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Abstract

Topol ogical insulators have been among th
in condensed matter physics over the past t\
new quantum <thatreax tefr i matdt dory, uni que propert.i
metallic surface states, a key feature of th
these materials and their potential iamploifcat

numerous research groups.

The aim of this doctor al di ssert-ahionl avasr t
transition metals, iron, and cobalt, on the
study also emrpfltahienscoclkamsgead eis of this mater
interface with the deposited transirtesoonl ved a
photoemi ssion spectroscopy (ARPES3y, ghbhsoaropetlic
spectpryos(cXAS) , and -ARPESI-AMR®PESI)c htrhoaits mut i | i ze
radiati on, the physicochemicaitopbtogi caé oh:
interface/ junction wasAR®P&Se rsmiundd de.s ARPES aal nsc
il lustrate the dispersion dependence of the s
and after the deposition of the iron and cob

deposited structures on ghe pobasdbghpd)y of o

The resul ts obt-aesedvedir phghtoeamigsisei on spect
bending phenomena and the |lifting of the deg
and the bottom of the comdectirom Ipedtr Addob
information about the formation of additiona
FeTe and CoTe during the depagi absoarpfi bnasp:
and circular di crhagpnetm ¢ exrhap gruteisetso padté otgh e atl

insul ator boundary were determined.

The dissertation also provides a detailed di

generati on.



Streszczeni e

l zol atory topol oqiad bmea dsti @& o winN ejnsd/weni 2 |
w fizyce materi.:i skondensowanej w ostatnich
teoretycznie nowe kwantowe stany materii, ch
prowadzNcy mi do ipcozwnsytcahwa st an-nwet pbwi er zchni c
kluczowN cechin tych materiag-w. WyjNtkowa st
potencjalne moUliwoSci wykorzystania w r-Uny
grup badawczych.

Celem pracgkidejk byJjo okreSlenie wpgywu ultra
Uel aza oraz kobaltu, na strukturn elektrono
przedstawiono takUe wyjaSnienie zmian stan-w
itherfejsu z naniesi ony mi met al ami przej Sci ow
jak kNtowo rozdzielcza spektroskopia fotoem
PES, spektroskopia absorpcji renw ghAeRPGERBS, K i e j
ARPES wykorzystuj Ncych promieniowani e synchr
fizykochemiczna utworzonego -iimntodrafteojrs ut/ @pjdNica
Przeprowadzone zostagdgy -ARRP®8dbadkni BtrARPES z o0
zal eUOnoSi dyspersyjnN stan-w powierzchniowyc
osadzeniu warstwy Uelaza oraz &kobaltu, or az

moUl i woSI otwarcia przerwy energetyczne,j (sz

Wyni ki wWzydikaneg Nt owo rozdzielczej spektroskc

zakrzywienia pasm oraz zniesienia degenerac]

pasma przewodnictwa. Dodat kowo, spektroskopi
for miwa dodat kowych faz, takich jak metalicz
depozycij.i met al i przej Sciowych. Przy zast

rentgenowski ej oraz dichroizmu kogowego okr

gr amedal pr-itepfatowytopol ogiczny.

W dysertacij.i szczeg-gowo om-wiona zostaga t

synchrotronowego.



Chaptlert rloducti on

This chapter provides a comprehempiseéeyenninng o

overview of their fundament al properties an
di scusses key experi ment al findi hgangesn ame
considerations involved in combining topolo

groundwor k for understanding magnetic topol o
l.Btieverview anadfsiTopiod bglaztaeér d

Threiemensi onal (3D) To,pod omgew ad | a snss ud fatoan
are characterized by a uniqgue electronic ban
gener at eodd byt scpoiump | i ng.e xTwsettshes v @nhfeace anhat eo
band gaps alongside i nsul-ragv eargs dlul ky mmaett reys,.
states exhibit excinmoimegntpurno pleorctkiiensg sauncdh laisn es
their i1inception, TMThlighhavermaene rs i malg atard rea n iad sa
magneltect ronic applications, |l eading to sig

understanding how to modify t.he electronic s

To fully exploitn tsitpd npotoeantci aolr mfanDled ectr on
understand how magnetic modifications of the
|l ntroducing an external magnerisal f sgimthet oy T
| eadi mpg otp,engaag at the Dirac point of the he
thereby giving rise to various physical phe
straightforward method to induce maghembc o0l
(e.g., transition metals) isanmortbhd aTls mdt rTil x
contributing to met adalnifder Isiutrdlag eofstat @3 s i twii d
exchange coupling i nteracti acm:n,di thakes f besce
magnetic order into the system.

Mor eover, besi des achieving gap opening, ar
potential. I deally, the chemical potential (
gap.nguinhe Fer mi | e veolr-dopgpn nbge tahceh iTdv evd thhy end e
necessarily exhibit magnetic properties. The
process are essential for achievi ggamtaunm u



anomal ous Hal | effect, axion insul ator s, or

framework of Tls and the foflhbeoc€dephpt mmglet

1l K2y considerations and experimental fin

In the field of magnetic topological I nst
cruci al for advancing both fundament al unde
These chall enges primarily concern the tech]

properties and phenomena associated wi t h
characterization techniqgues necessaryi tor p

behavAcohrisevi ng stabteohbhhdd wmbgnetic ordering

chall enge, along with determining the fundam
topol ogi crad | atnesdu | mph emomena. Thogiexactsumatagree
particularly in the presence of magnetic o

engineering of the electronic band structure
be a focus of reseadicrhg tAded iitn toenradrdhtyi,to nc roaxegtr vé:

and magnetic mo ment s i S cruci al for predic
relationship between magnetic doping or intr
phase, as wreéihc arseolft ahtEe do cpchuern o me n a al so dema

The effects of di sorder and defects on the

(QAHE) in MTIls remain unclear, as the under/l
Fi nanlolrye, effective experimental methods for c
the Iimitations of current techniques, which
Recent studies have identified two psrioéni si ng

magnetic proxi mity effect and magnetic do
ferro/antiferromagnetic mat eri a-bas ed f magnaet
heterostructures and superlatticespoHowkevuwval,
insulators is nontrivial and requires meetin
| omg@nge ferromagnetic properties t hat sur v

perpendicul ar easy magneti adtliygn pax»xics sies calng

film thickness is cruci al to achieve the pre
states, ensuring it does not exceed the fer
potenti al must maegnemnied ¢gap maft chhe heur face s



Fabricatdehi oedwetltuctures is challenging bt
Mol ecul ar BleMBiBEM&Egnéeakyg doping of TIlIs can be
met hods, with thessmbat pppubachesdi suackeing
This method enables precise control over p a
stoichiometry, crucial Ofner atplpe oalcérc tt roo rmaaq nkea
introduce magnesi ati mpe surface of 3D TIls. 1
grow very thin "layers" on the material's su
the electronic structure of the s uwbspthryastiec.all
and chemical processes may occur, suocrh pas dc«
doping), chemical reactions at the surface,
the electronic band structure of TI s.

To fdarfrmsdpiemmmdpid coupling is required to suf
structure. Materials with such porrobpietr td ecwp lni
strengthens with heavier elements, amndadame

must not exceed -0ohkei etneogpy! iofngt he&s sphe coupl
the phase of the valence and conduction band
of heavy el emetltegs »Bgs ua hldeaBit € hiealSd, were fou
topol ogical i nSealhnailT@ir eo edhfavpgaerrt.i Bul ar i nter e:
simple band structures and the simplest surf
band gap ofanum@®.t2o ewomwe tthh si mpl e surface stat

experi ments involving electronic band struct

| €haptet @ildlet plirieteedrnatt ure revi ewlgf adhid Tlex,en
progress in the field. To track and study ¢
sophisticated techniques are requiurded Atng | ma |
Resol ved Photoel ectron-ARP&SE r oasncdo pSc a(nMRMES ) T
Mi croscopy (STM). ARPES all ows scientists to
the materi al with very high sepaasi ali gahn da se nle.
However, sample preparation for ARPES is cha
we-defined crySymd¢hrsdtrrucrt uradéiati on (SR) off e
studying TI s, i ncl ugy ngnd umabari z2xtcia@atofont e
alternative ways to study el ectChampiteds t3viuclt
provide awboifefSRogenerati on theory, its adva
with probing materials using this type of 1|

3



l1.Sxope and Objectives of the Thesi s

The scope of this thesis includes a detai
magnetic properitneenssi wfnat hd otpliire® gp acratli ciunl saurll ay
capped with transition metals such as Fe and
of ,Tgi f abricated via the MBE ThedkhodT hbey stihref ac
crystal was prepared for el ectronic structu
research primarily aims to elucidate the i mj

states and overal bTeel key roexiper ismenutcalurtee ohliniB

study includey APMBDS 0oeXi ssi on Spaeyct Abscopti
Spectroscopy ( XAS),-Amnrmgd eCiRreswll avre dDiPthlort miegnmm s
(CBRPES), alll Cc 0 n druocnt erda duisaitnigo ns.y nfchher ostc ope a
the challenges encountered in démr Bingea ance

resul tant phase for mat iBbxpl amnuabteit ogne odefe att c ah p
of synchatoitamnanmdadiits i nfluence on the exper.i

of this thesis.

The main objectives of my thesis are focused

T First one is focused on investigation of
t heabedar of its surface states when cappe
to examine potenti al gap openings or <cha
these magnetic | ayers.

T The next one refers to chaBacUTeriantdi 6nari

met al s, addressing the chalthengesanpd=ad
formation of stable phases, i ncluding | a\
bet ween the el emen.s in the examined syst

T Addi ti onalcl y,r onpaeggnteites of the transition n
techni ques CIDARBPEXAS and

1T Advanced spectroscopic meRWobldk, benempdtdioy
probe the band structure and edtetcemtoino m t
guantized conductivity bands and valence

T Finally, the role of synchrotron radiatio
be evattawahieghbi gmtport ancer esnoladhioenv isnpge ch

dat a.



T Theskjectives aim to provide a detailed
topol ogi cal i nsulators and transition me

condensed matter physics.
ChaptTered2reti cal and experiment al aspe

ThiChapter provides an overview of both the
topol ogi cal i2n.du Isactusrse.s Sehcet ifaumdamdnt apbot ol

in defining the unique prop2ed2eiessofntopbhegt

framewor k, including basdatbkeothweamel aheonn
Quantum Hal l Effect and topological i nsul at
Sect2Zi.®8uw mmari zes key experimental studi es, c
topol ogi cal i nsul-atemsent thandgpadae & mihccoandyu c |

el ectronic muttrhuclftedrdarofdeBi gnkiifeé he effects of

2.Slymmetry and topology

Symmetry, I n mat hemati cs, I's the transfo
unchanged. For exampl e, a isypohuercea ne xrha tba ttes irto
oritinam, and the sphere remains the same. Th

uni verse obey symmetries determines that the
transformations, and each of thesqguaiymmtey.r i
Conservation of momentum corresponds to tra
rotational symmetry, energy to the symmetry
principle is known as Noether' s itnmpeloirfeym. t hik
description of nature and can also be used t
some phases of matter, such as magnets and s

systems with spontaneously broken symmetries

a

Fi guTTree SOLARI'S mug and the Krakow pretzel are t
share the same genus value of 1 (number of hol es

5
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contrast, the Gewvmhwmepoét3del mhasnag geéenuspol ogica

the mug nor the Krakow pretzel can be smoothly t
sense.

Topology is powerful branch of mathpmiaoncef
matter. Topol ogy describes objects t hat re

deformaoi oes SOLIA&RIuSa transfldr ank o bpurte oiznetl o t h
Ger man Ag él nelFti ggthe &t haa rc ulpe s moot hl Kr d&foavr me ¢
preberebhuse they are topologically equhieval ent
Krakowhaeé the same number of holes, and thi
invari anfQ oReceeands, topology has played a s
classifying materials. Combobnangusygmmet apdan
groups of electronic materials classified as
the field of science is highlighted by the f
for the discoverpiheass eoft rtampsdltd gpincsa anr¢ oropol
Thoul ess, Haldane, and Kosterlitz).

The concept of topol otgheal9®0sdetro wansdearevted g
ef Pecthirltat e¢gre,arsnot her topological phase wa:
spbnbit couplings;reveverasi csrnymaned r yi med to ex

with topology pl ayi ngitah ekseey arroel ek ni onw ntt haesisrt odpeo
2. Tbpol ogical I nsulators theory

2. Bahd theory and insulating state

One of the most significant discoveries i
solid state in terms of their3elHectcldiacsali fpra
into insulating and metallic states based o
descri bewougitehret uBran‘d B&wrdyr yihe oone of the ear
emerge from the quantum description of mat |
electronic properties of solid state, mor e |
crystal trans|alawboonr styhmemed x p/r easnsdi on o f every

crystal

in the periodic Brillouin

described by
Hami | tHkni an

iI's eigenstate of

of o B 2.1




and all of Bnk)e aeriegneghefaienlest roni ¢ band struct
Based on the band theory, we can dessicmp lbees tt h
state occusrtraitneg pihny ssioclsi.d 't i s characterized
nucidien i nsul ator s, mai nly covalent bonds ar .
property is the energy cgeapbanradatf rsoenp atrhad ewsn ftil
band (it's important to note that, accordi ng
i nsulTdhteorqluesti on that arises i s whether ever
answer i s no.
2. 20.n2 egaent Qu Hal IToepfofl edegs wchad d or s

The most popul ar example in the |iteratul
same is the intederThgusanghem oHmelnlone fcfaenctbe o
di mensi onal el ectron gas (2DEG) interacts w
moving alobpgtsiwcuhaa epecj becomgclgotanonzede
to Landau | evél weu arstsivamed atohndtevel s are fil |
unoccupi ed, we observe an e-neursgty |g akpe bient weene
Howver, in this process, an electric field w
orbits. This drift results in the generation
Hall conductivity

., % 2.2

However, if we treat the Landau | evels as a
described within the framework of regions wi
for describbyowhibbdsel siabeely | eads to the d
_ As a result, we obtain a band structure v
to why the quantum Hall effect iIis dnffeérent
Topol ogy.
The 2D band struct ukde peaardeme dHeasne it mend almy &
Hamiltonian. A band structure that possessec:«
cl asses of Bl och Hamil toni aonnse, Haahneirlet osnmoaont ht
do not r eosudrntg time tdhhepaed€€kebaracterized by a |
¢nd,call ed the . Ther@hén~vmarnwaati ant i s a mathe



physically desdraistee cdastsy cti tad eBle mintohwitnhge tBilaotc t

Bl och state is invariant under transformati o

B ExBa 2.3

We can defined the Berry connection

_ P 24
That it t=10 a&=n 4 % accordingly, we can
curvature f@rna&ktsiplacsreds|l oop
[ . 25

wheren !is the Be(Srg cetaadaedr ¢ oThheBelogegdhs
i's one of t he most I mportant concepts in b:
transport of aclpamgdgiimcdg ef ii el ch, sd wovH yaSucahn el e
transport occurs in the Bloch crystal struct

can be viewed as motion al omMgnda idl casaend bleo csph
for @awmsespotrt occurring i n otphod ioRy® aBrildadnltloard nCtzZe
numbiesr , quanti zed and can be expressed as

2.6

Generall ynumiBera@het nchange when the Hamiltor
based onBbheeGaussorem, iQThssrehabaedabb phe
role in explaining the integer §uawhiucrh Hsah o w
that the quantized Hal Ir nc onnudnbcetri.vi ty i s prec

Q
= 2.7
” i: ,IQ

whefies t he TKNN number (Chern number).

To delve further into the description of the
the’orwhich describes the emereg@anperadfodtiti snag

fi &Glra.phesnea material where the val espechdnd :
points in the BZ, and near these points, a |
the Dirmaocnegsaobserved. Hal dane's theory as:
t wband maldeerlbiftoaal s of two atoms in the unit ¢

2.8




whepaer e Paulp math ae :
because combi nyaand nt éovhe risnavl © rseyipomdriasrs @t (
andJfOf

can have zeros Aiccmot do ntdhiepoergys aplsene -exhi bi

)This | eads to the emergence

called 2D massless Dirac Hamiltonians with
reversal oSymmeatvrey ssboulic dmpmers tnMastsgapsngt aod
ordinary insul ator state. However, Hal dane
insul ating but rather has a quantized Hall c

2. BuBface and edge states

One ofnttenmagquences of applying topol ogy
an energy gap is the existence of gaphéess co
t hient erface where the tDip®l oghdatt iemgsaygif atcees
were predicétien thlye Hiantpegeém quantum Hal I stat
states mawicngptaloongr bi t s, edgenicicemsgcred) bt et Bé at
are not dependenhtr uochur(sppediaautsired grheerr e are no
backscattering), -dinankeinsg onlaé mciodealctomg chann
The formation of these energy channels can b
are quanti zewe!| Eaaccths sausc ha lgener ator of an ed

of these |l evels is closely related to the to
condacHdewever, the most i mportant aspadtk i s
states are |l ocalized, wdhonrccucaemygerl osn sa hmanr atcht €

the topol Agi abhtephaseve explanation for the
are chiral, meaning they omeopmpageaetca i @anogng anh

t hrough Halldmntehiss thhavey. when we change the

all ows for a change in the dispersion of ed:¢
Fer mi l evel i's ¢tetolssrea @drye tthwo egplgesishial i ti es
group velocity. The number of such crossings

i nvari anctalidneilye <@rrespondence
o 0 ¥ 2.9
Oanidare right (positive veloci tyyi)s atnide | aif ftf ¢r

in the Chern numbéed maumbes oOoOhterdaseng i mpl.i

edge states).



According to Haldane's theory, breaking ti me
topologically nontrivial state sumpbmepat it be 0
does not account for a vesrpyi ni.mpSopritna nwm tspriorptel
topol ogi cali nph2ads0e5 tbhye oktaynreo uagnhd tMieel ei rotrrbaduct
coupl iwhgi ch all ows hontthei galbavshesliocbo ab o€ alki ng
time rever.balthegemnt iymportant role is playe:d

(for fermions), which i s rgpr whe nohpefdorbyanan

electronpcwitFrnossnpiarhI above considerations, t

Bl och Hamiltonian must satisfy

9= 210
and must not <cl ose ltyheef eadiimeg gty hgrapwibtyh stmoe t &

Kramers theorem (the eigenvalues of-ed@eni |l t o
correspondence, t his t heory i nfroohecerdevar s
cl assi,diicnavtafravia)in¢ h t ake s fwal UTeKSNNO inraaldamnt e
be calcul ated fBasedeadn 2tDhinsatterd arlys,. by perf

c&lul ati ons, one can determine whether a giyv
ot her words,stighetsh erosasirdteertioal gual iofri es a
notsmoAe up in di mensitoonpaolliotgyi,c atl h ei ncsoun caet potr so
from 2Dmnt ok8Dt he qu)aAnctcuomm dH anlegd o eof theucltke s ponden
3Dtopol ogical insulator, theé Hifihwe@ewhaentte t ake:
describes how many times t hme Kr{(aondedrene spofi mnt
topol ogi cal” imfsourl asttorronagnd3 D t Olpel sgr tatei aba
structure of a strong topological i nsul ator

possesses only a snnghe Dasddhepexntspglbhece) of
statesopaol agi cadn imsuvViaswal i zed on maltteri al s
FigRleadby applying Dirac theory, which requir

interface .in such a case

10



a) b) o)
Conduction band
Valence Band /\/\

Ti Vacuum

| >/
— Xurﬁcu States

FigBAesimple illustrative presentation of the p
existence of surface states. In a tr{piyple)i asel
di stinguishable a), wiap bbewEenmi heeeelt wbobandd
high atomrd ct he mbandysmmestarry hg djbmtns ,c rsosscsh (abs) i n th
spbnbit (SOLpIWhnegn SOC is present, this band c¢cros
opening of a gaprivealul insgl anora wiothh i nversion
potenti al i s c9gi.tdat eédd ,i n hteh gt rrgiavs iatli a m shud tawean (d
insulator (right, ¥ &c¢-vomar)i visald eipntcarefdac eAt tthhee t 1
(different Cmecessumiaéi hg the closure of the gaj
St aattest he sur f agcesofs htohwen mant edr)i.al

The surface staweayg ¢goepel ageéedainiassitadthor f or

the surface. However, unl i ke a t ypsipcianl inse tnaol
degen-drianteever s al symmetry requires the spin
surface. Thi s behavior | eads to the emerge



consequences such as surf ame isnt athees phbreeisnegn cwe

di sorder.

2. verview of Experimental Studies on Top
2. Experimental realization of 2D and 3D Topc
The first theoretically predicted materi al

a qoaam spin HalTl) iwasulgTFta@rhe@al 2R ati on of t he

topol ogi cal Il nsul ator in gr aphernbkei twacso ucphlailnlc
nareaoawrgy gap in this material. Therefore, t
composed of (hsetarvoiftegrb saptiommmsup!l i ng) . These effo

theor &% i icalah@wo 6e,x pel/i memb2a®O was ianc htileewed| ass
semi condu@€dier s Hg

a) b) G=001¢/h _' S S — —

IO? 3 f =2¢'m | 7§
[ T=30mK i --;:’|:K \
10° ¢ | |

CdTe d -

HgTe / 104: K G 0‘3;?{1-

CdTe

1 1 1 . 1 1
-1.0 -0.5 0.0 0.5 1.0 1.5 20
V-V IV

g "thr

FigBLayered CdTe/ HgWwel CdFerqguantemi a)andengituva
g uanwe Iml structures as a function of the gate vo

Structures show qﬁ'%rhtigzievdi rcp nedwicd eembleet 8fodr t he 2D

| n t his experi ment, i nvestigations of t he
Hg/ Te(HoaCe)yiTal were conducted as a function
thickness of the epitaxial | ayer. The resear
phase #oi&iabninsul ator phase (heséheosginic
The proof of the existence of this phenomen
sol uttildn'shed at creating a 3D topological ins
to consider how we can classify topological
considerled Therea dxists a theoreticaél dramey

topol ogi cal band theory, which allows for tl

12



capable of exhibiting such properties. Thi s
di men'dildisere are three topokWogdwkiathctassedp

the quadmtiy state, topological l nsul ators, an

TabllPeri odofc Tamdleogi c al state.

Symmetry d
AZ (G} E I1 1 2 3 4 5 6 7 8
A 0 0 0 0 Z 0 Z 0 Z 0 Z
Alll 0 0 1 Z 0 Z 0 Z 0 Z 0
Al 1 0 0 0 0 0 Z 0 Z, 7, Z
BDI 1 1 1 Z 0 0 0 Z 0 Z, 7
D 0 1 0 Zy Z 0 0 0 Z 0 7
DIII -1 1 1 Zl 7,3 Z 0 0 0 7 0
All -1 0 0 0 7 75 Z 0 0 0 Z
CII -1 -1 1 7 0 :/:1 Z: Z 0 0 0
C 0 -1 0 0 Z 0 Z Z Z 0 0
CI 1 -1 1 0 0 Z 0 Z, Z Z 0

The-cabl ed tPrlreTogb ¢ d qriswdTatbd s ovadés amewor k f

exploring various phases in the field

Transitioning from 2D to 3D is not as- strai
di mensi onal matesrii be@hanpursetr RRegetr d(l ess, tr emend
been made in this field in the devédlecopmsmrtove

was t heSEakl.dlyl nBit hi s experiment a high resol

t heigicer y s aalpH iegd.r eTphiieneeri ng experi ment has

di scovfeire ledt cogno 1I3dDg i c.a | i nsul ator s
a o1 ; ;
Topological Hall insulator |||”|H“|
< 1 2 3 4,5
D 00 -
m
L

0.1 |

02 01 0
Eg(eV)

Fi g4ARPES me as three meompto | ofgitc a l gapless s@3p’face st a

I n the case of 3D topol ogical i nsnugl adtuoer st,o ttr

difficulty in separating surface conducti vi

13



proven to be an ideal tool fdf.23ARRES n@l Isawd
the investigation of the electronic band st
states with high energy and momentum resol ut
regi me, ARPES aic®et isnquieshifmrgoms wrufl k st ates.
characteristic features t hat can be easily
significantly differ from bulk states. Addit
perpehdrcto the surface, further aiding thei

2. Bakhdgap semiconductors of heavy el ements

|t has been recognized that the most pr o
insul ators are those buildiefisl emeausewheh\
enable the formathiidn cofupdtimagng Asnwing?Wwéie new
naribawdgap semiconductors made of heavy el e
wer e compaBe d.Bedndele8@bBhieni ti al reports on the
generation of topological Z%>nspuliamaorrisl ye nfeorcguesc
mat er,$@8%°%Bid aist demonstrated that this compour

of 0.3 eV, belongs itndsattboiegbgrreoup of topol ogic

Low nu—— High

01

£g (eV)
Es (eV)

-0.2

03

-0.4 : : . :
015 0 015
k (A1

Fi gbBi®esurface states, ARPBRS ihatutp dorkeetflod BbODNI

The same observat pfeasdwWé&bempmawrrees.ent Bne gro
compounds is classiifns®ul atsorsst.r olnrg ttlog ofl @Igl @w
efforts were made to characterize. Tabher ma

14



pressrtved al selected compounds that exhibite

after the first experiment al confirmation of
Tab2Seimmarexpefri mentally confiffY med topological in:

Type (ac Mat eri a Band ga

t ‘o

2D, stron/CdTe/ HgTe/ d~10 'MeV

2D, stron/Al Sb/ 1 nAs/|~4 meV

3D, stron|/BixSh ~30 eV

3D, stron|Sh Semi cohAldu

3D, stron|BiSe 0. 32%V

3D, stron|BiTe 0.17%2 eV

3D, stron/Sh2Te3 0. 3%3eV

3D, stron|(BizTeb) ~0.2 ®*V

3D, stron|/BiTeS. s 0. 23%eV

3D, stron|PbHie ~0. 2% eV

3D, TCI SnTe 0.3%eV

3D, TCI P b«S @l e ~0. 3% eV
2. xr¥stal and electronic structure of Bismut

Bi snmudalhl usTedeh,asBib-eanowa weaet eri al with exce
propertie80ssiatedkd lt@hhei cilh9 have been *IDuoparidwsed o)
good ther moeletchhhrasefeobhaBiei besen studied. Ac
di agr amdFa fg@Bii¢ f or msl es ecvoermp osut nadbsT,e | wtcil cuhd iinsg sBt
in a very narrow compositional range (Bi 40%

temperaturndeamdnugli ®&ldl phases.
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600 = 586 C

550 =

U 5004 I/
y 450+ /
g azoc 7/
400 :
£ arsc|
© 350 L7
2 .0 312C_ 1
£ 3004 266 C
= 250422 P ol [ 8|3
i S T I
200 Ely = Elef [zl
S| @ oo fo|o
150
100 4<(Bi) I RN
- [ RRIIBE
T [ ARLIBE
0 [ LI
L] L) L) ) L) L)
0 10 20 30 40 50 60 70 8 90 100
Bi Te, at% Te

Fi g6iBi€e phasé' 8% agr am

Since t heanpdxepdeircitmeonnt aft &h eex demwh ®@pod ogf c al i n
properties in this material, it has regained
candidate for s pBiheirsoniacyse reepdp Imacteaetriicanss. wi t h
structparce Qg ryodu)p. The unit cel | (cpealrlamaern & r s
IOUB oB tBA wmnd pgtds composedexafonfalvel ayer .
stacking seduleenBPHe¢fl) Teavhl)x h <creat eFiag@rua nt u|
ad . The bonds within QL have a covalent <char
(MetDhe (1)), the bond exhibits van der Waal s ¢
di st ance bet we e naptphreo xtBvmog,bTeal(hli )c hl da ysercoo,nsi der a
the typical coval @s(t2ihdhue dticttameestfroongieco:
within QLsvdahmdt eweaackt i ocQils iantt etfleea s @la Biat er i al

nat uclae aeyaagiel y al ong the weak interl ayer boni
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©
a) oo ¢ b) ;
0/ / :
) 4 N b
— / - \_ . . B U
o, ¢ Q O Te(1) - TR,
Quintuple © o Bi <l P .; \
Layer o Te(2)
QL ! <
( ) o olr.|"° o \ o Bl
vdW interfac? = Q 0 . Te(1)
1 QO Te(1)
0_.\/\0 O Bi
10.2A OQ Y Te(2)
| [O@L - s
O o
o | © ST 0T

oL /10
o O 2
o Te atoms o l0 o y
0 é © L‘
O Bi atoms © o o © X

Fi guBi@gecr yst al structur®b)aYhbeBagbhalui nnzoneelof
cefalnd c) TiedBtrhid IBiWin zone

Experi ment al and theoretical sabdi exhobi tihme
topol ogi cal i nsul ator propertisdsataer @ hay smajsor
its wide energy gap adiei giarm iedealt rowmbjce stt rfu
induced modi ficationsi e@sn, istuschelasctsuchacepr.
introduction of def edtheoaektsltatuiccmpy ansidpdp ath
| oda&lnsi t y*aFLdA Pavb t Tnoe tOFS & o w  t chiartgeadpth @icrc utr hse

hi gh symnietnr Brhpeb1 @mmfing I(a )e) . Tgpi mat eyi al s wi
atogmgch as Bi and Te, <cal cul aRii g8irgw,ea rcea np esr e eo
a significant contributionTef COMG iidne rtihneg eS QG
|l eads to phenomena such as band i nmergenoeat

of at rniomi al .energy gap
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a) b)

LDA LDA+SOC
1.0 y-// A \ 0B T
0.5 - 0.25 - '
) bulk $
T 0 O P, S [ ——— 0.00
-0.5 /\;; -0.25 -
10D/ val A -0.50 £
r Z F r L K

Fi g8Bid e DFT),( WbbAMd structure calculation for a)
indicates calculation wi/th and without SOC, resp

Strong &SI@CeadsBto various phenomena such as

degeneracy, a rich eallddtmadreil y dtor utchteureme ragne
Surface states, due to being protected by t
perturbations (e.g., i nfl uence of external n
magnet i cslinmipruoduciieng an external magnetic f

|l ead to phenomena such as the opening of the

2. DopedieBi

Over the past 15 years, numer oguea naS@eér i men
i nvol viimtgr achect i on *% h d brmabghn emaigen eddoipcant s or t |
thin | ayers omatgoptaeafcstdbe@aTh. cNoomon approach
such as carrier type o-magheticisaligr‘dpement
ca’® o%',°8mwhich can be introduced into the st
BridgmanNomagodtic i mpurities cancal(ds kkee i

aPpdr SO which can migomtaasent bhet faesrsmavtaet o noanb fl
and creatimdhetrss2DEG. of exposing the surfa

environmental conditions | i€Beibashseiof pptieh
the modification of theteaserdtatesvhi l e preser
As oppos-magnetinoni mpurities, magnetic -i mpuri
reversal symmetry, which may result in the pl

efforts have been madexternalvesmbpgatect heel
properties of topol ogical i nsul ators. The mo

these materials include structur al doping or

18



primary foaoaus$ hkasnbéeence of ¥°r8%Cgidtoifoomv met a
the modification of the el ecQmeonofc tshter uncatiun et
used for thehesdi mMmateriahsofstiron. l ron st
properties due to their atomic confdi ghreati or

Due to this afmeocutn,t soiffganu e sidcaareath made to descr

occuing in topological Il nsul ator $shendeset bé
several experimenit®s®®have been conducted
Me+e———] ——>M (e)
T T T T I T ] ] ] T T T T T T T T T T 160
<00 @) ] [®) 1 [@ ] [@ l . lﬂ_..ﬂ
‘“i 3 2120} 4
02t v ........... L 4 F ;_E, ;
l.IC.I04 - DU O S e e (',E) 80.? < Sample A
'g B|2T93 @K g“o ! A SampleB
& 06+ 0 ML 4 F0.2 ML 4 F 0.4ML 5 l ° :amplec
1 1 1 il 1 1 1 1 'l 1 Ly 1 i 1 | B it
-0.2-01 00 01 02 -02-0100 01 02 -02-0100 01 02 -02-0.1 00 0.1 0.2 L ST

00 04 08 12

Wavevector k_ (1/A) Wavevector k (1/A) Wavevector k (1/A) Wavevector k (1/A) Fe Thickness (ML)

Fi gBARPES spectra col IBakewe d hf @ix c$ it @bg5li edrivcore ydatr glys o
t hseur f a chee hsavaitcers under deposition of Fe.

One exampletudi es *wahedercdy Sichml was depositec
BiTesi ngl e cARPRESteamlbkb in this article demon
el ectronic structure whuirlfed aRiagd.Ir eReporrdtaildye spr
real i zat i ebrne nadfi ntgh &€ glgpaegd ia;md( rcr e dthieom ecfi st lae c
surface tshatiesfltuence of the magnetic | ayer ¢
t hat must be fulfilled to open an energy gap
(e same group conSewoded it &= d&aredpho . m d Boino f

Another type of experffmmabet J s, dtotpe nignf Il ine nt che
on the el ectr.dbewiacs dtermomtsttirea teekdpBrlinment , al | o
by the method of consistent waétuaigalflea#w iptr
for the design ofby hesiengcexoeas Bitr uddfue et s
the for magp omamdge pcarriers -{fymetdar ciadms odr e
this study, samples were prepared with an ex
It was demonstrated that as the Fe rcaocntteernt
changetdy pteo. pThe materials wedefthacacoer meed
magneti zation measurements, which all owed th

Il n this case as well , t he nseurgfyage ps traetmad nvedr
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One of the many el ements that has drawn the
topological insulators is cobalt. Cobalt 1is
than i1 ron) and pweratki eers. maDgunee ttioc iptrso crystal i

di fferent character of magnetic anisotropy ¢

demonstrate a high | evel of resistance to en
t haeppl i cat.i ollnec ma hggytMa Kk a hoehvaanges in the el ect
of ;TRunder the iatfdmedcepo iftiCon on its surfac
experiment, Co was evaporated onto the mater
then the prepared materi al was anneal ed at
subst 5dtCe, ARPES studies showed that with th
(frqmoil)3 the Dirac point migrated towards
gener attiyopre ocfarmi ers. XPS measurement eof c
formation of a Co compound with Bi or Te. F i
i ntensistuy f afcdee ¢s¢ eaat seesdT h @ IARRPPIEBence of both el
on the magnetic propertilTewasanidn\wd tcitg atnedc isn

Shel®forSampl es were prepared by depositing |
monocrystalline topol ogi cal i nsul ator (with
studies conficomaed niglsatoft Fe tamidn Co dsdrhmartel e

states

The rich electronic structuufeaecandt ARBESI halv
enabl ed scientirsessol tve dc oned® @troepsopl nohgsi ¢ @fl i ns
Haowever, due to theelsowvefdf ipdhiod meyni cgfsi omi Mme a
1000 times | ower than conventional pho-toemis
consuming and often i mpracticalamp3dingntsipstns,
one potent i @DARPHSIt | honw ewaesr , it quickly beca
sprel ated information dirfofm ichd emeievia retreanlt ess sv
ARPES has proven to ProvidéarmlngiogdArNkoufmn{ o

el ectrons. However, it was al so faumredl bnhahbi €
dynamically changing field, techniARPES for
measur ement s are stildl ber ngnambhigbtouswhex h

information aboutNurnmer dOlAdM tol e e@rl etcitacalnsst udi e
elucidate the information obtained through

semiconductor or magdmetiifd crmatteriinaltserims loif g hlj

20



optics or gualnn umhe ompe-BRRPE®e absar em@dnt s hav
conducted for many teo mdowewdsr,, i checé utdo ndyi Bfii c |
most studies hgcobaongesnvasthga€CD signal as

and excitation energy.

i

Binding Energy (eV) £

hv=21eV ®)  posev ©  py=ssev @ py1o
Lhveil

/ NS

-40% ‘o’ 40%N

o o
v o

o
'S

o
)

-0.2 0.0 02 -02 0.0 02 -0.2 0.0 0.2 20 30 40 50 60 70 100

-0.2 0.0 0.2
Wave Vector k (1/A)  Wave Vector k, (1/A) Wave Vector k (1/A)  Wave Vector k (1/A) Photon Energy (eV)

Figu@e rcul ar dichroi spewei kb cARMREERS addtda sfhoorw Bii gn
change of the effect with ener gycirradwleichsfsm gm 2 1 |
for different excitation energies.

I n the resear ch®%choen diuncfdeudefniecyee Botcfh ek z i t at i on ¢
Xx-rays rangelt waassshdwedt hat i n a narrow ene
experi msngahl CODh&ngé® eBowsiegieyrer al theoretice
excluded that this signal could originate fr
the excitation energy9tr &ddtoevce vtelmat i suwlasa adlsa
cal cul ati ons omeet fargordneSla b sieng ua nt studi €%, con
demonstrated t he e l,leecu siomgARCB S ructhecmoe porfatB

experi mental danhd. tMbBer entaii malf ocus of these ¢

thickness of thin film |l ayers oirftdadce|intaataes
shown that transitioning from a system with
i et si gsaumnffad@Desdiagreasl . Ulti mately, based on
resul ts, It wa s demonstrated that the thic
moment um, and measurement geomet hg @EDagi gnal
These conclusions highlight the considerabl e
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ChaptExpedri mental details

Chapter 3 outlines the experi nmdenitoaclusmet hoond st
growth of thin films and their structural cl
formati on, and Low EGEBEBR)rEIlsetcrturcotnu raidf f2arnaacltyi
describes vari ous phot oemi ssi on spectrosco
phot oemi ssXAaB8, L{MRREBES for probing electronic
properti3.g8r oSveicdteisonan overview of the experir
sourgeeenser at isymcofr ot hen radiati on, and descr.i
URANOStSOLARI S aNatSyoone h Ratdi at,i ol oGieggntwiet h t he

preparation process.
3.Tthin films growth and structural charac

3. Molecul ar Beam Epitaxy

MBE i s an experimental techni que -stchaalte)al |
| ay emat eorfi all shiugnhd evcaocnudumh i ons. Due to the sigr
semi conductor materi al s, the technigue has

| aboratories but alosvoeri nt3bi enydilasstsr.o mé naefpl MBRA t
based on epitaxial growth of | ayers on a cry:
(sosltigtue ,i t y 9 DOWOI%)ofare placed in effusion ce
where they are vapoarhiez eMBE ncthoa ntbheer wonldueme tohfe
temperature ortdare agleemetrradn pbeami pl gubp oper
The entire process iIs conducted under vacuum
resulting from the irmgectactaipaamfadfedt e bmslh sntoi
residual ¢astmnldacuwul ex.ampl e of FamLUWBMBE hambe
not only enables the fabralklgli@dan oma tcehreind Icsa |

allfows the modification of their morphology.
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. Vacuum chamber

Substrate I

— Thin film —

Evaporated atoms

[\

Effusion cell Electron Beam materials

Evaporator Vacuum

pump

Figutélustrative example of a standard MBE ¢ hamt
presenting the ther nfahle ddeeppoossiittiioonn pirsocceasr ri ed ou

mat eri al e.sgelseasttedebyheating, and the evaporated
One of the most popular physical met hormd.s f or
The evaporant (source material) is placed in
in the form of a | oop (mostly from tungsten)
heats it, generating an el edthrecre kRéaemttriomceug
towards the evaporant surface by an anode. A
causing i (durtiongh ebad mbuapr d ment , many ot her phe.i

backscattesedonbdacyrenectronsay.r Hdwe veenri,s s.
portion of the kinetic energy of electrons r
of the effects)uoamlebevdesnagarvdaegpdor s (evapol
Accel erating voltage is also dapplki ¢edcthoiiqute
for the creation of highly pure | ayerosr from

hi gh chemi,cawhircehacits vafttyen odihfefri anelt th otds . ac hi

One of the most i mportant aspects of MBE i s
atoms or mol ecul es organize themselves on t
modes are influenced by waperatsrftfactdep®sstch

mi smatch, and surface energies. The main gro

T Fram&n der Merwe groeiwn ht filaymoddyt hayehin
atomic | ayer at a ti me. Each Il ayléhn si g9 r oo

occurs when the interaction bet ween the

23



enough to favor a s mo edtihme ncsoinotnianlu osutsr ufcitlunm

have a tendency to spread out amplostse t h

monol ayer before the next | ayer starts to
T Vol AMerb er growihn(tsliandne)t hod atoms- tend
di mensional islands on the substrate rath

This growth moea ei mtcecruacst iwchre nb ethween t he d
than the iIinteraction between the atoms a
together to minimize their surface energy

1 Str akirs&ksit anovay@growtnhkit hilssl amedt)hod risy ak age wi

growth, but after a few monol ayers, the s
growth to transition to island formati on.
van der Metwafmede, elmecehing a critical t h
|l attice mismatch becomes significant. To
forming 3D islands on top of the thin fil
T St€pow growthis mode, at oenms ani g atteo atnhle

terraces on the substrate surfaceétomasusin

| anding on the surface diffuse until they
into the crystal | atnt iocfe.a Tshmoso tl he afdisl mh,0 a
across the substrate, incorporating atoms

3.1n2efoamati on

The MBE equitpeped EBYV, enabl es the fabrica
mat eniedlesnenitnsc)l udi mgt alrsaechihi @nda all ows for

modi fication of semiconductor sur faces or S

Modi fications can involve chemical reaction
coatThagoretical deser mpti bncatfi osnusr fi n met al
topol ogical materials is very <challenging a
dopant s, i mpuri ti es)c.l elame reexfgoerrcar, moetmhseli tiphreorg p e ¢
obt ai ned eatpae rwintem ttahheeadrcya.se of topol ogically
surface states are topologically protected,
protect surfaces from environment al cdndi tio
phenomena suchamemaladulsq Edrftacrhi eve t hias, onEeE
metallic interface on t bAec csourdfiance $ofl iLad ttihapg eelr
i s defined as a small numbedsof nat omi ecnalt @y €0
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one another, where the properties differ sigl
"lOf course, there are also simpberdtiypesr fo
However, due to theiirnftoercnhantoil cong iachao u ts ptphbed t parnc
interfaces is most desir abskeemi cOonned uocft otrh ei nnoest
as interfaces i n semicongdamnitoan dluettero sjtuuatt
str udcGewmrea alilnyg, asoseoalti di nt erface is highly coi
must be considered when designing such struc
phase dThgriamserface can be fabricated under
met hfodt.hin | ayer of materi al can be deposite
crystalli-epi saxiualt ugereowt h. The growth proces
stages. The fircft tilke tewa ramnaidaset fHasdeanr t é c e
e.g.) BBWELQeanmade described by the formul a

. P
l TGV 31
n ¢ v oYy
wheMPies the vapmol @c elsamur garst itchlee Bwoditgzhda,nn ¢ o
i's the temDpeiraguteée deposition of the | ayer,

of stuhbesFE ir @it 2 e sausc:h

T Absorption of particles on the substrate
1T Revaporation of particles from the subst:H
T Diffusion of particles across the substr

particle abesapptabnoor re

condensation re-evaporation further
film growth

O

;/"

adsorption surface nucleation
at special diffusion inter =
site diffusion

Figu2klustrative example of atomic processes tha
a solid!substrate
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To ensure that particles are absorbed on the
(deposition energy) must be overcome. The va
properties of the evahpotr aa telh enaqgtdealciatlya nalnd hper
the final interface obtained depend on the
fabricati on.Tof etlhenitnhaitre laadydern nfohtabadprcope st i
of that eédbtager or interface, t hese-hipglcess
vacuum cdmdistiensa. crucial factor that has a
the investigated surfaces. To i | leutBotnr atttee t h

material's surface, wlkeommeldat o present the f

PQ"Ya

where k is the BoltzmanndEgn®zmdinte fTr e cu encn

3.2

coef fi cimordtecafl egaew ent[s—|watkhicneghteaismraasempt i c

the number of c at e tnsal onbol naogl ua yeesr , the mass of
t emper atcuardee,mowstrate that under conditions
of Smbar, gascafmolr enc @l eno no |l ay e rMawintt haii rrhiiogge ud d ¢
vacuum conditiondmbaat, tdlueg ilngvedalheofi nt@®rface
neglect of thesddptooassesselecgyngoanthppr:
fabrication and ensuring proper vacuum condi
the quality of the fabricated interface is t
with modern semicondaantdomomat @eoipall ar thmee heas
ulthiggh vacuum conditions (for single crysta
al so uGlidawiedg .sampl es i ngbltes s haep prlaytierrg asli qur
or dedicata®dvddwadm system. This process expo:
this surface iIis not flat and contains many

sol uti on
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Scotch tape _ /

Exfolaited
Substrate .
Sample material
Figu8fene mechanical exfoliation process using sc
sur faamnd then, with applbiTehdi sf orrecneo v eist a sf epwe ell aey
revealing a fresh surface.

Ot helreaving taectbaoi gesedx faslefciad ad@wx f ol i at i on c ¢
applied to samples Wayser Mdtseot ralcs uwethcsuch

structure are composed of | ayers that are w
Thanks to this property, exfoliation can be
of the materi al usi ng adhesinvaet etrapad.s OGma onh
technique is wused is graphene. This technigqg

materials (metal dithahdogepiotiegi safileoms ulVge
BiSe .

The preadeavri ofgx faolswanfiaage often | eadsi tor mhe

sample surface, and frequently, such a proce

assessment is not always conducted organol ey

all ome &reitnge crystalline structure of the ma

LEED.

3. BtB8Buctural characterization by Low Energy
LEED is a standard technique used to cha

sur fpaciemar i ly freshly pr adpgproadatemrdyss.t allhlei nper im

this technique is based @emetrlgy pHerd meomaesn afa

t @800 eV, on theAmabedialg’' $ osutu h#thadfearBmuolga i e w:
0 0

n ca Qw

27



whermies t he momentumwb$ the ateeteobpatand volt
the electrons within this enesrpgaycirnagn gwehiicsh cno
suitable to the dAsf fa arces wint mefastulme memt sr act
Ssubstratecaltloend, LBEB opatter nsdmokiegplmet hehe |
measurement relies on the symmetry and di st ¢
pat taemrdn)t he Bragg condition has to be conser\
CQOEF ¢ _ 34
whe®ies the interpl-anse tshpea ceilnegc tdriosnt sinncdeied enmtd ea
t he di fSfirnaoet itohne. di ffraction pattern corresp
reciprocatfometcare apply a transformation th

in tilsparxchwiadh can be appaoxi mately expressed

Q ® L 35
w

and the concl usi ol®5itsh atth atana ea tlakreqe rf rroem |
the diffracti Opaspets anet hfFkbEBEandaedchE&D!
consists of an electron gun and a fluoresc
di ffractFighheploed shi gh surface sensi-emnmenidgy i :
el ectro20 (dbw),owwhi ch result from the smal.l
FiglT e

Detector ( b)

Screen

(a)

Electron \ \ \ \
Gun O B

Fi glée¢ EEDt ansdetrup) alnllED pattern recorded’?from t he
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3.Phot oemi ssion Spectroscopy

3. Phdt oe nbiascskigorno und

Thenemomenon of el ectrons being ejected f
il luminated by el ectromagnetic waves was fir
188% It took almost 20 yeatrtsi § odi sac d vhesroy ettd c
which was introduced? bmgadte pEoisnssitbelien biyn t1h9el -
guantum mechani cs. dleschii Dewornl, sEiptheth@imenon
of l i ght into particles (photons) with disc

freqguwency

0O T %o 3.6
wheiOei he kinetic energy of the emitte®@® el ect
aniwhi ch representa pgdreamwetr&r fruelcdt ech t o t he
for an eleendttrterd tfo obme t he surface of the mate

of the photoelectric effect earned him the 1

I n the following decades, significant effort
experi merdtoalat eon of t he photoel ectric effe
measurement tools were introduced during thi
' ight from a continuous source was monochr ol
current was measured with respect to the aprtr
The rapid development of instrumentation all
efficiency of photoelectron anapaylkzlee sof aasc hwie
ulthigh vacuum | evels. The i mprraoy etmemas odr |dic
| amps, al so had a substanti al I mpact , Thes
Phot oenfpesitomsc'édpy (PES)

I n the | ate 1950s, K. Siegbahn initiated th
investigating tcloe eeredregyt rioagedismmy ontat ee $ al 8i tu
principle of energy conservation governing t

determine the binding energy of these el ectr

(0] " %o @ S 3.7
whe'fte $§ hpechot on egesigyyhedrectron biPE®G rexpeme mgyn
requi rreadnovelrlomati zed | i ghTth raonudg hsotuatb Iteh el idgehvte
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PES, notable progress was made in | ight sout

next generation of sources I|-e@elkectsiymr hiragderoan.s

Vacuum
VB
hv
Core levels
E F 3
Sample
EVSC .
""""" > N(E
EFermi e e e ——— =k (E)
hv
VB
EBfI}
Core levels

—" N(E)

Fi gubBRel ati onship bet wienent hteh es celniedr gaynd etvied sel ect
produced by phetons with energy h

Il n general, PESi n st hae mmeattheordi awh esr esur f ace i s
enefyyr ompetliencgg rons to transition from occup
el ectronic structure. | f Qhtese snantgy (ared armc

of the photoelectrons can be measuele@ct rComs

remo(verd with an added positive charge). It s
excitation differs from the final state with:
a complex interplay a«fatcogr d@lhat eodv ee fafl @ c tusn d
phenomenaotnhhenrfTor mat i on from PES, simplificat:i
most signifi-calnhtedesmdgdemeap@r oxi mati on. I n

that the excn'ttedi retl erca atonwidtolreisn t he system, .
i's instantaneousl!| y Tfhiel Iperdogbbajoi  ndtylmieghtei eihneicttira
st #émiet h associ atf etdo wahvee fifiutnéclt wsovne ti éwen @tr imo m e d

by Fermi 6s Gol den Rul e:
¢ : :
WGTF [ 1 0 O of 3.8
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whedgies Pl anc®ao@mastariti ,nal bnademgisiiae s da latt &
facit @r O 2t ensuresetbbgtis conserved dutrhieng ¢t h

per t urobpeetridoenscr i bes i nteraction between the
(el ectromaasgnetic wave)

a0 aQ Q )
— N 3= —=q —— DS Q%o 3.9
Cd w aw Cd w

whe+ks a vect ori potsecoti saamlbt grid be confused v
funot.i oOMe can si3fpmafky negq f etwiScarm s e mpvei eman cho
photon energy for the photoemission pr-ocess,
ray |l ight, we can aalsamepadthan(tIcdieSovaddoz eram C
can also negl e (atthtenofuigérl d t p ctaemmtoitalbe- negl e
ralylsf the momentum operator of t hae E®|l etheama:

we can sipeptiurpathen operator to

Q
aw
and the transition probability can we writte
CH'Q
8 > - ‘ ' 311
1 od(b( Qe 17 0 O of
|t mu s t be tmeet sodeédntiapppr oxigmatrah in good

experiments that are carried outawsthamphet ow

s f acadaor be disregarded.

The Fermi statistic provides infor matoitoom)abo
from the materi al (initial state) to the vac
process. However, the photoemission effect i

processes within the entiseripheihomeafonphdtheece
onet ep ,movhdlch characterizes the electron's ¢
coherent process. [ n principle, this mo d e |
phot oemi ssi on s pfeocutnrda ,t ob ubte ivte rhya sc hbaelelnengi ng
the first model that attempt esd etpo mbalsedr ipbhe pg
Berglund and’®SpDuwert o ni t1s9 6s4i mpin&c e p y, md d enlpi asr ¢
commonly wused in the description of phot oemi
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3. AngResolPhetdoemspasctomoscopy

| n ptrheevi ous section, we discussed hew PES
l evel el ectrons, where electrons from occup
unoccupied states above the vacuum ebhbaraqy, a

photoelectron analyzer (see the standard PES
figure, valence band electrons can also be p
not only -fetbsmred wekl gy Dbutveaclksaor Tmoene @ah @ mg Y
moment um of el ectrons within the materi al a
emitted in photoemission through conservatio

equaid7i on

O @& % 0O s 312
And the rmomadQasatnatbee expr essed

_. 313
I n a standard PES experiment, the kinetic
respect to the analyzer and photon energy. T

el ectrons, ARPES was$s qdevaeal tpevd. fDhi st htee csht uc
bet ween tEhok @neiggle electron akndtieEgedssoc

ulti mately revealing the band structure. Du
anal yzer adwardc etnheen t of excell ent l i ght sour
popul arity i nsttatee spruadpe rotfi essoliimd recent deca

We have already discussed the basic theory o

wi || now expalmyl ®Ilnhahkdri st i-snobge pcnmotdhed ,t hwheiec h |
convenient and intuitive for describing ARPE
the photoemi ssion process into three consecu

1.Photoexcitati oaphooft otnh.e el ectron by
2. Tansport of the photoexcited electron
3. Transmission of the photoelectron thro
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intensity
——

hv

vacuum
level =

Fermi
level

Kk —

Figu&BSe heme of the direct (vertical) transition
zofhle

|l hhe first step @he phouomnnat i hgenartdhgeunr,f a c e
penet rAasst etshei tphot on pmapegiadalkes wheheni $he fi
will be absorbed by a system electremerligty' s
photons (below 1000 eV). Wi th this assumptio
and we cammhottroeeaxtc itthag i on process as an optic
vertical Rirglnpsa tOfoemesph ot on i s oabsor bée, i nhei
excited to a higher energy s@ahiel ¢ fmaniadt asitmit

moment um. FRbDH wewraatneepn hee i-adpldaove@tco® mponent

314
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FigluMUmei versal curve for inelta’dtic mean free path

The second sdteep idmodddedtid btelprreog ag attioexcoft edl
el ectron towards the surface of the materi al
stat e, the moving electron may undergo el ast
reaching the surface. linelbtastt o sBhat e@aergg
d
S

stribution observed in recorded photoemis
cattering inelsettidsenairet ed acttireoms and site
nelmesdn cf rledPh Bptahdn exci t ed MFiPectdebnnedhas th

stance between two independent inelastic e

nw o =

pecific information depth that can be obtai
n

etac mean free path depends on the energy
ractice, the plotted curve exhibits a simil

d for a general deailil pistad nicwe vcedFi @t riddeipza

R 9 T

—+

n

7 AccoFdgbpetlme average inelastic mean free
o around 500 eV is below 1 nm, and this va
n

derstand that phot oensiesnssiiotni vsep etcetcrhonsicgoupey fic

X-ray ranges. An i mpForgthainst tohbaste rbvyat dhiemplhiy parint
energy, we can probe eltenctnr arhse fsraomp ldei.f f er en
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I n the final step, the photoexcited electrol
During this stage, the electron encounters &
and diffraction (héeteleaoagrohp. tOaegecoOnsgqoén

I Phmatoed @ercd e-rone dv,a v

t he-ofputane component of t

pl ane m e areid tmts
FO IO
. . 315
Qp Qp
Energy maintain conserved
O © 316

Appl yilnagw tohfe conservation of energy

O O ¢ 317
We can get the relation
2 . 0 . .
— — 10 0 0 O 318
ch ca
wheDei s associ at ed %vinhthriee Iwabr io f OnN(©t isom he Fernm

0O

l evel ).
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Hemispherical analyzer

Lens column

z
hv Photoelectron VW
RN Detector
Z (ccp/cMOS camera)
e
y
x - @
|
Sample
Figu8#Hemi spherical electron analyzer and the worKk

The standarARRBESMEeuB Fri B tAi he miammmHh g/ rzieaalc ol |
the photoelectrons ejected from the materi al
their kinetic energy amMmdadémingddaomdGifvgdma,t we

Q R 0 ,fr &5
g @O OEHI-0 319
g GO OEIOBI 320
g @0 OEd 321
g ca'0 AT-O 322
andnli ngOeinerdeafsi ned
(0] T % O 3.2 3
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Summar irneqg, 0f 14 and 0.15 we can write initd.@i

™ pcdO OEHIO 32 4

™ p O OEIOBI 325

This proomplest e pi cture of the 2D electroni

measured (bi néepil o ee rceorngpyo neemd ionf moment um) wi

¢ ®emdp o mentheofs atmee way
doanrs ni onte & Iohee

3D systems cannot be tr

no conserved during ssurédmcmoceni ss
directly e®Otradt eedni fssoméa pdrigliady -eppraeass t
component of memectwmh tperfoxeé endalthieo rm smwanpth a
of t heel efcrtereon model is that electronswgcan mo

knownnaser prFotoemttihagelwé i camn witiefpe

0 . .
0O —%Q 7 o 326
ch
Now, we ctameneaxpragsstate of out of plane ¢ omg

(of

. a , . .

Oy Co— TE % O o Q; Q 327
The inner potenti al can be experimentally de
the material with different excitation energ
Ther-eleectron approximation is widely wused, (
el ectron behavior, because this approxi mati

correct resul t s.

3. Xirdy Absorption Spectroscopy

I n the 1970s @amar gle9dd8 Ods tXMA&S pi oneering ¢

utilizing synchrotron-ersddibdtiisdired XA% | gyttd rcdd
the structur al and electronic properties of
This t echwmndisgquaeppl i cations across neasrtlayt eal |
physics, materials science, chemistry, and b
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a) Incident x-rays Sample Transmitted x-rays

Iy, E

b) 2.0 XANES EXAFS
| I11 .’I
I I |
| I |
1.5 | 1 |
- I 1 |
3 1 I I
5 I I I
L I I I
= 1.0 I L/\/\/w ;
- | 1 |
~ | 1 1
W I I I
=S | ] 1
0.5 1 1 |
I I 1
[ I [
| ‘ 1 |
I 1 |
1 |
11.50 1160 1170 11.80 11.90 1200 1210 12.20
E/keV
Figu®¢e¢andard XAS measurement setup a) and b) is

neadge structure (XANES) and ext’dnded absorption

The standard XAS spectrum is obtainé&d a&awdmea
the intensity ofOtthhh @ ulgiagniFth etlreeen sArcictotreddi ng t «
LambRedr Law, the traesmpirtetseeded msensity can

0Q oA 328
Her‘'2Q0 representslepbademter gynear absorption ¢

changes smoothly as a function of ”",phattcomi cen

numkerand atoomi ¢ mass

A — 329
© 00
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However, by altering the energy of the incioc
match the energy of the core electron, enabl
proces4$polae ¢cor " Oeatdtedgoa&sda transition from
known as tkbdfalga@dpiThos edge can be divided
edge regiedgetbéermetaure (XANES), and the ex
(EXAFS) . The explanation of the absorption

According to perturbation theorhnhe ttheatltr anai
described b§8 thwdhheequathieomeYrtaiprbeadd mtns otptea ait
causing thehdaagnopihtoitoom. t Tegetehemrm wWwiatch or (de
Yinduces a modul ati on of t hae aaybadrswtripdrn omo d fi fi
(XAFS). bPbdymamypyblem considered here, -where

rays, i's compliean] @mndpbeespraa approxi mati ol

onel ectron approxi mation along with the dipol

coefficient as foll ows
Al G TSB” 330
whe-rdeescri bay st polxar.Tkatdepenvneenoe of the ma
polarizati omayfl iglt dientofX great significanc
materials sychahbhs. sTypgi ealclry, l'i near and ci
synchrotron measurements, allowing for the i
Dichroism is the optical property of a n

' i nearl y p(dliareiazreddilcihgrhoti sm) or <circullaarl y p
the case of <circular dichroism and when a ma
to it as magneti c ecriaryc urlaammgyedMaXypnei isc i Gimnc t lha

XMCDJhe XMCD signal can Dbe obs-eanvde df efrorri nmaaggnne

The basic theory of XMCD can be described in
forahdftight circularl'yapotaspeetdi Velgpt , Thhe n
absorbance, known aanthe &MCDess$gdhads

y 331
I n the case of transition mebalksfigass{tongsses
from p toetHeot bonh solrébjiatrmel teshlkee dmai n contri but o
t his gr oupThoef neecehnaennitssm of XMCD can be expl a
transition metals. Téaredsely tsapiienst ac @ ulglipildn ¢ , i w
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sare coupled either parall «tapr|l aght paebkeLCel
the 2p electrons to the -sebecupvedmaahencdéf
sel ecti ombirtudle d@amguloar momentlamx(. a nDtuiep atroa |tlheel
2pand par ald et htoprdpess of transferring ele
becomepolspriinzed. Since the tralnsdttnom ddpipro,l e
with spin wup casnpiuapn | syDaotcecsufpryom r XEdCD al | ows
i nformation about the spin magnetic moment
measurements of magnetic ans sateop@reneubsr |
for thin materials, where the contribution

magnetization is significant.

3. Zid4cul ar TAIRPEISOiI s m

Dichroism can be described as a prsooenss i

the polarization of |light, stemming from th
process. There are two main effecFisr$hly, cthha
is circular dichroism in aegtuthan dosmbrirnbuiob
angul ar @ mdcnozmipno @ earte preferentially excited
l' ight. This process also invol veSedadnmdIpy,o twhee

consi der torgitth e pdcpotrnei hgvel s, magnetic circul
considered. -oDWwe tt ssptlhe tamign t he probadgsesyst
magnetic order compared to the wavelength of
sof-tayst) . has been observed that in such syst
varies with changes in pol ar iTzhaet iroens uflrto mo fr id

measur ement can be expressed as

O o o 332
0 0 :
wher@@ an® are the photoelectron intensity sg

circularly polariCZecul aghty, poéapeceidypdlInyg.ht
pol arized electrons in the valence and cond
devel opment oARREWS. iTde aedfveChleeper into the
we need to take another stepeibhhe phet osesmios

selection rules that govern this process.
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The dipole selection rules allow us to predi

the electronic wave functions invol vteldr aen t h

step model ). We wil/ begin with the sudden (

RuJ38,and introduce the phiotoemission matri x e
0 O I =0 333

The polarization of tHée=pmhdt amdeanthe sf comua ]

write

0 7 7 Qe 334

This presentation is called the velocity for

rewrittemalalsed hleemsgpt h form

0 7 7O 335

The polarizeanowesectbe various polarizatio
el liptical). From this standpoint, the matr.
of the wavd hfeurddtpiodre, saeedndkcti on rules can be
the matrix el ement can be nonzero only for p
dand the magnet igcofqgutahnet uimhintunmblerand fs$ naf st

the selection rul es.

We have already mentioned that the dipol e ¢

transitions based on the electronic wave fun

picture, where we acsan express the first rule
a p 336
which refers domartrhieedc tbayngtehei nphot on. The se
pol arization of the I ight
G thop 337
wher ex nf or l' i near pal apfeantiroghaandi rcul ar [
a pfor | eft circular polarization. Accordi

orbital can onl poblei t &la na mdptodrldod ct ttarh @ ncdneafi t ¢ @ d

andor biFoal a more illustrative exaldnplleevédlet' s

N° Qf ora
r‘] , i P 338
neif ora P
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l't'"s worth nop-0mlgi tt had u pdluiengt,o atomi c | evels
angul ar mo me ¢ wime_ries t ot al or bi tSals momeadt ushp

momentempomes a good quant pmewnwembs|plainfls ant es

and Ilwineéarly polarized Iight, the all owed tr
noowQ
noo
. ) 339
n o ol
n °%aQ
And for circular polarizedalight, the all owe
no°Q
no°0
340
n 9i
n oi

and fior p

n oi
n oi
341
r‘] o
n °%u9
We have to consider that the |l ight dipole o

el ectronic wave function and does not direct
i's tied to speocibfiitc ionrtbeartaeceéts yolotl, ,asagnpdienrd sphot oe
can be excited even from nonmgpdneetaitrd sy |Att d mg
and forms the badascbr wifc adHenmaypemeat ocobser ved
absorptionA ARKRPE&EStmbdisneeo pli. synchrotron radiatio
us t he possibility t o selectively measur e
nonmagnetic materials. This makes it one of

dichroic phenomena.
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3.EXperi mental setup and Met hodol ogy

3. Radliation sources

To complete the PES experiment, a suitabl
first source of monochromatic |ight wasdtihe
X-ray tube. The ayt isloiuz &teisond edf t-dayt bRehmdite s e b o p
Spectroscopy (also known as Electron Spectro
Siegbahn was awarded the Nobel Prize in Phys
measured by XPS, stands ase omeet hoofd st hien ntoosntd epr

physi cs:o aWri lceanX al so excite valence states,

Xray tubes (e.g., wi-¢ddndMgmiomg Aduea ntoa etsheiirs ¢
above 1 keV. The nmpasr armatsen st h dnte @pédtodromioni zat
be discussed further | ater in this section.
An alternative | ight source for investigatin

Helium | amps. Hel i um | ampds Heanl Ipr(o4dOu.c8 eHw) Ile
via gas di-esmeiragy,e. momoowc hr omati c ultraviol et
states because the emitted radiation energi e
states. UV | ampag,es@ad usiabl soande&jghre inte
ARPES systems. To fully exploit photoemissio
the measured sample or systemay i and sUVdyvamn
Fortunatel yt,ilee morgehtisgmonodcet eamnstadi ati on. E

radiation plays an enormous role in my thesi

3. ByhAchrotron radiation

The history of synchrotrontoadrcatelenate p
a process that began in the 1950s. Il nitialdl
particles had such a short I|ifetime in accel
very fast <char gewlhepnartthiecyl eisn tleorsaec te nweirtghy an e

phenomenon is known®%s synchrotron radiation

Amore precise definition of synchrotron radi
or electrons) are accelerated to relativisti
causing their trajectory tovebsangethandi eect
motflonSynchrotron |light is produced by el ect
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on accelerator is composed odhamberns,ec

ng magnet s, and radiofrequency (RF) ca\y

ectrons in a closed trajectory by appl

ty vector

o | 34 2

’(i_ Q0
Qo

el ectron moment um, e i s electBanechar
ectric and magnetic fields, respectiv
semchsotron radiation. The consequenc
ons, which must be compensated to main
This compensation i s achi everdoduncetdhe nR
with the moving electrons, acceleratir

ons can circulate for hours or even da

bendi ng magnet ser weasv eass, awhsi ocuhr ccea no fb ee

ment al i nstruments called beamlines bl

generation), not only do bending magnet

ems are alse piamagedsuohtae shodouhbgtors (

ces (I D), including wundul ators and wi gc

ct

hr

ures that force electrons to undul at e

otrons areoftobhendiucgemaggnéhstehat cont

he storage ring while also emitting |ig

i bility i n generating peak photon ener

acteenkBancses. tihie potenti al of the storag

el oped. These | D devices are placed betw

tions) in the accelerator, and theng sol e

S

e

C
d
I
d
I

devices include:

ontr ol of the peak photon energy emiss
esign of the magnetic structure.
ncrease in the intensity of emitted 1|
evice in reilmgimangnet .t he bend

ncrease in spectral brightness.
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One of these additional magnetic structures,

photon energy and polarizati on. Undul at or s
structuresi wdt bi tay.seBy peontrolling the gap
bet ween the two rows of magnetic structures
and |ight with specific photon energy and po
Thpol arization of the 1 ight emitted by acce
parameters that scientists can wutilize i n t|
magnet is mostly Ilinearly pol atrh azte dt. heloa awmalle
el ectron is bent I n the horizontal pl ane, a
wave (synchrotron radiation) is parallel to

observe electronsOfncohesd@orpbkonotas a@atanpr od
perpendicul ar component of the electric fiel
plane. We can define thasdagfeacof ohlQaméat hpo

vertipah®abinee ectromagnetic wave

0 09 343
O 0O :
The horizont al and vertical components of
by a f arcd oul toiprg diurcttitoem of el |l i ptically pol e

-t is calledpel aiprzedal bpdrighsheaphadeel bi

pol arized. The degree of <circular polarizati
5 20 o 34 4

O O ©O 0
whe©an@are the intensities of right and | eft
determined by the phase.
The avail abpoli ayi ndt vams oas | i ght across a w
of the most i mportant features of synchrotr
useful in studying the orbital and spin angu

matiearl s t hrough absorption and photoemi ssi on

3. Bedmlines

From al | above considerati omphottdhemi sgno

spectroscopy (ARPE&Sesands XpS&)fectel ecmbionatci @
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magnet i c pcroonppeueix teggm orffahtee rcioanicse.pt and techni
such as powerfhoé be@dnmansaelneyt, athe beamlines
three main parts: the source, the optiacnad p ¢

t heyouarleé around the storage ring facilities.

Fi g2@adi ati on beam emission from the magrfétic in

Starting f,tomreha $ewrt g@ed redmtt iberderd ke u
i n tthheeor et icceaM o tseedc tticonsynchrotr on trldeDisattiharn) :
can furthaéwi goplldtrtraenaud aher sndulkt ssbopawaodi c
magnets structures that can be installed bet
sean) . El ectron passisnmgagtntent o wg hf i tehh @ u rsd ufl car
perpendicul ar t oot h ® nd @i e vgegabee lodfc t hem ri s so
synchr oftFriag@lei ght

One of the parameters t haKpadriafnieetre rwidgegflienresd f:

o |7 345
whelWiesn wi ggtpineligs natural angul ar aperctanre of
show t hakKkf ovralaune eolfectron propagdgasting in the |

. Q . ,
U ——=2 0 T80 0_TO0 34 6
¢ aw

wheres undul ator or wiggdlsern hmagnaenaigmegerci dd e
the v&isemath hidghand halmi 4 i(Wips i mwdle dwit dert
natur alapenmguwlreer and this case intpofeseoaapr b
negl efchtiesd.i s not the ckKise mwuc hungdma lalp)earm sit twahre r
interference effect occurs betweaplt @edi &tmi o
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emitted i n ewhe hnedonmgdhve @axn s of the undul ator
interference ocethatat st lepwavdelodn ptaln amet er

— 0 I 347
Y C .

| n t he undul at or s besi de t he fundament al \

wavelengths) are generated

34 8

ol

and theiamdnumidréeosdt yi t iKn(ornd s eo)d dwihtar moni c s
on the axis oNexnhsempoobhadiesidaepen.delstt foml | o\
from this deipendemalkel ¢ hlay value of magnetic
chashgby gap opening between twWi skepahbastefaa
undul ators are ef f ircaiye nltiagsbeouracoedsl yo fu sleM a md
phot oemi ssieong.b ePaHid A NDEB sobre aaft hSeOL ARSlySnc hr ot r on
Radi ati®%n Centre

3. PHELBXdId URAMNQ@SNsIi ne

The PHELI X undulnasttoarl |beeda nalti ntenei sBMO6 str ai
t he gédnerdati on | ight source with an el ectron
The beamline is designed f-hirghonadouact mnBES xpr
t he sroafyt rXaage Near Ambi enXP®Pyewslulreb&XP&8v aNRA

second branch in the future.

The srodyt XES and XAS end station is aimed at
various types of material s,solaindgs ntgof amor phh g
|l i ke ceramics, glass, or minerals. The avail
a power ful and uniqgque tool for studying ver
conducted using met AKRERS, s-BRRBEEs ARPERPSCDThe
PHOI BOS 225 energy analyzer with a defl ecto
coll ection of photoemi ssion data with an en
resolution of O0.1U.tAbeedptsongspE¥tamdcaRY.LDb
PES and XAS experiments 1 sPEnset( Riems PeEESmet hod ¢

The source of the PHELI Xtppamubindal asot hewhAP
rays with the following parameters:
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T Photaergy range fromhd0ievnuiml|lt ol &00 ze\
T Lin@amri zont a)and dCiWrecfutli adramich dreidg htpol ari zed
T The uItimate'ory@]s(DQiinlgSOB@wti'oemergy range,

f Flux rand®Phbooml80D0%p/hfasrd h-ilgbher photon er
300 eV.

The optical design of the PHEgLrlaX ibnega nmhoi nnoec hirsc
(PGM) setup operati impewf bbb u sfbohcui sanantige dne breraon.s
all bwr obtaining the beamofsli2zz0e Gnmpokx 48 C
(h x v).

The URANOS beamline is mochesmmi barite phe mE

technique, PES, and radiation source, the AP
BMO5 straight section of SOLARINSQ@&@ndVspARPES
The centr al component of the end station is

a deflector system, boasting an odrudri@ynl tbds ol
The combination of high energy resolution w
capabilities in defining the chemical pr ope

materials such as semiconpluctoosi ctmomapioéwigalca

The optical design of the URANOS beamline
mo n oocnmart or , b(oNIhM)wor ki ng with coll i mated beam
mirrsygrstem all ows for obtaining a beam spo
150 Om (h xv).

Bot h behaamirdenpa rcentaimbrer s i n their vacuwmtauyste
deporsidfi ot ifn ell ynremg.s tr épsiessonemdiadi asgvaeep
ofl3°mbatrh. the bepbsictaisers, rate can be wmineasur e
resol uti omMhefguwalOiltyy of the | dfEMe acamemenas
Al | avail able preparation techniques enabl e

structure under tlehreviirnd)f memtoelsof exter nal

3. Bample description and preparation proces:¢

The singl eTewraysstf albrofcaBied by the MaTecK ¢
The sampl e was grown usitnegc hhrhieq uvo | beyc ud eapr o SBietai
substrate, USV (ddddit iumn@mbara | evel of 10
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Fi gaDe crloang fst yloemphaaliddre wi t h t he PHETLdsX ngld UR/
cryissaplaced in the middle of the holder and att

The sample thickness was 1 n,l0wiltOhmmg .t dDtuali r
proje the sample was divided into 6 parts,

effect of thin Fe | ayers on the electronic
characterized under Co deposition) dboeingepb
project wasPRBEOWAIQUadtteeaddt evora b eiamm dev@ pov-d®Ou om (
''MbaF®. and the Co were deposited from wires
99. 99% ( ma n eKfEaVK)Tt huer edde pboys iRlwem ep apa meni ees f
crystal mi crobbhkbadeposetaddnijgsmkner twhaer ,s ettheats
el ectronic structure was investigated mostly
of photoelectron spedtrrocTO@y wene ohsdrugttiean
radiation (at the NSRC SOLARIS in Krakow). T
and PHELI XDhbheamloi mdhsaar act er i siAT g c elaacyhe rseadmpd ter 1
be prepared neuxliftoilpilaet itoinmeusn @veiera eUxHfVo Icioantdii an omr
conductpde sopfdfe®dam t he L oad)LEoacckh cshaanmpbleer swas n
ontosfykhg holders (OMI CRON) usi TdE K&ohnidcuhc tiisv e

resi stiamntiem gf o.adi ati on
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ChaptRes dintds Di scussi on

I n thishehaeserts and di scusaienproné Sehhttdedxpe
focuses on pristine 8i AIRKPEAnNAREBPScteranaldy s
Sectd.an4l.i3nveshRii glaet e covered with Fe and Co |

ARPES, AARPESD t o examine <changes i n the el
properties indumetdalbylodyercst. ahat i ancl earer
experimental findings and provide context fo
topics related to doping and defects, appl

penetrathi)onadept oponeéebgtiedl pheasamanarwer e hig

t heoretical descriptions.
4 . PIr i st2Tene Bi

To study the electronic structure of topo
many variables thatmtcam cecixfpfeen memaeam ewger if ne
surface preparation process, material evapor
when using synchrotron radidtichhpacaimet peshaj
t hey ar e fnaoctt otrlssei lndpnaltcyt t he acquired data. Si ¢
into characterizing the el ectroni c -dsetfriucetdur e
starting point. Il n general, I have PRaiamildy f
ARPES) to characterize the sadXpPBSeis ahemideal
met hod to study surface physics and chemis
information, and surface senesatturved yofartehias f
Especially for 2D materials, thin | ayers sys

surface electronic structure and surface che

50



Fi ga22 &E€ED paansar pdmé ofeagr it htei red eRit rTome edheeulglye olf r it
spots can implicate that the surface of the TI i
could form at,Tehe very top of Bi

Unfortunately, we | ack some data from the L
technssaés that 10mliy |la nfogaw diehavgees nweor.e col | e
during the experiments to determine whether
structure aFiteZ2eax X®Biddmeiadfnolcywysed on the cor ¢
the valence band, specifically Te4d easned |Beivbed

came each evehowi plhovenyenergi es. By combi ni
obtained at higher photon energies, w¥® achie
This information has proven to be very inte

chemiogt nyhe.Amastigmiidli cant part of this thesis
Obesr vation of surface states and the valence
this technique. Proper surface preparation p
the acquired dat a. Sever al eRpser mméehos hadet
good starting point. Anot her advantage of Al
could play a tremeihdces csalrd aice mphgeasrntmhses pinn t
fipat Chpatfer 14 wi | | f dXPPS amdmd&RPESEd for t he
single cxafgst al of Bi

4. XPBtudi es

All XPS studies déewadadecasimigeed cutysatalt iBe F
the SOLARI S synveharsautrreame nft sc ialti ttyhhe PHELI X be
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over a wide photon energy range, starting fr.
beam spot size Oi Om n nt heher ehrogeé zofnth3 direct |
diredheoBPECS PHOI BOS 225 hemispherical anal

2 meV, was found to be a perfecthet cwll | fe@xnt egt
dat a weyrzeedanaand pl otted wusi ng Alals atXtPeS >Xam3 da i
energy <calibrated to the Fer mi l evel, and f

l evel s were also inclTUidldedsimgl éeveg eypyealy ofal
MaTecK company, with dimensions of 10 x 10 »x
t wo sets of a xeppeorl ivredihat is® P Bt§innteh r oS arnopnl esst uwdei ree
mechanically exfoliated sever al t i melsoki n ai
chamber, where they wehieglexvVatuamedi®dgigmeambatf n

—

o avoid oxyg&ampbersamrepttired this way were

analyzer chamber to start measundemebH¥V.cbMeds
of 1x10Ilnh tmearf.irst step, the crystal sur f a
composition (ueshggogXt&®PBwh mes uiXWBy data col |
850 eV photons are present edlelrne fteerrrmsn go ft oX Pt
did not observe the presdadmnde noft dkg exnd s@l x|
and Bi5d core |l evel s, I considered the mat
contaminati on)Thaen dhitghhu sp hportiosnt ienreer gy of 850

terms of flux, whiychigdmdiomsthef PHEILEé X beaml
detection standpoint, it provides access to
Tedd) t rFamgdRi6bteiAdmrds,t ieomvailrloyn ment al component s
Cls are detectable within this energy range
el aborate on the main transitieonsfaftl Fawi 6ahd

energy range.
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pr_survey_850

Intensity [arb. unit]

L e e L
800 700 600 500 400 300 200 100 0
B.E.[eV]

Fi grXPS survey meas wfresemg!| eofcrtylsg alBi t aken f C
of 850 eV.

However, the main goal was to study the VB
sensitivity, whichr giegai (rafsicgigdeenTghmthantpd n man e
range for XPS was determ nk@O exrmpdr2n®ndg\4,l |pyr
to Tedd and Bhé&dahalhwnsi siohsthese core | evel
Ted4/ibs | ocated at a binding energy/ief |l d38a8&de
a binding B8neeVagy shfomibgd2ddhe anspgdiiga €d by
Gaussi and/ihewarst performed for core | evels col
These values weebtecempar ddityailfamopm faonr & he s a
For the Ted4d core |l evel getloér € 0i snedn aendr gyr
|l evel , the ener gyl hehirfetsoilauutdromurmd 7*T0hemd\.aml i
than 50 meV for this beamti mel0O aanmke Vi deen eg me/Cc
step.
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—— pr_Bi5d_115 —— pr_Te4d_115|
+—— Background -— Background
—— Fit Bi5d 5/2 —— Fit Te4d 5/2
Fit Bi5d 3/2 |—— Fit Tedd 3/2

1

1

Intensity [arb. unit]
Intensity [arb. unit]

T T T T T T T T T T T
30 29 28 27 26 25 43 42 41 40 39 38 37 36
B.E. [eV] B.E. [eV]

Fi ga«®S dat a c aglleladgd tSedd Rfedtird Biore | evels anal ysi s.

As pr eskeingt2zebdeai smet of data was coll ected for
e V. Di fferences in the bindpeoagk ematrigy @easi b
obsefdab3ileghe p@alkk r atribo tfaodrs dshoul d be 3:2 (1
can be affected by factors such agaekxp-artcmens
section, I MF P, or spectrometer tr anspneiasksi on
par ameter i s presented because it was found
di fferent excitation enerr,givhser d tt hes reatpiex twves
energy, 1Is related to I mperfect c hlahnegeeesr giyn t
di screpancy may be due to sevepoaltthfea atecsresa,r c

met hod and t he éidcdcaosrudriennge ntto it he an arl gwsd sl eod

that the |ine is slight asymmetric towards s
single crystal is overdoped with Te at oms.

cystal was grown using MBE techniqgquuael.i tlyn stihnic
crystal, it has to be grown in an overpressu
crystal st r ucq(utrhee dourrowitgh gprroomtenss i s meyn in

substrate is hHeahiedhtenhaocas #BEO deAdc diirsg
point, 1Témiddwagttthe sifglle TrlyasyadedfmdBtieri a
QLs with the st a&8dkea(Bg)eqJeahaerceh€TEeQLys are con
bonds. Within this interspace, adatoms <can

|l eading to modificatfPbnkeibhanhdespliettirongiand

Besides the aspects of the samples, there ar
cannot be excluded. The first is the photon
For the Phelix beamline, ftohre |folw xe niesr gii re st haen
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of 107T7T to 10T f o r3 Oh0i gehve)r, ewnietrhg itehse (paebaokv ei n2
I n the case of pristine material, a shift i
hi ghest beamliighrt fil udki, c avtha churmnf ace charging.
in photoemission spectroscopybr idsdpeacnicel |syo uwl
synchrotrons or | aser s. This phenomenon occ
conduct cawayy aetlMduemvintah @¥s, | eading to an acclt
charge on the sample surface. One result of
Charging can occur even in pilewhew bshgigtapesye

sour ces.

a b) c d
) ——— pr_Te4d_118 pr_Tedd_150 ) pr_Tedd_400] ) —— pr_Tedd_850|
i f | i}
| I I\ |
\" f I ‘. l‘ [ “|
-] I 7 l I 7 I -4 I
5 | | 5 I I g [ g I
8 | £ [ | I £ | 8 ||
5 [ || & Il || & [ & [
z | || z [ 1 z [ =z [
i} | | ] || ] @ |
2 I | g | g || g
5 | | El \ [ 5 I H \
] I ) \ /| : e : \
/ \ \ / \ \
)i \ \ \ \
_ . R N \\" T / \. -— N
w0 3 EY w0 s 38 » P 38 E w0 3 B
) BE[eV] f) BE[eY] ) BE[eY] h) B.E[eV]
e . g
—— pr_Bi5d_115; [ —prBisd_150 T 1 pr_Bi5d_400) pr_Bi5d_850
[ I | |
I I [ [
; (I U B I |
fl 2
£ ‘ i | ( i | g 1
] | ‘ ‘\ g ‘I“ [ £ | z \ ||
: | J | /' i I
| £ | £ | E | |
A J x A \ /|
/ / \ \ AN
— | I L N o Mg N = N
2% 2 2 29 8 % 24 <) 2 26 22 7 6 25 2 0
BE[eV] BE[eV] BE[oV] B.E[eV]

FigRa®XePS spectra of Tedd and Bi5d wevweg deldlde ctoe
|l evels for 115 eV, 150 eV:;h)40B0 5edV,c oarned 18e5v0e lesV, f a
400 eV,e¥,ndr 8bectively.

Tab3Compari soanndo fBeT@kilsdi dineggl positions Badpdakfer
(Te 4,6Te 4 dand dsB/iB5d5)sr ati o parameter.

Te4ds» Binding

Bi5ds/2 Binding

PhotonsEnergy [eV] Energy [eV] Peak ratio Energy [eV] Peak ratio
115 39,38 1,43 24,37 1,49
150 39,55 1,14 24,56 1,45
400 39,40 1,43 24,32 1,89
850 39,34 1,33 24,20 1,80
55
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—— pr_Te3d_850| |—— pr_Bi4d_850 pr_Bidf_850
I E ]

fll\‘u
J‘"\ | 1 M/\“‘\Jf \\
'_“JQMM;L_. i MK '_~h%/p_

590 585 580 575 570 565 480 470 480 450 440 430 420 170 165 160 155 150
B.E[eV] B.E.[eV] B.E[eV]

Intensity [arb. unit]
L ! .

Intensity [arb. unit]

Intensity [arb. unit]

Figh®ephoton energy of 850 eV provides access t
Bi 4d, and c¢) Bi 4f.

However, high flux not only -d¢danlpll eécsr adicatairan
al §be radiati omndkamehpeg eafafnedtnfilsuence el ectr c
Unfortunately, the general formalism for thi
describe due to the fact thamatérsals$fendot oc
but al domn gddlei dater sections of this thesis,
the electronic structure of topological i nsu
solely on thesimpacéeés®ofon semiconductors. S
di stingui sh three phenomena thatilclammi hat od

semi conductor.

The first i s i oni zati on, which involvyves nt he
certain cases, the creation of def ect s, or v

The next proallsedidi $phleacseoment damageqgn whi ch

the surface of théaeilthumddipreodcemad eheraé. i s
broadly defined as a chemical reaction occur
of incidemayUNi ghd. XThi s phenomenon is quite
in the photoeaeBisde ont Isd udbeislolus mif raaettiomg ef i &l
sur face, the atmosphere (usually gaseous) i
crucial role in this process. In the case of
typicattiyed out under UHV conditions, It mi
surrounding the sample is minimized. However
| ayer of resi dual gas mol ecul es fceawmn d'rseddMer
mi nut es. Resi dual gases, which constitute t

chambers after pumping down to UHV conditior

nitrogen, met hane and 1 ts demi vnaotn ovxeisd e, 0 xcyac
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di oxi de, Daedtwatdre. wide variety of particle
properties of the material's surface, chemic
absorption of hydrogeal 'neol eculbesurien,t ot teher ¢
mol ecules with the surface, or the depositio
monoxi de, carbon dioxide, or methane mol ecu

n

spontaneous!| y nwi ttheuts uirlflawcmi, nastuich as absor pf
tend to occur much more sl owly. Il n the case
straightf or wahredt teor dteiteersmirnfeace has under gone
t he cClrse | evedli g2rsehXPvS. t he measur ement of C

approximately 12 heruaryss .o fA ex pars utrifeceatnan tsericdri eda

Cls peak is observed on the surface, which s
of semiconductors, such chemical changes on
bendi ng, which i s oamee ofhyshiec sk.e yT hies siunefsl u enn cs

Xxrays on the electronic structure of the syt
skipped or over | ookha dmaltlhesn gdeast aa sasnoacliyasti esd.

and parttiicdme iarbtsmortphe crystalline structure
the electronic structure, wild.l be further di
a) b) c)

—pr_C1s_850 pr_C1s_850 — pr_O1s_850

i \

M AR 1l
M L\” *i/ ~ ‘ﬂ’ ,,‘|' Hﬁ \ "J ] N ,/"‘.“'u‘;l‘\""‘ﬁ‘.‘g MI Nm M}

T T T T L T T T T T T T T T L) T T T T T T T T T
290 289 238 287 ZEG 285 284 283 282 281 280 290 289 288 287 286 285 284 283 282 281 280 540 538 536 534 532 530 528 526 524 522 520
B.E[eV] B.E[eV] B.E.[eV]

Intensity [arb. unit]
L

Intensity [arb. unit]
Intensity [arb. unit]

Fi gaX®S data for Cls apnrdi sQlisnec osrielgweev elrsy it dad c daod (
850 eV. The data prcecsreendfetde @ lni lal)u mihmavt it hg tCHes sar
mi nutes following sample preparation in the UHV
approximately 12 hours of illumination. Spectrum
hours of erxapyoss.ure to X

Thanotilsesrue di scussed here regarding the des
photoel ectronsadguitshiet iaonmna | pyrzoecces The hemi sph
relatively simple device in terms of i1ts wor
the kinetic energy of electrons. More detail
came f o@Gmapti At 3t hi s stage, we need to focus
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the experiment, specificall yton hteh emetarsaunr senres

hemi spheri cal el ectron analyzer is character
Pass Energy, Energy Resolution, Acceptance
Il ntensi ty, which are eotedr aln tthheevdenvy ceped

(detector calibrati-boyw ahtdowhéoopeonht ect sngi

energy resolution.

However, most analyzers are cal irbayatleadmpuss i wmig
high pbogoesefe.g., an Al 6e¥mp Wht heahhesercg
appropriate for these sources, It may not be
radiation, where the photon ener glyr acnrasnmibses ifar

Function change when scanning with kinetic
energies, the kinetic energy changes for the
in the XPS spectrum for hwiade meost ah & toipe mloan at
correct energy difference bewiwehent hpee a®a i(n hpea |
Additionally, one of the best calibration sa
and Aud4d corma ladgv aled aari ev efl dfthelrangntissidniparaeneters e n e
are not correctly adjusted during energy scans in XPS, it can result in problems such as

inconsistent peak ratios, especially when analyzing core levels at low kinetic energies.

Thenafli point that <can influence changes in t
section, ,i_s. tThhe sI MFRUR ve has ,Bigadadyubedadnrde
experiments conducted using synchrotron radi
energies (>100 eV) , it becomes a <cruci al

Determi nacddamnbefconducted®based on the equat

T ™ we ™ ned o8

_ 55 G : 41

wheFZies t he at,aimd camuanhemrage€&i at omecenspWigy ngn
the parameter related to t hFeorhelagw nkyi noeft ifcore
el ectromrsfsaamenieti vity of the materi al i's ver)
from 0.5 to 1 nm flkoirnemnoisa ereropw tacfncaAlsas de
the sampling dept3h nimacsr esdhsomdn8 todhhab sht@al 2 ow s
depth associ aiteedenvartdhi d so w &g wiertes consi der at
negl ected at hi gher energies, such asheéehe a

surface and the bul k, and the inelastic scat
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energy of t he . Bhiexct pananmetcereaakbbects the sh

partiichb®fakhbyound.
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Fi g8 MFcPal c 8% at eflewi prteofdeatidab) Bi
TheondWXdPtSesredieas edTedrayysttehle iBs of very high

for the determination of a starting point f

Measurements were performed at specific exci

to facilitaysi schatmi daff amant sampling depth
characterized the i mpactagb)sypynmchhet memaswuaein
better surface quality control i n subsequent

4. WRPES udi es

Bi smuasdhed topaltwmgisc ahlaviensaultracted signi fi
the past 20 years due to their simple yet r e
The surface st atmsnenwiutmh dliismpeacsailamed gha rrma ct hoe
hi ghmetyrmy points. El ectrons pwiltahizedhecDeaht
directional paths for spin in the electronic
as spintronics and quantum compueti-pmgot dhteesce,
spdegenerate point known as the Dirac point.
in the electrodice)stimunmdgtunrcki denergy because
process could | ead to ttrremspoodudteivorcest Hop

concept seems relatively accessibl e, its re
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chall enging, requiring modificationsThe t he
concept of tuninng hteh ee | Deicrtarceknp @ msttarnudc tcuarne bies
in several ways. One approach is chemical I n
or structur al doping, which can | ead to a be
of ipselcy defining the position of the Dirac |
outset and is rooted in the measurement meth
typically coedecggdpWwibotbnbowrodwocedymye hhdVdt Ira
which may induce structur al or chemical mo d i
very intense |light can influence the electro
this section, ARHEBW Idatbae fporre spernitsetdicrodT IhEeic A& E
at the URANOS and PEHLI X bpamtessedhosS©OARA!
sof tdvear eelad heed URANOSAbkamhenepect riBK whkirree cnteiacsr
wi t hphtohkener gy r 8ng¥® 1 plohte8sPe eWk.per i ments wer e
XPS measurements, what allows for a comparat

The discussion of the ARPES rxsludgisnsf owi tthhe
analysis of the spectma. cAhAd | Ricow®e usit hg ¥8
presented over a wide binding energy range,
| eveB, 5t eV bi fMdien @ ud rk@ eeByeo fprBimar i liga rcd mipeo s e (
por bietxahlisb,i ti ng a parabol i c slipaogehi ddaltii gsnaend b €
al ong Owlae e 0 k@Acst osrh oFwng Rit , sheapbld band repre
Val ence Band Manxd nmuhne (sMBiMjilpe i Ditr ac cone at
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Fi g2 AKRPES data collect wi tihK 2d0 ree\W tp hoont o no re nwe rdgey
range to illustrate a | arge VB area a). b) pres:
surface states in tFhremi dmngvwe lovfer 0 & orhd e ch eeldovat 4

The data bregs®eteed asmn a textbook example of
from quhbl pltegr Bwhaele the chemical potenti al

gaphe energy position of the Dirac point 1is
The calcul ated band structhirg8d®g, tbkopel gt na
t he obbsaeddvepmler si on in my studies, further coc
crystal and th&hexpat cméat apdr osxeienuagtyedtjh pl 7 s nae
values dphesentdeo not fully align with al/ t h
BiTe including theoretical data, where, for

meV depending on the °Pmpmutanien@ér imad mtoall us

are two main reasons why the experimental da
The first i1 s thel ysaintpsl es tirtuscetlufr,e paanrdt icchud nairc a
of the Dirac point in the electronic struc

semi conductors, we generally dtiysge s#taynpdesfh Floe t
pristliendbh®it ypes cad -thhep & eiBiss icdhearreadct eri zed by
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p position of the Dirac point300 mé¥ kélal
e FefPMmPUNye@weelsingle crystals can b¥ergaliz
ng MBE or t he TBatiodng masn mmestshiondg) .f rlofm t he c1

(@]

ancy that acts as a donor siteovEIl ¢ ot rt dire:

=]

duction band, i ncr edsirng wereer malteatiradn tdaen
shift near tlhre tchoeh diows @l eBiftyhpeb alnadl.e contr
nductivity -t gp£#eBihlehre @fherinmis mli fntvB Mt ow atrhd sa nt
ergy ,plhmdundni n tareo ulnidt €170t TrmeeV r eat ypati on
terial also depends on the growth process,
2:3) is introduced. This defi ci emiccyh caacnt |
acceptors by trapping el eldhter oonbsseanwek dt e
nductivity can al so be B&Pe s ¢himriBbaendt iisni ttee rdresf
cur in two ways:téhrfbhand toeal Autielmpaon ban i
th scenarios, one type of atom replaces an
deficiency or surplus of electrons in the
atea dBtis as an a¢acdpt ars, awhdiolneorTTe A straight f
t hat wherne pa aTcee da tboym ai sB i atom in the | att
cause Bi has more valentepelebbrabteermbanr
nversely, when a Bi atom is replaced by a
sul ttiynpge icnhgor act €onofr ot hefmataerti ale. def ect s
d future electrooughdendeest amaknggofa thes
sed on the considerationsFab@tendi g@Bé&eARPE
di ¢ ytpee pnat eri al, with an exScedshst gaiaff eTe at on
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a)

l,’q,,/

'J, /

Surface BZ

Binding energy (eV)

W\
\\\\§§§§§\<‘-

-0.30 -0.15 0.00 0.15 0.30
ky [1/A]

Fi g@fae Represents the calculated bul k conducti o
di spessial esrygnmeitgly directions of ¢tTEe DYr fSchcoewsBrtil
BiTespectra collected using 55 eV photons.

The second reason why the acdatpar emayudi fyf ari s
influence of 1ight, sspagsehercat ¢¢g W t hg@ghsymc
very bright sources produce a high density o
to chemical and structur al modi fications of
for example, hes @bhs iaemrealseveln during i1l 1 umi
data, the changes can be more subtle and are

are an inseparable part of the experiment an
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Fi gBAARPES data col | et eSd efcarr aprai)s tainnde cBi represe

near t he Fer mi | evel measured within the first
surface with phot amderbér geiVes refsp2z2Cti vel y. Spect
coll ected after the entire set of measurements W

as the position of the Dirac point shifts toward
A st roaiwahtdf way to explain the influence of

by xamiFnigBgt eThe dat &iplddgntad)d wer e col |l ect ed
and 55 eV photons, resempet avdalt gK.gwbgp b @anlde s a

show spectra collected during approxi mately
this timeframe, subtl e mo dwiefriec aotbisoenrsv etdo. tUmnéef
the data acquired in the very first minutes
be made here is that within the first secon
sampl e, the cihemmecaeah opboseti ab the VBM, but

measured assumianhegl yhaét-4 tnse Vp ofsriotm othh eia siFde3rins
therefore not presented. This observation i

proces<s,al $pyedihfei mounting of the Téampglhal tenty
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begins right from the initial step of mount.

desired crystal orientation is oftemaaomwdi dle
overl ooked in many cases because -mang measur
capabilities (e.g., at the URANOS beamline).

di ffractometers or LEED he UHYst@hcenuptoper.l
the UHV system, where further preparation st

The sample is then transferred to Holwevamaly
higloal ity dataiarda ofittdan thet fobtsa | i ght. Th
involves scanning the sample surface to fini
desired point in the Brillouin zone, must be
f ew mitmoutsesver al hour s. During the alignment
structure, referrgd gtddégasandagd)ng, ™ can occur

Binding Energy

Fermi level

Bi,Te; (RG)

Bulk Surface

Fig32élustrative representatipfledrofVenhbybaerdi daad
adatom surf aaeddaebapbpdptbaenjnfluence of radiatio

positioned near the Dirac point in the bul k, an.
shift dotwnpveardloginng), placing the Fermi |l evel ne
This "agi mq" umrn ndexnd iiosnal form of band bendi

badn el ectr oaan & shirfutced uirre t he poxistishh®wgiur®mhe
32A detail ed yedn safmptl lei se xpHssemEnteonmdcanobe an
found in %%red liitt eir sFtiap@pBhea s nmd| an effect is o
crysitre®el where downward band bending occurs o

| oevner gy photons (rangriinmgdg He wenv 10, -é®isd oDphH DO m ¢
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process (tRhieglhsewastrmgte demt ected in myereseart
i's amatdédf i al, where the gaps between the qui
adatoms and other mol ecul eSes tAt wantsu rcea na nndi gh
"trapped" within the QL gaps thr ougohs iwnttehricna
t heTe&itructur e, causing modifications to the
Dirac‘®podomcomi tant effect of the vdW gap ex
mol ecul es, suellheebscHr pnddes tmad @irdradkk'es bephanw g ¢
can be driven by surddaser Phiil suma bnsaotri potni,o nl eoafd i

can | ead to dowhnbwvard emdi rbge nadfi nagppr phe mame hy

predicted by th'eoretical approache
— I I B | P (O S B I B Lol I B R |
50 - towards F
flat bands
~ towards
100 -
% \ flat bands
£ .
u>*0 150 -
@
5
2001 -
g v
o 250 , s ’ -
300 g . T o ° L
T T T AL | !
, b10° 10" ! 10° b 10° lllumination !
: : : : unag)k
©« o8 *9 iz //, | 3.

— e‘/&@ﬁ‘

: photodissociation :
adsorbate-free| | | Melecular and alladsorbates | | | photostimulated

: adsorption RS o are ionized ! desorption

: photoionization -
Figa®e il l egptathnvefopbei tiagnng" teof freecsti daufatl e rg aes:
thieeV | ight (27 eV) itBd&magfarS®¥mat etdeubi ngttheep,
cleaved in UHV and can be considered pristine. W
mol ecul es begi n etaor ecdo wseaurr ftalcee . f rlens Hlhye dlhi rd st ep,
surface, and measurements starts. At this poin

photodi ssociation of moleculas starts todoagur.
energies, which can | ead to (fdaeagejoesavloifng hef nto
become ionized, and maxi mum band bending is achi
adatoms can occur, | gadndgpotupWwardshbandtibemdiofh

According to the <col |I,;Bestiendg | AR PcErSy sdtaatla, fiotr its

factbessampl e growth/ preparati on -rparyosc e(sasn da nuu
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| i gchatn) gni fi cantly modi fy t hel ,hbelaesc tBrinogrvince isnt r
Unfor t,unmy edtyudi es cannot <conclusively deter
influence. However, it i s cl ear t hat both pt

when udying various 2D and 3Dhanadlroveal di sl N

be cruci al for further considerations addr ec
dat a, It is concluded that the paiteti ot | ec
approxi mately 100 meV below the Fer mi | evel

of the Fer mi l evel

4. CDARPES udinels OAM

OAMpl ays a signibstaaet phgkecsn patidcul ar
appl iicmtnowel electrof?c®rbasednibosoirdi anoaim
condensed matter physics thati |fizaud eoen o ttH
electross ate sglsiégms. This field aims to har
stor e, process, and transmit information, p o
with enhanced perdmctmammcal| iatnidesnovlienl niateri a

component of an electron's total angul ar mo
nucl eus, an atom, or a |l attice site in a soli
propertytobnt h©ABI aci ses from the electron’
mot iOGArM pl ays a cruci al role in the electroni
with strong SOC, such as TI sbaasnedd hTelaswy tnheet &
exceptionally strong and couples with OAM, c

of these phenomena significantly influence t

CDARPES is a powerful techniquéheé hke@ay dietho wg
CDARPES is that the interaction between circ
|l eads to different pchi or t couel Ai ashsgli eodne &ihndt eenisri d U le:
handedght. This intensithye dOAM eafe ntchee elDec tirso
mat eandlcan besvng3B®hielzlreed t heory behind the
ARPES technique isai tCiheapusegedB i n more det

Il n topol ogi cal insul ators |ike Bi Te t he s
and OAM due to SOC. The helical nature of t
peempdi cul ar to the electron momentum,- and t

ARPEISFFi gB4 e ARRES-ARIPES data mga&asupereeds efndredBi T
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comparison is made between the spectra coll e
and c¢c) (the standard I ight polarization for
CD signal for photon ener@hesdhbh) aobr d80ceWVsia
examples ifAthredliher@DPusiegnal does not <chan
range (CD measurements were performetii taomed4s
of this specifici denaglnighyartrgan peeh &diepaoEn @ti iotme mat
CD sign of the surface states can be change
BiTewi th the Fe atoms t dntaecrhfilaseveeF es uc8opf ad s smed
within thiandnehgy fuander experi ment were c
CDARPES experiments were conductedHRiong3dpe i sti
we can observe the data collected after app

surface (with the Dirac point positioned aro

a) b)
0.0 0.0-
-0.14
3 S 021
uf 4
ui’ i}
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<) d)
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% 3, -021
uf uf
wi ui’
0.3
-0.4
-0 S-I T T L) L]
-0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
k, [1/A) ke [1/A]

Fi gA3£BPARPESchatl ®acted fler ca yBit aTe Isni flg@) and (c),
for horizontally polarized | ight wi t,hnplitkheeon en
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di rectTihoren corresponding CD signals arePpessrhéedd
data were collect att 40heK.URANOS beamline

a) b) )

S Y R | R

0.2- 02- 0.2- "k
u w uw
ul ul ul
u 0.4 u 0.4 w044 '

-0.54 -0.51 -0.54

-0.6 -0.6 -0.6

-0.74 T T T 1 _0‘7-| T T T 1 _0‘7-| T T T ’l

-0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
k. [1/A] k. [1/A] k, [1/A]

Fi gBEHBARPES data were collected for a Bi Te Sin

t o
180

Unf
i ss
doz
i mp
not
t he
CD
exnp
Fi
ne
f

ep

o O o

I n
tra
dep
br e

me a

180 eV at the PHELI X beamlri nte5 aetV,8 0b )K.f oS p elcltbr
eV.

ortunately, during the nearly three year s
ues with crystal quality were observed at
ens mefs hdeurdxnpgerti ments, which affected the

| i cate the ARPEISg&halit gt e Talse seeeic tirnal re
i ceabFiyghreéewteircblnwast ed several months ear

reduced cryspgmdsiqulad itto/, i nRtiegWese oswsi HEdh €D
signal for surface states ovedaba®dbnaoad e
anding the understanding of CD signal <cha

gl eTlresul ts are caoassirepemnt swi showi egi @ CL
rgy range of 75 to 100 eV, f ollhleoweadnidyaran
measur ement were chasddftddlosihow orhediplietr @

endence CD sign change in the surface st a

my r e AKRPESh me@Burements were conducted t
nsition metal 1 mpurities on the surface o
osited transition metal on the surface s
akr egviemesal Teymméetbyish a,lpeod os ARKRPESDg p-

sur emerthee wi de energy excitation femrergy
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pri stlieneTtBis all owed us to track changes in t
the deposition ofTIFe on the surface of the

EEr [eV]
EEr [eV]
EEr [eV]
I.EK-EF [ev]

06
: ; 0.7 i
-0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
f ke [1/A] ) k. [1/A] h) ke [1/A]
0.0 0.0 0.0 X,
‘f ]
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0.2 o ’ 0.2- 024!
§ i -0.3 } i -0.34 E 0.3
g i g "
uf ui -0.4- w -0.44 4 w0448 Y
05 0548 054
0.6 -0.6- 064
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ke [1/A] ke [1/A] K, [1/A] k [1/A]

Fi gBE&CBARPES measurements were performed on prist
50 eV, b) 80 eV, ¢) 95 eV, d) 100 eV, e) 115 eV,
CD signaltbBasggsn wntéxcitation energy wad wasdie
reporfted in

4 .BATe Fsey st em

The proibmaemnyfy i vhe project was to introduce
t he cseurdf@aBid monitor the resulting changes
photoelectron spectroscopy measurement s. I nt
ma p r atkieme ver s al symmetry which iIis essenaias.

Magnetic dopant s, tiimeperrtsiad blbsyimmecayubrir egk a
moment with a préfermheéed snpidnfdcaeconomlter
i ncorporating a magnetic eXZ8chwhigehinbherachi m

energy spectrum, | eading to the opening of a
oQ o0’Q Y 4.2
70
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wheYies the enefrggt ogra patoplRinr ac ipnofilniWéridseeqg d @

emerges directly from the interaction bet wee
states, which are integral toThihe daompol egd c
pert uwr bhant itohe ,QANfiascter i sbtuatieoen and i nflITlhence t

opening of the gap can also | ead to a phas:t
Anomal ous Hal l effect, where the Hal lofcaamdu
external magnetic field. This occurs becausece

the gapped®®surface state

Over the past 1 50 cyuesaerds ,0 nr etsheea r efhf ehoa sy nfotfi cma

dopant s, as wel |l as surface modificattons, |
reversal symmetry and shifts in the chemica
applicat ihensmowliitfhierdnsep iarp pmatarcihx .i nvol ves con
using transition metals, which can | ead to t

( MTIl s ) -baTsheed Blil family is extensively studi e
i's -dMnpi ngSePPABO T 6L 0SwiMer ewi t h its five unp
in the 3d shalilf,i cmmdvimhgsned i £i moment , maki n
The concept of doping TIls WihtalpttemDamf@s intgi cirot me

| eads gap opening but also causes significan

the chemical potential . Comamajodr ifn@gc us eofs hrid
to its potential applications.
Capping TIls, whi ltehel epsost ecnamnad n ddeuwer atdaat i on o

been explorediec®ppedewi on Bi &tiatvieo ns hmevtna Itsh
although gap opening iisandtonsbhser ¢ueéddk, etlreert  o;
t ot wmpe doping and shifting t heAschoeuntilcian e dp oiti
reseoabrjcencti ves, the deci si onTewist hmaad & rtaon sciotvie
initially saealdedtaitreg e, to expand our under :
t he TI single crystal surf acet Hediillsdwipmg stemit s
results ofonFetoideapBdisi t sonmpact on t hceolelleecctterdo
signal -ARPBSheCB ampl e preparation process was
at the URANOS and PHELI X beamlines. -gilhrei dgpo:
(99.999W) renetah a PREVAC type Electron Beam
controlled by a quartz crystal mi crobal ance

beamline, the evaporator with the material w
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experiment . For the PHELI X beamline experi me
deposition of both el ements in UHV. The depo
which the capped single crystal sampl @50 w.er ¢
The majority of-ARPES ARPES wede COol | ected at
the energy range of 20 eV to 55 V. 8MhdeK,PHEL
and the resulARPES XIPAS aamd ICGD be presented.

4, XPBtudies

The deposoni bheoftdllewmase condBcted in sever
thickneBavasf athjeved. I't was decided not to
t he ARPWEISI diatiandic@ppperecogd ehsast dai mi nliisthye,d nsaukrif nag

unacceptable to continue collecting data wit
The initial step invol wleedwi d érc oOr.a2t i jn giohfeh Ee s &
experiments involving tboeddepedi ononhwof b &amla
initial studies performed at URANOS, focusi
including both ARPES and XPS, were carried o
procespsr edaoxc tdep-0s8t jsGedr unt il reaching a to
However, ddentteonstihvee tnianmheur e of dbei dedpanathe

stages (at PHELI X) to reduce the number of ¢

i, thirndrle je)f ftioci ently monitor the electroni

a) b)

—— 02_Survey850 —— 05_Survey850

Intensity [arb. unit]
Intensity [arb. unit]

i ) N )

T T T T T T T T T T T T
800 700 600 500 400 300 200 100 0 800 700 600 500 400 300 200 100 0
Binding Energy [eV] Binding Energy [eV]

Fi gdXeeursvey spectrwi twerphaoto8b ecred®edgppeo @t0urKke of
(a) The spectra were measured for 0.2 | of Fe on
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After the initial deposition steps, further

i of Fe atbhessurtt@actehe rRis elcttierdg ciorv ea atget alf @Ox A

surface of the TI. Foll owing the deposition,
previously described, and XPS survey data we
was not signifiocahit mate@&850Deaitibhee it was de

measurements at this point so the XPS deep
coverage of 1 j was achi evepd oichreistgsh®e rernt st
survey data with indicators of the Fe3d3p and
energy of 850 &eV. The backgroundastdapeease h

surface quality, which is expected given the

The XPSFidg33heenmnent the suranredy 0s.p5 cit rRRe fdap dDs

of ,TRiFr om t he outset, it mu st be understood t
preparation is not ideal. Even on a relative
i s not we l | eegf bheascedf aor Wwhecontaminated,

especially ARPES, BhTae] | ehgi Bgt u&brompri st moe e

good quality surface spot must be identified
manl puor . Once such a spot I's detected, t h
additional preparation steps, such as depos

much more compl ex.

The first issue is that the deposition process, which varies atiftmgnt end stations, often

operates with different geometric parameters (e.g., deposition angle or distance between the
atom source and the samplE)hjtoget her wi tbndtdamnwglrtoiwnhant el y
to uneven decoration of the surface, wher e
deposited atoms for m. These irregularities

l eadi ng t o 1 nc o esesdndsueid tratsthe sampld naeipuldtar manitors
position the sample with a resolution intherangedf® Om. Whi l e t hi s may s
given that the beam spot size 1Is approxi mat
resolution. Although tis might not be as critical for XPS, it makes a significant difference in
ARPES. Therefore, the sample alignment procedure was standardized by starting with ARPES
spectra measured in Live Mofsnapshot mode)f a good quality surface spot was found, the

XPS measurements were initiated. The manipulator positions were saved, and after any further
preparation steps, alignment would begin from these saved positions. The assessment of surface

guality was based on the visibility of surface states di fha@nt, within thel-K direction.T h e
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final chall enge encountered during data anece
parameters selected Duler boghbetnebd e&»pmak mmn

acquisition time,Epargyebdoersensugy sasepawser e

and higher photon energies. This | ed to sl it
normalized to the Fer mi |l evel or the Aud4f pe
tpeak lotr& agcekagr ound ratios). A clear exampl e

FigBYewhere the energy step wabte@ti hot e 5B
|l evel being measured near its maximum, whil e
potentially |l eading to some misinterpretati
measured after timetdbppagsihttiaannd eaf ttohesed ve a:

Ssubsequent steps.

Survey 850

Intensity [arb. unit]

T | y T y T T T T T T T T T T
800 700 600 500 400 300 200 100 0
Binding Energy [eV]
Fi ga&RS survey spectra were collected at 850 eV
indicate the positions of atrhee tFhee 2nmpaiann dp oFen t3sp ocfo

Of course, the primary technique for imaging
which enabl es -himglygi egewgy hamd tamagul ar resol
conducting detsaielmed g¥@E@S dautruaecig the project as
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broader spectrum of theoretical®stauddiwehse nwadg o
or gas mol ecul es are dx@e@ostihteeyd noanyt op etnhee r au re
structure agqdap OElrteuplyr etdMonb emdaidneas i ohf amda wi ¢

measurement capabilities, one of which is t©h
all owing for depth profiling XPS measur ement

= 02_Fe3p_850

——02_Fe3p_700

——02_Fe3p_620

] ——02_Fe3p_550

——02_Fe3p_450

—— 02_Fe3p_400

1 =———02_Fe3p_350

——02_Fe3p_180

— — 02_Fe3p_170|

e - 02_Fe3p_160

S5 ——02_Fe3p_150|

i ——02_Fe3p_140

o _'\/ ——02_Fe3p_130

© \/ ——02_Fe3p_120

et 1 V N\ = 02_Fe3p_115
2>
(/2]
C
9
C

B.E. [eV]

Fi gB&X®S data f or tThhee FsepBeponvtrcrodr @y ¢ ewede measured f
after the depositi.bes uaff alc.e2 T hef uke o taheviBlie pl
for variation in probing depth, providing detai!
produntedrface.

The i mplementation of XPS iddptsh Fipg @&ehlieinng
spectra were collected across a wide energy
evident that the intensity of the Fhi3m tshens:e
range from 130 eV to 450 e&t the BeBdisggerakr
53 .eMccording tbi ghgenl MFWAR sc uravneg,e , we are ptr
depths of &8p p0rjd x(i frraotne | tyh eh il gpphweesstt K ioWlketahieci € ne
unusual in this study is that at | ower excit
Fe3p core dteevcetledi.s Axoctorddi ng to the | MFP cur

information from the very 4ju(rTfhaec ep, e naettQaa td eomt

can also be calcul aA—t—ev@eMiesi ntgh & heeb sf corrptuil ;an c o
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depends on the].exTche adab 0nr petnieomgycdefpeindiean t
varying with different materials and influe

sampl e) .

1,0 1 —— Fe3p

o
oo
1

Cross section [Mbarn]

o
[e]
1

02

T T T T T T T
50 100 150 200 250 300 350 400 450 500
Energy [eV]

Cross section [Mbarn]
e
|

o
N
|

0,0 T T T T |
0 250 500 750 1000 1250 1500

Energy [eV]

Fi gea®Pdot oi oni zat iven pdrod sssa | sead@tetgandsdcer3ep | ev e |

However, scanning with wvarying excitation e
beyond the technical and instrumental factor
be accounted for hionoilboei anédali peai EsrosstbBecpio
cruci al role in XPS data analysis, especiall
photoionization cross section estimates the
mat er i ael '"usp asnulbafbasg UMW a Visgehrte oirs xno uni versal f
for direct calculation of the photoemission
used in tHildo Fiigudertt he Fe8pticamssal cul ati on
according to % vi®PInabtlhee sceatsat uidin es, theofollo
calcul ate the photoionization cross section
., O ¢£OY (0] 4.3
o Q
whejries the fine |stisudcdther B0hoa@sataabn tisd ,ati sti cal
for the spgeédddicheribnttad®ias tshat ealhdméntmat o x

photoionization process.
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Before analyzing the depth profile XPS spec:
presemrtit gdd ePphheot on energy range used in the e
850 eV. Within this range, the photoionizat.
from 0.8 (b Padompawidth a peak val uweeh 15®b:
and 1AM ieMportant consideration for further
relatively high, around O0.8-1mbarW, -2aB0r RMot
raniResir niFmng3d®Pewe obsbeventbasity of the Fe3p
the energy range where the photoemission cr

parameter fisaalsovargnng by approxi mately 3(
eV to 250 eV. Despite this variation, the Ve
this energy range, especially when compared

the cross section values drop to 0.3 and 0.0

Considering the information from the photoio
| MFEP, we can infer from the collected IXf(pPS dat
0.2 of Fe opflet hFee swad adet eodt eBd . However, t

Fe3p peak does not correspond to energies t
suggests that eitherithemamaueatd spoFewasomnss
due teuna frorom deposition process) or that a
absorbed.Tieset outharBi agdodfsctubdeaddaanplistmit i
i mport anthtatte ndR&it @8 8heane noomal i zed to the phot

section. The energy scale and i mtnednsa tourweer
di agnostic device (mirror current), respecti
photoemission cross section is crucial for t
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—1_Fe3p_850
- f—1_Fe3p_500
f——1_Fe3p_400
——1_Fe3p_250
-1 ——1_Fe3p_200
[~ 1_Fe3p_190
——1_Fe3p_180
-1 ——1_Fe3p_170
~———1_Fe3p_160
—1_Fe3p_150
———1_Fe3p_140
——1_Fe3p_130
f———1_Fe3p_120
j=—1_Fe3p_110
——1_Fe3p_100

Intensity [arb. unit]

58 57 56 55 54 53 52 51 50 49
B.E. [eV]

Fi gaX®S data f or tThhee Fsep3epc tcroar es hloewne lh.er e wer e me
after the deposi tidlesnuroffacle.j of Fe on the Bi

The pri mary f eccawpsp efiesrBiundg etsh evalse on t he Fe3p,
| evieil gipbe es¥n3 sdata for the Fe3p core |l evel ¢
Based on data from | ower Fe coverage, the st
Even after depositing five times more Fe ato

signal remains nearly undetectable at the | o

As howhi gamt et he amount of Fe mpsarseidg ntiof itchan tfliy

step, with theofmatxhiinsum rianntseintsiiothy appearing o0\
at 120 eV, increasing up to 200 eV, and the
where the signansiidervegy témall MFPCearerdt pboto
parameters, this example suggests that Fe mi
fully understand this possible behavior, an

compl et ed.
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Beyond this point, the shift begins to decre
of thstepkaee4ad 39.80 eV at 500 eV photon energy
we are approaching the Unifmirtt uonfattehl ey ,b arhde rbee n-
in the data for the 850erpPeerkmebhtatwaal egheasmgy
that the Fermi | evel was not fully captured,
manner as for the other results. This discr.
measured at this spebkis$iceemlergyemdlensr chalc

experiment and must be presented to fully wun

—— 02_Te4d_850
Ted |—— 02_Tedd_700
| 02_Ted4d_620
|—— 02_Te4d_550

- 02_Tedd_520
_ —— 02_Tedd_450
—— 02_Tedd_400
r —— 02_Te4d_350
4] q —— 02_Tedd_180
= \ —— 02_Tedd_170

\

—— 02_Tedd_160
= 02_Te4d_150
= 02_Ted4d_140
= 02_Tedd_130
|=——02_Te4d_120
= 02_Tedd_115

Intensity [arb. unit]

43 42 41 40 39 38 37
B.E. [eV]
Fi ga®®S spectra of the Tedd core |l evel were coll
BiTeg in a photorl®emerogy85srOangve of 1

To complete the disculsisg4ine ® $telriethsd aTt ead dc ocl d reec
coverage of 0.2 j of Fe, where a shift in t
observed. The enesEyako aitt iao np Ladfbd otehVee nTeer 4309 . @
indicating that a junction has been created

maxi mum shift in the energy position is recc
eV. This position r &B®i resv, stadlblee wimhticlh 1 ¢ adh
| ower binding energies, eventdwedlelcyt brde dohisng r
material, 39.57 eV, at 700 eV.
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Fi ga«XK®S spectra of the Bib5d core | evel were colll
sur f aeleg oif n Ba photon energy range of 100 eV to 8

To complete the XPS data analysis, the core
eabli shed that the surface decoration proces
as the absorpnitiontbe Béracomse and chemical
to the formatiorrFi gddperheestelhe Belaphagseor t he Bi
Compared to the pristine material, 1t is evi
to 500 ecMompomedatisre of the core bLmpwralk iis o
| ocated dgAppeAdr)divdxtdédV an energy shift ofsappro
hi gher Dbinding energies rel alteiThe tso mi heardadted
a$ oorhe Teddwbeearmedgegwedhi ft towards | ower bin
for energies above 400 eV, with the peak pos
energy shift for Ted4d and Bi 5d lits icsonismpdretna
nothkat at an excitation energy of 850 eV, th

observed. Thi s absence i ndi cat es t hat t he m
BiTe
The additional component i rditnlge eBie2ejWs add t2rda

can be attributed tollfTlhée smetaal lbiec expmmo medt |
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an substg)t uitne ;TtBH ea tPEFiedde cor ding to DFT <cal ct
ut?i eskies identifieadnealgyeébte c¢towkesgguration,

nw u O
—

bstitutitoen. agih etnhee gTuer astii on can be observed

—+

mperatures that are not l ow (in case of 11

u
e
otenti al i nf-il uteemmcei toyf @hthet ohni gfthl ux duri ng ¢t
0

O T

Wmered, as it could drive chemical processe

|l umi nated sample spot. However, no signifi
observed during the XPS measuruemeomns sFae s shb
explanation for the phenomena observed in th
i ndicate that the concentration of Aleet al | i cC
material, whi ch ipshassoer.t lotf irsi cah sion wohret hF enToet i
for {TkerkEaction i s -Fleoweeractthaom ,f drurtthheerBisupp

appear aifeebohdFe@g in this system.

a) b)

1_Fe2p_850 —TEY CL

Intensity [arb. unif]
TEY signal

T T T T T T T T T T 1
730 725 720 715 710 705 700 730 725 720 715 710 705 700
B.E. [eV] Photon Energy [eV]

Figade XPS sapdctXA& coldcaptped jfwd tThiRél Fe2p core |
was measured using XPS at an excitation energy
t hred-ed e e presented, -wmaedschiradcedu |uasril mfg( praeldahr&i nzde db |l ui
respecXAyedyg)a were normalize to the mirror cur |
device) .

To conclude the discussion of the XPS dat a,
Figa®mée. make mFme2gpfeak i s observed at a binding
indicates that the Fe is in a metallic stat
measured fb® Gedeofitmse primary objectives ¢
BiTewas to introduce Fmagdifbet isch awnst eeanpatc tti @ nme a s
magneti c bdlaedd goa deng ntghneXAS (TBEYcmode) awiy p
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Il i ght (both |l eft ammdffeigleb¥kes Up éwaakstbusmedr eveekdy, t
which suggests that the deposition of approx

order in the constructed junction.

Fiug4e6The illustrative proposition of  Teser fFeceat o
structure.

The priolplossdugded fo ntnhfel uence of Fe aTesmrdepcoesi |

structure suggests the existence of three di

T surface region (Greiemm) Bi Thias f9r whae,r el im

substitution of Bi by Fe atoms during dep
f middle surface region (Yellow): In this a
indicating a chemical reaction between Fe
1T Bottregi on (Blue): This region remains | a

BiTestructur e.

These findings highlight the stratified nat

deposition.

4. ARPEShd -COPES udi es

The veaxpdriirmgant conduct ed 20esryisn g mmywarse ARP

at the URANOS beamline. The measurements for
one @fretvhe®uss BHecéeéj omnhe ARP&ES ndyd tea acproyesét ealdiet B i
atoms wil |l befpeapeniemdnt ] nithwas decided t
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would occur in four steps: the first step i
finally, a total of 1 | of pd owa< adep osiutl ead «
the plan was to evaporate approximately 2 |
experi ment, it became apparent t hat this af
Addi ti ofARIPIEYS, mé@d sur emeead sowteresicmg phot on en
55 eV. These energies were chosen based on t
| ocated around a binding energy of 53 eV. Th
measured f ogydtheemss.el lercfteerdt unat el vy, due to te
sample and the beamline, SARRE S adxap € rrionmme nthiw
coll ected properly, making accurate anal ysi s
col | eectaedvid | be presented in this section.

b) )

0.0 0.0

a)

0.0 0.0 '

0.1 0.1

e)

0.0

a)
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0.3 03

E-E- [eV]
EEr[eV]
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EEr [.EV]
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-0.4 -0.4
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-0.6 -06

0.7
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k. [1/A]

0.7
0.30 -0.15 0.00 0.15 0.30
K [1/A]

.-0 30 -0.15k?i(1);)A] 0.15 0.30 ‘-0 30 -0.15k‘0t(1)2ﬂ 0.15 0.30 .-0 30 -0.15 k?[??A] 0.15 0.30
Fi g4ABRPES data wereeo¢Veph ejtdo uss5 aegd afhoboboobsat vd
the evolution of the electronic btamed ssurrfugcceu roef u
Picadgrand f) represent the spectra ifothburtdae dpmgi) st
show data after the deposition of 0. 2 j of Fe, c

finally @ftamdlj; of Fe on the surface.
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A
100{ 4 20 eV
| A 55eV
< 150 -
(O]
E
= 200
o
[0}
S 250 -
[@))
£
2 300 -
£
o
0O 350 -
A A A
400 -
T T T T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Fe layer thickness (A)

FigaBlene bl ack (20 eV phot otnrsi)ainagnide briesd f(i mureV hp |
observed shift of the Diradepmondert HFe deapepiedge.ctTh
clearly indicate the extent of the energy shift
effect as Fe atoms are deposited onto the surfac

The Mmandrienlgast ed t cattahearfeRPBESg4dE eivedr ent he evc

of the electronic structure is ;bebsArwvleadaundarmre
shift, indicative of a downward band bending
series. Il nitially, the Dirac point is positi
in the pristine materi al .c Bpyoitnrta cakcirnogs st hteh ep
precise information about the extent of ban
obt aFngd&8Tdhwgosi ti on of the Dirac point was ob:
and 375 meV below the Fer mi l evel for the f
energi es, respectivel y. Subsequent depositio
photomseveal ing the conduction band mini ma,

steps, with the Dirac point eventually reach
position of the Dirca point is chalfl émgisngow
is the same as rest of the VB. I n case of 55
showing higher intensity compared toThée r e:
exi stence of CBM1l ando€BM2 updncthhesdépesi Di
near thé&® sdurifveeme by the junciTiedhef exmaticon ea
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2DEG shoul d be expected when downwgapg ban
semiconductor, paéarhtei ccthleamwi lcyali fp ottheen tsihailf ta pipnr o
can |l ead to the creation of quantum well s tF
semiconductors, the 2DEG is typicallifegdegene

t he bainnst wet@®B are also quantized.

The band bending effect has been mentioned s
t heoretical explanation is stildl needed to f
bet ween met al ansg.sdmiecendauect srevecaulr types
band bendi ng, such as ferroelectric/ semi
semi conductor/ semiloontdhuect oase uamfct iao nnse.t al ma
semi conductor (f ornmionrg Sac hSoctht oktyt kcyo njtuancctt)i,o el
from one matespekti focahkeypotheom the materi al
the one with a higher work function. This mi
t hat hhael rt se |feucrttrTchn st rpamscpecssrst .can be descri be
relationships. The first relationship |inks

mat erials through the Boltzmann distribution

Eo £Q 4.4
whed®i s the electron densagd ysinhhehbufFknel éeon

g i s the el &atirsont hceh alrogcealanedl ectrostatic pot

The second relationsWwhipch sr dlhaet ePsoitstse ns pajtuias

el ectri %owpa tt éhn ttihel c’haairmg ematearsii d ly

i~ oy o
Q'/o‘o(x) w 45
Qw T
WheTies the permittivity of the material. The
potential change near the junction where ban

descr i pthioendtiabetotuiton of t he el elceadsn dve v dli mp md

the electric field which driven the band ben
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states, the yellow dot maCRNM2 .CBMie rmnead S5Edtes girrcei
b ands Misrh atpBe.e

Addi tionally, the band bendi ngaseftfleee t e xiamnt edr
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vOlfws t hi n tdire cvoan deundetieigd Saetmmd b e sesx @ s

T
. T & P
o € T

(e T o "0 4.6

L4

a
ebies the electric fieldsibhtdecqubnptbandumbe

to-hes yBsit em decorated with a transiti-on met
mi conductor junction i s expected, awhteurne t h
nfi nement effects driven by band bending
served in ot hSe*sbysifPe md widiuwdh h’s @8icommon
nd bending is intaomaducedo rbtye idapmp.amit B mBiwe ISlu |

vV e al so been i nhagretcied % drd @ waiths omaomt i ci p
rttdiromas to the edsechrast dthiocsepothamutcieall by

rdfwadeé result in band bending. Along with t
terface, this creates a quanthemswellttiog ®

d CB intfoocabsebbErd47 @
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However, for such band splitting to occur, [
bending effect being greater than the width
adheveSign iBti is mor gledelbmattalhd ecd e Baf my sys
parameters, the final band beimd3dhghdhd eat s ea
of the band bending is twofold:thesilduami gat
UV or -rsaoyfst rXun the first band bending which ¢
the second rel atedhshoaka &&8BK oshi ttehoeaTieo s o f E
approxi m83bel me¥4wi de.polshseirkelfeortehati tt hiss cond

in these studies.

Anot her possible explanation for the existen

di scussed in the context of vdW gaps and the
The amm»sp on of vdW gaps can |l ead to the emerg
different ¢t dpacetdgsgsudm. | can expect th
drive the splitting process in my system.

a) b)

k, [1/8)
k, [1/8]
k, [1/8]

015 010 -005 0 005 010 015 015 010 -005 0 005 010 015 015 010 005 0_ 005 010 015
K [1/A] K, [11 k[1/A]

Fi gb®BPES map, c bl ecedBut eerde dj ovfi tuRsein.gs 20 eV photons.
the Fermi |l evel is shown near 0.0 e(dp diimtdiindge retniefi
as CBM1 and CBM2. The outermosb)sprestontesarepte
and c)acsreaws t he Diracshpapead,swheards har e vi sual

We must return now tosthhe whriicrhariy dlhjee qptoitwet
gap between the VB and the surface staapt es. E
opening did not occur as a result of Fe at
i nNnsuFaygdT eTohuitscome was somewhreviexpecXAd,stud
that the Fe2p state did not exhibit magnetic
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the surface states for the 55 eV energy r ema

process, wheheasosnsSorthe@éseVstates di minish as

\/

Fermilevel }-- - -\ _________ 1 _NJI _____ N[ __

Binding Energy 4

Bulk Surface

Figbtélustrative representation of the band bend
a transition met al (Fe in this case) on the sur
surface can be divided iBitoamavoamegghemswheme the
Analyzingdéepeneeer gXRPES spectra (20 eV and 55 e
concluded that within the junction, band bending
veryfaaoe.

One possible explanation for this is that 1in
the band bending scenkhnownishatrongenseahdnd
to the suppression of s uwwhfiacche hsatsatbeesen Aan ort éa
throughout this work, invol ves the probing
consider the | MFP curve, it can be assumed t
than that for 55 eV oph otgo ndse,ptviahearse atth i t s mi
suggests that the surface states in this sys
atoms may penetrate the material, reaching d
addiltiaotnams o v dWm@myHInggd tteh e

As shorFwng Bipret he 2ARPntaSps were also taken for
feature observed in these maps is the charac
t he Fer mi surface. Hexagonal war pipda@ayofbetthwe e
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the crystal syqomdtnty i aneérabéei epj nl-eiardd nlga rt)o

Fermi surface. This efhepedc¥®B, bsubnpbaeevetat
a b C d
)0.0- ) 0.04 ) 0.04 “ ) 0.0+
-0.14 \/ -0.14 -0.14 -0.14
-0.2 -0.24 -0.24 -0.24
3
2 -0.3 5 -0.34 g -0.34 i -0.31
uf uf uf uf
W -0.4- ul’ -0.4- ul' -0.4- ul’ 0.4+
-0.54 0.5 -0.54 -0.51
-0.6- -0.64 -0.64 0.6
0.7 —————— SVl e < ReSS . Ny £ S Q7S T
-0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
k, [1/A] k, [1/A] k, [1/A] ky [1/A]

Fi g6 ECB-ARPES cihdtleect ed alteubBB8eeVt herd8B8position of
show the evolution of tthtee pealiesdti rnenisca mptl reu citsu rnee. :
reference. b) presents data aftak c¢thengepoisnti b
states. ¢c) showsandle diag@ml #gs 8t0hed ofatbde Fe

To conclude the ARPE®SYsBE&s ml-ARPIES hietahseu rFeemeBnit ¢
be discussed. 2For th-eBEPS i dat ae wBre consi st e
studies, showing no unexpected results. The
a change in theadi,gn ndafi ctahe vED osi OAM in the
Fer mi |l evel, due to the influence of magnet:
studies reveal ed t hate stihset aOhWAM troe stphoen sceh erne ncaail
i nbduced by the FeTedapbdbaicei aki gsthe@nire 0OBi t he
interesting results is thahe t@GR m@d8a saurseomeaix !
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suggests that strong SOC | eads to significa

guantized bands.

a) b)
1 N
Foe s -0-5
104 '
. 3 -15
of of
uf 20 i -2.0
25 25
=0 -3.0
_35 T ¥ T T T ¥ T Y 1 '35 T ¥ T T T T T T 1
04 -02 00 02 04 04 -02 00 02 04
ky [1/A] k, [1/A]

Fi gh®BARPES dtaHhvaB fwode bi di mgaené¢ esgly e \a Bagnede Vh)

No signal ocbhearnigeeds dwafsf er ent excitation energ
range (from 50 eVFitph3®d mbVniag shown memsur ed
material and the system with Fe it can be cl
excitation energies. I n this studies it 1s s
photon r&mhgteo fIroH0n e V.
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b)

a) a)
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g) h) i) )
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0.0
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3 - 06 06 06
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-0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
ke [1/A] ke [1/A] K, [1/A]

i gBAARPES data coll egliteuchdatr 12@ e¥pbeiTthBear of {
vol utionstofudther @damadcurs during thpwat dumhinfat i io
hemi cal potentlinala)i sspeltderavdds taken first afte
ur f ace -rvaiytsh. tFhreonk b) to j)th@pesama svspot ewvéid ect\

n O ® T

The evolution of t her &y eicltlriomiicatsitomnncwas eprue
for pralfeitn nteheBiearl i er stages of this thesis
preparation pcacepetebhbheakthsmi fts within jus
downward band shift that positions the Dirac
Fer mi l evel . After this initial shift, no f u

hour s.

| contKFiagl e e stemet sel ectronic structure evol ut
eV photelrecappedBwit he,Fe.hel nsutrhfiasc ec aosf t he sam
for approxi mately three aorurgshAveditéeackre nt h d&tach
spectraumj ngt from b) was taken every two mi
par ameters. Over the course of about 20 mint
observed, covering the electronic stioustiyre.

reported in thiBethesis for pristine Bi

A possible explanation for this process is tl
become occupied by Fe adatoms, preventing th
of t hrei amha.t eA obciogrBdBientgh i sb aunpdwasrhdi ft may occur w
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mol ecul es are iPonized and subseerquz®t Mynutes o
il 1 uminat i;bes,y sttleen Re/pRiars to stabilize, wi t
chemical potential. These considerations are

the data presented within this thesis.
4 B3Te Coystem

Duri ngedeaeracnh opportunity arose to repeat

di fferent transition met al . Co was chosen
considerations. Two brief ARPES andlXP3Xndaxpe
URANOS beamlines. Cobal't has one more el ecHt
characterized by a | ower magnetic moment an:t
The experimental plan closely mithougd tphe o
studies have explored theaiTesedldd,;S&W'?falserae pot
i s rel et ipwelly slhietdt [data on Co/ Tl systems.

The experi ment al plan invol Miesgnloe depyoyst &l
straightforward. The evaporation process wa
PREVAGpe EBV (depositi ohnRANOBmM etxhpee rwimree )t ., It

attached to the preparation chamber as auxi l
the Co evaporator was connected to the MBE s
deposition rate was$zcariybtatedicsiobhgal ange. F
deposition rate was set at 0. 3:Temantienr,i aalnd nt ht
ste@s3d3 j, O0.-atjyroamdtEmperature. For the ARPE
beamleneepodi ti on was -pefprmeddi pnof 006 enHtel
the sindlnecasyeswodl t he XPS experiment, after
was performed tfo tchhes, AfprefRladd Weuxaga sttyed when t he

states are visible the experiment can be car

4. XPBtudi es

As previousl y nrsetnetpi odneepdo,s ittdi @or nt ihper@oecoeusts twa s:
final Co coverage of 2Tesji ngrl et te ystrafacea hef
el ectrondershgudéepoei ti on was-ARPESt oand XPBENn
XPS studies were condoctetdei Ret hbgssame Hahoe
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not enough time to repeat all the steps as t

and quality of the data obtained are suffici.:

1,0 ~ Co3p
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=
=
=
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Fi gbh&X®S data for the Co3p core |l evel. The spectr
after the depositi.desuorff adc.e3. | of Co on t he Bi

XPS dephb weaefperformed. Si nmsielcatri otno ptahrea nireet ecr
careful consideration. The Co3p core level w

excitation energies, ranging fromres®Bne¥dt ol
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Figure 49, the -pdottioomnofzaCodm icy okdisscussed.
to that of Fe3p, and the analysis of the Co
manner dashef oraxhenum of t hies Cpol3ac ecdr oisns tsheec td me
150 eV to 180 eV and for energy of 115 eV th

a) b)
03_Bi5d_400 03_Te4d_400
03_Bi5d_200 03_Te4d_200
| —— 03_Bi5d_170 | —— 03_Te4d_170
/| | 03_Bi5d_150 —— 03_Te4d_150
= i |—— 03_Bi5d_130 = |\ |——03_Te4d_130
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. fi - T . [l - -
o \ o [ I\
s s
= > \
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[= [=
2 L
1= £

31 30 29 28 27 26 25 24 23 22 21 43 42 41 40 39 38 37
B.E.[eV] B.E.[eV]

Fi gbhX®S spécBihedTadod cower ¢evell d8icCadepbei tadOon
sur faeleg oif n Ba phot od ®eVn4t0a@\y. range of 1

As howhi gmg eCb8p core | evel wiaest yneafsueredi tuasti in
to obtain information about the chemical com
Analyzing these results, might draw the same

process could beaocwalrlr.ii ndoti amblty,i st lceasient ens
l ow Co <coverage is higher c omp aHoewle vtea , t h e i
observation does not i mpact the Bi Fdgama Ted4d
The asymmetry i nsttaretodbtedd@tivedtr bel eowest, excit
butto additional components correspondihg to

ei thhkekase results are also consistent with th
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Fi gbh&®S data for the Co3p core |l evel. The spectr
after the deposi tilTesnuroffacle.; T©He Cwmh otnorn hendrigy r a
eV.
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Fi gh&éeS spectbd aofidtheddBicore | evels were coll ec
sur f aegleg oif n Ba photon energy range of 115 eV to 1

The next deposition steps were carried out,
Tedd were reoaobnFdegd&eAdi ghoent he evolt lhtei & ectr
structure is significant, and features in th
coverage are now clearl y oebvseer,veidt. iAmn aé wizd en
photon energy increases, the intensity of toh
at the highest energy of 1000 eV. When <con

parameters used faor Croe ,a diatt ocnasn ;gied nsait@dt wirdret;t oh et
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as adatoms or as Ssubstituent atoms in the | a8

the TI. To confirm this, an analysis of the
a) b)
—— 1_Bi4f_1000 —— 03_Co2p_1000
—— 1_Bi4f_400 g 06_Co2p_1000
—— 1_Bi4f_200 1 ——1_Co2p_1000

Intensity [arb. unit]
Intensity [arb. unit]

166 165 164 163 162 161 160 159 158 157 156 155 154 153 152 800 795 790 785 780 775 770
B.E.[eV] B.E. [eV]

Fi gaXeS spectd4faoné tdeelBiare presentedijjnim)afol
photon energy rangelonfbllB@ag8lf etorsdidpeyméindns.

AsFi gbhpeesenthere are clear signs of a metall

of 24.0 eV) in the Bi5d core | evel, for | ow
the enesgyg. i Acsemong asymmetry is detected i
phase | ikely arises from the migration of C

|l attice by these adatoms. Althoughnahegsiesi sf
the multicomponent Ted4d spectra indicates t|
toward higher binding energliepseabyg. 550i sne¥hi
associated with the formatrobiaofli agCeier gpna
could be related t o'2boAMmdddintgi om alh XaPSdtidpalrraensert e
60 The analysis of the Bi4f core |l evel <confi
at | ow excitation energies, which had been p
compdr to higher Aplhotrdnngneémwmgithse. XPS data pr
assumed that the surface modification proces
of Fe deposition, where a metallicarcdmaonenr
additional phase, in this case, CoTe, I|likely

4. ARPES afARPEDX udi es

At the URANOS beamline, a full commitment
measur ements wleOKe ucsamdgu cptheodt oant ener gi es of 2
i Rigaabel.owt i s I mportant to note that by thi
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compared to the beginated ekf odlhieatpirmngs,cthbotl
introduced significant surface roughness, wh
was stil]l possiqoulae itty Ispodt eafd ehi ®ARP&EISI at i
experi ment
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Fi gl A&RPES data weree)o20ceeVedhoshDimgeabh@lRdt ons a
observe the evolution of the electronic band str
BiTe Picture a)heansdpefc)t rrae pfroers etnhte tpri sti ne mater:
and g) show data after the deposition of 0.2 i o
Co, and finally e) and j) after 1 | of Co on the

The prae¢e e ktiggdd laeg emparabl e to those collected
bending | saobdsarcwaddisn g htgd ttrefelma g ni ttuhdee bodn d
bendianpgp riosx i mately 280 meV (consi-rdey i enfgf @ cetsg

the material's surbHamethatThobls erateack fisr | Paver
still exi st in the modified material. Thi s
whet her band bending must be | arger than th
further depgxesisttiadne,s sbuergfin to di minish for 2
conduction band states become apparent ( 2 DE(
states remain visible up to 1 | ofwhCae hd emmns i

i ncdidt e that Co adatoms could start occupied I
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ChaptSumnmary and perspectives

Final rcChrapltiedes the thesis with a summary an

the key findings on the el ectBribetiow egterdu avti U rhe

and Co | ayers. Section 5.2 explores potentia
insights gained could be applied to further
topol ogi cal i nsul ator s.

5.Slummary

I n mycheseafocused on studying the electrc

t he -dihmemsi onal topol ogi cal insul ator Bi Te
on its surface using MBE. The goalr aasi tioon
metals affected the surface states, electron
heterostructures. The research involved a re

Fe and the other withs Cof) ,t lwéh errees praaatyii vng ttrhan
from 0. 2 i t o 1 i, wer e depokace-dé msidtol vteh
experiment al techniques wutilizing synchrotrc
CDARPES, were employed.

The AR&PItEES pml ayed a cruci al role in this rese
el ectronic structure betwpeprdtBée ©Pei sstyatemnm
showed that surface modification Iltdhd otugbd | o
emergence of guant ymewbbhhdsbandsngndwhi ch h
previously. I n the Fe system, band bending r
conduct i(oal shoanrdespor tHodvefrer , Cdet atih etdhe xprir $ t
materi al al sber ené & lseydncthhratt rohpr @ade age NS @A
absorption of resi dual gases can cause surf
bending and band splitting.

One of the Primasytlhgesais was bamgalps e wvihe cthh av.
not achieved. Todubmoenoghgepse sadeatt othed by Fe
exhibit the expected magnetic properties. N e
wemebbserved in the XAS data. Additionally, a
began t@uwbhacehstat &€80r.wertecc obbhsgealyekel v due

increasing structural disorder after deposit
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To expand t hieesARPIEGRBARPIEe® dat a were al so coc
demonstrated that ViBhedCbDosighahgwithsnsige w
of deposited transition metals, particularly
no siagmge¢chwhich was a key focus of -AtRPPIESS r e s ¢
dat a, particularly regarding OAM probing,

photoemission that were not explored in this

XPS studies providerdi cianlf od onrai 0 0int ioonn tohfe tchhee

interl ayer stability, both with and without
presence of three chemically distinct regior
results indiodteebhhe i eleiehtheimec@bakbbmpounds,

rich region at the top of the formed interf
deg@pofiling using synchrotron radiation is

edctronic structure at phase boundaries or m

Despite the tremendous advantages of synchr
such as tunable photon energies, high energy
-the resul ts of mpevaenvalstichallemgeseveal cor
photoelectrons. One of the main issues is ra
can modify the electronic sonr umtadalueeexspiotshuirre .
Additionally, surface adsorption of residual
Theoretical experiment preparation, such as
cressesstion parameters fyosr as peaaicfiiad elod mnentns t |
radiati on. Further mor e, technical i mitati

photoelectron anadyiztteed ,f onmaya nwitdd er avred é of

Ulti mwuhedwgnchrotron radiation offers numer o
structure and magnetic properties, data coll
of care must be t akyemc hwheetu b tnd .e rlp r besdilisinepvhde hitesh
i ght on some of the challenges encounter e

potenti al solutions for addressing them.
S.P2rspectives

Al t hough this studignbas fopgpolsedgi oal tmat evei &l
to be fdwlnley twonder stand interface formation a

structure. Based on my experience during the
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reali ze that proper theoretical mahtal awioo K¢

Band structure calculations, through met hods
even to experimentalists and are essenti al

i mportant in synchrotron teeraspkct wherceanhib
enabling more detailed anal ysi s.

One significant l i mitation of this thesis

measurements, taken before and after the dep
enhancuemd erusrt andish g ua trmosrep hagalrcdeey yadidin ¢ | on all I N
into surface quality during interface for mat
Mor eover, deposition parameters such as dep

conditions duringcarhef ulrloyc et isthiozud dd thoe en s i
interface qual iptuy.e Maicnutuan rciomgli ulitornss duri ng

i deal selection of the conditions for the f
gr owt ht rodn gihtei on met al | ayer and the potent.
of the topol ogical i nsul ator, whi cWi t do ulhde u

optimization of heterostructure growtthumnad
i nvestigations i nto ot her properties of m

measurement technigues. can subsequently be p

Despite these <considerations, Bi Te remain
el ectroni c, spintronic, pasdt bhirtwmfco mpilm@ nda p plei
Fer mi |l evel, ease of surface mpreepgareati on, an
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Appendi X

—— Data 1_Bi5d_110
—— Fit_Bi5d_5/2 (+3)
—— Fit_Bi5d_3/2 (+3)
—— Fit_Bi5d_5/2 (0)
—— Fit_Bi5d_3/2 (0)
Background
—— Envelope
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gure 1 The SOLARI'S mug and the Krakow pretzel
share the same genus value of 1 (number of ho
ot her . I n contrelsthas hae demrusanyv plred zof 3, ma k

meaning that neither the mug nor the Krakow pr

pretzel i n a..t.o.paol.agi.cal..s.ens.o ... 5
igure 2 A simple illustrative presentation of
existence of surface states. I n a tri-tvyme) i ns

are distinguishable a)Y hewigalp tblée¢e wEeEemmi hleseek wlo
with a high?Zattohne cb anngdysimeneetarry hp d@iciratns ,c rowlscsh (a9
absencerobfi tspcionupl ing (SOC). When SOC is presel

|l eadi ngpeami ndheof a gap,i vriemdulitnisrud aitmora wianrh i nv
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(left) and a trivial i nsul at iervo-tgrln ivg latl , i md eu Uz
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to the existence of surface stat.es..at..ihe surf
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i sible surface states in the range o0f6100 me\
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surface with photon energies of 20 eV a&nd 55
data collected after the entire set of measur e
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stage), most of the molecules become ionized,
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C ) F 0 L B0 B e 69
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and was F%e.p.0.rt el el 70
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