Calculation of electronic and magnetic

properties of hybrid low-dimensional
structures

Dissertation
zur Erlangung des Doktorgrades
des Fachbereichs Physik

vorgelegt von
Lilli Sacharow
aus Karaganda (Kasachstan)

Hamburg 2006



Gutachter der Dissertation:
Prof. Dr. R. Wiesendanger
Prof. Dr. S. Blagel

Gutachter der Disputation:
Prof. Dr. R. Wiesendanger
Prof. Dr. A. Lichtenstein

Datum der Disputation:
28.04.2006

Vorsitzender des Prafungsauschusses:
Dr. A. Chudnovski

Vorsitzender des Promotionsausschusses:
Prof. Dr. G. Huber

Dekan des Fachbereichs Physik
Prof. Dr. G. Huber



Inhaltsangabe

Der Hauptteil der vorliegenden Arbeit widmet sich der thecgtischen Un-
tersuchung der elektronischen und magnetischen Strukturom Fe-Ketten
auf der InAs(110) Oberache. Dazu wird zuerst die Geometd der Fe-
Monolage/InAs(110) mit einem Fe-Atom pro InAs(110) Einhetiszelle berech-
net. Ausgehend von dieser Geometrie werden die relaxiertBositionen der
Fe- und InAs-Atome fur die Fe-Ketten entlang der [10]- und entlang der
[001]-Richtungen bestimmt. Mit dieser Geometrie wird danrdie jeweilige
magnetische Grundstruktur bestimmt. Ausgehend von der Baistruktur
und den relevanten Zustandsdichten werden Modelle der Aastschwechsel-
wirkung zwischen den Fe-Atomen aufgestellt. Ausserdem wien far die
untersuchten Systeme die STM-Konstantstrom-Bilder undil=dU-Karten si-
muliert und mit den experimentellen Daten aus STM-Messungeauf Fe-
Multimeren verglichen.

Die Motivation far den zweiten Teil der Arbeit sind gemessee Rastertun-
nelspektroskopie-Daten von Co-Inseln auf der Co(0001) Ofaehe. Dabei
wurde ein elektronischer Zustand unterschiedlicher Intesiiat bei -300 meV
auf topographisch ahnlichen Co-Inseln gemessen. Um disdergebnis besser
interpretieren zu kennen, wird die Co(0001) Oberache mi der obersten
Monolage in fcc- und hcp-Stapelung mit Hilfe der Dichtefurtionaltheorie
simuliert. Auf der Basis der berechneten elektronischen gg@nschaften beider
Stapelfolgen wird ein Modell zur Interpretation der expementellen Daten
entwickelt.



Abstract

The rst part of this work presents a theoretical study of theelectronic and
magnetic structure of Fe chains on the InAs(110) surface. Tachieve this,
rst the geometry of an Fe ML/InAs(110) with a coverage of oneatom per
unit cell is calculated. Using this geometry as a starting tiation the relaxed
positions of Fe and InAs atoms are calculated for the Fe charalong [1.0]
and [001] directions. With this calculated geometry the emgetically prefer-
able magnetic structure is determined. From the electroniproperties like
band structure and relevant densities of states the model$ the exchange
interaction between Fe atoms in the chain are suggested. Aiddnally, STM
constant current images andll=dU maps are simulated for the studied sys-
tems and are compared with experimental STM data on Fe multiers.

The motivation for the second part of the work were experimeally ob-
tained scanning tunneling spectroscopy measurements on @&tands on a
Co(0001) surface. A state of varying intensity was measurexh topograph-
ically similar islands at -300 meV. To understand this restjl density func-
tional theory based calculations are performed on a Co(0004urface ter-
minated with a monolayer in hcp and fcc stacking. An explanan of the
experimental results is given on the basis of the calculatedectronic prop-
erties of both stackings.
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Chapter 1

Introduction

With the decreasing dimensions of electronic devices theapum phenom-
ena start to play an increasing role. The study of these phemzna is a
mayjor topic in todays' solid state physics. Out of this rangeof phenomena
spin electronics (spintronics) is attracting a great amourof attention in the
academic world, and even outside of it. The spin transistorrpposed by
Datta and Das [11] has moved the interface between a ferronmsg and a
semiconductor into the focus of research. Due to its high eteon mobility
and large e ective g-factor of the bulk, InAs is a promising andidate for
spintronic applications. Among the magnetic materials Fesian interesting
and highly controversial candidate. Despite the multiplity of theoretical
[15, 54] and experimental [20, 56] studies on Fe for spinticnapplications
the detailed mechanism of interaction between Fe and semiwhuctors is still
unclear. In this work a lot of attention is paid to understandthe interac-
tion between Fe and InAs directly at the interface. The covant, strongly
direction-dependent bonding in InAs raises the question alt the direction
dependence of the interaction between the Fe atoms on the IaAurface. To
address this question we decided to study Fe chains along twerpendicular
directions on InAs(110). A reduction of dimensionality catead to additional
interesting e ects.

| simulate the electronic and magnetic structure of the FeftAs system
within density functional theory (DFT). DFT is a theory developed in the last
decades [22, 25], which allows the computation of the eleatiic structure of
crystalline materials from rst principles. DFT allows the substitution of the
many-particle Schredinger equation by the e ective singd-particle (Kohn-
Sham) equations.

In chapter 2 the Kohn-Sham equations are derived from the DFKTand
a full-potential linarized augmented plane wave method (FAPW) is intro-
duced to solve them, as it is implemented in the FLEUR code [R3 This
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method allows a very accurate calculation of the geometry enmagnetic
structure of the studied systems. The precision is paid foryba high numer-
ical e ort of the calculation.

To reduce this e ort in the determination of the geometry, irsights gained
from experiments are used, namely measurements with the soing tunnel-
ing microscope (STM), an invention of the 1980's [5, 6]. TheTM allows
measurements of the local density of states (LDOS) of the sala with a
high spatial resolution, exploiting the quantum mechanidaunneling. Addi-
tionally, the interaction between the tip of the STM and atons at the sample
surface can be used to move the atoms of the sample and in thiswstructure
the surface. The complexity of the quantum mechanical tuntiag makes the
interpretation and prediction of STM results a di cult task . Here we use
an approximative model for the interpretation, which is desribed in detall
in chapter 3. Nevertheless, we should be aware that the e ecf inelas-
tic tunneling, the interaction between tip and sample as wehs the specic
electronic structure of the tip are neglected in this apprdration.

After the introduction of the tools used in this work in chaper 2 and 3
the results are presented in chapter 4 to 7.

To calculate the electronic structure the geometry of the sgem has to be
determined rst. For the Fe chains on InAs a large unit cell ha to be used.
This makes a good rst guess for the position of the Fe and swunding
InAs atoms important. In the rst part of chapter 4 the calculation for
an Fe monolayer on InAs(110) is presented. This is less dendarg on the
computational ressources than Fe chains and at the same tinggves the
starting position for the geometry optimization of Fe chais. The results of
this optimization are shown in the second and third part of capter 4.

In chapter 5 the magnetic and electronic structure of Fe chas on InAs(110)
is described for the relaxed structure and compared with STkheasurements
on Fe multimers.

Motivated by STM measurements of Co islands on Co(0001) a cphately
di erent system is studied in chapter 6, namely Co(0001), whh is often used
in layered magnetic thin- Im structures.
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Chapter 2

Density Functional Theory

2.1 Kohn-Sham equations

The goal of solid state physics is to investigate and to undstand the prop-
erties of materials, which are many-body systems contairgran enormously
large number of interacting electrons and ions. Due to the nmplexity of this

problem it cannot be solved even nowadays neither analytiba no numeri-

cally. First attempts to nd some simpli cations were made along time ago.
The most essential among them is the Born-Oppenheimer apgrmation,

which is employed by the majority of rst-principle calculdions. It states

that as the electrons are very light compared with the nucleithey move
much more rapidly and one can neglect all the quantum e ectsw to the
motion of the nuclei. In other words, in this approximation he positions of
ions are xed, and the Hamiltonian of the system becomes:

e T gL e
i=1 2m ' 2 ! jri rjj jri Ry 2 iRi  Rjj’

1;d

il

whereZ, denotes the charge of the nucleds R, is the position of the nucleus
| andr; the positions of the electrons. But even with this simpli cdion there
is not an analytical or numerical solution for this Hamiltonan, if more than
a few electrons are considered.

A reduction of the complicated many-body problem to an e edve single-
particle theory which can be applied for the numerical predtion of the
di erent properties for di erent types of materials and which also supplies
deeper physical insight is the density functional theory byiohenberg, Kohn
and Sham [22, 25].

The Hamiltonian of N interacting electrons is decomposed into three
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parts:
H=T+V+U,
whereT is the kinetic energy operator:
— ~2 X 2.
= % ro,

the quantity V denotes the external potential, which in the Born-Oppenhaier
approximation consists of the potential due to the xed ionsand possibly
other external elds:
!
X X
V= Vhieia (ri) + Vion (' Rj) : (2.2)
i j
The last term of the Hamiltonian is the Coulomb electron-elgron interac-
tion:
X e
U= . - (2.3)
ijio=; 11 T
We focus our attention on the observable properties of the stgm like the

electron density or the ground-state energy. The electroredsity operator is
de ned as:

X
n(r) = (rr; (2.4)
i=1
from which the electron density is given by:

n(r) = h ja(r)j i;

where is a many-body state. Hohenberg and Kohn discoverechat this
guantity is actually a crucial variable. This is re ected intwo famous theo-
rems.
1. The total ground-state energy,E, of any many-electron system is a
functional of the density n(r):
Z

E[n]= F[n]+  n(r)Veq(r)dr; (2.5)

where F[n] is a functional of the density, but independent of the exteral
potential.

2. For any many-electron system the functionakk [n] for the total energy
has a minimum equal to the total ground-state energy at the gund-state
density.
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The second theorem allows a use of the variational calculati to derive
a single-particle Schredinger equation. This was done bydtin and Sham
who split the functional F[n] into three parts:

Z 7

_ n(r)n(r9
F[n]= T[n]+ Gy

which describe the kinetic, Hartree and exchange-correiah energy. In con-
trast to the Hartree integral, an explicit form of the other functionals, T and
E.. is not known in general. Ignoring this problem at the momentye use
the variational principle and write:

dr dr%+ E,.[n]; (2.6)

R
EM], (N n(rydr) _
n(r) n(r) B
where is a Lagrange multiplier taking care of particle conservatn. We

now split up the kinetic energy into a termT, re ecting the kinetic energy
of noninteracting particles andT,. which stands for the rest, i.e. we write:

0; 2.7)

T = T0+ TXC:

Here we are making an important step, we represent the dengiin the fol-
lowing form:

X
n(r)="ji(ni% (2.8)
i=1
where we assume that we can determine the 'single-particlwave-functions
i SO that the density can be represented in this form. The quesh if every
possible electron density can be written in this form is openThen we are
writing the kinetic energy of noninteracting particles as:

..2)(\'2

To[n] = om

r(r)r (r)ydr: (2.9)

1

Since the Schedinger equation is just an Euler-Lagrange wation obtained
by varying To[n] plus a potential energy term we come to:

2

2~—ml’ %+ Vetg (r) ()= i (r): (2.10)

Now we determine the e ective potential which a ects the th 'single particle’,
such that the density n(r) minimizes the energy functional. Thus, requiring
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the functions ; to be normalized, multiplying the last equation with
integrating and adding we obtain:

3 Z
To[n] = i Vess (r)n(r) dr: (2.11)
i=1
Noting that T"T[”] = Vg (r) variation of the energy functional is now easily
carried out:
_ nr9 o
Veff (I’) - Vext(r) +2 jl’ rq dr+ ch(r) (2-12)
with E o)
_ XC + xc) .
Vie(r) = BCGEE (2.13)
The e ective single-particle equation,
1 24 Ve (1) i(0)= 4 i(r) (2.14)

2m

is called the Kohn-Sham equation. It is a Schmedinger eqtian with the
external potential replaced by the e ective potential whitv depends on the
density. The density itself depends on the single-particletates ;. The
Kohn-Sham equation thus constitutes a self-consistent gotem. By choos-
ing some reasonable starting density, which is usually cdngcted from the
densities of isolated atoms, the starting potentials are deed. Then by solv-
ing the Kohn-Sham equations the output density is construed. The output
density is mixed with the input density afterwards, thus beoming the start-
ing density for the next iteration. This iterative process $ repeated until the
distance between the output and starting density becomes sih In this case
the calculation is converged and the ground-state densitg found.

The Kohn-Sham equation furthermore allows us to derive antaknative
expression for the total energy:

X 22 nnn(r
E[n] = i o9
i=1; Ef
The total energy thus consists of the sum over the eigenvakje;, minus the
so-called 'double-counting' terms. Note that in the termke,, we also included
the exchange-correlation kinetic energyyc.

Although density-functional theory provides the scheme toeduce the en-
tire many-body problem to a Schredinger-like e ective sigle-particle equa-
tion, the physical meaning of the eigenvalues is not clear. These eigenvalues
have been used very often and with success to interpret exatibn spectra.
But there also some problematic cases like photoinduced &tions or bulk
plasmons.

Z
drdr®  Vie(r)n(r) dr + Ex[n]: (2.15)
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2.2 Spin Density Functional Theory

There are a lot of materials that possess a non-zero magnatien in the
ground state. The DFT was extended to the case of spin polaed elec-
trons from Barth and Heidin [50] to describe materials of thiakind. In this

case the energy functional depends on the electon densityr) and on the
magnetization densitym(r). By introducing the two component Pauli wave
function:

i
= ; 2.16
G (219
we can write for the charge density and magnetisation dengit
X " X
niry="j i(r)j m(r)= & P (2.17)
i=1 i=1
Applying the variational principle:
Eln(r);m(r)]  Eno(r); mo(r)] (2.18)
we obtain again the KS equations:
2
(gt 2+ Ver N+ Be (r) (0= 1 () with  (2.19)
n(r n(r
Veff (I’) = Vext(r) +4 e jr ( rqdr0+ );,(]:[(r() )]

For collinear spin structures, like ferromagnetic and anterromagnetic align-
ment, the choice of the z-axis along the magnetic el = (0;0; Bess )
results in the diagonal form of the Hamiltonian in (2.19). Sdhe problem
(2.19) can be solved independently for both spin component$n this case
the energy functional depends only oim(r)j and n(r). With a trivial trans-
formation:

n(r)

m(r)

n-(r) + ny(r)
n-(r)  nur);

E becomes dependent on the densities of spin up and spin dowecélons:

)(\I . .2
n()=2 i)y~ (2.20)
i=1
Up to this point we have an exact theory. No approximations hae been
made. So if we could write the exchange-correlation functial in an explicit
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form, this would be a perfect theory to calculate all groundtate properties of

the system. Actual state of a airs is that only approximative representations
for Ey. have been found. One very widely used approach is the localrsp
density approximation (LSDA), which is described in the fdbwing.

2.3 The Local Spin Density Approximation

So far, no approximations have been made. The density funatial formal-
ism, outlined in the previous sections, could in principleaproduce all ground
state properties of any complex many-electron system exgtif the exchange
correlation energyE,. was known. Unfortunately, no explicit representa-
tion of this functional, that contains all many-body e ects, has been found
yet. Thus, approximations to E,. have to be used. The most widely used
and very successful approximation is the local spin densigpproximation
(LSDA). The underlying idea is very simple. At each point of gace,E,. is
approximated locally by the exchange correlation energy af homogeneous
electron gas with the same electron and magnetization detysi Hence, the
approximate functional E,. is of trzle form

Ex[n(r);im(n)il=  n(r) x(n(r);im(r)j) d&*r: (2.21)

It is important to note that . is not a functional, but a function ofn(r) and
jm(r)j at a particular point of space. As a consequence of its locas dition,

« and thus E,. depend only of the magnitude of the magnetization. This,
in terms, leads to the fact thatB,.(r) and m(r) do always have the same
direction. Therefore, the exchange correlation potentighnd magnetic eld
derived from (2.21) become

xe(N(r);im(r)j)
n(r)

(r): (2.22)

Vie(r) xe(N(r);jm(r)j) + n(r)

NG GBLIGHIN
jm(r)j

Using the LSDA, the Kohn-Sham equations take exactly the saamform as
the Hartree equations, and they are no more di cult to solve.In particular,
they are far easier to deal with than the Hartree-Fock equains because of
the local e ective potential. Intuitively one should expet that the LSDA
is valid only for slowly varying densities. Neverthelesst has been applied
successfully to inhomogeneous systems.

Explicit parameterizations of ,. can be obtained for example from Hartree-
Fock calculations for the homogeneous electron gas. Of ceelrsuch calcula-
tions do only take into account the exchange e ects, but negtt correlation.

BXC(r)
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Modern parameterizations of . are based on quantum-mechanical many-
body calculations. Most commonly used are the parameteritans of Barth
and Hedin [50] and Moruzzi, Janak and Williams [35] which havbeen ob-
tained applying the random phase approximation (RPA) and tk parameter-
ization of Perdew and Zunger [41] which is, in a certain sense mixture of
the previous two.

It should be mentioned however, that LSDA is not the solutiorfor all
problems of the solid state physics. For the systems with cige density
strongly varying over space the generalized gradient appimation (GGA)
is more appropriate than LSDA. Other corrections, to apply \were neces-
sary, are self-interaction correction (SIC) [41, 47], ortal-polarization cor-
rections [43], LDA+U [3, 44], and exact exchange [46].
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2.4 Solving the KS equations

The solution of the KS equations is represented in form of arses:

X
()= a «(r) (2.23)

n

wheref ,g is a certain basis set. In the following the basis set, whicls i
used in this work, is constructed. The plane waves, which aresed in this
construction, o er a large number of advantages includinghteir simplicity.
Furthermore, the plane waves are orthogonal, do not anticgie the special
form of the solution and are solutions of the Schredinger eqtion for a con-
stant potential. However, in a crystalline material a potehal can be approx-
imated with a constant only in the interstitial, far enough fom the nuclei.
Around the nuclei spherical harmonics together with the radl solution of
the Schredinger equation become more suitable to represen;(r). Slater
[45] had the idea to augment each plane wave into the solutiaescribed by
the Schredinger equation for the spherical potential.

2.4.1 APW basis functions

In this method and in further modi cations of it, like linearized APW (LAPW)
and full-potential LAPW (FLAPW), the crystal structure is p artitioned into
spheres around the atoms (mu n-tins) and the space in betweae(the inter-
stitial). The e ective potential Ve is approximated with a spherical part
Vet (r) in the mu n-tins and with a constant in the interstitial. Th en a
particular solution (r;k) of the KS equations (2.14) is sought after in the
form:

ac c(r;k)

i(r;k)

( g(Grir r 2 interstitial
Im A|H?U|(Y)Y|m(f‘) r 2 mun-tin (2'24)

c(r;k)

where G is the reciprocal lattice vector andk is the Bloch vector. The cut-
0 Knax for the norm of the vectorK = G + k determines the number
of the plane waves used in the representation 2.24. The coeéents A, °
are determined from the condition of continuity of the waveudnction at the
mu n-tin boundary. Function u,(r) is the solution of the radial Schredinger
eguation:

~ @ N ~2 (1 +1)

2n@% 2m r2

+ V() E ru(r)=0; (2.25)
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containing the energy parameter&: ui(r) u(r; E).

Inserting ansatz (2.24) in the KS equations (2.14) resultsia linear,
easily solvable eigenvalue problem in case of xdfl. However, xed energy
parametersE do not provide enough variational freedom to describe the
wave function and eigenvalues of the electrons with su cidraccuracy in the
reasonable energy interval. An accurate description of thg/stem can only
be achieved by settinge to the band energies, not knowra priori. On the
other hand, in order to nd the energy parameters self-constiently, a non-
linear and computationally highly demanding problem is to b solved. This
problem can be cured on the base of the LAPW method, describéd the
next section.

2.4.2 LAPW basis functions

The idea of the LAPW method, rst proposed by O. K. Andersen [}, is to
linearize radial functionsu( i;r) around a certain energy parameter value
i = E, using Taylor expansion:

a0 = @i+ E)u(ini e+ O E)): (220

The error of this expansionO( ; é|)2 is of second order and therefore the
error in the energy is of the order 4. According to this idea #basis functions
in the mu n-tins are modi ed in the following way:

X
(k)= (Au(r)+ By u(r)Yim (P): (2.27)

Im

The coe cients A, ® andB, ~ are determined from the continuity of the wave
functions ¢ (r;k) and their derivatives with respect tor on the mu n-tin
boundaries. Theu(r) := %{;) can be calculated by di erentiating (2.25)
with respect to the energy. By di erentiating the scalar praluct hu(r)ju(r)i
with respect to the energy it is easy to show thaiti(r) and u(r) are orthogonal.
It follows that the LAPW basis functions are orthogonal insile the mu n-
tins since the spherical harmonics are also orthogonal.

LAPW solves the problem of variational freedom that persist for APW
basis functions. However, further substantial improvemes of this method
are possible. The APW and LAPW methods use an approximate fior of the
potential, i.e. it was assumed to be spherically symmetrieithe mu n-tins
and constant in the interstitial. This is an appropriate apgoximation for
metals in bulk, but is not applicable for the materials in ope structures like
semiconductors and surfaces, where the di erence betwedtettrue potential
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and this approximation is too large. The need for a natural gatment of
systems, where non-spherical contributions to the potemti are essential,
leads us to the full-potential LAPW (FLAPW) method.

2.4.3 FLAPW basis

In the FLAPW method no assumptions on the shape of the poteral are

made and a more general spatial representation is considire
( P

c Vieeer r 2 interstitial
V()= p (2.28)
VA () Yim () r 2 mun-tin
instead of (
V% = const: r 2 interstitial
V(r) = (2.29)

V2 () r 2 mun-tin.

Because of the limited computational capacities only a né& number of ele-
ments from the in nite series overG and | in (2.28) can be considered. In
(2.28) all elements withjGj < Gax and | < | hax are used, whereG
and l,»x are some cut-o parameters. Still, the large number of coe @nts
can be considerably reduced by exploiting the symmetry of ¢hsystem. The
corresponding symmetry group consists &, operationsf Rjtg, whereR is
a rotation and t is a non-lattice vector translation. Based on this symmetry
group the plane waves that are associated vieRjtg can be joined together
in so-called star functions:

1 X iRG
s= —  €Rem™y (2.30)

with the sum over all reciprocal lattice vectorss, that are connected through
the rotation R. Analogously, we combine the spherical harmonics into the
lattice harmonics: X
K ()= CpYm®) (2.31)
m
where denotes the atomic site. One should keep in mind that the pdin
group symmetry is in general di erent from site to site. Themdex accounts
for the fact, that there is in general more than one lattice hamonic for any
given and|. Finally, every quantity, like charge density or potentiaJ that
possess the symmetry of the crystal, can be represented inns of star
functions and lattice harmonics:
sNs s(r) r 2 interstitial
nir)y= p (2.32)
n (r)k (*) r 2 mun-tin
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In this way the number of coe cients that have to be stored in omputer
memory is drastically reduced due to the fact that every sirlg star function
and lattice harmonic contain terms with coe cients in the expansion (2.28),
which are equal, or connected to each other by phase factodg ned by the
symmetry basis once at the beginning of the calculation.

2.4.4 Surfaces

In the scanning tunneling microscopy (STM) experiments siaolated in the
main part of this work, the electronic and magnetic structue of the sample
surface can be measured. In spite of the disrupted periodyciperpendicu-
lar to the surface, nevertheless, it is possible to simulatgeriodic boundary
conditions based on a super-cell approach. In this case therdicity per-
pendicular to the surface is restored by choosing an appragte unit cell con-
sisting of several atomic layers and a separating vacuum &y thick enough
to prevent adjacent surfaces from interacting. The superetl approach as
described requires a large number of plane waves to achieuecent accu-
racy. An e cient and elegant scheme, originally proposed byKrakauer et
al. [26], allows to overcome di culties imposed by the supecell approach
and to reduce the computational e ort drastically. The spae partitioning
and the unit cell in this method are shown in Fig. 2.1. The Im row consists
of some atomic layers, typically up to 20, and is terminatedroboth sides by
semi-in nite vacuum. The vacuum stretches from1l to D=2 and from
D=2 to 1 . An auxiliary parameter D (D > D ) helps to generate a set of
reciprocal vectors and corresponding plane-waves. The amlm space is di-
vided according to the bulk-case into the mu n-tins and interstitial regions,
preserving two-dimensional periodicity.

According to the new geometry an appropriate set of basis fations has
to be considered. Essentially for APW-based approachesapk waves are still
used to represent the basis functions in the interstitial ggon (2.24). While
the two-dimensional periodicity and symmetries are presexd, modi cations
in the basis functions are required due to the presence of tki@cuum region.
Consequently, a generalized wave vector is decomposed ititee parts: two
parallel (G, kx) and one perpendiculaitG, to the surface.

o (ki) = dCrrkangeoz, (2.33)

whereGy, ki are the two-dimensional reciprocal lattice vector and the Bch
vector, ry is the corresponding in-plane part of and G, = 27” is the z-

reciprocal vector. As g, (Kg;r) form a basis only inside the region with
jzj < D=2, the choice ofD > D seems to be arbitrary. This is, however,
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vacuum unit-cell

interstitial p
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____________ T[T T DR

Figure 2.1: A unit cell contains a nite number of lattice planes inz-direction
and is terminated on both sides by a semi-in nite vacuum regn. The mu n-
tin spheres are positioned at the atomic sites and the intersal stretches out
between D=2 andD=2. The reciprocal vectors irz-direction are generated
by D.

only partly true as the span of the plane-wave vacuum boundgarvalues is
important for the variational exibility of the basis and th e optimal choice of
the dierence (D D) can be established numerically (for more details see
[28]).

The basis in the mu n-tins preserves the general shape of (27) and can
be rewritten in terms of the two-dimensional wave- and Blochectors as:

X
e, (Kigr) = A (kui(r) + Bo (kui(r) Yim(®):  (2.34)
Im

The basis functions in the vacuum are de ned similarly to thenu n-tin basis
wave functions, namely consisting of two-dimensional planwavese (G «* kir«

and az-dependent partu, which is a solution of the one-dimensional Schredinger
eguation:

2 ~2
(%@Q;J’V(Z) Evae + 5 (Gk+ k), (kii2) =0:  (2:35)

From this equation the energy derivativeug, (Ky; z) can be easily evaluated.
The resulting vacuum part of the basis functions reads:

GG, (Ko 1) = (Ac, .6, (KU, (Kk; 2) + (2.36)
Bs, 6, (Kk)Ug, (Ki; 2)) (G kuri
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Equation (2.33) in the interstitial, Eq. (2.34) in the mu n- tins and Eqg. (2.36)
in the vacuum form the FLAPW basis set in the Im-geometry. Ths basis
set is further used for expanding the solutions of the KS-egtions.

2.4.5 The Generalized Eigenvalue Problem
P
Substituting the expansion i(r;k) = 5 ag c(r;Kk) in (2.14) yields:
X X
agH c(rk)= i as o(r;k): (2.37)
G G

Scalar multiplication of this equation from the left with go(r; k) leads to:
X X

ash co(r;K)Hj o(r;k)i= i agh o(r;K)j o(r;k)i:  (2.38)
G G
This equation can be rewritten in matrix form:
(H iS)ag =0; (2.39)

where the overlap matrix
S:= c(r;K) go(r; K) (2.40)

is in general only hermitian, but not diagonal. The equation2.39) to be
solved, is a so-called generalized eigenvalue problem, ehhcan be trans-
formed to a conventional eigenvalue problem using CholesKsctorization
applied to the overlap matrix. For a given sizeN of the matrices in the
eigenvalue problem, the time required for its solution sces like N 2, making
it by far the most computationally demanding part of the whoé algorithm.
It is highly desirable, therefore, to have an e ciently consructed basis set,
so that the smallest possible matrix siz&l is su cient to describe the system
accurately.

2.5 Relaxations

In the Born-Oppenheimer approximation the atomic nuclei a& regarded as
point charges with xed positionsR . The energy functional still depends
on thoseR . Thus relaxation of the system means minimizing the ground
state energy with respect toR . To minimize the ground state energy we
calculate the corresponding force on a nucleus

F = h ojHj oi =
h ojr Hj oi hr ojHJ oi h ojer ol, (241)
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with ¢ being the ground state wave function. The rst term in (2.41)is
called the Hellmann-Feynman force [16]. The Hellmann-Fegman theorem
states that the second and third terms vanish in case the basused for the
expansion of the single particle wave function is completghich is not the
case for the FLAPW basis set. Thus it is necessary to includéé so-called
incomplete basis set correction in the force calculation,rst introduced by
Pulay [42]. which arises from the gradient of the wave funah on nuclei
positions. The exact form of this correction is calculatedi[55].
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Chapter 3

Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) is an instrument,hiat allows to
study surfaces with high lateral resolution by using the quaum mechanical
tunnel e ect. The STM setup basically consists of a sharp matlic tip (the
probe) and a sample surface. Usually the sample is parallel the xy-plane
with the tip at a vertical distance of about 3-10A. The tip can be moved
with a high accuracy in all three dimensions with piezo actuars. Due to the
small distance between tip and sample electrons can tunndBy applying a
voltage between the tip and the sample their Fermi energiehift against each
other and the tunneling current can be measured as a functiafi the applied
voltage and the lateral tip position. In rst approximation the tunneling
current decreases exponentially with the tip-sample distee. This implies
that the atoms of the sample which lie directly under the tip @ex contribute
mainly to the tunneling current. In the following sections 6 this chapter
some basics of the theory of STM and of the simulation of STM salts
are presented. The description in this chapter is restricteto the elastic one-
particle tunneling. This means that possible interactionamong the electrons
and between electrons and quasi-particles, like phononseaneglected. More
details on the subject are given in [4, 9, 10, 52].

3.1 The Perturbational Approach

A schematic representation of an STM tunnel junction is showin Fig. 3.1.
The tip and a semiconducting sample are separated by vacuuniihe Fermi
energiesEf, of the tip and EZ,,, of the sample are shifted byeU. The density
of states of the tip is assumed to be nearly constant. Electme in occupied
states of the tip can tunnel into empty states of the sample. fie transmission

coe cient depends on the distance between tip and sample arttie applied
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Figure 3.1: (a) Schematic representation of a sample and ageal tip with
only one apex atom. The space is devided into a tip part and a rsple
part by an arbitrarily formed surface . (b) The electronic situation of the
metallic tip close to a semiconducting surface is shown. Tlagpplied voltage
U shifts the Fermi energies by the valueU. The DOS of the tip is assumed
to be nearly constant. The electrons tunnel from the occupiestates of the
tip into the empty states of the semiconducting sample.
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voltage. The tunneling currentl, can be calculated with a perturbational
approach, for the rst time suggested for an arbitrary tunné junction by
Bardeen [4] and then modi ed for applying to STM by Terso , Hanann and
Chen [48, 49, 9].

Bardeen considered the tunneling current as the independenransfer
of electrons across the tunneling barrier described by thengle-electron
Schredinger equation:

i~@(@;tt) = %r 24 v(r) ( r:t): (3.1)

V (r) is the electrostatic potential energy that an electron wold have inside
of STM. The idea of Bardeen was to exploit the knowledge we nhighave
of the tip and the sample as two separate systems. He de nedptiand
sample-Hamiltonians as :

2

Heam ( ) = 2~—mr 24 Ve (1) ( 1) (3.2)

2

Hip (1)= 5t 2+ Vi (1) (1); (33)

with the potentials V;p, Vsam de ned by two conditions:

Vip (1) Vsam(r) =0 (3.4)
Viip () + Vsam(r) = V(1) (3.5)

The eigenstates of the sample- and tip-Hamiltonians (3.2)3.3) are tip
states 4 and sample states s, respectively. The tunneling current is
the transfer of electrons from tip states to sample states aeverse gov-
erned by the Schredinger equation (3.1). An electron initilly in the sample
state (r;0) = <am evolves with the timet. With the evolution deter-
mined only by the sample Hamiltonian (3.2) its wave functiorwould become
(rt)= samexp Es%t .

To take into account the in uence of the tip, an additional teem is used
to represent (r;t):

iEsamt X iEtipt

+ Cc () 4 exp (3.6)

(r;t)= samexp

The additional term is the sum over all bound states , with eigenvalues
Eyp, of the tip Hamiltonian.
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Inserting this representation in (3.1) yields a set of di eential equations
for ¢ , that can be solved like described in [7, 19], with the result

exp( ItE sam=-) exp( itE =)

= h . Vipi i v
C Esam Etip t|p] tip] saml (3 )

The probability of the electron to be in the state 4, is calculated from the
square of the expansion coe cientgc j2. The transition rate from state s

into , is then de ned as:

I

= ajCJ : (3.8)
Due to the symmetrical treatment of the tip and the sample to his point w
also gives the transition rate from the given tip state 4, into  sam. Inserting
c in this de nition and considering only elastic tunneling yelds Fermi's
Golden Rule:

2

w= = (B Esam)iMJ? (3.9)

M =h tiijtipj saml :

The delta function annihilates all the transitions with Eqgy, 6 Etp, SO that
only elastic tunneling processes are considered. The ocatipn of the states
by the electrons at the temperatureT is described by the Fermi-Dirac dis-
tribution:

Er
kg T
By taking into account all possible initial and nal states we get for the
tunneling current I:

4e X
le = - f(Esam Ersam) f (Etip Er:tip ) (3.11)

f(E Eg)= 1+exp

(3.10)

j M j2 (Etip Esam EV)

with the Fermi function f (E) and the tunneling matrix element M which
determines the probability for an electron to pass from thessnple state
into the tip state ,. Bardeen [4] calculates the tunneling matrix element
like: Z

2
M[ tip; sam] =

% tip
where the integration is performed over the arbitrary surfee separating tip
and sample (compare Fig. 3.1). In the original work [4], wherunperturbed

potentials are considered, the corresponding error is mmized by choice of
the surface equidistant between the two electrodes.

I sam saml tip dS; (3-12)
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3.2 Terso -Hamann Model

Now it is possible to calculate the tunneling current in an SM setup with
equations (3.11), (3.12) in case the exact electronic stituce of the sample
and the tip is known. The FLAPW method as described in sec. 2gives ac-
cess to the electronic structure of the sample whereas foeetkip the situation
is slightly more complicated. The main problem is that the atmic structure
of any real tip is unknown. The symmetry of the tip is in generaso low,
that the exact calculation of the electronic structure of tke tip remains a very
demanding problem even with knowledge of the atomic structe available.
Thus, simplifying assumptions have to be made. For the intpretation of
STM experiments the Terso -Hamann model of the tip has beensed very
successfully. This model is based on two assumptions, rgtthat the tip has
one apex atom in the s-state and secondly that the tunnelingalppens in the
limits of low temperature and low voltage.

To evaluate the tunneling matrix element (3.12) we need theig wave
function 4, on the surface , located somewhere in the vacuum gap be-
tween the electrodes. This means that they, has to satisfy the Schredinger
equation in the vacuum:

rz % 4()=0 (3.13)

with the decay constant . 4, (r) can be expanded into the spherical har-
monics:

X
()= amfiC )Ym(; ) (3.14)

with = jr Ry whereR is the position of the apex atom. Inserting ansatz
(3.14) into equation (3.13) results in the spherical modi d Bessel functions
of the second kind:

1d 'eu
Kk =( Y == =— A
W= Y -~ (3.15)
with u= |, for the radial part f;. So the tip wave function for an s-orbital
has the form:
e
ip(r)= Cko( )= C—: (3.16)

It is crucial for the following considerations that the wavefunction of an
s-orbital at the apex atom is proportional to the Greens furtoon of the
Schredinger equation in vacuum. Substituting (3.16) into(3.12) and using
the Greens theorem we obtain:
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2C ~? z
M [ tip 1 sam] = m G(r Ryr 2 sam saml 2G(r RydV =
2C ~?
= m sam (R+); (3.17)

with 1 denoting the volume of the tip. Using this matrix element togther
with (3.11) leads to the following expression for the tunnilg current:

: o 16 3C?~%e
_II_";TS I (Rtav) - l'lero 2m2
sam(Rt; E) [f (E EF;sam) f (E + eV EF;tip )] dE = (3-18)

Z

16 3C2-3¢ < ErteV
= T sam(Rt;E)dE
m Ee

with the local density of states (LDOS) de ned as:

X
(r;)=tlim (i ( E): (3.19)

E =

The tunneling current I,(V) (3.18) is proportional to the integrated LDOS of
the sample under the additional constraint of a constant DO®f the tip. An

immediate consequence of equation (3.18) is th% sam(R¢; E). Three
basic measurement modes of an STM directly connected with(V) and (j’—\',

are described in the following section.

3.3 Measurement Modes

In an STM experiment, di erent kinds of measurements can beahe. | will

discuss here the constant current mode (CCM) that allows to easure the
topography of the surface, the spectroscopidl=dV mapping, and the full
spatially resolved spectroscopy of a sample.

3.3.1 Constant Current Mode

In the CCM during the scanning of the xy-plane, a feedback sgsn keeps
the tunneling current I; at a constant value. The tunneling current (3.18)
depends exponentially on the distance between the tip andetsurface, so by
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doing small adjustments in the distancel; can be regulated very e ciently.
The feedback loop keeps the tip on the surface, WherI':J.EFF eV s(Ry;E)dE =

const.. Consequently, scanning in CCM gives only an approximate rasure-
ment of the surface topography. Features in the LDOS will atsa ect the

measurement when scanning in CCM.

3.3.2 Spectroscopic di/dV Mapping

According to equation (3.18) thedl=dV signal is directly proportional to
the LDOS of the sample at the position of the tip. A map of the der-

ential conductivity (di=dV) is obtained simultaneously with a topography
measurement. To get thedl=dV map a small modulation voltage with a
frequency of a few kHz is superimposed on the bias voltage ohg the CCM

measurement. With a frequency higher than the cut-o frequecy of the
feedback circuit this modulation does not have any in uencen the CCM

tracking. The lock-in technique allows to record the corrgonding dl=dV

signal.

3.3.3 FRull spatially resolved spectroscopy

After positioning the tip with stabilization voltage Vg and stabilization cur-
rent | at the point of measurement, the feedback of the system is sghied
o. Then the voltage of the tip is changed slowly from a startng to a -
nal value. At the same timel (V) and the dl=dV signal are recorded by
means of lock-in technique. Spatially resolved spectrogeo information is
obtained by repeating this procedure at every locationx{y) of the image
frame. These full spectroscopy measurements take a longené to record
than di=dV maps. The advantage of the full spectroscopy measurement
is, that it gives the dI=dV signal for a complete voltage range without the
additional in uence of the change of a tip height.

3.4 Simulating Experiments

The tunneling current is kept constant in the CCM through theadjustment
of the z coordinate of the tip. This means that an STM image in the CCM
represents the z movement of the tip from the starting heightz for every
point r. The simulation gives access to the LDOS of the sample at eyer
given point in the simulated space. This means that we can elysget the
plots of the LDOS at the distancez = const: from the surface. In the Terso -
Hamann theory this corresponds to the change in the currentl; for every
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point ry if the feed-back of the tip is switched o. The connection bateen
measured z movements and |; can be established with two assumptions:

" The tunneling current 1¢(rg; z) for the tip movement in CCM can be
linearized around some set-point valug,.

" The change ofi ((rg; z) with z is independent ofr.

The second assumption is justi ed because the decay ratedepends to rst
approximation only on the energy of the tunneling electronand the work
function. Due to the exponential dependence of the transnsi®n coe cient
on the distance, the adjustment of the distance is normally 0.1A, whereas
the tip-sample distance is between 3 and 10 A. Consequently we expect
that the linearization of 1(rg; z(ry)) around z, works.

le(r; 2(re)) = Te(ri; 20) + dle(ri; 2o): (3.20)
Due to the constant current in CCM the change of the current izero:
@ @
dly = —(rg; zo)dr + ——(ry;20)dz=0 3.21
t@k(ko)k@ko) (3.21)

The rst term is  1y(rx) - the change of the current withr, while the z
coordinate of the tip is kept xed: z = z,. The second term%‘z(rk;zo) is
constant overr, due to the second approximation. This means

%}zo)dz = lg(ry): (3.22)

Accounting for €L(z,) < 0 with dz > 0 leads to the equation:
dz(rd)  1(r): (3.23)

This equation connects the change in the vertical positionfahe tip during
the CCM measurement with the change of the tunnelling currénn case
the vertical position of the tip would be kept constant. The &tter can be
simulated directly with the LDOS plots calculated at the disance z, from
the surface.
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Chapter 4
Geometry of Fe on InAs(110)

The idea of spin electronics (spintronics) inspired a lot aéxtensive experi-
mental [36] and theoretical [13, 29] studies on magnetic seenductors and
semiconductor/ferromagnet hybrid systems. Promising re#s on the spin

injection through the interface between magnetic materigdemiconductor,

depending on the symmetry, were reported in [54, 31]. Despithe multi-

plicity of these studies, the details of the interaction beteen a metal and a
semiconductor are still unclear. Additionally, researchroquantum con ned

structures attracts increasing attention in recent years38, 32]. This chapter
is focused on the geometry of Fe on InAs(110). The determinah of the

geometry is the most demanding part in the calculation. Thealaxation of
the Fe monolayer on InAs(110) is calculated at rst to obtaina good rst

guess of the geometry of Fe chains on InAs(110).

4.1 Fe ML on InAs(110)

InAs is a lll-V semiconductor that crystallizes in the cubiczinc-blende struc-
ture. This structure consists of two fcc sublattices that a& shifted relative
to each other by 4 of the cube diagonal. Each atom is bound to its four
nearest neighbours of the other element. We calculated thattice constant
to 11:437 a.u., which is in good agreement with the experimentallfound
value of 1146a.u. (1a.u.=0.52A). The unit cell of the InAs(110) surface,
which contains atoms of both species, is shown in Fig. 4.1 (c)

The calculations are performed using DFT [22]. The exchangerrela-
tion functional is formulated within the local spin-densiy approximation [40].
The Kohn-Sham equations are solved applying the full-potéal linearized
plane-wave (FLAPW) method, as realized in the FLEUR-code B 23]. For
simulating the InAs(110) surface we use a slab geometry witlie layers of
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Figure 4.1: (@) STM constant-current image of InAs(110) covered with 5%
Fe,U =50 mV, | =200 pA, T =8 K; [33] (b) calculated constant-current
image of the relaxed InAs(110) surfacd) = 50 mV; (c) from (a) and (b)
deduced position of the Fe-atom in the InAs(110) unit cell;d) calculated
position of Fe-atom in the INAs(110) unit cell after relaxaion; The numbers
on the atoms indicate the vertical relaxation in atomic unis from the ideal
bulk terminated position of the surface As.
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Figure 4.2: Side-view of calculated relaxed atomic positie at the InAs(110)
surface covered with an Fe-monolayer. The lower half part sivs the relax-
ation of the clean InAs(110) surface. Black circles mark thiee-positions, gray
the In- and white the As-positions. Tables 4.1 and 4.3 give éhcorresponding
values of distances, bond lengths and angles.
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InAs embedded in in nite vacua on both sides of the slab. Testwith ve
and nine atomic layer slabs of InAs show, that the energetiltya favorable
structure is reproduced with su cient accuracy using a ve hyer slab. Next,
a Fe-monolayer with one Fe-atom per unit cell is placed on orsde of the
optimally relaxed InAs slab. For the optimization of the newcon guration,
the Fe-monolayer and the two adjacent layers of the InAs arellawed to
relax. To prevent an overlap of the MT-spheres and at the samtme to
take into account the extension of the states at the atoms wehcose the
radii of the MTs to be 2.2a.u. for the Fe, 2.0a.u. for the In and..8a.u.
for the As. The wavefunctions are expanded into augmented grle waves
with a maximum K-vector of K.« = 3:9 au: !, which amounts to 230
basis functions per atom. The basis functions in the MTs arexpanded
into radial functions and spherical harmonics with angulamomenta up to
| = 8. The BZ integration is carried out using 121k,-points in the irreducible
wedge of the two-dimensional BZ. The starting position forhe relaxation
of the Fe-atom is deduced as follows: We compare measured Sinivages of
InAs(110) covered with submonolayers of Fe with calculateBTM images of
clean InAs(110) [14, 34]. Fig. 4.1(a) shows the measured igea[33]. The
atomic rows of one type of atoms are visible in the backgroundhe bright
spots surrounded by a black rim are the Fe atoms. The inset sk that
the position of the Fe maxima is in between two atomic rows andlightly
displaced towards one of them. Moreover, the Fe maxima arechted exactly
between two neighboring maxima inside the InAs rows [33]. Ehcalculated
image of the clean InAs(110) surface at the same voltage isspliayed in
Fig. 4.1 (b). The marked atomic centers of the In and the As atos reveal
that the protrusions in the constant-current image correspnd to the As
atoms. This is opposite to the conventional knowledge thatations (In) are
imaged at positive voltage on IlI-V materials, but has its aigin in the high
energy position of the In dangling-bond state of 0.9 eV abowke conduction
band minimum and the fact that the surface As atoms are relaxleoutwards
[14, 34]. From comparison of Fig. 4.1 (a) and Fig. 4.1 (b) we dece a lateral
position of the Fe atom as displayed in Fig. 4.1 (c). The optimation process
of this atomic structure led to the structure shown in Fig. 41 (d).

Fig. 4.2 shows a side-view of the InAs Im after relaxation. Te lower
half of the Im shows the relaxation without the Fe monolayer while the
relaxed structure with Fe is shown in the upper half. There,ni contrast to
the Im without Fe, In and As are nearly at the same height. Theln atom is
even slightly higher (0.5 a.u.) than the As atom. The bond legth between
In and As in the uppermost layer as well as the bond length beeen the up-
permost and the next layer of InAs are increased with respetd the relaxed
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distance| unit InAs bulk | InAs(110) | Fe/InAs(110)
a [a.B. ] 11.437
dren> | [38 2] 0.079
Orein x (3] 0.429
1 [a= 2] 0.000 -0.164 0.056
1x ERY 1.000 1.033 0.632
dp» |[Za/' 2]| 1.000 1.118 1.241
oy [22] 1.000 1.080 1.266
2 [a/ 2] 0.000 -0.018 0.043
2 ER 1.000 0.999 0.996

Table 4.1: Distances between the atoms at the clean relaxeaAls(110) sur-
face and at the InAs(110) surface covered with one Fe-atom rpenit cell

according to the de nitions in Fig. 4.2. The distances are gxtessed in units
of the respective InAs bulk distances given in the second oain.

InAs Im without Fe. Table 4.1 and 4.3 give the correspondingvalues of
distances and bond lengths for the clean relaxed InAs(110hcthe relaxed
InAs(110) covered with one Fe atom per unit cell. The result®r the clean
surface are in excellent agreement with other theoreticalosk on I11-V semi-

conductors [14]. A strongly increased In-As bond length irhe Fe/InAs(110)

case shows that In-As-bonds are weakened in favor of the bergetween Fe
and InAs.

In this section the geometry of 1 ML(Fe)/InAs(110) was calclated. The
position of the Fe atom and the surface layer of InAs is used the next sec-
tion as a starting geometry for the calculation of the Fe chas on InAs(110).

4.2 Fe chains on InAs(110)

4.2.1 Computational details

To simulate the InAs(110) surface we used a slab of 5 layersAls(110) with
an Fe atom on top. To simulate Fe chains we put one Fe atom per éw
InAs(110) unit cells, so that the two-dimensional unit cellin the calcula-
tion consists of two InAs(110) unit cells along the [001] daction or along
the [110], respectively. This model geometry leads to Fe chainsoal [110]
(Fe[110]/InAs(110)) with a distance between the chains of 287 a.u., as
shown in Fig. 4.4, while chains along the [001] direction (F&01]/InAs(110))
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Figure 4.3: (a) InAs(110)
unit cell. ~ The bonds be-
In@l tween In (grey) and As (white)
N are drawn as a dashed line.
(b) The Brillouin zone of the
INAs(110) with the irreducible
part hashed grey.
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have a distance of 186 a.u., as shown in Fig. 4.5. Compared to the Fe lat-
tice constant of 35a.u., these rather large distances rule out the interactio
between the chains. The distance between Fe atoms in the amas 816 a.u.
in case of Fe[10]/InAs(110) and 11437 a.u. in case of Fe[001]/InAs(110).
These distances are also rather large compared to the Fe laé constant,
so that we expect direct interaction between Fe atoms to be sih For
the initial position of Fe and the surface layers of InAs, thegeometry of Fe
ML/InAs(110) is used. All three coordinates of the Fe atom ad two surface
layers of InAs were relaxed with the additional restrictionthat the mirror
symmetry is preserved. For the 2DBZ sampling we used 12 k-pts in the
irreducible part of the 2DBZ shown in Fig. 4.3 (b). We startedthe calcula-
tion with a plane wave cut-0 K = 3:4 a.u. * and increased s during
the convergence tests t& na = 3:8 a.u. 1, which corresponds to 230 plane
waves per atom in the case of chains alonglfd] and to 301 plane waves per
atom in the case of chains along [001]. The radii of the mu nihs (MTs)
were set to 2 a.u. for the Fe and In atoms and to:& a.u. for the As atoms.
In case of Fe[001])/InAs(110) we had to increase the MTs rado achieve suf-
cient accuracy in the relaxation to 2.1a.u. for Fe, 2.2 a.ufor the In atoms
in the surface layer, 2.1a.u. for the remaining In atoms, antl.9 a.u. for all
As atoms. Spherical harmonics up td.n.x = 8 were used for the basis func-
tions in the MTs and with I,.x = 6 for the expansion of the non-spherical
potential.

4.2.2 Geometry of Fe[1 10]/InAs(110)

After the relaxation and convergence tests we obtained the@gmetry pictured
in Fig. 4.4 in the case of Fe chains along the 10] direction. Fig. 4.4 (a)
shows an isometric perspective of two relaxed unit cells. Véssume that the
mirror symmetry, imposed from the InAs(110), remains. Thigneans that
the y-coordinate of all atoms was kept xed during the relaxation So the
relaxation concerns the x- and z-coordinates of Fe and tworace layers of
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Figure 4.4: The structure of 5 layers InAs with Fe-chains afg the [110]
direction on top. Fe is marked dark grey, In is light grey, andAs white. (a)
Isometric view of the structure. The atoms allowed to relaxr@ marked with
Fe, In;-Ing, As;-As,. (b) - (e) Orthogonal projections of the structure. (d),
(e) The relaxed atoms and the bulk layer are shown. Small sples indicate
the atomic positions for the free InAs(110) surface.
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InAs. The relaxed atoms in one unit cell are marked with Fe As;-As, and
In;-In4. The Fe atom (dark grey) goes from the top position in the staing
con guration, which we took from the calculation with the Fe ML, to the
energetically preferable position embedded in the rst lagr of InAs. This
position is in the middle of the triangle formed by two mirrorsymmetrically
connected As- and Ag-sites at the corners, as indicated in Fig. 4.4 (a). The
orthogonal projection of the structure, shown in Fig. 4.4 (cdemonstrates
that Fe is indeed in the same plane as the three As atoms. Thesthnces
between Fe and Ag of 4609 a.u. and between Fe and Asf 4596 a.u. can
be considered equal within limits of accuracy in the relaxain. We suppose
that Fe forms bonds to these three As atoms. The nature of thesbonds
will be studied later in this work. The strength of the bonds letween In
and As is indicated by the respective bond lengths and markex$ a di erent
thickness of the bar between the atoms. The strongest bondthi¢ck bar)
correspond to the previously calculated bulk value of.93a.u.. The range of
the bond length between ®1a.u. 541a.u. corresponds to an intermediate
strength and a length between Ha.u. and 711a.u. indicates the weakest
bond. There are four bonds in this upper length range, as ide in Fig. 4.4
(@). These are all the bonds of In which is the top atom, and the bond
between Ag and In of the bulk layer. Consequently, we assume that due to
the presence of the Fe atom these bonds are considerably vessdd.

Figures 4.4 (b) and (c) are the orthogonal projections of theame structure.
They demonstrate that the vertical position of Fe and Ia are nearly the
same.

Figures 4.4 (d) and (e) show the top three layers of one 2-D urtell
from Fig. 4.4 (b) and (c). For comparison the positions of théree InAs(110)
surface atoms are drawn in the same plot as small spheres. Thamest visi-
ble deviations between the pure InAs(110) and FelD]/InAs(110) are in the
vicinity of In; and In,. In, moves into the Im after the Fe deposition. It
is located in the plane de ned by Ag and two mirror plane connected As.
In{, on the other hand, relaxes outwards from the surface.

In the following, some quantitative data of the relaxed strature are given
and compared between Fe[lD]/InAs(110) and InAs(110). The coordinates of
the relaxed structure and their convergence with increaggnnumber of plane
waves are summarized in Table 4.2.

The As atom in the middle layer was chosen as the point of origias
marked in Fig. 4.4 (a) by the x,y,z-axes. Table 4.2 shows thdor K ox be-
tween 37a.u. ! and 38a.u. ! the changes of the atomic coordinates are
all below Gla.u.. Consequently, sucient convergence is achieved it
K max=3:7a.u. 1. The starting value forK . of 3.4 a.u. ! is apparently too
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Kmax [aU. 1] 3.4 35 3.6 3.7 3.8
o | X[au] 244 | 241 | 239 | 239 | 241
Z [a.u] 791 | 790 | 788 | 788 | 7.88
n, | X[@u] 418 | 419 | 420 | 420 | 4.20
Z [a.u] 10.86 | 10.67 | 1054 | 10.41 | 10.34
ps, | X 12u] 082 | 0.77 | 0.74 | 071 | 0.71
Z [a.u] 944 | 942 | 939 | 935 | 9.33
n, | X[@u] 10.08 | 10.06 | 10.04 | 10.02 | 10.01
Z [a.u] 772 | 770 | 769 | 767 | 7.66
As, | X 12U] 12.69 | 12.67 | 12.67 | 12.66 | 12.64
Z [a.u] 873 | 872 | 872 | 871 | 871
n, | X[Bu] 789 | -7.92 | -7.93 | -7.96 | -8.01
Z [a.u] 412 | 411 | 411 | 410 | 4.09
As, | X 12u] 501 | -5.01 | -5.02 | -5.04 | -5.08
z [a.u] 447 | 448 | 447 | 446 | 4.44
n, | X[@u] 201 | 2.04 | 205 | 211 | 2.14
Z [a.u] 459 | 456 | 455 | 457 | 455
As, | X12u] 574 | 572 | 572 | 573 | 5.72
Z [a.u] 477 | 476 | 476 | 475 | 4.73

Table 4.2: The relaxed coordinates of Fe]D]/InAs(110) and their conver-
gence with increasing number of plane waves. The con gurah achieved
with K nax = 3:7=3:8a.u. ! is then analysed in the text. Notation is given in
Fig. 4.4.

small to yield the atomic coordinates with a precision of:Q a.u.. The largest
change in the atomic position fromK ax = 3:4 a.u. 1 to Ko =3:8 a.u. !
is in the z-coordinate of In and amounts to 0:56a.u.. Since Inp is the
top atom on the surface, it plays a decisive role in simulatgy STM im-
ages. Consequently, the change in the z-coordinate of, Iof 0:56a.u. is
very important for getting correct simulations ofdl=dU and CCM images.
Nevertheless,K nax = 3:4a.u. ! is enough to reproduce the planar arsenic
neighborhood of the Fe atom.

Next we compare bond lengths and bond angles in the surfacgda of
pure InAs(110) and Fe[10]/InAs(110). Two of the four bonds for each InAs
atom are in the InAs(110) plane. For two relaxed layers one ttie remaining
two bonds points to the middle of the Im and one points to the arface layer
or to the vacuum respectively.

We will use the notation adopted from Engels [14]. The bonds ithe
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InAs(110) plane are calledridge bonds (BrB) , bonds pointing to the mid-
dle of the Im are calledback bonds (BB) and those pointing to the surface
layer or to the vacuum -dangling bonds (DB) . The notation for DB devi-
ates from the notation used by Engels, where DB is used onlyrfihe bonds
pointing to the vacuum. We denote the angle between BrBs with, and
that between BrB and BB with . The bond lengths and the angles between
the bonds for the relaxed atoms of Fe[D]/InAs(110), Fe[001]/InAs(110) and
InAs(110) are summarized in Table 4.3.

The data for the pure InAs(110) surface are in good qualitate agreement
with previous calculations on InAs(110) [14]. The main chage in the bond
lengths between pure InAs(110) and FelD]/InAs(110) happens for In. The
BB of In; is increased by 30% and the BrB by 20% compared with the bulk
value of 495 a.u.. The angles between the bonds are strongly reduced lfo,
in case of Fe[10]/InAs(110) compared to pure InAs(110). For As the BB
remains almost like in the pure InAs(110) surface. The angleetween BrB
and BB as well as the length of the BrB change strongly mainlyu® to the
changed position of IR, which is connected through the BrB to the As. The
changes for In and As, are less drastic. The BB of Ia is increased by 10%
in length compared to the value in pure InAs(110).

From Fig. 4.4 (d) und (e) and Table 4.3 we conclude that the Fe ainly
a ects the relaxation in its close vicinity. Just one unit cdl away from an
adsorption position of Fe, InAs(110) exhibits the con guréion known from
the pure InAs(110) surface with As atoms on top and In in almasplanar
neighborhood of the As atoms.

4.2.3 Geometry of Fe[001]}/InAs(110)

For the Fe atoms placed along the [001] direction and with aktoms in
the same starting con guration as for Fe[10]/InAs(110), after relaxation
we obtain the structure shown in Fig. 4.5. The relaxed atomsf@ne unit
cell are marked in Fig. 4.5 (a) with Fe, In-In3 and As,-Asz;. The unit cell
contains two As and two Inz which are coincident under the mirror symme-
try. Consequently, the positions of only seven di erent atms are optimized.
Under the additional constraint that the mirror symmetry is preserved, all
three coordinates are allowed to relax. This means that notndy x- and
z-coordinates change, but also the y-coordinate is allowgal change without
breaking the mirror symmetry. The change of the y-coordinat results in
dimerization of As, and Inz, as can be seen in Fig. 4.5 (c), (). We assume
that this dimerization is caused by some kind of interactiometween Fe and
As; and not by the dimerization of arsenic DB's. The top positionis oc-
cupied by Fe, which is 0.2a.u. higher than In Along the [001] direction
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Figure 4.5: The structure of 5 layers InAs with Fe-chains atgy the [001]
direction on top. Fe is marked dark grey, In light grey and As wite. (a)
Isometric perspective of the structure. The atoms allowedtrelax are marked
with Fe, In1-Ing, As;-As,. (b) - (d) Orthogonal projections of the structure.
(e), (f) The relaxed atoms and the bulk layer are shown. Smalpheres
indicate the atomic positions for the free InAs(110) surfac
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— Ing As; In, AS, Ins; AS; Ing As,
S BrB [a.u.] | 5.15| 5.15| 5.15| 5.15| 5.2 | 52| 5.2 | 5.2
% BB [a.u.] | 4.97|4.97| 4.97| 4.97| 5.08| 5.12| 5.08| 5.12
§ [ ] 103 | 103 | 103 | 103 | 102 | 102 | 102 | 102
- [ ] 120 | 95 | 120| 95 | 106 | 111 | 106 | 111
g Ing | As; | In, | As, | Ing | Asz | Ing | As,
171 BrB [a.u.] | 7.29| 7.29| 7.29| 7.29| 4.97| 4.97| 4.97| 4.97
T BB [a.u] | 5.61| 5.5 |5.61| 5.5 |5.29| 5.1 |5.29| 5.1
> [ ] 68 | 68 | 68 | 68 | 109 | 109 | 109 | 109
‘L_nl:’ [] 97 | 105| 97 | 105| 114 | 103 | 114 | 103
=

3 Ing | As; | Iny | As, | Ing | Asg | Ing | As,
33’ BrB [a.u.] | 6.43] 6.43| 4.94] 494] 5.0 | 5.0 | 5.40| 5.40
< BB [a.u.] | 5.96| 5.04| 5.2 | 5.13| 5.25| 5.0 | 4.98| 5.55
o [ ] 78 | 78 | 110| 110 | 107 | 107 | 97 | 97
% [ ] 87 | 112 | 124 | 92 | 115|101 | 109 | 108
s

S

=) Ing As; In, As, Ins As3 | Ing | Asy
£ | BrBlau]|7.07| 7.07/5.01| 5.01| 4.94| 4.94/5.09| 5.09| - -
= BB [a.u.] | 5.54 5.10 5.19| 5.01 5.07 5.00| - -
= [] 65 93 116 | 101 108 115 | - -
S [ ] 75 | 126/95 | 115| 101 | 120/110 | 104 | - | -
s

Table 4.3: Bond lengths and angles between bonds for the sgé atoms of
the InAs(110), Fe[110]/InAs(110) and Fe[001]/InAs(110). BrB: bridge bonds,
BB: back bonds, : angle between BrBs, : angle between BrB and BB

In, has a position nearly equidistant between two Fe atoms, assible in
Fig. 4.5 (d). The distance between Inand As atoms of the surface layer pre-
viously bonded to it is increased to 6.97 a.u.. The distance® tthe As atoms
of the neighbouring unit cell is decreased to 7.06a.u.. Thimeans that in
the (110) plane In has a position nearly in the center of the rectangle drawn
in Fig. 4.5 (b) with As; atoms at the corners. As a consequence, we cannot
decide solely from the structure, if a bond between the jrand As; from the
same unit cell and from the neighbouring unit cell exists.
To indicate this, thin bonds between the In and As; of the same and the
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neighbouring unit cells are shown in the picture, so that Inappears with
ve bonds, four to the As atoms in the same layer and one to the % in the
subsurface layer. The thickness of all bonds shown indicatéheir lengths.
Over the whole structure only the ve bonds of In are drawn with thin
lines, which correspond to the length range betweenZa.u, and 711a.u..
In the next sections we will investigate which of these indided bonds on
In, really do exist. However, already from the relaxation datalane it is
clear that the original bonds between In and the As atoms are severely
weakened. We conclude that for both structures, for Fe]D]/InAs(110) and

Kmax[a.U. 1] 3.4 35 3.6 3.7 3.8 MT
o | X[au] 060 | 065 | 066 | 066 | 056 | 0.41
Z [a.u.] 10.85 | 10.86 | 10.88 | 10.49 | 10.44 | 10.19
n, | X1au] 527 | 521 | -5.08 | -4.84 | -4.88 | -4.90
Z [a.u.] 11.76 | 11.67 | 11.07 | 10.82 | 1058 | 9.94
X [a.u.] 080 | 082 | 082 | 0.78 | 0.77 | 0.76
As; | y[aul] 0.74 | -0.74 | -063 | -0.40 | -0.40 | -0.21
z [a.ul] 851 | 852 | 852 | 847 | 846 | 8.46
n, | X[@u] 3.63 | 355 | -299 | -1.95 | -1.89 | -1.01
z [a.ul] 10.78 | 10.50 | 10.19 | 858 | 828 | 7.96
X [a.u.] 791 | 792 | -7.96 | -8.07 | -8.13 | -8.26
Ins | y[aul] 011 | -0.11 | -0.10 | -022 | -0.25 | -0.21
Z [a.u] 387 | 388 | 391 | 393 | 394 | 395
As, | X 12u] 499 | 499 | 5.00 | -5.01 | -5.02 | -5.14
Z [a.u.] 456 | 456 | 458 | 460 | 458 | 4.44
As, | X12u] 520 | 520 | 521 | 536 | -5.43 | -5.55
z [a.u] 465 | 463 | 458 | 440 | 433 | 4.20

Table 4.4: Convergence of the relaxed coordinates of Fe[fJ01As(110) with
increasing plane wave cut-o parameteK .« . The last column corresponds
t0 Kmax = 3:8 a.u ! and increased MT radii. Notation is given in Fig. 4.5.

Fe[001]/InAs(110), the geometry is determined by the paral substitution of
an In atom with Fe in the In-As bonds.

In Figure 4.5 (d) a star indicates the position of the Fe atomn the
case of Fe[10]/InAs(110) (see Fig. 4.4 (c)). By comparing Fig. 4.5 (c) rd
Fig. 4.4 (c) we see that the distance between the marked pasit and In; of
the next unit cell is smaller in Fig. 4.5 (c) than in the case dfe[110]/InAs(110).
We assume that the presence of the In in the neighbourhood dfet marked
position displaces the Fe atom from this position further awards of the
surface.
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Summarizing we can say that two trends determine the geome-
try of the structure. Fe tends to have a position as near as pos sible
to the As atoms and at the same time as far as possible from the
In atoms.

To con rm this structure we performed at rst the same convegence
test on the number of plane waves, like for the FelD]/InAs(110). The
relaxed coordinates and their convergence over the numbefr glane waves
are summarized in Table 4.4. The point of origin is on the As am in
the middle layer as marked in Fig. 4.5 (a). In the last step ofnicreasing
Kmax from 3:7a.u. ! to 3:8a.u. ! the largest change of 0:3a.u. is in the
z-coordinate of Inp.

This accuracy is not su cient for a proper calculation of the electronic
structure and simulation of an STM measurement. Further in@ase of the
number of plane waves would blow up the calculation time begd feasible
border. Another way to improve this point is the increase ofilte mu n-
tin radii. The disadvantage of this approach is that the enegyy of the cal-
culation cannot be compared any more with the energy of the rsicture
Fe[110]}/InAs(110). | increased the mu n-tin radii to the values 2.1a.u. for
Fe, 2.2a.u. for In and In,, 2.1a.u. for the remaining In atoms, and 1.9a.u.
for all As atoms. The result of this improved relaxation is ssnmarized in
the last column of Table 4.4. Especially considering the {rof the rst layer,
this last step with increased MTs was indispensable. With areased MT,
In, went more than 0.5a.u. into the surface.

Only this step gives the correct relation between the vertic al
position of Fe and In ; atoms, namely, that Fe has the highest po-
sition.

Table 4.4 demonstrates that the coordinates of the In atomg@aespecially
sensitive to the increase oK o in a particular way. Namely a smallK ax
leads to the underestimation of the bonding between As and ktoms in the
surface layer. The y-coordinate of Asshows that the dimerization of As
decreases with increase & ,.x. SO0 we conclude that another consequence
of a too smallK s is the overestimation of the bonding between Fe and As.
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Chapter 5

Electronic and magnetic
properties of Fe chains on
INAs(110)

This chapter is focused on the determination of magnetic mants and the
comparison between two magnetic structures, namely ferr@gnetic (FM) vs.
antiferromagnetic (AF) ordering for both chain directions To determine the
magnetic structure we calculated the FM and AF state for bottgeometries
with a unit cell twice as large as for the crystal structure. © perform the
calculation within reasonable time the cut-o parameter fo the number of
plane waves was reduced t& .« = 3:2a.u. *. For the 2DBZ sampling we
used 6 k-points in the irreducible part of the 2DBZ. The MT radi were set
as in the relaxation calculation of Fe[10]/InAs(110), namely 1.8 a.u. for the
As, and 2.0a.u. for Fe and In. The remaining numerical pararters are the
same as in the relaxation calculation. The results of this taulation and
their interpretation are covered in the following sections

5.1 Magnetic structure of Fe[1  10]/InAs(110)

In the case of Fe[10]/InAs(110) the AF structure is favourable with an
energy of 550meV. The convergence test for the number of ptamvaves
shows, that with the increase oK . = 3:1a.u. 1 to K« = 3:2a.u. ! the
di erence in the energies of the AF and FM state decreases o580 meV
to 550 meV. This means, that the di erence in the energy betvem the two
states is converged with the accuracy of 30 meV.
The electronic con guration of As of a free InAs(110) surface consists of

four completely occupied sphybrids. Fe as a free atom has 3d4s’ con gu-
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ration. This means that among the ve d-orbitals one is comgtely occupied
and four are half- lled. After the adsorption on the surfacehe magnetic mo-
ment of Fe changes from 45 to 2.4 . It has 4.1 d-electrons of one spin
channel and 1.7 of the other. This means that the electronserearranged in
a way, that approximately two d-orbitals are lled and one enpty. The mag-
netic moment of Fe is slightly higher in the AF case with = 2:44 g than in
the FM case with = 2:38 . The Fe induces also a small magnetic moment
on InAs namely in the MTs of Ag and As, following the notation given in
Fig. 4.4. In the FM case these magnetic moments argAs;) = 0:025 g
and (As;) =0:01 g, whereas in the AF case (As;) =0:03 g and (As;)
vanishes.

Some hints to a possible explanation of the AF structure canebextracted
solely from the geometry of the system. In section 4.2.2 it waliscussed that
the geometry of the system indicates a strong interaction bgeen Fe and As,
As,. One well known model of the AF interaction of the magnetic ams em-
bedded in a non-magnetic system is superexchange. Supehexge is the
interaction between magnetic cations via a non-magnetic am. This inter-
action depends strongly on the overlap between cation andian orbitals and
thus on the character of the interacting orbitals and the cabn-anion-cation
angle. With the angle Fe-As-Fe of% and the position of Ag symmetrically
between the Fe atoms of the chain an overlap between Ag-orbitals and Fe
d-orbitals is possible. The character of these orbitals Wibe discussed later
in this section. These observations strongly suggest thatigerexchange be-
tween the Fe atoms via Agis the mechanism that leads to the AF structure.

In the following we can show from our results that the Fe atoms
indeed interact strongly with adjacent As atoms and that the in-
teraction with As ; leads to superexchange and to the energetically
prefered AF con guration in the Fe chain.

5.1.1 DOS of Fe[1 10]/InAs(110)

The DOS in the Fe MT for the FM and AF Fe chains along the InAs row are
presented in Fig. 5.1 (a)-(d). For the FM structure (a), (b) the DOS in both
spin channels are not only shifted with respect to each othéyy 2.5eV, but
have also di erent band width. The DOS in the spinl channel hma width of
2 eV and is nearly constant in the range from -3.5eV to 1.5eV,hsreas the
DOS in spin2 channel has a width of approximately 1.5 eV with maximum
at Er.

The DOS of the AF structure Fig. 5.1 (c), (d) has approximatel the same
bandwidth of 2eV in both spin channels. Spinl channel showdj erently
to the FM case, a clear two-peak structure. The formation ofnte band gap
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Figure 5.1: The left column (a) - (d) shows the DOS in the Fe MT¢$or the
Fe[110]}/InAs(110) structure. (e) - (h) show the DOS in the Fe MTs 6r the
Fe[001]/InAs(110) structure.

of about 0.3eV at & in the spin2 DOS of Fig. 5.1 (d) in e ect lowers the
energy of the occupied states and leads to the preference lué AF structure.
Consequently we focus in the following discussion on the foation of the
band gap in the DOS of the AF structure. Two di erent e ects play a role in
the creation of this band gap. The rst one is a symmetry breakg induced
through the antiferromagnetism, which leads to the spliting at the edge
of the quasi-one-dimensional BZ. The second e ect is the badrformation
between Fe and Agin the AF case, which leads to the splitting of the DOS
around E- into bonding and antibonding states with a band gap between
them.

The DOS of As and As, presented in Fig. 5.2 provides additional indi-
cation for a strong interaction between Fe and adjacent As. fle As; DOS
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Figure 5.2: The DOS in the
. MTs of As; (solid line) and
Y As, (dhashed line) for the
Fe[110]/InAs(110) structure.
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of the FM case in Fig. 5.2 (a)-(b), shows one prominent peak a®.3 eV and
a smaller peak directly at & in the spinl channel and vanishes almost com-
pletely around E- in the spin2 channel. We assume, that the peak at -0.3eV
in the spinl channel is spatially so extended, that it conthutes also to the
DOS in the Fe MTs in the spinl channel at -0.3eV. The AsDOS has in both
spin channels a small contribution at . For the AF case the DOS of Asas
well as the DOS of Ag exhibit a band gap in both spin channels and have no
other signi cant features in the energy range shown. The gpipolarisation
of the As, state around -0.5eV is not surprising, since this As interés only
with one Fe atom of the unit cell. The striking change of the AsDOS with
the change of magnetic con guration in the Fe chain is an indation for the
signi cant role of As; in the formation of the magnetic con guration.

One of the dierences between our calculations and the experent is
that in the calculations the magnetic con guration is impogd as a restric-
tion on the system. The result is the energy of the system andhé¢ acompa-
nying interaction. In the experiment the true magnetic conguration arises
from interaction between the atoms. Comparing the DOS of Asnal Fe in
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Fig. 5.2 (a), (b) and Fig. 5.1 (a), (b) we see narrow peaks arad Er on
Fe (spin2 channel) and As (spinl channel) indicating that there is no in-
teraction between these states in the FM con guration. Thignteraction is
switched on in case of the AF con guration, which is energedally prefered.
This means, that in the real system the interaction betweenhiese states
forces the system into the AF con guration and leads to the djtting into
bonding and antibonding states and to the formation of a bandap.

5.1.2 Dominant superexchange pathsin Fe[1  10]/InAs(110)

Superexchange is a special exchange interaction between twagnetic atoms
via a nonmagnetic atom. Such a mechanism was originally proged by
Kramers [27]. Quantitative estimates of the dependence oimmé angle be-
tween cation-anion-cation were given by Anderson [2]. Theigerexchange is
possible only if orbitals of the magnetic atoms exhibit su éent overlap with
an orbital of the non-magnetic atom. This leads to the depemdhce of the
interaction on the cation-anion-cation angle, which was st quantitatively
estimated by Anderson [2]. As pointed out by Goodenough andokeb [18]
the symmetry of the interacting orbitals is decisive for thesuperexchange.
The entity of the interacting orbitals is called superexchage path. From the
symmetry of the d- and p-states and from the previous qualiteve evaluation
of the states around E we suggest that the superexchange in this system
is dominated by two paths. Figure 5.3 schematically shows ¢hcontribut-
ing orbitals and the geometry. Two Fe ¢, orbitals with an overlaping As
py orbital between them are shown in Fig. 5.3 (a). The image planis the
plane going through two As and As, as it is shown in Fig. 4.4. A bond
between Fe and Ag provides a large overlap between the orbitals and thus
a large interaction. This superexchange path we call in thefowing dy, -py
superexchange. Superexchange in general, can have AF a$ agFM char-
acter, as described in detail in [17]. For our system in casé & half- lled
dyy orbital the bond formation takes place only between electns of oppo-
site spins, leading to a strong AF coupling between the Fe atts. Due to
the intraatomic exchange between d-orbitals on the Fe the spof the lled
orbitals plays a role in the bond formation between empty d+bitals and the
p-electrons of As. The spin of electrons transfered from Asto the bonding
orbital has to align parallel to the spin of Fe. This leads to a AF coupling
between Fe atoms.

Figure 5.3 (b) shows two Fe ¢ . orbitals with the overlapping As p
orbital between them. There is no de nite answer to the quegin if this is
a strongly asymmetric bond between Fe ¢ 2 and As p. or a bond
formed from only one lobe of pand Fe d. . lobes on both sides. This
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superexchange path we call in the following,d y2-px superexchange. The
angle between the bond line and the As,porbital is =3. This means, that
here the upper part of the bond provides a very small contribution to the
exchange interaction. Similarly to the g, -p, superexchange path this path
also gives antiparallel coupling between Fe atoms. Sincebonds in general
are weaker than bonds the contribution of this path to the energy gain in
the AF system is smaller than the contribution of the g, -p, superexchange.
We will discuss the band structure of the system in the followg subsection

Figure 5.3: Bond paths of
superexchange interaction be-
tween Fe cations (d-orbitals
left and right) via As anion (p-
orbital in the middle). (a) dy
orbitals interact via As py. (b)
dy2 2 orbitals interact via As

Px.

to see how exactly these two paths contribute to the splittig of the DOS
into the bonding and antibonding states at k.

5.1.3 Band structure of Fe[1 10]/InAs(110)

The band structures of the AF and FM con gurations for both spn channels
are plotted in Fig. 5.4 with Fe d, and As p, states marked. Fe ¢ 2 and As
px states are marked in Fig. 5.5. The one-dimensional perioiticalong Y
leads to the pronounced quasi-one-dimensional charactdrtbe band struc-
ture. The backfolding of the bands in the FM case is visible a¥ and M,
which correspond to the edge of the one-dimensional BZ, withegeneracy
of pairs of the states alongrM. Reduction of the symmetry removes these
degeneracy in the AF case. The majority of the bands exhibitglmost dis-
persionless behaviour perpendicular to the chain, i.e. @lg YM and X, and
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Figure 5.4: Projected band structure of Fe[l0]/InAs(110). The states
marked with crosses arel,, states localised on Fe MTs. The states marked
with diamonds arep, states localized to a large extent on As
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a strong dispersion along the chain, i.e. alony and MX. The main contri-
bution to the energy gain from the FM to the AF case comes fronowering
of the partly occupied bands around E. Consequently the emphasis in the
following discussion is put on the bands around£&

First, we discuss the FM band structure with projected bandsf Fe d,,
and As p, presented in Fig. 5.4 (a), (b). There is one partly lled As band
degenerate with an Fe band around Ein the spinl channel. These bands are
occupied at the edge of the quasi one-dimensional BZ, alovilyl, and exhibit
a strong dispersion along the chain. The unoccupied part ofi¢se bands is
visible as a completely dispersionless state at 0.8 eV alodg in the middle
of the quasi one-dimensional BZ. Remaining marked statesoand E- belong
to the occupied As band around 1 eV and the Fe band around 0:2eV.
Along the YM direction the As; band at Ex contributes to the peak at

0:6eV in Fig. 5.2 (a) whereas the contribution of the dispersgmpart along
'Y and MX to the DOS is rather small. Due to the strong dispersion, th
contribution of the Fe band at E- to the Fe DOS is negligible. In the spin2
channel presented in Fig. 5.4 (b) the Fe minority bands are aund E- while
the As, bands are located around -2.1 eV. The prominent peak in the FiHe
DOS at Er consists partly of two bands tagged with crosses in Fig. 5.4)(
which are nearly dispersionless atgEalong the X direction. The As ; states
are visible around -2.1 eV in the As DOS.

To summarize this section up to here we identi ed the states
in the FM bandstructure, which can contribute to the d xy-Py Su-
perexchange, as an As ; band degenerate with the Fe band at E ¢
in the spinl channel (Fig. 5.4 (a)) and two partly lled Fe ban ds
in Fig. 5.4 (b), which are nearly dispersionless at E r along the
XG direction. The interaction between these states leads to the
hybridization and to a splitting in bonding and antibonding parts
leading to the energetic preference of the AF order.

Next, we discuss the AF band structure with the aim to identy states
evolved through the gy -p, superexchange. The band structure of the AF
case (Fig. 5.4 (c)-(d)) contains two nearly dispersionlegmnds around 0:6 eV
and around +0:6 eV indicated with crosses. Two additional marked bands
are: a dispersionless occupied band at -1eV and a band digpt along
Y and MX between +0:6eV and +1eV. In the AF Fe DOS these states
are visible as small peaks around 1:1eV and 0:6eV. We assume that
those are bonding and antibonding states arising from thetieraction of the
marked bands around E in Fig. 5.4 (a)-(b). Idications for this assumption
are presented in the next subsection, where an example of tt@responding
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Figure 5.5: Band structure of Fe[10]/InAs(110). The states marked with
crosses are mainly Fe,d ,. states. The states marked with diamonds are
mainly As p, states.

charge distribution is discussed.

The states contributing to the d.2 2-px superexchange are marked in
the band structure in Fig. 5.5. Fe ¢z 2 states are indicated with crosses
and As; px states with diamonds. There is one partly lled, cross marle
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band in the spinl channel and one in the spin2 channel, whichheanearly
dispersionless at E around . These bands are degenerate with one spinl
As,; band in the vicinity of . Another dispersionless spinl As band around
-0.3 eV contributes to the prominent As DOS in Fig. 5.2 (a). The interac-
tion between these bands contributes to,d ,--px superexchange and leads

to the splitting of these states in the AF case.

Two bands are marked at the same time with crosses and diamanth
Fig. 5.5 (c). One has the energy of -500 meV alongM and -1eV at . The
counterpart of it is an empty band which has the energy betwee200 meV
and 300 meV alongYM and 100 meV at . The As p x contribution of this
band is larger than a threshold of 7% only along th& M direction. These
bands are nicely visible in the AF Fe DOS (Fig. 5.1 (d)). The uoaccupied
band contributes to the large peak at 0.3eV. The dispersicgds part of the
occupied band alongfM is merged with a nearly at band at -0.25eV in the
DOS to the peak at -0.25 eV, whereas the dispergent part in thremaining
BZ has no signi cant contribution to the AF Fe DOS.

To complete our understanding of the bond formation, the nexsection
will discuss the charge distribution of examplary states aributing to d ,, -py
and d,2 y2-py superexchange.

5.1.4 LDOS distribution in case of superexchange

To give an example of the distribution of the charge densityni the states
contributing to the dy,-p, superexchange we plot in Fig. 5.6 the contour and
color scale plots of the states betweed and X points at 700 meV marked
as Fe dy and As; py in the AF bandstructure. Fig. 5.6 (al)-(cl) and (a2)-
(c2) show logarithmically scaled charge density plots in #hplane containing
Fe, As, and As,. The color scale with corresponding values of the DOS at
the edges is shown below. In the contour plots of the Fig. 5.6%)-(f1) and
(d2)-(d2) Fe atoms are marked with black circles and As atomwith white
circles. The spinl channel is presented in the left column &ig. 5.6 (al),
(a2), the spin2 channel - in the right column of Fig. 5.6 (c1)c2) and in the
middle column (bl), (b2) the sum of both spin channels is shaw

The py state on As, is clearly visible in all panels additionally to the g
state on Fe and p on As;. The bonds between Fe and Asare bonds,
whereas bonds between Fe and Aare bonds. The lobes of the pstate at
As; are slightly rotated in the spinl channel with respect to thespin2 chan-
nel. Consequently, they are tilted to the left and to the righ respectively.
Moreover, the tilt is exactly in the opposite direction for he two di erent
spin channels. We consider now the spinl channel Fig. 5.6 Jata2). For
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Figure 5.6: The contour plots and color plots of the states mnked with
crosses and at the same time with diamonds in Fig. 5.4 (c) alprMX at
700 meV (al)-(f1) and -700 meV (a2)-(f2). In the right and l¢fcolumn the
LDOS of the spinl and spin2 channels are shown, respectivelshe middle
column represents the sum of both spin channels.
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the bonding state (a2), one lobe of the pstate, which is rotated away from
the Fe, is nearly merged with one lobe of the,gl state of this Fe. The po-
larization of the DOS on Fe for this state is almost negligilel in accordance
with the plot of the DOS in Fe MTs in Fig. 5.1 (¢), (d). The bonding and an-
tibonding character of the states is also clearly visible. Wereas in the bond
between As and the middle Fe in (a2) the charge density is persistent lger
than zero, in (al) within the same bond a node plane is visibleThe bond
between Ag and Fe does not exhibit a clear bonding-antibonding charaet,
although the spin-polarisation at Ag changes the sign from -700 to 700 meV
in agreement with the DOS of Ag in Fig. 5.2 (c)-(d).

Summarizing, the plots in Fig. 5.6 clearly show that a strong
bond is formed between Fe d ,, and As,; p, states. This conrms
our assumption, that the superexchange is indeed the exchan ge
mechanism between Fe atoms in the chain, and that one of the
contributing superexchange paths is the d  ,y-py. Additionally, the

plots in Fig. 5.6 show a strong indication of the bonding and a n-
tibondig character of the Fe-As ; bond. This is in agreement with
our previous assumption that the band gap results from the sp lit-
ting of the states at E ¢ in bonding and antibonding parts. As 4
obviously takes part in the bond formation but its contribut ion to
superexchange is negligible compared to the contribution o fAs,

Analogously, the contour and color plots of the states a¥ at -500 meV
and 210 meV presented in Fig. 5.7 are an example of the chargstidbution
in case of ¢- y2-py superexchange. The plotted plane contains Fe, Asind
As,, as it is marked with a triangle in Fig. 4.4 (a). The states shon are
marked in the band structure atY as Fe d: . and As p states at the
same time. In the contour plots of Fig. 5.7 (d1)-(f1), (d2)42) the Fe and As
atoms are marked black and white. The spinl channel is presed in the left
column of Fig. 5.7 ((al), (a2)), the spin2 channel, respegsly, in the right
column Fig. 5.7 ((cl), (c2)), and in the middle ((b1), (b2)) the sum of both
spin channels.

First we consider the spinl state at -500 meV (Fig. 5.7 (a2))This state
shows alternatingly a high intensity g . with a weak part from the d,,
state at Fe and a clear p at As;. The lobes of the p states are slightly
rotated away from the Fe d. ,» of the same spin orientation and towards
the Fe d. 2 of the opposite spin orientation. Moreover, the tilt directons
are opposite at -500 meV and +200meV. The overlap between Ap, and
Fe d.- ,. states of opposite spin indicates a bond formation betweehdm.
Di erently to the d ,,-p, case, the bonding or antibonding character of this
state cannot be identi ed solely from these plots. The contpution of this
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Figure 5.7: The contour plots and color plots of the states aR00 meV

(a1)-(f1) and -500meV (a2)-(f2) atY, marked with crosses and diamonds
in Fig. 5.5 (c), (d). In the right and left column the LDOS of the spinl and

spin2 channels are shown, respectively. The middle columapresents the
sum of both spin channels.
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state to superexchange is estimated to be 500 meV providedatht emerges
from the hybridization of the states at B-. This is in nice agreement with the
previously given di erence of 550 meV between FM and AF conugyation.

At 210meV, the d.- . state at Fe varies in the distribution of the LDOS
compared to the state at -500 meV. The lobes ir direction are weaker and
the lobes iny direction are stronger. The overlap between one lobe of thg p
state and the lobes iny direction in the opposite spin channel appears to be
responsible for the bond between Fe and AsThe overlap is smaller than in
the case of -500 meV. This state does not contribute to the ey lowering
in the AF structure since it is empty.

Summarizing, the plots in Fig. 5.7 show that a bond formation
between Fe d . 2 and As; py takes place. This conrms d 2 y2-px
as one of the contributing superexchange paths.
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5.2 Magnetic structure of Fe[001]/InAs(110)

In this section | will discuss the magnetic structure of Fe @ins on InAs(110)
along the [001] direction (perpendicular to the InAs rows).The calculation
was performed in the same way, with the same numerical paratees, as for
the chains along InAs rows (section 5.1). In the case of FejJOnAs(110) the
FM structure is favourable with an energy of 80 meV. The magtie moment
of Fe in the AF case with = 2:19 3 is slightly lower than in the FM
case with =2:26 g. Unlike for Fe[110]/InAs(110), the magnetic moments
induced on InAs are negligible. The distance of 11.437 a.uetveen the Fe
atoms in the chain is large compared to the Fe lattice constaof 3.5a.u..
Thus, we assume that the direct exchange between the Fe d ¢tens is small.
Consequently, the interaction between Fe atoms is mediated some way by
InAs. From the geometry of the system shown in Fig. 4.5 (a), {bwe see that
there is one In atom (In) directly between two Fe atoms. However, the next
nearest neighbour to the Fe is As This As; has, on a pure InAs(110) surface,
a bond (bridge bond) to the In.. The geometry opens two main possibilities
for the mediation of the interaction between Fe atoms via thénAs lattice:
either Fe-In;-Fe or Fe-As-In;-As;-Fe. To test these possibilities, which are
derived only from the geometry of the system, and to obtain fther insight
into the interaction between Fe and InAs, | will discuss the DS of the Fe,
In; and As; in the next subsection.

5.2.1 DOS of Fe[001)/InAs(110)

The DOS in the MTs of Fe, In, and As; is shown in Fig. 5.8 (a), (b) for the
FM case and (c), (d) for the AF case. The geometry of the 2-D uncell with

the Fe atoms and the rst layer of InAs is sketched in Fig. 5.8€), (f) for a
better overview.

The DOS of all three atoms look very similar for the FM and for he
AF structure. The spinl Fe DOS given in Fig. 5.8 (a), (c) has ahree peak
structure around -2.5eV. This structure is slightly stretbed on the energy
scale in the AF case in Fig. 5.8 (c) compared to the FM case Fi§.8 (a).

In the following | will focus on the discussion of states arowa Er. The
Fe DOS in the spin2 channel has one peak slightly below Ethen a clear
minimum at Eg and two large peaks between gand +500 meV. The ener-
getically lower edge of these two peaks is slightly below:En the AF case,
whereas in the FM case the minimum of the DOS is directly at £ The
large peak below E can be found again as a prominent feature in the DOS
of As; in the FM case in Fig. 5.8 (a) as well as in the AF case in Fig. 5(8)
in the spinl channel, opposite to the Fe. In the AF case this Ageak is
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Figure 5.8: In (e) and (f) the two-dimensional projection othe geometry of
the rst layer of InAs with Fe-chains along [001] is shown. Dwailed discussion
of the geometry is given in section 4.2.3. The DOS of the atonabeled in
(e) and (f) is shown in (a)-(d). The DOS of As (grey dashed) and In (black
dashed) is scaled by a factor of 10. The Fe DOS is plotted ungsé with a
solid black line.
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located at 90meV and in the FM case at 250 meV. The energy of this
As; state is lowered due to the interaction with the Fe state of gposite spin
at 250 meV. Apparently the FM con guration of the Fe atoms in thechain
bene ts from this interaction. The In; DOS exhibits in the FM case also a
state at 250meV in the spinl channel, which is a dominant feature in ¢h
DOS of In;. This shows that In, participates in the interaction between the
surface atoms at -250 meV.

To summarize, | found a state in the FM structure which existon the
three atoms Fe, In and As, at an energy of 250 meV. This state is also
present in the AF structure on Fe at 250 meV and on Ag where it lies at

90meV. In the FM case the interaction between Fe and Asapparently
leads to the energy lowering of the arsenic state and also inzks a state at
the same energy on In

The interaction between surface atoms leads to a redestrifian of charge
between the spin channels and as a consequence to the inaeeafsthe mag-
netic moment of Fe in the FM case. The minority states of Fe atmd Er
are depopulated in favour of the majority spin in the AF to FM transition.

From this ndings the following scenario of interaction is wssible. A
bond between Fe and Asdevelops after adsorption of Fe on the surface. This
bond leads to the AF coupling between Fe and Aswith the same exchange
mechanism as in superexchange. At the same time the ;As interacting
with In ;. As described in section 4.2.3 the position of {nis relaxed to the
position, which is almost equidistant between four As This indicates that
In, is interacting not only with two As; by means of the bridge bonds, but also
very symmetrically with the As; of the next unit cell in the chain. Thus In
is coupled on two sides to the Asin the same way. The peaks at 250 meV
in the DOS of In; and As; are in the same spin channel in Fig. 5.8 (a),
which shows that this coupling is of the FM kind. Finally, the AF coupling
between the As of the next unit cell and the next Fe in the chain gives an
overall FM coupling between the Fe atoms in the chain. This iagain a kind
of superexchange Fe-Aslin,-As;-Fe with FM coupling between In and As,.
The way of exchange between the Fe atoms Ferhire cannot be excluded
entirely from the density of states. To investigate this eXxtange mechanism
further | will discuss in the next section the band structureof the system.

5.2.2 Band structure of Fe[001])/InAs(110)

The band structure of Fe chains on InAs(001) with the chain déection per-
pendicular to the InAs rows (Fe[001]/InAs(110)) is plottedin Fig. 5.9. The
rst row, Fig. 5.9 (a) and (b) corresponds to the FM structureand the second
row, Fig. 5.9 (c) and (d) to the AF structure. All states of the atoms, which
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can contribute to the exchange between Fe atoms in the chaimeamarked.
Fe states are marked with diamonds, Asstates with squares and In states
with crosses.

The FM case of Fig. 5.9 (a), (b) will be discussed rst. All maked bands
are degenerate alongMX. The reason for this is the calculation of the FM
structure with doubled unit cell. The chain direction is almg X. So MX
is the edge of the quasi one-dimensional BZ. The backfoldimg the bands
through the doubled unit cell results in their degeneracy ahg the edge of
the quasi one-dimensional BZ.

There are three As bands and one In band in the vicinity of the Fermi
energy in Fig. 5.9 (a). Two of the As bands, which are degenerate along
MX intersect the Fermi energy. These bands contribute to thpeak at E- in
the As; DOS. One of the As bands has a minimum atY around -300 meV.
The completely occupied As band and the In, band have a maximum at
Y with energies of 280meV and 250meV respectively. The energies of
these extrema and the low dispersion of the bands aloNg/ and MX lead to
the conclusion that the peak in the Ag and In; DOS at -250meV is caused
by these bands. The occupied Asband is degenerate alondyIX and almost
degenerate alongM with the In ; band. This means that the interaction
between these two bands is possible and they originate fromeoband in the
halved original unit cell.

Four Fe bands are visible in Fig. 5.9 (b) around the Fermi engy. One of
them is occupied alongiX and unoccupied along theGY, YM and XG. This
band is degenerate alonlylX with another one which is completely occupied.
Both are nearly dispersionless with an energy of -100 meV atpMX. The
completely occupied band descends to the energy of -200 mddhg X and
to the energy of -600 meV and further to -900 meV alonglY and Y . From
the splitting and dispersion of these bands along the chaiX, and MY, we
conclude, that their contribution to the interaction along the chain is quite
large.

Another two of the four Fe bands are degenerate and almost cphately
dispersionsless, not only alongMX but also along MY at an energy of
250 meV. This means, that these bands contribute less thanghwo oth-
ers to the interaction along the chain. Nevertheless, theyakie almost the
same energy as the degenerate In and As bands in Fig. 5.9 (a)heTcon-
clusion is that although these Fe states interact with Asand In; states at
-300 meV, this interaction does not mediate the interactiobetween Fe atoms
in the chain. All Fe bands around E are almost at along Y and MX. This
means that the interaction between the Fe atoms perpendiauri to the chains

is weak.

To summarize the discussion of the FM band structure, | idened the
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Figure 5.9: (a), (b) - the band structure of Fe[001]/InAs(10) in the FM
con guration. (c), (d) - the band structure of the Fe[001])/InAs(110) in the
AF con guration. Three kinds of states are marked, the Fe stas with
diamonds, the As states with squares and the In states with @sses.
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bands contributing to the state at -250 meV in Fig. 5.8. The daciding ener-
getic position of those bands con rms the strong interactio between them.
Additionally, | have shown that only parts of these bands medte the inter-
action between Fe atoms along the chains.

Next, | analyse the band structure of the AF con guration shavn in
Fig. 5.9 (c), (d). Six bands are marked around E in Fig. 5.9 (c). They all
are almost at along the chain. Di erently to the FM case with the maximal
dispersion of 500 meV along the chain, in the AF case the maxafrdispersion
is 100 meV. The lowest of the marked bands has In and As charactat the
same time. Its energy lies between -700 and -500 meV. This bais split
o from another occupied InAs band, which has an energy of -00neV. The
InAs band at -100 meV hybridizes with two Fe bands at theX point and at an
energy of -200 meV, and betweeN and X almost at the Fermi energy. The
InAs band at -100 meV is marked with squares (arsenic band)oim to the
point of hybridization between M and X. From this point further to the X
and the arsenic band becomes unoccupied through the hybridiz@an with
a mainly unoccupied Fe band. The InAs band at -100 meV is marttewith
crosses from the point of hybridization betweeM and X to X and further
to . From M in the direction towards Y the In states become unoccupied.
Thus the point of hybridization betweenM and X can be viewed as a cross
point of Fe, In and As states. Di erent to this hybridization the occupied
Fe band at -250 meV hybridizes only with Ip states of the InAs band at
-100 meV.

In the following section, | discuss the LDOS of the system inrder to
get further insights into the interaction mechanism betwese Fe atoms on
InAs(110) in the FM case. In particular, | will look for the can rmation or
counterevidence of the hypothesis, that the interaction lh@een the Fe atoms
in the chain works mainly along two paths: one of them being F&s;-In;-
As;-Fe with Fe-As, AF superexchange and the other being Fe-irFe.

5.2.3 Symmetry of the interaction states

In the previous section the bands contributing to the DOS pda at 250 meV
were identi ed. As an example of the DOS distribution in thos interacting
bands the LDOS of the state atM at 300meV is plotted in Fig. 5.10 and
the LDOS of the state at -100meV in Fig. 5.11.

In Fig. 5.10 (c2) a d, state on Fe is clearly visible. Fig. 5.10 (a2) shows
a slightly tilted p, state on Ag. The symmetry of the states allows a
bond between them, which is shown in Fig. 5.10 (b2). This corms the AF
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interaction between Fe spin2 and Asspinl via these states. Figure 5.10 (al)
shows a p state on Ag, which is slightly bend into the (111) direction. The
LDOS on In; pictured in the same panel has spcharacter. Due to the small
overlap between sg(In,)" with the outward directed lobe of the g(As;)" at
one side and with the inward directed lobe of the g§As;)" at another side
the FM interaction between these states is rather weak.

In Fig. 5.10 (a3)-(c3) the LDOS distribution is dominated bythe spinl
channel as well on the Fe as on the In This corresponds on the Fe to the
minor peak at -250meV and on the Ip to the large peak at -250meV in
Fig. 5.8 (a). The LDOS on the In has sp character. The state at the Fe
is a linear combination of the d-states with a triangular shpe. Two angles
of this triangle point towards the In; in Fig. 5.10 (a3). These facts con rm
a weak FM coupling between the Fe and the n which is mediated through
the spinl states.

In summary, the interaction Fe#-As;"-In," -As," -Fe# between the Fe atoms
in the chain via a state at -250 meV is con rmed. Di erently tothe Fe#-As,"
with a strong coupling, the interaction Ag"-In," is weak due to the small
overlap between the sg(ln1)" and the p,(As;)" states. Additionally the FM
interaction Fe"-In{"-Fe" is con rmed.

Next, the LDOS of the state atM at the energy of -100 meV, shown in
Fig. 5.11 will be discussed. This state contributes, like thstate at -300 meV,
to the peak at -250meV in Fig. 5.8 (b) at the Fe. Dierently to the state
at -300 meV the contribution to the DOS of the In is negligible in the spinl
channel and very small in the spin2 channel. At the Asthis state exists in
the spinl channel and is visible in the DOS of Fig. 5.8 (a) as &gk at the
Fermi energy.

Figures 5.11 (al)-(cl) show a tilted p(As;)" and piiy; (IN1)# states.
These states form a bond between the In and the As, with AF coupling,
opposite to the FM coupling at -300 meV. Figures 5.11 (a2)-2¢ show a tilted
p.(As;)" state and a linear combination of d-states on the Fe in the gu
channel. The character of this linear combination cannot béetermined
in this case. The states at the Fe and at the Ascouple antiferromagnet-
ically likewise in the state at -300meV. The bond between Fend As; is
a bond, dierently to the state at -300meV in Fig. 5.11 (a2)-(@). In
Fig. 5.11 (b3)-(c3) a large intensity of the LDOS at the Fe atms, which in-
teracts ferromagnetically with the state jp145(In1)#, is visible. In summary,
the FM coupling is mediated between Fe atoms in the chain viagf-In #-Fe#
and Fe#-As,"-In,#-As," -Fe# for this state. The p;45; (In1)# character of the
state at In, allows large overlap to the tilted p(As;)". Probably this leads
to the stronger coupling than the coupling at -300 meV in spé of the lower
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Figure 5.10: Density plots of the state atM at -300 meV. Directions are
indicated at the borders. The spinl channel of the systemi ) is shown in
panels (a), spinl+spin2 in (b), and the spin2 channel) in (c). The panels
(al)-(cl) show the (111) plane, (a2)-(c2) the (001) plane, (a3)-(c3) the (0)
plane, and (a4)-(c4) the (110) plane. The Fe atoms in the pl&s are marked
with black circles, As atoms with white circles, and In atomsvith grey circles.

DOS at In;.

Next, | will describe the coupling between the chains. Figer5.11 (a4)-
(c4) indicates an interaction Fe*-As;"-As," -Fe# between the chains, whereas
in Fig. 5.10 (a4)-(c4) this interaction is mediated via the h,. According to
the band structure with the low dispersion of the bands perpwlicular to the
chain direction the corresponding interaction is very low.The LDOS plots
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Figure 5.11: Density plots of the state atM at -100 meV. Directions are
indicated at the borders. The spinl channel of the systent), is shown in
panels (a), spinl+spin2 in (b), and the spin2 channel) in (c). The panels
(al)-(cl) show the (111) plane, (a2)-(c2) the (001) plane, (a3)-(c3) the (0)
plane, and (a4)-(c4) the (110) plane. The Fe atoms in the plas are marked
with black circles, As atoms with white circles, and In atomsvith grey circles.

reveal that the small overlap of the corresponding orbitalkeads to the weak
interaction.
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Chapter 6

Simulation of the STM
measurements

6.1 Simulation of STS on Fe multimers

The local density of states on and around a single Fe atom (momer) and
Fe multimers deposited on n-InAs(110) surfaces was studieaperimentally
by scanning tunneling spectroscopy afl 6 K. Fe dimers, trimers and
tetramers both perpendicular and parallel to the InAs rows ere formed by
evaporating Fe atoms on a clean InAs(110) surface at room teerature.
The multimers perpendicular to the InAs rows are closely paed. One Fe
atom is adsorbed in every unit cell with a separation betweetihe Fe atoms
of 11.435a.u.. The parallel multimers on the other hand ardable only if
one Fe atom is adsorbed in every second unit cell of InAs. Thisads to a
separation of 16.17 a.u. between the Fe atoms. Further expaental details
are presented in [30].

The spectroscopy curves measured on a tetramer parallel thet InAs
rows, i.e. along [10], and on a trimer perpendicular to the InAs rows, i.e.
along [001], are shown in Fig. 6.1. In Fig. 6.1 (a) three curseneasured on the
di erent atoms of the Fe trimer are presented. Additionally the spectrum
of the substrate is shown as a thin dashed line. The topograptof the
corresponding structure as measured atd+0.1V is shown in Fig. 6.1 (b).
All three curves in Fig. 6.1 (a) have a two peak structure. Theenergies
of the lower peak are E(FeL)0.73 eV, E(Fe2)=0.83eV, E(Fe3)=0.87eV
and for the higher peak B(Fel)=1.15eV, E(Fe2)=1.0eV, E;(Fe3)=1.09eV.
The lower peak can also be found on the substrate at 0.88 eV. dlcontrast
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Figure 6.1: (a), (c) Experimentally obtained spectroscopgurves on Fe mul-
timers. (b), (d) The topographic CCM image of the correspondg multimer
at a bias of 100meV. The spectrum of the substrate is shown Wita thin
dashed line. Other curves correspond to the atoms marked ib)(and (d).
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between two peaks de ned as

c = DOS(E2) DOS(Ey)
" DOS(E,) + DOS(E,)

iISCre1 =0, Crep = 0:27,Cge3 = 0:25.

The spectroscopy curves obtained on the tetramer parallebtthe InAs
rows are shown in Fig. 6.1 (c) together with the substrate sp&oscopy. The
topography of the corresponding structure as measured agg0.1V is visible
in Fig. 6.1 (d). The spectroscopy curves of the two middle Fe@ms have two
peaks: one at 0.87 eV and one at 1.28 eV with the same contra$t0.06 for
both atoms. The rst of these peaks can be found again in the sptroscopy
of the substrate. The edge atoms exhibit an additional statat 1.07 eV. This
additional peak is apparently the end state of the tetramer.

To understand these results | plotted in Fig. 6.2 the vacuum DS of the
Fe[110]}/InAs(110) and Fe[001]/InAs(110) in the FM and AF con guration.
The DOS is averaged at a distance of 10a.u. from the surfaceepthe 2D
unit cell. The energetically favoured con gurations are Hd10]/InAs(110)
AF shown in Fig. 6.2 (c) and Fe[001]/InAs(110) FM shown in Fig6.2 (b).
Both systems have two peaks in the vacuum DOS in the neighbdwod of
leV.

The DOS of Fe[001}/InAs(110) FM in Fig. 6.2 (b) has a small pdaat
1.1eV and a large peak at 1.5eV. The large peak has a double lpstaucture
with a larger part at 1.44 eV coming from the majority spin anda lower part
originating from the minority spin at 1.63 eV. The contrast ketween majority
spin and minority spin contributions to the higher peak chages from 0.133
at the distance of 1 a.u. from the surface to 0.053 at the distae 14 a.u. from
the surface. This leads to the asymmetric form of the peak imé sum of the
mayjority and minority spin DOS at the lower distances to the arface. The
contrast between the peak at 1.1eV and the peak at 1.5eV is 2.5

The Fe[110]/InAs(110) AF has a peak at 0.83eV and one at 1.23¢eV. The
contrast between two peaks is 0.27. Thus in the system with ¢hFe chains
along the InAs rows the peaks are shifted to the lower energiand the con-
trast between the peaks is reduced, compared with Fe chainsrpendicular
to the InAs rows.

Comparison between calculated vacuum DOS and experimentidta shows
that both have two peaks around 1 eV for the case Fe[Q]/InAs(110) as well
as for the case Fe[001])/InAs(110). The exact energies anchtrasts are dif-
ferent probably due to the nite length of the multimeres in the experiment.
Another cause for the dierences in the calculated and measad vacuum
DOS can be the distance between the Fe atoms in the F&{ll/InAs(110),
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Figure 6.2: Calculated DOS in the vacuum at a distance of 10ua.from the
surface. The DOS is averaged over the complete 2D unit cellh& left column
(@), (c) shows the vacuum DOS of Fe[ll0]/InAs(110). The right column (b),
(d) - the vacuum DOS of Fe[001])/InAs(110). (a), (b) correspads to the
FM con guration with spinl shown with a thin solid line, spin2 with a thin
dashed line, and the sum of the both spins with a thick solidie. (c), (d)
corresponds to the AF con guration. Due to the averaging ovea unit cell
the DOS of spinl and spin2 are equal. The thick line correspadsto the sum
of both spin channels.

which is half of the distance between the Fe atoms in the muftiers along
[110].

The only case in the measurement with a positive contrast beeen two
peaks is the spectroscopy on a perpendicular trimer at Fe3i@- 6.1 (a)). A
striking feature of this spectroscopy data is also the strgnasymmetry of the
peak at 1.09 eV. According to the calculation this can be exgihed with the
double structure of the peak and a weaker contribution of theinority spin to
the energetically higher part of the state. The contrast inle case of the par-
allel tetramer is negative for both middle atoms. The calcations reproduce
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this trend. This means that the contrast between the two peakis reduced
from Fe[001])/InAs(110) (perpendicular case) to Fe[l0]/InAs(110)(parallel
case).

Up to now, two states around 1eV are identi ed, in the measuckspec-
troscopies as well as in the calculated vacuum DOS. The agment in the
energetical positions of the calculated and measured statés reasonable.
The di erence in the contrast can be explained with di erentdistances to
the surface in the calculation versus the experiment. Ano#r reason for the
di erent contrast could be the dierence in the geometry betveen the ex-
periment and the theory. The strongly asymmetric form of thepeak with
higher energy at Fe3 in Fig. 6.1 (a) is explained by di erent @ntributions
of two slightly split minority and majority states at this energy. In the next
subsection | will determine the character of the states aroa 1eV.

6.2 Vacuum states

To identify the atoms, which contribute to the vacuum DOS arand 1eV, |
plotted in Fig. 6.3 the LDOS of Fe[001])/InAs(110) for the stées at 1.1eV
1.4eV and 1.6eV. In the rst three rows the LDOS in the vacuum tathe
distance 10a.u. from the surface is plotted. For all three ates the LDOS
has a maximum along Fe chains. For the state at 1.1eV the LDOSoag
the chain has maxima at the positions of the In atoms. For thetates at
1.4eV and 1.6 eV the LDOS along the chain has maxima at the ptisns of
the Fe atoms. This means, that for the multimers perpendical to the InAs
rows the lower vacuum state at 1.1 eV is located at In and the d¢iher one at
1.5eV at Fe. If we recall that at the pure InAs(110) surface th In DB is
located at 0.9eV, the In vacuum state around 1 eV becomes vepjausible
as a rudiment of the In DB. In Fig. 6.3 (a4)-(a6), (b4)-(b6), €4)-(c6) a plane
through the Im is plotted. In Fig. 6.3 (a4)-(c4) it is visibl e, that the state at
1.1eVis indeed the In DB, whereas the states at 1.4 eV and 1\6 @ Fig. 6.3
(ab)-(c5) and (a6)-(c6) are the Fe minority, respectively mjority states.
Similar for the system Fe[10]/InAs(110) the LDOS of the states at 0.8 eV
and 1.2eV is plotted in Fig. 6.4. In Fig. 6.4 (b1) the maxima othe LDOS
are located at the positions of In atoms. Dierently in Fig. 64 (b2) the
maxima are shifted to the Fe atoms. Due to the buried positionf the Fe
atoms, described in section 3.1.1, the maximum of the LDOS Kig. 6.4 (b2)
is not directly above the Fe atoms. Fig. 6.4 (b4) demonstrasethat the state
at 1.2eV on the Fe is directed to the surface and further to theacuum.
However, In is relaxed far outwards, and therefore still ples a signi cant
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Figure 6.3: The LDOS of the vacuum states of the FM system
Fe[001])/InAs(110) is shown. (al)-(cl), (a2)-(c2) and (a3(c3) the LDOS
distribution at the distance 10a.u. from the surface. (a4§e4), (a5)-(c5) and
(a6)-(c6) the LDOS in the (110)-plane for the corresponding states is shown.
In the left column (a) spinl, in the right (c) - spin2, and in the middle (b)
the sum of both spin channels are presented.



68 CHAPTER 6. SIMULATION OF THE STM MEASUREMENTS

a 2.5%
e o o o o
> @ Oo oO ® o. Oo (e*a-u-%)
(D) o o o o
0 e e © o e o
. o o o o
o e e © o e o
o o o o
c o o e o
o o o o
% e ¢ o o o o
o o o o
ol e e © o o o
i o e o o s o 2,57
® Oo oO ® O. oO (e*a.u.'3)
2-30
% (e*a.u.”)
Q @ (6]
o [ ] (o) [ ]
o (@] o
> [a4
(0]
AN ° °
- [ ] @ [ )
H o (@] (@] 2-1
(e*a.u.”

Figure 6.4: The LDOS distribution of the vacuum states of thesystem
Fe[110}/InAs(110) is shown. (al)-(cl), (a2)-(c2) and (a3)-(cBthe LDOS
distribution at the distance 10a.u. from the surface. (a4§e4), (a5)-(c5) and
(a6)-(c6) the LDOS in the (110) plane for the corresponding states is shown.
In the left column (a) spinl, in the right (c) - spin2, and in the middle (b)
the sum of the both spin channels are presented.

role for the vacuum LDOS. Fig. 6.4 (b3) shows that the state a.8eV at In
comes indeed fom the In DB. At Fe this state is located mainlynithe plane
of the Fe and three adjacent As atoms.

In this section | determined the character of the vacuum stas around
1eV. The lower state is the rudiment of the In DB for the case d¢fe[110]/InAs(110)
as well as for the case of Fe[001]/InAs(110). This can be supfed by the
experimental data, where the lower state in the spectroscigpdata exists not
only on the multimers, but also on the substrate. The highertate is located
in both cases on Fe, whereas in the FM case of Fe[001]/InAs()the higher
state is slightly spin-split. In the next section | analyse he topography of



CHAPTER 6. SIMULATION OF THE STM MEASUREMENTS 69

Fe[110]/InAs(110) and Fe[001]}/InAs(110) to see if and how it isn uenced
by these vacuum states.

6.3 Topography of Fe[1 10]/InAs(110) and
Fe[001])/InAs(110)

To encourage further systematic experimental studies of Ebhains on InAs(110)
we present in Fig. 6.5 - Fig. 6.7 and Fig. 6.8 - Fig. 6.10 an owew of the
calculated topographic images of FelD]/InAs(110) and Fe[001]/InAs(110)
for a wide energy range. The images are simulated at the distze 10a.u.
from the surface. Due to the band maximum in Fig. 5.4 at -100 riveat
the As, atoms are imaged at this particular energy. At the lower volges,
between -200 meV and -600 meV the Fe band at -200 meV in Fig. 5which
corresponds to a ¢ 2 state, determines the topography. This leads to the
preferential imaging of Fe atoms, despite their position @& in the surface.
At -600 meV and lower voltages the outward relaxation of thenl, prevails all
e ects of the electronic structure, so that the In atom is imaged at these volt-
ages. The In atom is also imaged at all positive voltages. This means, tha
the Fe state at 1.2 eV is visible in the spectroscopic measuorents, however,
not in the topographic images.

In Fig. 6.8 - Fig. 6.10 the calculated topography images of ghsystem
Fe[001]/InAs(110) are presented. The patterns consist ofrgpes along the
Fe chains almost at all voltages. The maxima in these stripeare at the
positions of the In, atoms at negative voltages, and beginning from 300 meV
up to higher voltages at the positions of the Fe atoms. The Inacuum state
at 1.1 eV is noticeable only in the more elongated form of thearima along
the stripes compared with the image at 1.5eV. An interestindeviation from
the pattern, consisting of the stripes along the Fe-chains ivisible between
-200meV and 200 meV. At these voltages the image of the mingrispin
channel exhibits a kind of sh-bone pattern. At -100 meV and Q0 meV the
maximum is shown at the interstitial position.

Despite the absence of a systematic experimental study of Faultimers
with STM some results presented in [24, 30] demonstrate that low voltages
Fe atoms are surrounded by a black rim, whereas at higher vafies the black
rim disappears. This is qualitatively reproduced in the callation of the
Fe[001]/InAs(110). Thus the Fe chains perpendicular to thénAs rows are
more suitable to model the Fe monomers, than the Fe chains atpthe InAs
rows.

Summarizing, we have shown, that for the Fe chains parallel t o]
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the InAs rows the Fe atom is imaged only at low negative voltag
For the Fe chains perpendicular to the InAs rows the Fe atom
is imaged at positive voltages higher than 300 meV, whereas a
negative voltages the In atom shows up in the topography imag

es.

t
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Figure 6.5: Topographic images at negative voltages for E&P]/INAs(110)
at a distance of 10a.u. from the surface. The spinl channelpsesented in
the left column, the spin2 channel - in the right and the sum oboth spin
channels in the middle. The position of the atoms is indicatkin the right
column: Fe with black circles, As with white, and In with grey
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Figure 6.6: Topographic images around Efor Fe[110]/InAs(110) at a dis-
tance of 10a.u. from the surface. The spinl channel is presshin the left
column, the spin2 channel - in the right and the sum of both spichannels
in the middle. The position of the atoms is indicated in the ght column:
Fe with black circles, As with white, and In with grey.
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Figure 6.7: Topographic images at large positive voltages orf
Fe[110])/InAs(110) at a distance of 10a.u. from the surface. Thepml
channel is presented in the left column, the spin2 channelnr the right and
the sum of both spin channels in the middle. The position of # atoms is
indicated in the right column: Fe with black circles, As withwhite, and In
with grey.
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Figure 6.8: Topographic images at negative voltages for BE[1]/InAs(110)
at a distance of 10a.u. from the surface. The spinl channelpsesented in
the left column, the spin2 channel in the right, and the sum oboth spin
channels in the middle. The position of the atoms is indicatkin the right
column: Fe with black circles, As with white, and In with grey
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Figure 6.9: Topographic images around th&g for Fe[001]/InAs(110) at a
distance of 10a.u. from the surface. The spinl channel is peated in the
left column, the spin2 channel in the right, and the sum of bdt spin channels
in the middle. The position of the atoms is indicated in the ght column:
Fe with black circles, As with white, and In with grey.
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Figure 6.10: Topographic images at large positive voltagegor
Fe[001]/InAs(110) at a distance of 10a.u. from the surfac& he spinl chan-
nel is presented in the left column, the spin2 channel in thaght, and the
sum of both spin channels in the middle. The position of the atns is indi-
cated in the right column: Fe with black circles, As with whie, and In with

grey.
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Chapter 7

Spectroscopic di erence
between the Co(0001) hcp and
fcc surfaces

7.1 Experimental motivation

The motivation for this part of the work come from STM measurments
done on Co deposited on W(110). Fig. 7.1 (a) shows a constanirent
image of a monolayer high islands of Co on Co(0001)/W(110)Kkan during
these measurements. The experimental details of this workeapublished
in [51]. Two islands of a height of one ML are marked with blacland
white triangles, respectively. The topography of these twaslands is very
similar apart from the direction of the triangles. Despite his similarity in
shape, the spectroscopy curves Fig. 7.1 (b) taken on each béttwo islands
are completely di erent. The intensity and the position of he peaks with
energies below 500 meV were found to depend on the tip. Only the peak
at 300meV is reproducable in all experiments. Hence it follovtkat only
the states around 300 meV are related in the substrate. In order to nd
the reason for the di erent intensities of the spectroscopipeak at 0:3eV
on the two islands imaged in Fig. 7.1 (a), we performed dengifunctional
theory (DFT) calculations.

7.2 Calculational details

For simulating the Co(0001) surface we use a Im geometry wit12 layers of
Co embedded in in nite vacua on both sides of the Im. We compa the per-
fect hcp structure (ABA) to an hcp structure exhibiting an fcc stacking-fault
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Figure 7.1: (a) Constant current image of Co ML islands on C6001), grown
on W(110). (b) Spectroscopy curves taken correspondinglyn dhe islands
marked with white and black triangles in (a).

in both surface layers ABC). The atomic positions in the two-dimensional
unit cell are sketched for both cases in Fig. 7.2 (a). Both gewtries are
optimized by total-energy minimization using the theorettal Co bulk lat-
tice constant which is determined to H09A (experimental value: 2507A).
Self-consistent results have been obtained with about 11@ds functions per
atom and 26k-points in the irreducible wedge of the 2DBZ (Fig. 7.2 (b))
as numerical parameters. The exchange-correlation funatial is expressed
within the generalized gradient approximation [39]. The Kbn-Sham equa-
tions are solved applying the FLAPW method, as realized in thFLEURode
[23]. For the DOS calculation we used 5R-points in the irreducible wedge
of the 2DBZ. The spherical harmonics up tdn.x = 8 are used for the ba-
sis functions in the mu n-tins and with |,,x = 6 for the expansion of the
non-spherical potential.

Compared with the ideal bulk termination, both surfaces areelaxed in-
wards. The surface layer of the faulted structure is relaxedy 0:046A and
that of the unfaulted structure by 0:015A, which corresponds to 2% and
0:7% of the Co interlayer distance of D34A, respectively. The workfunction
of the faulted structure (5143eV) is slightly larger than of the unfaulted
structure 5:096 eV. Thus, the decay constant of the wavefunctions into ¢
vacuum of the faulted structure is also slightly larger. Theotal energy of
the faulted structure (fcc) is only 11 me\Fatom larger than that of the un-
faulted structure (hcp). Compared tokg T = 25 meV=atom this small value
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Figure 7.2: (a) The two-dimensional unit cell for the hcp andhe hcp+fcc
stacking fault structure. Black circles (A) mark the atomicpositions in the
third layer from the surface, grey (B) in the subsurface laye The atoms in
the surface layer have the position A for the hcp structure ahfor the fcc
stacking fault the positions marked with white circles (C).(b) The corre-
sponding 2DBZ with the irreducable part hatched grey. The die length of
the hexagons in (a) and (b) have a relation oB = Z-.
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suggests that stacking fault nucleation sites occur rathdrequently in thin
Im growth [8], possibly explaining the experimental obseration that fcc
areas exist in thin Ims even at room temperature.

7.3 Electronic structure

7.3.1 Dierence in the calculated vacuum DOS be-
tween hcp and fcc surface

To simulate spectroscopic measurements we calculated theecuum DOS for
both structures. In the following all energies are given wht respect to the
Fermi level. Since the workfunctions of the faulted and thenfaulted struc-
ture di er by 47 meV, the Fermi levels are shifted accordingl with respect to
the vacuum-zero. The results for the majority spin DOS and mority spin
DOS as well as the sum of both DOSs are presented in Fig. 7.3 atliatance
of 3A from the Im surface.

The majority spin channel, shown in the top panel, exhibits amall shoul-
der between E and 200 meV and remains nearly featureless for the rest of
the energy range. Consequently, the features in the averagpOS are deter-
mined by the minority spin channel, which has a dominating pek at approx-
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imately 0:3eV below E. The peak exhibits a full width at half maximum
of 03 0:05eV. The unfaulted structure additionally has two minor paks
at 600 meV and at 50 meV. Since the proportion between di erentgaks in
the vacuum DOS can change with the distance from the surfacge evaluated
the vacuum DOS at distances ranging from 2 to 10 A. For these distances
the peak at 0:3 eV remains the dominating feature for both structures.
Consequently, this peak corresponds to the one found in Shgeasurements.
As visible in Fig. 7.3, the faulted structure exhibits a higler peak intensity
than the unfaulted structure at 0:3eV, and a lower intensity at 50 meV and
0:6eV. We de ne a contrast between two peakp; and p, like

_ DOS(p) DOS(py).
%2 = BOS(py) + DOS(py)°

(7.1)

Then the contrast between faulted (f) and unfaulted (u) stratures for these
three peaks at two di erent distances amounts to:

Energy 0:6evV| 0:3eV | 50meV
Cusr at3A | 0:35 011 | 02
Cu¢ at 10A | 0:62 0:03 | 0:25

Table 7.1: Contrast of three peaks visible in Fig. 7.3 for théistance 3A,
respectively 10A from the surface.

Moreover, the dominating peak on the faulted structure is at 0:34 eV, while
that on the unfaulted structure is at 0:28eV. This means that the peak
on the faulted structure is shifted to lower energies by 60 e These two
ndings are in excellent agreement with the STS results shawin Fig. 7.1
where an intensity change of (50 20)% and an energy shift of 55 35 meV
are found. Finally, the calculated peak width is in reasondé agreement with
the experimental result.

The reason for the di erence between the two structures at 58eV and

600 meV is apparent from the relaxation data. The vacuum DOSucve is

calculated at the distance of 3 from the vacuum boundary of the Im, which
is de ned independently of the relaxation (chapter 2.4). Tk relaxation of the
structures is such that the atoms of the fcc surface are sheft Q03 A further
into the Im from the vacuum boundary. Consequently, they catribute less
than the atoms of the hcp surface to the vacuum DOS.

Tab. 7.1 shows that with increased distance from the surfadbe hcp
peaks reach further than the fcc peaks. The reason for this tise smaller
decay constant of the hcp structure, which leads to the chaagf the contrast
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with distance in favour of the unfaulted surface for all thre peaks at 50 meV,
0:3eV and 0:6eV.

7.3.2 Band structure analysis

Next we want to understand the mechanism behind why fcc staiclg leads to
a higher peak intensity at 0:3 eV. To answer this question, we rst compare
the vacuum DOS with the band structures of faulted and unfatéd surfaces.
Fig. 7.4 shows band structures of majority (upper panel) andhinority (lower
panel) spin for both systems along the high symmetry direcins. States
which have more than 10% of their DOS in vacuum, are marked byldzk
dots. The corresponding bands are identi ed as surface-a¢éd bands.

In the majority spin channel two of those bands are unoccupdewith
band minima at Er and at 100 meV. These bandminima contribute to the
shoulder between E and 200 meV in the vacuum DOS of Fig. 7.3. Two
further surface-related bands which cross at thepoint around  0:7 eV do
not play a signi cant role in the vacuum DOS due to the high dipersion. The
guantitative contribution to the vacuum DOS of the states aound 1:4eV at
the -point is higher than 10%, but is a factor of 8 lower than the ©ntribution
from the band minima at E-. For this reason they do not appear as a feature
in Fig. 7.3.

In the minority spin channel two maxima and one minimum of suace-
related bands exist in the energy range shown. The minimum isarked by
the circles in Fig. 7.4 at approximately ¥4 of the way from to K and
from to M, respectively. This minimum is close to 0:3eV. A second
surface band has a maximum at about 0:5eV and is located at the -
point. This band maximum is visible in the vacuum DOS of the ufaulted
structure as a peak at 0:6eV in the minority spin DOS. For the faulted
structure it is merged with the peak at 0:3 eV and cannot be distinguished
clearly. Its contribution to the peak at 0:3eV is a factor of 10 lower than
the contribution of the band minimum away from . Consequently, the peak
at 0:3eV is caused by the band minimum of the surface band at4 of
the 2DBZ. The minor peak in the vacuum DOS at the hcp surface dnthe
shoulder at the fcc faulted surface at 50 meV is caused by thard maximum
at 50meV at .

Therefore, we conclude that the band minimum is the origin ahe peak
measured by STS. This is in contrast to conclusions given f@o/Cu(111),
where a band at has been proposed to be responsible for the peak [37, 12].
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Figure 7.4: Majority spin (top part) and minority spin (lower part) band
structure of the 12 ML Co slab in the unfaulted (left panel) ad in the
faulted (right panel) structure plotted along the high-symmetry directions in
the neighborhood of. The empty circles represent the unprojected band

structure, whereas the lled circles mark states that are lcated by more than
10% in vacuum.
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7.4 Charge distribution analysis

7.4.1 Dierence between the states at -0.3 eV and 50 meV

Finally, we analyze the charge distribution of the surface dnd of the mi-
nority spin channel with the band minimum at 300meV. The character
of this band with its minimum at 1=4 of the 2DBZ changes going from the
band maximum at , where it has a predominant p-character, to the band
minimum, where it has ads,2 ,2-character with a small contribution of s-
and p-states of less than 5%. The corresponding contour plots gpreesented
in Fig. 7.5 (a) for the band maximum at 50 meV and at the-point, and in
Fig. 7.5 (b) for the energy and the Bloch vector correspondinto the band
minimum marked by arrows in Fig. 7.4. The contour lines betwan atomic
positions are nearly horizontal in Fig. 7.5 (a). It is imposble to assign from
the contour plot a speci ¢ character to this state. In contrat, the contour
plots show a predominantds,2 ,2-character at the surface layer with a minor
contribution of an s-like character in Fig. 7.5 (b). The lobes of the DOS point
away from the atomic positions into the vacuum in Fig. 7.5 (h) The extent
of the state into the vacuum is slightly higher for the staten Fig. 7.5 (a)
than in Fig. 7.5 (b). Within the bulk, the LDOS has at 50 meVds,> ,2- and
at 300 meV predominantd,,-character.

The contribution of the states, shown in Fig. 7.5, to the LDOSn each
layer and in vacuum, normalised to 6 layers of Co, is indicadeby the numbers
next to the contour plots. The state at 50 meV (Fig. 7.5 (a)) ha a huge part
in the vacuum. Apart from the vacuum the largest contribution for both
structures in Fig. 7.5 (a) and (b) is in the surface layer. Nertheless, there
is a considerable contribution in the subsurface layers. Tmeans that the
states at the surface can couple to bulkl-states. That this coupling takes
place indeed can be concluded from the hybridization with #hbulk d-bands
near the band minimum and maximum, marked in Fig. 7.4. Conseently,
the states have to be assigned tosurface resonanceather than to a surface
state In contrast, the dot marked band with the maximum at 0:5eV at
~is found to be a d;,2 ,2-surface state in accordance with the Co/Cu(111)-
case [37, 12].

The large vacuum part of the state in Fig. 7.5 (a), which is lcated at ,
is in nice agreement with [21], where it is shown that the stats with small
k¢ have a large probability density in vacuum. The vacuum part bthe state
at 300meV in Fig. 7.5(b) is by a factor of 10 lower than that of he state
at 50 meV. Nevertheless in the vacuum DOS (Fig. 7.3) the peak 200 meV
is much higher than the DOS at 50 meV. The reason is that in theDBZ
the state at 300 meV is located on a ring with radius 1=4 K and the
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state at Er is located at . Consequently, much morek-vectors from the
2DBZ contribute to the peak at 300meV. Summarizing we can say that
three factors play a role for the high vacuum DOS of a state: ¢hnumber
of the Bloch waves that contribute to the state being deternmied by the
dispersion of the corresponding band and by the part of the BX where the
state is located; the third mechanism is that the states wittshorter Bloch
vectors have a higher probability density in vacuum [21]. Ithe cases, where
the third and second mechanism are competitive, it is not peible to say
without further analysis, if the states with shorter Bloch \ectors carry the
main part of the vacuum DOS.

7.4.2 Dierence between the hcp- and fcc-surface

Now we examine the two states at 50 meV and 300 meV for similarities and
di erences between the faulted and unfaulted structures. nl Fig. 7.5(a, b)
the left panel shows the contour plots for the hcp structuretéboth energies,
while the right panel contains the corresponding contour pts for the fcc
structure. The numbers on the side of the contour plots in Figr.5 show that
the hcp structure has a slightly higher vacuum part for the site at 50 meV
than the fcc surface. This can be explained from the di erentelaxation
of both surfaces (section 7.3.1). The maximal deviation irhe contribution
of the layers between the two structures is 2%. Consequentlhe charge
distribution in the Im is very similar for the hcp and fcc surface at 50 meV.

In contrast, the contribution of the third layer from the surface at 300 meV
in Fig. 7.5 (b) is more than twice as high for the hcp than for tle fcc structure.
The reason for this can be explained as follows.

The contour plots in Fig. 7.5 (b) show that in the case of hcptacking the
downward oriented orbitals of the surface atoms point dirdly to the atoms
in the second subsurface layer. In contrast, for the faultedtructure, the
lobes point into the interstitial region. Accordingly, the surface resonance
exhibits a stronger coupling to bulkd-states for pure hcp stacking than for
stacking faults. This leads to a weaker electron-localizah in the surface
layer in the hcp case as can also be seen by comparing the disttion of
the LDOS in the di erent layers (Fig. 7.5 (b)). As a consequece, the inten-
sity of the vacuum DOS as measured by STS is lower for the hcpstture.
The reason for a di erent brightness of hcp and fcc areas il =dV-maps at

300 meV thus is a di erent coupling of theds,> ,2-like surface resonance to
the underlying bulk. Note that the intensity of the surface esonance in the
hcp case is larger in the second subsurface layer than in thiest subsurface
layer. This approves the assumption that the geometricallinduced coupling
to the second subsurface layer is indeed the relevant coumgli Further, we
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Figure 7.5: (a) Contour plots of the DOS for the band maximum fothe
surface related band at 50 meV located at (b) Contour plots of the DOS
for the band minimum of the surface related band at 300 meV away from
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want to point out that the surface resonance is crossing onbyne bulk d-band
in the ( ; K)-direction before it runs into the band minimum in the hcp-ase.
In contrast, in the case of fcc stacking, the surface resor@ncrosses two bulk
d-bands. Since thed-band to which the band minimum couples is approxi-
mately 50 meV lower in energy in the fcc case, the peak in theataum DOS
accordingly occurs at lower energies.

In summary, the peak at 300 meVmeasured by STS is assigned
to a ds,2 2-like surface resonance with minority spin character and
located in a band minimum away from . We identi ed the di er-
ent appearances of hcp- and fcc-stacked areas in -~ dl=dV-maps as due
to a di erent, geometrically induced, coupling of the corre sponding
surface resonance to the bulk. This coupling is strongly dep endent
on the ds,2 ,2-like state at the surface atoms and does not work for
the surface states with another symmetry.



88 CHAPTER 8. SUMMARY

Chapter 8

Summary

In this thesis, DFT calculations of Fe structures on InAs(1Q) as well as of Co
islands on Co(0001) are presented. First the geometry of & di erent sys-
tems, namely an Fe monolayer and Fe chains alondL[d] (Fe[110]/InAs(110))
and [001] (Fe[001]/InAs(110)) on InAs(110) are discussedlhen the elec-
tronic and magnetic structure of Fe chains on InAs(110) is gtied in detalil.
A direct comparison between theory and experiment followsThe following
results on the geometry of Fe structures on InAs(110) were t@ined:

A

An Fe atom in the Fe ML on InAs(110) takes almost the same po$iin
as an As atom along [001]. The relaxation is reversed compar® the
pure INAs(110) surface. Under the Fe ML In has a higher positn than
As.

For both chain structures, Fe becomes strongly bound to thesfatoms.
It takes a position in the arsenic's surrounding and at the sae time as
far as possible away from the In atoms. The bonds between therface
In and As are weakened in favour of the bonds between Fe and As.

" For the Fe[110]/InAs(110) it is shown that Fe takes a position embedded
in the surface in the middle of a triangle de ned by three As aims at
the corners. The In atom previously bound to these atoms is lexed
out from the surface.

" For the Fe[001]/InAs(110) it is shown that Fe and one of the Imtoms of
the unit cell have almost the same vertical position. This Ins located
nearly equidistant to four surrounding As atoms of the surfee.

For the magnetic and electronic structure of Fe chains on Ing{110) we
found the following:
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The calculated magnetic structure of the chains is antifeomagnetic
for Fe[110]/InAs(110) and ferromagnetic for Fe[001]/InAs(110).

We suggest as an explanation for the antiferromagnetic strture the
antiferromagnetic superexchange between Fe atoms vig (Fe)-py (As)-
dyy (Fe) and d,2 y2(Fe)-px(As)-dx= y2(Fe). This is supported by analysing
the electronic structure and the distribution of the LDOS aound the
Fe in the Im.

For the ferromagnetic structure of Fe[001]/InAs(110), thenteraction
between the Fe atoms is mediated through In, which has a pasih
along the chain between Fe atoms, and neighbouring As. Fe émacts
antiferromagnetically with As atoms: Fet-As;," and ferromagnetically
with In: Fe"-In,"-Fe", Fe#-In #-Fe#. Additionally, interaction of As
with In contributes to the overall FM coupling between Fe atms in
the chain: FetAs;"-In{"-As," -Fe# Fet-As;" -In#-As," -Fett.

The comparison with experimental results reveals, that thre are two
surface states around 1 eV. One is the rudiment of the In dargg bond
and the other is an Fe state.

An overview of the calculated topographic images is given hiech shows

that for Fe[001]/InAs(110) Fe atoms are imaged at large pdste volt-

ages while the In atoms are imaged at negative voltages. Fa[ELO]/INAs(110)
Fe atoms are imaged at low negative voltages.

These calculations can serve as a starting point for furthestudies of transi-
tion metal structures on I1I-V semiconductor surfaces. Fnm the experimen-
tal side the preparation of quasi-in nitely long chains of tansition metals and
STM measurements on them could be the next goal. From the thestical
side the simulation of monomers and multimers would improveéhe model-
ing of the experimental situation. Substitution of the Fe byother transition
metals, or substitution of the InAs by other 111-V semicondictors would give
some insights into the dependance of the studied e ects ondlspeci c sys-
tem.

In the last part of the work the interplay between geometry ad electronic
structure of the Co(0001) surface was studied. The resultxmain STM
measurements on Co islands on Co(0001).

" The relaxation of the Co(0001) surface in hcp stacking and ihcp
stacking with fcc stacking fault at the surface was calculatl. The hcp
surface relaxes inwards by 0.01&, whereas the faulted surface relaxes
inwards by 0.046A.
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CHAPTER 8. SUMMARY

" Both structures have a spin-polarized state around -300 meWhe in-

tensity of this state is higher on the faulted structure. Ths is in nice
agreement with STS measurements on Co islands on Co(0001hege
measurements also show a peak around -300 meV with di eremtén-
sity on the di erently stacked islands.

The intensity di erence of this peak for di erent stackingsis explained
by a di erent, geometry induced coupling of the state at -30fheV to
the bulk DOS.
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