag

deposition.

After LEED and Auger measurement, ar@ Pt capping layer was deposited on top
of Ag at a rate of ~07 nm/min onthe same day to prevent oxidation of Ag. The lattice
parameter of FCC Pt (3.99 provides a significant lattice mismatch (4.0%) between Ag
and Pt. This does not allow epitaxial growth of Pt on Ag (100) surface. The édogeic
size of PtYan derWaalsradius= 175pm) also gives various dislocation planes in the film.
Therefore, no LEED pattern is seen after Pt deposik@ure5.4 (a) and (b) shows the
Auger scan of the complete sample Pt/Ag/Fe/GaAs (100) taken a day after Pt deposition at
room temperature. Carbon peaks are observed along with Pt and Ag in the Auger spectrum,
which is unavoidable even at UHV conditions. To cleanstmaple surface, 10 minutes of
ion etching with Argon gas was performed at an energykef\lwith a partial pressure of
1 x 1 0° mbar at room temperature. AES taken after sputtering is shofigune5.4 (a)
and (b) (red line)The ratio of carbon to Pt AES peaks amplitgdes smaller after sputtering
the sample, indicatinthe reduction of carbonCapped sample Pt/Ag/Fe/GaAs (100) was
taken out from thdJHV chamber forex situ FMR measurements using the coplanar

waveguide setip explained in sectiod.4.2.
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Figure5.4 AES of 3nm Pt/Ag/Fe/GaAs (100) taken after Pt depositionafter 10 minutes

sputtering at room temperature.

5.2 Magnetic anisotropy with and without capping layer

In-plane anguladependent FMR measurements were performed on uncapped and
capped samples at room temperature to determine the magnetic anisotropytsadristan
uncappedFe film was characterized usinqh situ FMR (section 3.3.3) under UHV
conditions, whereahe cappedrefilm was measured usirthe ex situCPW set up (section
3.4.2), both atmicrowave frequency of ~13Hz with an external magnetic field applied
parallel to the film plane. Fdn situ FMR measuremestthe modulation frequency and
amplitude of &Hz and 2mT were used, respectively, with a calibrated microwave power
of 13.4dBm. Forex situFMR, the modulation frequeneand amplitudevereset to 12. kHz
and 2mT, respectivelyand calibrated microwave power of 8m was usedThe time
constant and conversion time on the laclkamplifier was set to 40.96s and 81.92ns,
resgectivelyfor bothin situandex situmeasurement$licrowave absorption spectra were
recorded at fixed microwave frequency, calibrated before each set of measurements, and
sweeping the external magnetic field. The specimen was rotated with respect to the magnetic

field for thein-plane FMR anguladependat measurement

Figureb.5 shows the normalized amplitude of FMR speftreen circlesand complex

Lorentzian lines fit(solid lineg for the uncapped and cappdek film at three different
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crystallographic directions according tgure 5.2 (f). The signal in FMR spectrais
proportional tod ¥/0 B(xy” = imaginary part of magnetic susceptibilit],= uoH). A
complex Lorentzian functiof86] (equation 5.1) vwth a phase factay describs a resonance

curve where can arise from the phase shift between microwave source and detected signal

[87].

A:JAHc o¢s+ (H — H, .)s i¢n

L.(H) =
C( ) AHZ"’(H_Hr e)s2

(5.1)

whereA, is the complex amplitudél,. ., denotes the resonance field positByn, &= poH; e»s

andAH is the linewidthAH = ?AHP p The asymmetry in FMR lineshape can arise from

eddy current$88]. Modulation ofthe external magnetic field is used to enhancesigaat

to-noise ratio of thesignal which results in the derivative of the signal beingsueedAn
asymmetric lineshape can also be observed if the sample surface has a slight tilt with respect
to stray field directionthe x-y plane in our case). Fam situ FMR measuremerd perfect
horizontal alignment of the sample holdethe x-y plane is difficult.The effect of distance

on the stray field causes an asymmetric lineshBpelineshape also becomes asymmetrical
when the magnetization direction is not parallel to the sogndirection. The field

derivative ofacomplex Lorentzian functiofequation 5.1is given by:

dLC(H) _ ZA(_H +Hr e)sA Hc @)_A(H_Hr e S_A H(H_Hr e EI'A HS l((ﬁ)
dH ((H — H, )2 + AH?)?

(5.2)

This derivative functiorfequation 5.2pas been utilized to fit the resonance dimepe
as shown irFigure5.5 to determine the amplitude A, resonance fggjdl,., and linewidth
AH. The resonance field position at [110] direction of uncapped 5 r@alPe (100) film
uoH, =1 3 mT shown inFigure 5.5 agree well with the resonanéeld value of 4 nm
FeGaAs(100)sampleproduced for time dependent stutigcussed in section 415 H, =
1 3@ T shown in Figure 4.15. This suggests that good quality Fe films are easily
reproducible in the UHV saip.
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Figure 5.5 FMR spectra othe uncapped and cappednb Fe/GaAs (100) film in three

different crystallographic directions of the sample, as shovgare5.2(f).

As shown inFigure5.6, there is a clear shift of resonance position to lower field value
while going from uncapped film to capped film. The decrease in the resonance field can be
due to i) the magnetizatiachanger ii) the change in magnetic anisotro@akeri et al.

[69] studied the influence dhe Ag capping layer on the magnetic anisotropy of Fe/GaAs
(100) usingin situ FMR. They found a reduction dfie Curie temperature 2.8 ML Fe

film after 1ML Ag capping. The reduction dhe Curie temperaturéo about 19K was
observed along with th#ecreasef themagnetization of the thin film. However, this effect
occurs aly for suchthin Fefilms, as shown i{89]. For Fefilm thickerthan 7ML, the
magnetizatiors close to the bulk valuel(7 1x 1 6 A/m) [62, 90] and remains constant for
thicker films. Hence, the change in magnetizationtf@5 nm (~35ML) Fefilm after Ag
cappingis negligible. The only possible reason for the shift in the resonance field after
capping is the change of magnetocrystalline anisotropy. To determine the effect of the
capping layer on the magnetic anisotropyapageters, anguladependent FMR dataere

analyzed.
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Figure 5.6 shows 180 azimuthal anguladependent resonance fielg H, of the
uncapped and cappé&e film (open circles) and fit (solid lines) to the data according to the
free energy density equatidhl8. The exactmicrowave frequency used to measthe
uncappedample(in situ FMR) was13.069GHz andfor cappedsample(ex situFMR) was
13.009GHz. A slight difference of 6(MHz will not give a considerable shift of the
resonance fieldThe fit has been performed assuming a constant magnetizdtion
1.6 x 1 6 A/m and gfactor g = 2.0 9 The easy axis of magnetizatids at zero field is
[100] direction.The magnetic anisotropy constants determined for uncapped and €apped
films are given infable5-1. SinceFeand Ag are immisciblg91], asharpinterface between
Fe/Ag at equilibriums expected92]. Thereforeno noticeable change in the structural and
magnetic properties after Ag cappingfeafilm is expected.
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Figure 5.6 Azimuthal angular dependence of the resonance field of uncapped 5
Fe/GaAg100) measureth situand capped film Pt/Ag/Fe/GaAs (100) measwraituat

a microwave frequency of £9.02GHz. The solid lines are the fits to the experimental data
(open cicles) using equation B1The error bar of the resonance field data points is smaller
than the symbol size.

Thesmallin-plane uniaxial anisotropy,, of theFefilm grown on GaAs (100) results

from the tensile strain produced at the Fe/GaAs interfac@ldime compression and
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expansion in the perpendicular direction). This strain at the interface originateshiom
surface reconstruction of Gaf&3] and compressive strain afféedeposition due to lattice
mismatch betweerre and GaAs[22]. The vertical lattice parameter below Q. is
approximately 3% larger than the bulk val@®]. This inplane uniaxial strain from the
interface is strong enough to sustairplane uniaxial anisotropy in im Fe film after

capping with 2a1m Ag.Hence K, remains unchanged after the capping layeb(e5-1).

The cubic anisotrop)(,, is decreased by about ~10% after Ag and Pt deposition. The
cubic anisotropy results mainly from the volume contribution due ®f&er-fold cubic
symmetry in thicker filn{31]. However, for thin films below-3 nm, thesurfaceinterface
contributiondominateq16]. The slight decrease in cubic anisotropy after capping is from
the volume contribution due to the change of density of staté® (#4] at the Fe/Ag

interface.

In contrast to themall change of theubic andn-planeuniaxial anisotropy, there is a
significant change ahe out-of-plane uniaxial aisotropyK,, after Ag and Pt capping. The
perpendicular anisotropy also contains volume and sunfdedace contributionsThe
change ofK,, is coming mainly from surface contribution due to chaagEe/vacuum
interface. The uniaxial interface perpendicular anisotropy strongly depends on the
composition of the interfaces. The most substantial anisotropy was observed k& the
(001)/vacuum interfac€9.6 x 1 0* J/m?), followed by the FeAg interface(8.1 x 1 0% ]/

m?) and ly the FeAu interface (4.7 x 1 0*J/m?), all at RT [95]. The uniaxial
perpendicular anisotropy in BOERis an intrinsic effect caused by broken symmetrhat
Fel/vacuum interface and not by growth peculiarif@d]. FeGaAs surfacenterface and
volume contributioedo not play a significant role hergnce the irplane lattice parameter

is close to the bulk value (sectiorlp.The uniaxial character tiie anisotropydue to the
volume and Fe/GaAs interface will be more dominanttiomer Fe films. The changef

the surface contribution t§,, can be also the result of a change in the surface roughness.
The roughness cresgt an irplane demagnetizing field at the edges of terraces, thereby
reducing the shape anisotropy. Bruno e @] calculatedthe dependence of the surface

anisotropyK, on the roughness parameteand the lateral correlation lengih
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Ks = Espa p %0[1 —f(Zn%)]

(5.3)

whereEg, , & %MOMZ is the shape anisotropy and the funcpfc(mn g) becomes 1 when

g tends to O fom very smooth surface, and (fdr a surface with a roughness parameter

being of the order of the lateral correlation lendth our case, the total perpendicular
anisotropy is reduced by abdi8% (AK,, = 2.1 x 1 6 J/m?), indicating the smoothening
of the Fe film surface after capping. Thus, both mentioned effects leacck@ange of the
electronic structure ofFe (100) at the Fe/Ag interface which in turn changes the

magnetocrystalline anisotropy.

The capping othe Fe film only with Ag leads to the oxidation of the samp8s]

(aging effect), which causes a significant change in magnetic properties. Therefore, the
sample was capped withnBn of Pt to protect the film against oxidatidfe/Ag/Pt can be
grown with separate layers and sharp interfaces between[#8rat room temperature.
Since Pt growth on A@LO0) surface is not epitaxial, it does not affect the magnetic
anisotropy of Fe/Ag heterostructure. However, spin transfer feta the Ag or Pt layer is
possible due to magnetization precession. This will be discussed in section 5.4 where
linewidth depadence on frequency has been analyzed to determine damping contributions.

Sample Ky(1 6j/m3) K, (1 6]/m3) Ky dj/md)
(5) Fe/GaAs 1.32 +0.05 2.73+0.07 3.46 +0.03
(3) Pt/(2) Ag/(5) Fe/GaAs 1.25 + 0.03 0.58 + 0.08 3.07 +0.04

Table 5-1 Room temperature magnetic anisotropy constants roh %e film grown on
GaAs(100) before and after cappinfhe integers in the first column denote the thickness
of thelayerin nm.
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5.3 Frequency-dependent FMR measurements and-factor

The spectroscopi c -factpr] measurésithe entrgycsplitting ofag ’ ,
degenerate state in a magnetic field H. It gives the sign and magnitudepoéehssion of
themagnetic momerdround the direction of the external magnetic fig8d]. As described
in sections 2.2 and 2.3, thdactor comprises the information on the orbital guid snoment
contribution (equation 25) to the total magnetic moment and can be determined using
frequencydependent FMR measurem&nthe orbital contribution to the total magnetic
moment in a perfect cubic symmetry is quenched, githegpin only value (g = 2.0023).
Spin-orbit coupling leads t@ deviation ofthe g-factor from 2.0023 in 3d metals, for
example, BCG~eg = 2.09HCPCo g = 2.18, and FCC Ni g = 2.1800. To determine the
g-factor, a frequencgependent resonance field along with the anisotropy data from angular
dependent measurement should be analyzed. Therefore, resonance has been measured at

several frequencies of botihe uncapped and capped sample in the film plane.

Figure5.7 shows thdrequencydependenEMR of uncapped &m Fefilm grown on
GaAs (100) measuread situwith a magnetic field applied parallel told] direction in the
film plane. The greyscale represents the normalized amplitude of the microwave absorption,
proportional tod y/0 B The nonaligned mode ofresonances observed at the low
frequency region (€.5GHz) along the hard axis. These sifp(unsaturated mode) arise
when the magnetization is not parallel to the external magnetic field buthgtitlesonance
condition is fulfilled. These modes disappeatha&thigher field when the magnetization is
perfectly aligned tahe hard axis [10] direction. Frequencgependent FMR measures the
collective response ofhe spin system in which spin precession around the internal
anisotropy field is includedThe occurrence of unsaturated resonance modes yields a
possibility to increase the accuradytioe measurements, as two or even three modes can be
used for fitting. However, the analysistbésaturated resonance field is sufficient to extract

all the information about anisotropyfactor, and damping parameters.
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Figure5.7 Frequencydependent FMR of uncapped Fe/GaAs (100) measusetliwith the
magnetic field applied parallel to1@] direction in the film plane. The greyscale represents

the normalized amplitude of theiecrowave absorption derivative proportionaltgy/o B

The FMR lines from these measurements were fitted with the deriadto@mplex
Lorentzian function described by equation 5.2 to extract the amplitude, resonanég field
and linewidthAH 4 i The frequencylependent resonance field plot can be fitted using
the dispersion relation (equatisr2.20 and 221) for different directions othe applied
magnetic field. The resonance condition in a tetragonal symmetry for different angles of M
and Hhas beerlescribed by M. Farlg37]. Figure5.8 andFigure5.9 show the square of
frequency versus resonance field plot andfitting according to the equatisrf2.20) and
(2.21). The gfactor for three different crystallographic directions determiinech fitting
are listed inTable5-2. In case othe capped~e sample, the gactor is very close to the Fe
bulk value (g = 2.09), whereas there is an increasieeaj-factor forthe uncapped film. In
case of [100] easy directiptine increase of-factor value with respect to bulk reaches +4%
whichindicates an ineased orbital moment. As described by equatiob, 2k gfactor is
determined by the ratio of orbital to spin moment. This reguliatio ofu; /u, = 0.0 8 &

0.0 Ifor theuncapped sample in [100] direction which reflects the enhancement of orbital
moment by ~100%¢( /us = 0.0 4 for bulk Fe[101]). The spin and orbital momentse¢

film grown in GaAs (100) at ultrathin limit have been investigated by several groups using
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XMCD [102105. However, the measuremts were performed olfe films with metal
capping layers, e.g., Au or Cr. It has been shown by S. TacchjH@lthatthe Au capping
layer on top ofFe film leads to a significant reduction af-plane uniaxialmagnetic
anisotropy. In case of ML Fe film, the uniaxialanisotropy is completely suppressed

whereas in 20AL film it is reduced to a half value.

Although there is an enhancement of orbital moment by 300%/h Befilm due to
increased localization of electronic states at Fe/GaAs inteffed®§, the spin moment
remains bullike [1027]. ForFebulk, theorbital moments y; = 0.0 8 5 and spin moment
is us = 1.9 8 giving gfactor of 2.09. We have obtained thdagtor values in close
agreement to previous studies. In our case the uncémdéah of thickness ~39ML gives
g-factor of 2.17 in the easy directiond@ increase from bulk value) indicating enhanced
orbital moment contribution due to reduced symmetry at the surface and int€Hadest
principle calculation predicted an enhancement of orbital moment at the surface of BCC
FE107]. The surface states which are not completely quenched are responsible for the
enhancement of surface magnetism. In the case of intermediate [110] and 1jrd [1
direction, theincreaseinfjact or is < 1.4% for the wuncapped
of the gfactor in the film plane was showB7], which @n arise due to the anisotropic
density of states at the Fe/GaAs interfatd. The capped sample givag-factor value
close to bullke (2.09). Ag overlayer delocalizes the surface statézafhich reduces the
enhanced magnetic momentfé#(100) surfacd108. These effects are directly related to
the large atomic size of A@.72pm) compared tée (126pm). Pt capping after Ag is not
expected to affect the magnetic momenfEesince it does not have any direct bond with
Fe, andheAg layer with 2nm thickness equivalent to ~ML does not bear any magnetic

moment.

Therefore, we conclude that tlanisotropicenhancement of the-fgctor of the
uncappedrefilm is due to the strong spiorbit coupling effect at the Fe/GaAs interface and
the increased orbital moment contribution the Fe surface. The Ag capping layer
significantly suppreses the surface states and leads bulk-like g-factor. Therole of the
Ag overlayelis to delocalize the Fe surface states leading to increased surface magnetization

[109.
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Figure5.8 The square of microwave frequency versus the resonance fitid @asy and
hard direction of uncapped and cappeauhb Fe/GaAs (100). The error bar for all the data
points is smaller than the symbol size. The solid lines are the fit to the data actottmg
equatiors (2.20) and(2.21).
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Figure5.9 The square of microwave frequency versus the resonance field in the intermediate

direction of uncapped and cappetrd Fe/GaAs (100). The error bar déta points is

smaller than the symbol size. The solid lines are the fit to the data according to equation

(2.20)and(2.21).
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g-factor [100] [110] [110]

(5)Fe/GaAs (100) 2.168 + 0.010 2.117+0.002 2.138 +0.001

(3)Pt/(2)Ag/(5)FelGaAs (100) 2.076 +0.001 2.08 +0.001 2.02 + 0.001

Table5-2 Spectroscopic splitting-tactor of 5 nm Fe/GaAs (100) before and after capping,
measured in three differeatystallographic directions. The integém brackes denotethe

thicknessf the layern nm.

5.4 Effect of capping layer on relaxation mechanism (Gilbert damping)

The FMR linewidth allows to determine the magnetic relaxation parameters, e.g.,
Gilbert damping ' ao'-magnerpscaitering.uTie linewidth tie nd t wo
uncapped and cappé&e film is strongly anguladependent in the film plane with fotold
and two-fold components, as shown kiigure5.10. The anisotropic linewidth is typical for
Fe/GaAs (100) coming from the-plane uniaxial symmetry superimposed on ffmid
symmetry. The increased linewidthtb&capped film compared theuncapped film is due
to a change ifresurface states. The éwidth in accordance withelLLG equation is related

to the relaxation time as[109

2
AH = =
Y T
(5.4)

Therefore, the increased linewidth due to Gilbert damping indicates a decrease in
surface relaxation time andfgctor. This is inline with the ¢actor reduction after capping
explained in section 5.3 (s€kable 5-2). The crystal defects within the film or non
uniformities also play a significant role in ferromagnetic resonance absorption and its
linewidth. In our case, sindée and Ag filmis epitaxially grown on GaAsubstrate, the
linewidth is smaller foanuncapped sample, while after capping with Pt which is not a single

crystal it increases considerably.
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Figure 5.10 Angular dependent pedk-peaklinewidth of uncapped Bm Fe/GaAs (100)

measuredh situand capped Pt/Agesample measurezk situat a microwave frequency of

12 GHz. The error bar for each data point is smaller than the symbol size.

The linear depender of linewidth on the frequency provides the intrinsic damping

parameten. ( section 2. 4. 1). It is to be mnoted

the frequency is only valid when the external magnetic field is parallel to the magnetization.

However, at a lower magnetic field, the-salled dragging effect contributes to Ron
linearities in the frequency dependence of the liddwFigure5.11(a), (b), andrigure5.12
show the frequency dependence of the linewidth of uncappedapopmbd 5:m Fe film
measured at three different crystallographic orientations and a linear tie ihigher
frequency region. The increase of the linewidth at low frequencies obsknvétio0]
direction is caused bthe dragging effect, while fof110] direction itis due tothe non
aligned ferromagnetic resonance mtg. The magnetization direction aweak external
field (at low frequency) is primarily determined by the anisotropy fields, whildaédrigher

magnetic field the magnetization tends to align with the external field.

75

t

]



Influence of capping layer on the magnetic properties of Fe/GaAs (100)

9 [ T T 1 1 1 T T T T T T T
@ uncapped [100] direction 8 0 uncapped [110] direction
8 o capped o d
[ |—— Linear fit ] 7 E?ppe
—— Linear fit ] near t 1
Linear fit
7 [ -
A 6k
® @
- Q‘
=6F X%
E o ¢ 4 5t
a5} y % ]
E & 'QQ'L 4
41 oF 7]
AR
2% 3
3t ° ]
a 2t
2 .1 1 1 1 1 1 ( ) .
10 15 20 25 30 35 40
f (GHz)

Figure 5.11 Frequencydependenpeakto-peak linewidth of uncapped and cappedi
Fe/GaAs (100) ing) the easy [100] and) intermediate [110] direction.
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Figure 5.12 Frequencydependenpeakto-peak linewidth of uncapped and capped®
Fe/GaAs (100) in the hard1Q] direction.

According to equation 24 the FMR linewidth is directly proportional to the

microwave frequency andversely proportional to the magnetization. Fitting the gieak

peak linewidth versus frequency using equaid® by takingthesecond term of righhand

s1de as

sl ope gives Gilbert
—E;*slo e
T 22mx10 P
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where

-
y=97

(5.5)

This indicates a direlgt proportional relation of Gilbert damping parameteand
linear slope of peato-peak linewidth versus frequen¢yH, ,,vs f) plot, i.e., bigger the
slope isthe higher theo value will be.Usingthe g-factor determined frorthe frequency
dependent resonance fielflaple 5-2) and slope fronfFigure5.11 andFigure5.12 (Table
5-3),a i s ¢ asingequation Stat theuncapped and capped sample in three different
crystallographic directions tabulated Trable 5-5. The capped film has larger Gilbert
damping in comparison tine uncapped film. In the case of [100] direction, there is a 44%
increase of a fr Befimuwihie therepisal71% iocrease ip the [d10]
direction. The increase 1n a animadeasemspns a d e
orbit intela ¢ t i is governed by the spiorbit interaction, which couple phonons to the
spinsystem, i.e., the stronger the spirbit interaction, the more energy is dissipated, thus
damping the precession of the spins. The enhancement of Gilbert dampingts Plue
capping having high spiarbit coupling. Since Ag has a large spin diffusion length of about
132152nm[1], the angular momentum of Ean be pumped intilne Pt layer causing spin
current. The damping of ferromagnefieis enhanced bgpin pumpind110, 111], where
pure spin currents are excitedtite Felayer and absorbed at the interface layer. Another
reason for the 1ncreased magnitude ade a cou
et al. [117 proposed a simple model describing Gilbert damping parameter as
a ~n(Er)&2t~1 under certain conditions, whet€Ey) is the density of states at Fermi level
Eg, & is the strength of spiorbit interaction, and is the electron momentum scattering
time. Therefore, the change in the density of siatbe Fesurface after capping it with Ag
as well as Pt significantly affects the intrinsic damping. Along with thisetih@ancedpin
orbit interaction after Pt cappingincrease I ncrease in a also indic
scattering time after cappingheobserved small anisotromfthed a mpi ng piar a me t ¢
Fe is also due tahe anisotropic density of states(Er) of the Fefilm [17]. Ab initio
calculations show that the interfacial sjoirbit interactions modify the electronic structure
on varying the magnetization orientatiolue to the anisotropy dfie interfaciaFed states
[17]. We conclude that the electronic structure~efatoms at the Fe/vacuum and Fe/Ag
interface plays significant role in modifying the magnetic propertiethafi Fefilms.
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Slope(mT/GHz) [100] [110] [110]
5 nm Fe/GaAs (100) 0150+ 0.0  0.008+0.00L  0.142+0.001
Pt/Ag/Fe/GaAs (100) 0215+0.000L  0.170+0.00L  0.169+ 0.0QL

Table5-3 The slope of linear fit extracted from frequerdspendent linewidth of uncapped

and capped Bm Fefilm measured for three different crystallographic orientations.

AHgy (MT) [100] [110] [110]

5 nm Fe/GaAs (100) 0574+ 0.042 1.112+0.022 0.763+ 0.0835

Pt/Ag/Fe/GaAs (100) 0.253+0.014 1.045+ 0.015 0.875+ 0.008

Table5-4 Inhomogeneous broadeniagi, of uncapped and capped sample determined by
the linear fit of frequencgependent linewidth.

a(x1 03) [100] [110] [110]
5 nm Fe/GaAs (100) 3.94 +0.01 251+ 0.0@2 356+ 0.00L
Pt/Ag/Fe/GaAs (100) 5.23+ 0.001 4.31+ 0.001 4.28+ 0.001

Table5-5 Gilbert damping parameterof uncapped and capped sample in three different

crystallographic directions.

5.5 Summary

In this chapter, aeffect of Ag and Pt capping on the magnetic anisotrogactyr,
and damping of 5 nrieefilm grown on GaAs (100) has been investigated using FMR. The
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sample was grown, characterized, and cappstdu to prevent oxidation, which provided
access tdhe genuine properties od pure Fe film. The magnetocrystalline anisotropy is
significantly changed after cappitiie Fefilm with Ag and Pt mainly due to the suppression
of the surface contribution to the perpendicular anisotropy. The capping layea has
negligible effect on the #plane magnetic anisotropy (cubic and uniaxial). It was observed
thattheuncappedrefilm exhibit an enhanced-factor(~4%)in comparison to bulkewhile
thecapped film shows-factor close tdhebulk value. The enhancemaertftthe g-factor is

due toanincreased orbital moment &k film at the surfaceThe anisotropy of gactor in
uncappedrefilm is observedvhich vanishes upon capping the film with Ag andAitally,

the increase in Gilbert damping B&film is observedafter capping it with Ag and Pt. This

is attributed to the enhanced spirbit interaction and decrease in relaxation time after
cappingaferromagnetic layefewith normal metal Ag and heavy metal Pt. All these effects
are directly related to the eleatiic band structure dfeatoms at the surface and interface.
Therefore, we conclude that the change in electronic struaftee cappingsignificantly
modifies the magnetic anisotroy78% in outof-plane direction)g-factor (~4% in [100]
easy direction)and damping contributior{s40-70%) of Fefilms after capping.
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6 Influence of substrate doping on the magnetic properes of
Pt/Ag/Fe/GaAs (110) heterostructure

In this chapter, the experimental results of the magnetic and structural characterization
of anepitaxialPt/Ag/Fe/GaAg110)heterostructure with different dopingtbie GaAs(110)
substrate (undoped;qoped, ad ndoped) is studied usirex situferromagnetic resonance
and in situ LEED and AES. Magnetic anisotropy-factor, and magnetic relaxation
parameters were determined for three different samples witbubstrate doping
concentration of 6 ¢ m3 (undoped),l 6 °c m3 (Zn-doped), and & 8 m3 (Si-doped).

It was found that the #plane uniaxial magnetic anisopy is significantly changeL0O-
30%) with different dopinglevels in GaAs. From frequeneglependent ferromagnetic
measurementsnisotropic gfactor was found, ando dependence offgctor on the type

of substrate doping is observeédsingle relaxatbn channel, i.e., intrinsic Gilbert damping,

is identified by frequencgependent resonance linewidth analy&leng theeasy direction

the Gilbert damping is decreased+#0% in the pdoped sample compared to the undoped
sample, while there is no chanm the rdoped sample with respect to the undoped sample

within the error bar

6.1 Introduction

Prinz and Krebget a.[113 in 1981first repated the epitaxial growth of singlerystal
BCC Feon GaAs (110) with a lattice mismatch of 1.4%. They found the optimum growth
of good quality 20hm Fe film at a substrate temperature between 175 and 225°C. Higher
substrate temperatures resulted in fategeowth with grooves along [110] direction.
However, Hollinger et al.15] have successfully grown epitaxia film on GaAs (110) at
room temperature in the thickness range-684ML. Both [15, 113 studies showed that the
growth of Fe (110) starts with the formation of 3D islands and coalescence aafeav
monolayers. It has been reported that by depodtaag elevated temperatures (:1260°C),
the GaAs (1D) surface is disrupted, and an intermixed region is formed wiAsHea
compounds at the interfa¢80, 114]. Films grown at lower substrate temperattigve a
better Fe/GaAs interfaceeés alloying); however, epitaxial quality is compromised.

80



Influence of substrate doping on the magnetic properties of Pt/Ag/Fe/GaAs (110)
heterostructure

Therefore to produce a goajuality epitaxialFe film without any interdiffusion at the
interface, Winking et all115 introduced a twestep process, whefeeis grown at 13K
substrate temperature followed by annealing to room temperature. This process yielded 2D
layerby-layer growth with an abrupt nonreacted heterointerf@énebohmet al. [116

also predicted usin@FT thatFe can be grown on GaAs (110) with an abrupt and-non

intermixed interface at higher flux and low temperature.

The magnetic measurements on Fe/GaAs (110) show that these films exhibit a
reorientation ofthe easy axis fronthe [001] to the [110] direction at room temperature
between 260ML [15]. This spiAreorientation transitions due to atransition from a
perpendicular magnetic anisotropy (PMA) to afpiane magnetic amsropy (IPMA) with
increasing thickness. DFT calculation on ¥4 MLFefadatoms o free GaAs (110) surface
indicates no quenching of the magnetic momefit$6. Griinebohnet al. explain this with
the fact thatthe (110) surface is stoichiometric which leads doreduction of sp
hybridization.The DFT calculations were performed akKOtherefore, the interdiffusion
effect will be enlarged at finite temperaturganderet al.[117] investigated thenfluence
of thetype ofsubstrateloping on the Kerr signal in ultrathirefilm grown on GaAs (110).
He found no dependence of Kerr rotation on the type of dopityp@) ptype, and ntrinsic
GaAs) in the thickness range of 2% ML Fefilms. However,in his casethe films were
grown at low temperatusaisingthe method proposed by Winkifd.15. It is important to
know if the same independence of magnetic properties is valid forteroperaturegrown
Fe films. Therefore, we have studied the influence of dopinghenmagnetic properties
(anisotropy and damping) &t and Agcapped 51m Fefilmsgrown on GaAs (1109t room
temperatureising FMR.

6.2 Sample growth and structural characterization

Three sample@t/Ag/Feheterostructureyith different doping of th&aAs substrate
namelyundoped p-doped and ndoped were prepared witthe same method describes
follows. A commercial4 x 4 mn? GaAs (110 substrate wagre-cleanedwith absolute

ethanolin an ultrasonic battand pasted on the UHV sample holder witlvesi paste.
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Initially , the substrate was sputteddn energy of keV (sample current ~j Awith argon

partial pressure of x 1 0° mbar. The sputteringvith a perpendicular incidence of beam
was carried out along with heating up to 96€r 1 hour andhenthesample wagannealed

at 960K for half an hour.The characterizations performed during and after sample
preparation is schematically shownkigure6.1. LEED images were takemn the clean

GaAs (110) substrate at room temperature @edsure< 7.0 X 1 0° mbar.The prepared
substrate yields a wetirdered{1 x 1} surface with no surface reconstroctias expected

from (110) GaAqFigure6.2 a-c). The LEED image of three sampl@-igure6.2 a-c and d

f) were taken at different energies according to the best visible diffraction pattern for that
sample However, the LEED should not depend on the doping of the sub#trétem Fe

film was grown on the prepared substrate using electron beam evaporation at room
temperature with a deposition rate d&.:nnVmin+10%. The pressure during deposition
was maintained a£ 7.5 x 1 0! °mbar. The thickness of the film was monitored using a
guartzthickness monitorSubsequently3 nm Ag,and4 nm Pt,were deposited otop of the
Fefilm at room temperature belofvx 1 0° mbarinside the chambeLEED images taken

on the clean GaAs (110) substrate and Feifilm for all three samples are shownHigure

6.2. After taking the AES spectra of themplete heterostructure (Pt/Ag/Fe/GaAs), the
sample was taken out of the chamber. The FMR measurement was carggdibutising

CPW setup as described in section 3.4.2. A similar procedure was followed for two more
samples with different doping of treeibstrate. Room temperature was maintained during

deposition as well as all the measurements.

v

Pt (4 nm) capping AES & ex

Ag (3 nm) capping » LEED
Fe (5 nm) epitaxy » LEED
GaAs (110) substrate » LEED

Figure 6.1 Schematic of prepared sample and characterization followed during sample

preparationn situandex situ
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Figure6.2 LEED images takem situ (a) GaAs (110) undoped at 8Y, (b) GaAs (110) p
doped at 7&V, (c) GaAs (110) rdoped at 130 eMd) 5nm Fe/GaAs (110) undoped at 177
eV, (e) 5nm Fe/GaAs (110)-poped at 75 eMf) 5 nm Fe/GaAs (110) doped at 156 eV.

LEED images of clean GaAs (110) substr&iigre6.2 a-c) showa cubic (110) plane
with an aspect ratio of 1.4®.05 for all three samples. This confiriie same substrate
surface formation in all three samples with different doping. LEED imiadies after film
deposition are gsiwn inFigure6.2 (d-f) indicating an epitaxial growth ¢feon GaAs (110).

The ratio between the diffraction spots along [001] add][is close to/2, typical forBCC
Fe (110). TheFefilm was capped with 8Bm of Ag and 4 nm of Atmmediatelyafter the
LEED measurement since it is already known from previous results (chaptertg thhd)
films change magnetic propers after some bursof being in UHV at room temperature.
AES was takerfrom the completeheterostructuresample as shown ikigure 6.3. The
spectrumwasrecordedn an energy range of 3100 eV; however, no peaksBéwere seen
in the whole scan. Since electronkglV from electron gun) can penetrate up tonfbin
the film, only Pt and Ag peaks can be observed. This also confirms thiae fitr is fully
covered with Ag and Pt laygrFurthermore, no carbon peak is observed indicaging

contaminatiorfree sample after deposition in high vacuum conditions.
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Figure 6.3 AES spectrum takenin situ after depositionof the complete sample
Pt/Ag/Fe/GaAs (110) undoped.

6.3 Magnetic anisotropy of Pt/Ag/Fe/GaAs (110) heterostructure

FMR wasmeasurd exsituwith theexternaimagnetic fieldu,H applied parallel to the
film plane.AngulardependenEMR spectra were measured at an angle step of 1° and ~13
GHz. The modulation frequency, phased amplitude were set to 12.88z, 320° and
2 mT, respectivelyThe time constant @hconversion time on the logk amplifier was set
to 40.96ms and 81.92ns, respectively. For anguldependent measurement, the sample
was rotated with respect to the magnet usiggniometer Figure 6.4 shows the result of
thecomplete 180° angulatependent FMR measurement of Pt/Ag/Fe/GaAs (1i)pged
sample taken at 12.9@Hz frequency. The grey scale corresponds to the normalized
amplitude of the microwave absorption derivative, proportiondl §gd B Similar results
were obtained fothe other two samples (undoped andloped). The angulalependence
clearly shows the signal as expectedther(110) direction.The inset ofFigure6.4 shows
theschematic 0{110) surface plane with thregystallographic directions of the sample (red
box). The absolute minima lie equivalently along [001] andJ@rectiors, so there is 180°
symmetry. The absolute minimum here indicates the easy direction of magnetization without

external field, which isndependent of the position of the maxinaad the local minima

84



Influence of substrate doping on the magnetic properties of Pt/Ag/Fe/GaAs (110)
heterostructure

along [110] direction denote intermediate direction. The maxima seenatuabe direction,

but they arenot. There is a slight shift frotmema x i mum point (¢ = 54.
because of the diagonal anglethe (110) plane. The grey scale plot clearly shagigle
resonance line throughout all directions indicating good quality epita&igtowth and no
intermixing of capping layer wituniformFefilm. Eachindividual FMR spectrum was fitted
separatelyusing complex Lorentz function (equation 5t@)determine the resonance field

and linewidth.
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Figure 6.4 In-plane anguladependent ex situ FMR measurement of
4 nmPt3nmAg/5 nmFe/GaAs (110) yloped sample taken at 12.9GRiz and room
temperatureThe grey scale corresponds to the normalized FMR amplitude. Inset gives a

scheméc representation of crystallographic direcsar the (110)surface

Figure6.5 shows the normalized FMR specfagpen circlesandcomplex Lorentan
fit using equation 5.Zsolid lineg for undoped,n-doped and pdoped sample in three
different crystallographic directionin order to describe a complex resonance curve with
both absorption and dispersion part, complex Lorentz function with phase factor is
appropriateThe role of eddy currents in these films is insignificant due to lower thickness
of Fe films. The eddy cuentsare produced in ferromagnetic materials during resonance

measurement by the microwave fields and it strongly depends on the skid d€pthskin
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depth is the depth from the surface of conductor at which the microwave amplitude is

’ 2
5 =
W Qrflo

whereg is the electrical conductivity ang. = 1 + y is the relative permeability. For typical

decayed to 1/e ofs original value.

(6.1)

transition metalsy is in the range of one micron if excited with G8iz. With increasing
microwavefrequencythe skin depth decreases as seen from equatioAl6d.,.it depends
on the susceptibility of the fi@magnets which further increases during FMR experiments.

This in turn lowers the skin depth in our case.

o undoped
I fit
1.0 [ o n doped
- fit
[ o p doped
= 05 fit
: L -
> L ]
S [ Z
o 0.0 = -
m L 4
Q L f
&-05¢ 1
1.0 i

Figure6.5 FMR spectra of Pt/Ag/Fe/GaAs (110) undopedioped, and gloped sample in
three diffeent crystallographic directions. The solid line represents complex Lorentzian fit

to the experimental data.

Figure6.6 shows the anguladependent resonance field curve for undopedhped
and pdoped sampkandtheirfit (solid lines) usingheenergy densitgdescribed byquation

2.19 The fitting was performed assuming a constant magnetizétienl 6 0k04m and
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g-factorg = 2.0 9Frequency used during measurement was inserted in the fitting program
l.e., 13.086, 12.937, and 12.9GBiz for undoped, 4tloped, and jfloped sampk
respetively. The angle between uniaxialptane and cubic direction was setéte= 9 0. °

The anisotropy parameters determined fthefitting are given inTable6-1.

It has been discussed that a spin reorientation takes pl&ediims grown in GaAs
(110) inthe ultrathin limit. The critical thickness at which the transition of easy axis from
[110] to[001] direction occurs is dependent on the sample preparation, especially the growth
temperaturg15]. In our case, the easy axis lies at [001plane direction, indicatinghat
the film thickness is abovthe critical thickness for transition. This behavior explains the
existence of two competing anisotropy energies in the film which favors alignment of
magnetization along different crystal axes. Therettwgnergy density equationesbto fit
angular dependent resonance data includes the superpositieplafiencubic and uniaxial

anisotropies.

Sample Ky(x106J/m*) K, (x10]J/m®) Ky(x106]/m?
undoped 241+ 0.03 143+ 0.10 347+ 0.04
p-doped 1.58+0.03 150+ 0.05 325+ 0.03
n-doped 2.15+ 0.04 131+0.1 349+ 0.07

Table6-1 Room temperature anisotropy parameters of Pt/Ag/Fe/GaAs (110) undeped, p
doped, and floped samples determined by fitting angular dependent resonance field using

equation 2.19.
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Figure 6.6 Angulardependenresonance field of Pt/Ag/Fe/GaAs (110) undopedpped
and pdoped sample. The solid line shows the best fit to the data according to equ&ion 2.1

yielding anisotropy parametsiabulated infable6-1.

We have obtained a significant change in thelane uniaxial anisotropi{,; with
doping the substrate (s&able6-1). The magnetocrystalline anisotropy mainly arises from
spin-orbit interaction that couples the magnetic moment of the electron to the crystal lattice
[37]. Therefore, the shift of uniaxial anisotropy can be either due to a change in crystal
structure or spin moment. Theoretical studies have shown that doping can effectively
modulate magnéat anisotropy[118. DFT calculations reveal that the chemical potential
shift associated with the doping is responsible for the cediumagnetic anisotropy by
decreasing the energy gain from the smibit induced band splittinffL1§. In our case, the
interfacedriven spinorbit coupling inFe film will be modified by the electron or hole
doping in GaAs, altering the electronic structure (bandBeat the Fe/GaAs interface and
resulting in the change of magnetic anisotropy in three samples. However, theoretical
calculations are needed to verify this scendrite change in cubic anisotrofy, and out
of-plane anisotropyk,, is negligible within the error bar. This is because the crystal
structure ofefilm in all three samples is the same. We have confirmed this also with LEED

measurements where the ratio of lattice length remains the same for all three samples.
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6.4 Magnetic relaxation (Gilbert damping)

Now we turn tofrequencydependent measurement resukgure 6.7 shows the
frequencydependent resonance field for all three samples with the magnetic field applied
parallel to [001] [111], and [110]directiors in the film plane. The measurements were
performedex situin the range of 40 GHz at room temperature. Fitting the resonance curve
using dispersion relation equatsf2.20) and(2.21) reveals an isotropic-tactor of 2.08t
0.05 for all three samples. This indicatiessame spin to orbital moment ratig/ u; = 0.0 4
for all samples. As already discussed in section 5.3, the capping layer suppresses the surface

states otheFefilm, and this leads tthe bulk-like g-factor.

To determine the magnetic relaxation, FMR linewidth as a function of frequency has
been analyzed. Figure 6.8 shows the frequetependent linewidth of all three samples in
[001], [111], and [110] directios The ®lid lines are linear fgto the data. The pedk-peak
linewidth versus frequency curve in the complete frequency rang@ @Hz) gives linear
behavior described by intrinsic or viscous damping and inhomogeneous broadening. The
nontlinearities are alspresent at the lower magnetic field due to the dragging effect where
the magnetization angle varies with the applied field. The Gilbert damping term leading to
frequencydependent peato-peak linewidth can be described by equation5.22H,
(inhomogeneous broadening) can arise from sample imperfection such as mosaicity and
defects. In our case, the hole or electron doping can significantly affect the inhomogeneity
present in the sample leading to differafg, in different samplestable6-3 gives the value
of AH,, calculated from linear fit of frequenajependent linewidht (Figure 6.8). It has been
found that the inhomogeneous linewidth broadening can be ardgpandent or anisotropic
in ferromagnetic thin film§119 12(. The reason for that is explained by angular dispersion

of the induced uniaxial magnetic anisotropy.
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Figure 6.7 Frequencydependent resonance field of Pu@h)/Ag(3nm)/Fe(5nm)

heterostructure grown on undopeéddgped, and ftloped GaAs (110) substrate measured
in-plane in (a) [001] easy, (b111] hard, and (c) [110] intermediate direction. The error bar

for all data points is smaller than the symbol size.

Slope(mT/GHz) [001] [111] [110]
undoped 0.153 + 0.0Q 0.080+ 0.001 0.1+ 0.0@
p-doped 0.123 + 0.002 0.135 + 0.001 0.136+ 0.0(1
n-doped 0.149 + 0.001 0.1531 + 0.0002 0.155 £ 0.001

Table6-2 The slope othelinear fit of thefrequencydependent linewidth d?t/Ag/Fe/GaAs
(110) undoped,Hdoped, and wlopedsamplesneasured for three different crystallographic
orientationgFigure 6.8).
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AHq (MT) [001] [111] [110]
undoped 1.563 + 0.001 4.4 +£0.03 4.421+ 0.069
p-doped 2070+ 0.0 0.7 £0.02 0.701+ 0.034
n-doped 1.328+ 0.(26 0.5 £0.007 2.284+ 0.036

Table6-3 Inhomogeneous broadenidgi, of Pt/Ag/Fe/GaAs (110) undoped,doped, and

p-dopedsamples determined by the linear fit of frequedependent linewidth.

The Gilbert damping parameteicalculated from a linear fit of frequencependent
linewidth using equation 5.4 is tabulatedliable6-4. The anisotropic damping behavior in
our samples is also correlated with theplane uniaxial anisotropy field and the density of
stateg17, 18]. The obtaineda valuesfor capped Fe films is cloge bulk Gilbert damping
for Fe film a,,; # (3.7+0.2) x 1 03. The doping of the substrate has no direct
relationship with the Gilbert damping parameter offledilm. However, it is known from
Kambersky[50, 51] that the Gilbert damping in metals due to spihit coupling is
dependent on interband and intraband scattering mecharismtheinterband scattering
mechanismmagnetizatio dynamics can excite electr¢mole pairs acrosdifferent bands
resulting nresistivity-like Gilbert dampinglts magnitude scales withe inverse of electron
momentum scattering time, i.e., increased electronscattering results in higher damping
[12]]. On the contrarythe intraband scattering mechanism is understbodugh the
breathing Fermi surface mod&R?2, whereglectronthole pairs are excited in the same band,
yielding conductivitylike Gilbert dampinglt scalesdirectlywith z,; i.e.,reduced electronic
scattering results in higher dampingll these effects at the Fe/GaAs interface due to
different doping cocentrations in GaAs can modify the Gilbert damping of the whole
sample. Although this mechanism can explain the effect, detailed measurements and
modelling is required to exactly find the origin of the observed change due to substrate

doping.
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Figure 6.8 Frequencydependenipeakto-peak linewidth (open circles)and its linear fit
(solid line)of Fe/GaAs (110undoped, gloped, and ydoped sample in (a) [001] direction,
(b) [111] direction and (c) 110] direction

a(x1 03) [001] [111] [110]
undoped 3.86+0.06 2.02+0.06 378+0.06
p-doped 3.10+£0.06 3.40+0.05 343+0.05
n-doped 3.76+0.06 387+0.06 3.90+0.06

Table 6-4 Gilbert damping parameter &ft/Ag/Fe/GaAs (110) undoped;doped, and
dopedsamples in three different crystallographic directions.
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6.5 Summary

In this chaptertheeffect ofsubstrate dopingn the magnetic anisotropy-fgctor, and
damping of 5 nntappedFe film grown on GaAs (10) has been investigated using FMR.
The sample (4 nm Pt/3 nm Ag/5 nm Fe/GaAs)were grown in situ using MBE and
characterized usingx situFMR. A quantitative shift of magnetic properties has been
observed inthe doped sample as comparedtbe undoped sample. However, the actual
origin or reason behind the observed effect is not clda.magnetocrystalline anisotropy
variessignificantlywith thedopng of thesubstrate (1830%)whichmight bedue totheshift
of Fermi level atthe interface resulting ira changeof the electronic structure othe Fe
interface The Gilbert damping parameter is also increased or decreabedioped sample

which can be due to interfacial spanbit interaction.
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7 Conclusion andoutlook

This thesis deals with thgrowth andcharacterization oFe films grown on GaAs
(100) and GaAs (110) subate.In situLEED, AES, and FMR techniques in UHV were
utilized to extract the structurand magnetic properties of Fe filmBhe first goal of the
thesis was to study the magnetic anisotrop¥erfiims grownon GaAs (110) and (100)
underhigh vacuum environment as a function of tilAs.a second goal, thafluence of
capping layer on the magnetic anisotropyactor, and Gilbert damping of Fe/GaAs (100)
was determined. Finally, the effect of substrate doping on the magnetic properties of
Pt/Ag/Fe/GaAs (110) has been studied. gHactor and Gilbert dampg were determined
usingin situ frequencydependent FMR measurements. For this purpbsdntsitu FMR
setup has been gmdedwith a40 GHz microwave shomithin the scope of this thesis.

The timedependence of magnetic propertieg-effilms grown on GaAs (110) and
GaAs (100) was investigated usiimgsitu FMR. Uncappedrefilms of different thicknesses
were grown and measured at room temperature under UHV conditions. The results of
Fe/Gass (110) and Fe/GaAs (100) were compared regarding magnetic stability under UHV.
After deposition in UHV, a continual variation of magnetocrystalline anisotropy was
observed for Fe/GaAs (118gpt ina vacuumwith time, while Fe/GaAs (100) shava
constantanisotropy over several hours. Thmnstion speed of anisotropghangein
Fe/GaAs (110) depends on the thickneghefefilm. It was found that the morphological
relaxation ofthe film surface result in a change of surface/interfa@isotropy of 4 nm
Fe/GaAs (110). Yet this transition is very slow andslager 6 daysThe rapid change during
theinitial 24 hours leads tan unusual sign reversal of-pplane uniaxial anisotropy72].
However,the transition for films withithe lower thickness (1 and r23m) was found to be
faster tharfor the4 nm film. This could be due thequickstabilizationof crystal symmetry
after deposition anthe strong interface effectUnlike Fe (110), Fe/GaAs (100) shama
negligible shift of anisotropy over several hours. The uniform growth is responsible for
magnetic stability ifFe (100) film.
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The structural and magnetic propertyreffilm is significantly affected by the surface
reconstruction of GaAs surfa¢&6, 30]. Based on theomparsonof the results of 4m
Fe/GaAs (110) with 4m Fe/GaAs (100thefollowing conclusions have been made:

e Feon GaAs (110) with no surface reconstruction gives 3D island growth resulting in
a rough film. On the contraryf-e on GaAs (100) with a surface reconstruction
{1 x 6} gives layetby-layer growth leading ta smooth film.

e Fe/GaAs (D0) is magnetically more stabie time than Fe/GaAs (I0) under UHV
conditions at room temperature.

e The structural and morphologicathanges athe film surfacearedirectly carelated

to the magnetic anisotropy B& (110)film.

This timedependentresults allow to choo® a suitable heterostructure for spintronic

application where the magnetic anisotropy can be tuned with time.

Furthermore, the effect dhe Pt/Ag capping layer on the magnetic anisotropy, g
factor, and Gilbert dampingn 5 nm Fe film grown on GaAs (100has been investigated
usingin situ FMR. In situ setup allowghe characteriationwith or withouta capping layer
on the same film without breakirige vacuum.This gives a good comparison witheleast
possible oxidatin. Depending on the surface reconstruction of GaAs ([8R)) the inplane
cubic and uniaxial anisotropy varit. was demonstrated that the capping layer &as
insignificant effect on the Hplane anisotropy while shomg a considerable reductioof
~78%in the outof-plane anisotropy. This is due to tbleangeof the surface states &

film after capping.

An enhanced gactor was observefbr uncapped-e films because ofheincreasd
orbital moment at the surfacéhe enhanced orbital moment is attributed to the increased
electron localization at the surfadee to reduced symmetry. However, these surface states
are delocalizetty Ag capping resulting iareduction ofFemoment leading to butkke g-
factor (g = 2.0 9. Theintrinsic Gilbert dampingparameter was also found to be dependent
on the capping layeithe capping of nomagnetic metal Ag and a heavy metal Pt leads to
anincrease othe Gilbert damping term. This increase is attributed to the enhanced spin

orbit coupling and decrease time relaxationrate at the interfaceThe remarked effects of
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the capping layer on the magnetic anisotropyfagtor, and damping parameter are directly
correlated to the significant shift the electronic band structurefeéfilm at the surface and

interface of the heterostructure.

In addition, the effect of doping GaAs substrate on the magnetic anisotrtgmtpg
and Gilbert damping of Pt/Ag/Fe/GaAs (110) heterostructure was stidiethis purpose,
the samples werdeposited in UHV usingMBE and measuredex situusing CPW setup
which allows for measurementn the frequency range of-40 GHz. The determined
anisotropy constants;factar, and Gilbert damping parametehave been quantitatively
explained. A notable @mnge in all the parameteesceptthe g-factorwas foundIsotropic
bulk-like g-factor was found for all samples regardless of dopiig. mechanism leading
to this change in magnetic properties by substrate dapingt clear yet. Weropose that
the dopng in GaAs inducga chemical potential shifif the Fermi level resulting in the
modification of spin-orbit couplingat the Fe/GaAs interfaceywhich affectsthe magnetic

propertiessuch asnisotropy and Gilbert damping.

Our investigation provides quttative information of magnetic anisotropyfactor,
and intrinsic Gilbert damping parameteof Fefilm grown in GaAs (110) and GaAs (100)
as a function of time, capping, and substrate doping. The role of surface morphology and
growth mode in magnetic anisotropy is quantifidthe impact of interfacial spiorbit
coupling on the magnetic relaxation manlsm is identified.Moreover, anin situ
frequencydependent FMR measurement over a wide range of frepsdi@e40 GHz) on
Fefilm is presented for the first tim&hese results are important not only as fundamental
information on such heterostructurebigh can be utilized to understand the agifghin
films under UHV conditions but also for applications in spintronic deviths. present
investigation allows one to compare the magnetic anisotropy and damping on two surface

orientationsof GaAs.

For further studieswe propose a complete thicknetependent investigation with
capping in steps, e.g., 1,2,3#h Ag and 1,3,5 nm Pt. The angular and frequeatepyendent
FMR measurement at each step will provide dedaiiformation about how the magnetic
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anisotropy, gfactor, and damping is varying with capping layers. It would also be interesting
to look into the results with an insulating or ferromagnetic capping. Furthermore, theoretical
calculations (band structure) on these heterostructures will exjpl@imechanism behind

the observed effect. This will also provide a better understanding of physical phenomena

occurring athe FM/SC interface.
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8 Appendix

8.1 Magnetocrystalline anisotropy ofFe films

The observed magnetic anisotropyFe flms grown on semiconductor substiate
particularly Fe/GaAs (001) is a point of intense scientific discuggiarow for the device
application. Therefore, it is of high interest to understand the different contributions to the
magnetocrystalline anisotropy as a function of thickness, teyeroughness, substrate
reconstructionandcapping layer. The main focus of this section is to qtativeely review
the magnetic anisotropy parameters from published literature and cothpareith the
observed values in this thesis. The systenagproactwill allow magnetism researchers to
easily find various anisotropy contributions presenF@films and compare as well as

analyze them with respect to relamwbtems.

The thickness dependencenshignetic properties iRefilm grown on GaAs iknown
sinceXu et al [28] showedthat the feromagnetism evolvesith increasing thickness Fe
film in three phasesnpnmagnetic phase fdhe initial 3%2 MLs, a shorrangeordered
superparamagnetic phasand a ferromagnetic phase above5ML). The thickness
dependence of magnetic anisotropy in Fe/GaAs samples is also well understood now after
several experimental observatidis, 16, 20, 29, 35, 123 124 using MOKE, FMR, and
BLS. The two main contributions to the magnetocrystalline anisotropy in Fe/GaAs-.e., in

plane uniaxial anisotropy and foefald cubic anisotropy varies theopposite direction with
increasing film thicknesgThe effective foufold cubic anisotropy,” 1s largest for a bulk
Fewhile it approaches zemr eventually turanegativein theultrathin limit of Fefilm. On

the other hand, the effective uniaxial anisotrdpgﬂf Tshaws a strong increase with

decreasing thicknesd he effective cubic anisotropy is a collective contribution from
effective volume and interfasaving opposite signs. The critical thickness at which the in
plane reorientation of fotfiold easy and hard axoccurst? 9gives the proportional relation

between effective interface and volume contributidrg:
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On the contrary, thie-planeuniaxial anisotropy contribution &purely interfacial charaer

l
(Kze"f 1o = 0). Dueto its interface/surface sensitivityhe uniaxial anisotropy is significantly

affected by the substrat@reparatiorsurface reconstruction and substrate/filmor
film/capping interfaceTable8-1 gives the irplane uniaxial and cubic anisotropy constant
values forefilm grown on GaAs (both (100) and (110) orientation) determined by various
groups in the past and its comparison with this wohle difference in the sign &f,; comes

from different definitiors of thefree energy density functie@guationused to fit he angular
dependent resonance field ddthis work used equation Bland equation 29). The
percentage change in the cubic and uniaxial anisotropy incne@bagecreasing thickness

of Fefilm due to strong surface/interface effect particularly irlaé{s (100) samples where
the surface reconstruction of GaAs plays an important role in manipulating-ghene
uniaxial anisotropyOther capping laysre.g. Au[106 124, Cu [126 also showed a

dramatic redction of uniaxiaknisotropy energy.

Another important contribution to the magnetocrystalline anisotropy in Fe/GaAs
system is oubf-plane magnetic anisotropyhis is again a combination of volume and
interface/surface contributioand has a thicknesdependence. The total effective -iit

plane anisotropy of aRefilm grown on GaAs can be described as:

FdGaA c ajffe
K } K
eff_ pef¥ol 21 21
Ku —Ku +

t
(8.2)

The volume contribution to the permhoular uniaxial anisotropyKy, mainly
originates from the iplane stress or outf-plane strain caused by vertical lattice parameter
enhancement in thEe film grown on GaAs (100). However, the surface/interf&dg™ ¢
contribution comes essentially from Fe/vacuum or Fe/capping interface where toexspin

interaction is strongly enhanced or reduf@d. Therefore, the capping layer significantly
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modifies the uniaxial oudf-plane anisotrop¥,, observed in this work as well as previous
studies as tabulated Trable8-1.

The temperature dependence of magnetic anisotropy and its correlation with the
magnetization was investigated @akeri et al [127]. The CallenCallen model[40Q]

describeghe temperature dependence of anisotropy coefficients and the magnetization by

equation (2.11)The temperature dependence of perpendicular magnetic anisﬂ'ﬁﬁpﬁs
directly correlated to the temperature dependence pkpdrcular strain componeint Fe

films according o:

3
KZIVJI_L ltT) = §B1€J_(T)

(8.3)

whereB; is the magnet@lastic coupling constaof theFefilm ande, is the perpendicular

strain component.

The roughness in the film surface or interface coming from the surface reconstruction
of GaAs substrate can inducepfane magnetic anisotropy. The theory behind the observed
roughnessnduced anisotropy in ferramgnetic films was explained by Arias et. [d12]].

The surface modulation in the thin films results in fluctuation of the magtietizdirection,

thus generating stray dipolar fields. This dipolar mechanism is responsible for roughness
induced anisotropy128 and has been used to tune thelane uniaxial anisotropy in Fe

film [129. A detailed discussion on the calculation of different contributions ofcaii

and dipolar anisotropy in smooth, rough, and real filarstwe found in the appendix section

of [19].
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Sampl Frequ Ga As Fe K3y Ky Re t
( GHz Orienta(nn(x16] (x16
recons:t /m3) /m3)
Febul k 4.2 [T 3]C
( 3ML) 9.3 {4 x 6} 4 . 0. 4 4.7 990
(100)
( 1ML) 9.3 {4 x 6} 1. 5.5 1.5 [990
(100)
( 3 MLY 13 {4 x6},{1x6} 5 1.3 3.5 Thi
(100) wor
(2 ML 9.3 {4 x 6} 4 . 0. 4 4.6 [90
Ag/ Fe (100)
( ML) 9.3 {4 x 6} 2. 0.5 3.8 [6F
Ag/ Fe (100)
( 9MRB) 13 {4 x 6},{1 x 6} 5 1.3 3.1 Thi
AgeF (100) wWor
( 2ML) {4 x 6} 4 . 2.6 3. 05](1 2]4
Au/§F e (100)
( 3ML) 9.3 (110) 6. C 0.7 3.2 [13]1
( 4 ML) 12.8 (110) 10 1.7 4. 05 3%
(1 ML 13.0 (110) 4 1.2: 3.57Thi
wWor
( 2 LY (110) 4 2.4 2.0 [35%
F ¢
( 2 eML9 9.5 (110) 6. C 1.8 3.1 [13]1
Ag/ Fe
( 1 ML 13.0 (110) 5 2.3 3.6 Thi
Ag/ Fe wWor

Table8-1 Magnetocrystalline anisotropy Befilm grown on GaAs measured at RAll the
samples mentioned were grown at RT. The thickness and energy unit conversion are as
follows: for Fe (100) 1ML = 1.435A, for Fe (110) 1ML = 2.029A, for Ag 1ML =
2.0425A,1x18J/mP=74puefat oy/m® =1 G r/g m

*Different definition of free energy was used which yields opposite signs.

8Anisotropy was determined using MOKE.

f The sample was measured using BLS.
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