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1 Introduction

A solid crystal of one cubic centimeter contains more th@t atoms and therefore an immense
number of electrons. The system has to be treated as a many particle probtemse the elec-
trons interact. The interaction is divided mainly in two parts, Coulomb repulsidreachange
interaction, due to the Pauli principle. The interaction strength is laliéled

So-called weak interacting systems can be described in an effective gargide picture. The
value ofU is approximately 0. This model is valid for many metals, for example Ag. Ag has a
fully filled d shell and one valence s electron, making it a prototype metal. Aglisstudied.
However, this simple model fails, when the interaction of electrons become tampalue to
localization of the electrons. This is the case for transition metal oxide (TNdQg. to the
strong interaction of the electrons they are called highly correlated matefigisototype for
this class is the insulator NiO with partly filled d bands. NiO is studied extensivggranen-
tally [2,12,/3,[4/ 5] 6, 7] and theoretically [8,19, 10/ 11} 12], but the tetetc structure is still not
fully understood. The simple effective potential approximation is not valide fieason is the
strong interaction between the electrons, which makes the calculation clivadjermgl results in
U = 8eV. The strong coupling of the electrons in NiO is also reflected in the antirfexgoetic
ordering.

A direct way to probe the correlation is to measure the excitation of two electioiihe same
time (in coincidence). A recent theoretical work from Napitu and Berafd#] predicts a direct
relation between coincidence count rate and correlation stréngththe materials. Based on
this work, a higher coincidence signal of NiO compared to Ag is expected.

Correlation spectroscopy, also known as coincidence spectrostapy long tradition going
back to 1924 when the first coincidence experiment was performed theBmd Geiger [14].
They bombarded X-ray photons in a hydrogen atmosphere and medberddckscattered
Compton photon and the excited electron at the same time. They showed with Hrigtex
that energy and momentum conservation is valid for every single scattedngss and not just
for the statistical average of this process, as stated by Bohr, Krant&laer in the same year
[15]. The experiment was a strong support for the wave-particle aoslcf light. The impor-
tance of the experiment is recognized by Bothe’s Nobel prize. He coedlin his Nobel prize
lecture that the coincidence technique will be an essential tool for modetear physics.

Fifty years later the application of coincidence method is extended to atomid¢ 71168, 19],
nuclear experiments [20, 21] and condensed matter physics [22,/235226/ 2]7]. The stud-
ied systems are excited by photons, ions, positrons or electrons. Thigi@vavas due to the
experimental progress of the excitation sources and for surfaceedies progress in the ultra-
high-vacuum (UHV) technique was important.




1 Introduction

In 1992, Kirschneet al. [28] reported the first successful coincidence experiment on solids in
backscattering geometry for primary electrons in the range between 1I8)anll to study the
properties of the valence electrons. Coincidence events were detemtec \W(100) surface
with two channeltrons. The experiment could not resolve the energy oftlening electron
pairs.

The challenge in coincidence in general is that true and random coireisiane observed simul-
taneously. True coincidences are the result of one scattering prasgésandom coincidences
originate from different impact events. To increase the ratio betweeratrdeandom coinci-
dences the experiment requires low primary flux, which increases ortlee lsand the data
acquisition time.

Later on, the experimental apparatus was improved by combining coineiégsperiment with
time-of-flight (TOF) technique to measure the energy and momentum of theoel@air emitted
from W(100) surface [29]. The advantage of this set-up is its largepgance angle. Energeti-
cally all electrons are detected, including energetically low secondaryatsc A draw back of
this instrument is the energy dependent energy resolution, which é&/ for 20 eV electrons
[30].

To achieve an energy resolution independent from the primary enbrygxperimental set-up
is equipped with a pair of energy dispersive elements (hemisphericalzanslly The energy
resolution is for all energie®.7 eV [31]. Hence, the primary electron energy can be varied over
awide range of energies. Another advantage of this set-up is, thatatgyemindow of interests
can be selected and low energy secondary electrons are supd@ksg?]. The hemispherical
set-up allows to measure the integral coincidence events and also thg disénigution of the
electron pairs.

In this thesis the hemispherical set-up is applied to measure and compare #&tiom strength
of different materials as NiO, Ag and Fe, Co, Ni, Pd. An important compbokthe experi-
mental set-up is a primary electron flux meter to study the pair emission per inceteirtgon
gquantitatively.

This subject of the thesis is approached in the following steps:

e First, to understand the basic principles of the experiment, Ag as a simplenggstees-
tigated. The electron pair distribution in the dependence of the primary elestiergy is
studied systematically and compared with theoretical band structure calcsldfiamher-
more, the coincidence signal is connected to the crystal structure. diffineof electrons
is considered. Low energy electron diffraction (LEED) is a well estabtigiechnique to
investigate crystal surfaces. In our experiment single electrons hititfeece, but electron
pairs are detected instead of the elastically scattered electrons. Nongthiedeslectron
pairs undergo diffraction. This was published in the case of Cu(10&}adr 31] and
observed also for Ag(100), presented here.

¢ In the next section the results of NiO thin film are presented (evaporatedAancrys-
tal). It is discovered, that the coincidence signal of NiO is around oteraf magnitude
enhanced compared to Ag. That is also true for CoO as another TMO &xaiig in-




creased signal yields to a reduced data acquisition time and enables toystietyagically

the correlation of NiO with respect to the primary energy, film thickness angeeature.
The electron pair distribution is studied fodlaML thin film (£, = 22.6 — 68.6eV). To

rule out, that the longer mean free path length of electrons in NiO comparéectooas

in metals is responsible for the enhanced signal, the integral coincidentiknfahick-
nesses from 2.4 to5 ML is studied. Furthermore, the antiferromagnetic character of NiO
is considered and the coincidence signal is investigated below and abeVeeRperature
for different film thicknesses.

e Besides Ag, the coincidence signal for other transition metals as Fe, Gamdiad were
studied and the relation between coincidence intensity and electron s¢reediscussed.

¢ In the end, coincidence probability is compared to single emission probabilibgtako
account all measured data.

This work is organized as following. Chapter 2 deals with the theoretic&lgoaand. First, a
short introduction to electron scattering is given. Then the interaction difretes is approached
by describing the double ionization of He. The manifestation of electroeledion is discussed
shortly. As examples, the exchange hole and the electron screeningarssed. Electron cor-
relation is described for so-called weakly correlated systems, like Agaodlked highly corre-
lated systems, like NiO. Shortly, the theory of double photoemissip2g) and double electron
emission are introduced. In Chapter 3 the experimental backgroundsisnpee, including the
demands on a coincidence set-up, the experimental set-up and the sagppl@pion. The main
results obtained during this work are summarized in Chapter 4. In Chapteréptitiusions
and outlook are given.
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2 Theoretical Background

2.1 Electron Scattering

2.1.1 Rutherford Scattering

This experiment is based on electrons backscattered from a solid sulfagiew of the im-
portance of scattering in this work, in the following section the principles aftsdng in a
microscopic picture is discussed.

An important contribution to the scattering theory was due to Rutherford@mdr&ers in 1911
[33]. They bombarded a thin gold foil with particles He?") to study the scattering cross
section betweew particles and atoms quantitatively. They expected, that all particles would
homogeneously be scattered through the foil. The result was veryisngprbecause a few

« particles were backscattered. Quantitatively, this could be explained tineRord’s atomic
model. To observe this remarkable deflection, the atoms must have a nucleidartter with
much heavier mass than theparticle. The nucleus has a positive chaffye (7 is the atomic
number).

The repulsive Coulomb forc@| acts around the positively charged nucleus and for the whole
scattering path of the particle (with chargeZ;e) it is

F| = , (2.2)

€o is the vacuum permittivity and is the distance between the two charge centers. The depen-
dence of the scattering cross section on the scattering angle is calculatemsteps. Firstly,

the deflection angl® of the scattered single particle in dependence on the impact paramieter

is determined. Secondly, because it is very difficult to follow the scattedtiy @f one particle,

it is averaged over all possible impact parameters. Multiple scattering ewrenmst considered.
Detailed steps are found in Ref. [34] 35].

Figure 2.1 Incident particles with impact pa-
rameters in the rangeto b + db are deflected
into the range of angle® to © — |dO|. The
solid angle i€2. Taken from Ref.[[35].

11



2 Theoretical Background

The scattering path, the impact paramétand the solid angl€ are depicted in Fidg._2L.1. This
results in the classical Rutherford scattering formula to calculate the diffakecattering cross
sectionj—g in dependence of the scattering angle

do (1 ZiZxe\? 1 22)
dQ  \dmey 4E, sint(¢/2)’ '

Ey is the energy of the incident particle. Replacing thparticle by an electron results in the

same scattering formula. In a classical picture it cannot be explained wbgative charged
particle is backscattered from a positive charged nucleus. We haveréotleaclassical picture
behind and discuss the electron as a wave in the quantum mechanic view.

The incoming electron wave traveling iadirection is represented as a plane waxg(ikz).
The wave scatters with the (screened) Coulomb potential of the nucledbeandtgoing wave
is described asymptotically as a spherical wave

Y = f(¢p)exp(ikr/r) + exp(ikz) . (2.3)

The scattering angle isand f(¢) is the scattering amplitude. The traveling path of the electron
particle and wave are schematically depicted in [Eig. 2.2.
Solving the time independent Schrédinger equation with Coulomb potential

%w<r>=<_h?v2 ! 62)w<r>- (2.4)

2m B 4meq r

yields as well to the Rutherford scattering formula, £g.1(2.2). Due to the whsaracter of the
electron, interference effects have to be taken into account.

exp(ikz) f(o)exp(ikr)/r +exp(ikz)

3

Figure 2.2 Sketch of an electron plane wave scattered at the (screened) Coultantigio
of the positive charged nucleus. The incoming wave is described asa ke and the
scattered wave as a spherical wave.

Electrons are backscattered from the potential. To reveal this issue wdtln& the scattering
of a electron plane wave from a finite 1D square well.

12



2.1 Electron Scattering

2.1.2 Scattering from a Finite Square Well
The incoming electron plane wave is scattered from a potelgiak 0. The barriers of the

potentialV (z) are defined as

Vo forlz|<a
V(z) = (2.5)
0 for|z|>a,

Assuming the plane wave comes from the left, the solutions of the Schroddggetion is
described in the following form in the three regions

Iexp(ikz) + Rexp(—ikx) forx < —a

U(z) = { Gexpl(igr) + H exp(—iqx) for —a <z < +a (2.6)
T exp(ikzx) for +a <,
where
2mE 2m(E + W

The incident wave exp(ikz) is reflectedR exp(—ikx) at the boundary of the potentiala.
Inside the well Ca < = < +a) the waves travel with amplitud@ andH. The partl’ exp(ikz)
of the incoming wave is transmitted trough the potential.

+a X /\ incident

™ reflected

\/\/\/\ /\/\ non-interacting
) ) M\ transmitted

Figure 2.3 Sketch of a potential square well and plane wave solutions of the realljnr
incident, reflected and transmitted wave are depicted. For comparisonrtkiataracting
wave is shown as well.

The reflected amplitude matters in our experiment. The plane wave solutioshasm in
Fig.[2Z.3. For comparison a non-interacting wave is shown as well. We sethéheeflected
wave undergoes a phase shift at the boundary. Furthermore, ti®eteniside the potential is
accelerated, as classically also expected. The wavelength is shortbeanrdplitude is smaller.
The Schrédinger equation is solved with the continuity conditions of the watwée boundary
and transmissiofi"?| and reflectior{ R?| probability are described as follows

72| = I (4* — &)° (2.8)
4k2q2 + sin®(2qa) (k* + ¢ — 2¢%k?)
2 _ 1.2)2
|R?| = I? "~ ) (2.9)

4k2q? cot?(2qa) + (k% +¢%)2 "

13



2 Theoretical Background
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Figure 2.4 Transmission probabilitjg“2|/|12| (red) and the reflection probability
|R2|/|I?%| (black) for lattice constant = 4 A and inner potentialy = —10eV. [(b) Ratio

between reflection and transmission probability for different lattice cotsstas 2, 4, 8 A,
coloured in black, red and blue, respectively.

Both quantities are normalized and plotted for the lattice constantd A of Ag in Fig.[Z.4a.

The probabilities oscillate due to constructive and destructive superpositithe waves. For
energies below eV the reflectance is higher than the transmission. For increasing energy the
transmission dominates the reflectance. At the enerdy)eV a high proportion 0b0 % be-

longs to transmission anid % to reflectance.

To illustrate the dominance of reflection and transmission for each enezggke the ratio

R ((q2 _ ]gQ)sin(Qqa)>2 (2.10)

2 2kq

In Fig.[2.4b the rati#%ﬁ‘ is plotted for different lattice constants = 2,4,8A. The inner
potentiall} is kept at—10¢eV. For all lattice constants the reflectivity is enhanced compared to
the transmission up teV in this simple model. At low energies the ratio goes to infinity. As a
result more electrons are backscattered for lower energies and thenafmbflected electrons
decreases with increasing energy. Based on this fact we have tdeparaexperiment at low
primary energies. The number of oscillations are indirectly proportionakttattice constant.

2.1.3 Scattering from a Finite Radial Potential

A more realistic situation to the scattering from a 1D square well is the scatteoimgef spher-

ical potential with radius. The boundaries of the considered potential are similar to the intro-
duced one in EqL(215).

Outside the potential, the free-space Schrodinger equation has to be sosgherical coordi-
nates without potential

R(r) = ER(r). (2.11)

- 2m dr? r dr 2mr?

n (dzR(r) 2dR(r)> I(l+1)
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2.1 Electron Scattering
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Figure 2.5 Scattering cross sectionas function of the primary enerdy, for a repulsive
potential divided for the different partial waves frdm- 0 to ! = 4. The black line presents
the total sum. The value df; is 8 ¢V and the potential radius is= 2 A.

The radial solution?;(r) is a linear combination of Hankel functiom%l) andhl(z) at distancer
for whichV(r) =
R;(r) behaves as

Ri(r) = B, (hl@)(lm«) + Sl(E)hl(l)(kr)) . (2.12)

The wave vectok is defined in Eq.[(2]7)B; andS; are parameters. The Hankel functions are a
combination of the Bessel functigi( k) and Neumann function; (kr), which do not represent
the incoming and outgoing wave separately.

For this reason spherical Hankel functions are introduced

WY = jy(kr) + iny (kr) %e){pfﬂ”‘”ﬁ), (2.13)
W = jier) —ing(ler) > TR (2.14)

T

The incoming plane wave is written in spherical harmonics with the Besseidang(kr) and
the Legendre polynomid?;(cos #). We assume the wave propagates idirection

[e.e]

1
exp(ik - z) = i'(21 4 1)j;(kr)Pi(cos 6) . (2.15)
T
=0

15



2 Theoretical Background

The scattered spherical wave (Hg.{2.3)) outside the potential is writtesympotic form as
Ji(kr) — sin (kr — I /2)
1 > .1l . . I
Yr(x) = — )y i'(20 4 1) exp(ioy) sin | kr — B +9; | Pi(cosb). (2.16)

kr
1=0

The difference between the incident and scattered wave is expresbedonase shiff;. Com-
bining the standard scattering solution (Eg.}(2.3)) with the incoming wave(ZEB)) and the
scattered one (Ed._(2.116)) gives an equation for the scattering amplitude

1

=1 Z 20 4 1) exp(id;) sin 6;P;(cos B) . (2.17)
1=0

The cross section is obtained by integrating over the whole solid angle
ado Q ith in in? ¢ 2.1
d 70 = dQ|f(6) Zal wit =13 (2l4+1)sin“9;.  (2.18)

The scattering cross sectiendepends on the phase shift which depends on the scattering
potential.

The phase shiff; for the repulsive potentialy has to be calculated. In our experiment the
primary energyE,, is below100eV. Detailed calculations are found in Ref. [36) 37, 38]. In
principle, the same strategy as for the 1D case 2.1.2) is applied.

The phase shifg; is calculated

kjy(ka)ji(koa) — kogj;(koa)ji(ka)

tan(d;) = - - ) 2.19
1) = g (ka) i (roa) — Rog{(hoa)u (k) (2:49)
with
2mkE, 2mVy
k= h2 and ko = 7 . (220)

The scattering cross sectionfor is calculated as function df;, with fixed potential radius of
a=2Aand potential of; = 8eV. The results for; up tol = 4 are presented in Fig. 2.5. We
see that higher orders btan not be neglected and contribute to éhg,;.

In Fig.[2.6 the scattering cross sectioas function of the potentidl is shown. A measure for
stronger electron-electron interaction is an increased potential hill. Teocedaattering process
is a two body problem, so we transform the energy in center of mass catedginWe assume
that the scattering center is in rest, the scattering angl&iand both masses are equal. The en-
ergy of the incoming electron BY eV. This results in a reduced primary energysyf = 15eV.
The radius has again a valuef 2 A.

The scattering cross section increases with increasing potential hill. Theiogreases steeply
up to the value whet,, = 1, and then a constant value is reached.

16



2.1 Electron Scattering
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Figure 2.6  Scattering cross sectianas function of the primary energy for a repulsive
potential. The value oF, is 8eV and the potential radius is= 2 A.

This simple model shows, that increasing electron-electron interactiora(izsd by the in-
creased potential hilly) results in higher scattering cross section.

As a result for two electron-electron scattering experiment, we concladl@itgher intensity for
stronger electron-electron interaction is expected.

2.1.4 Diffraction

In the experiment the incoming electron is not only scattered at one iontndrat infinite peri-
odic potentials in the crystal. In particular, low energetic electrons intetractgdy with matter,
described in detail in Ref. [39, 40,/41, 42].

The electrons are diffracted at the layers. These property is used lowhenergy electron
diffraction (LEED) experiment. Diffraction is sensitive to the exchange @rrelation part of
the electron potential. The intensity of the LEED beam is influenced by inelastiesng with
other electrons in the interior of the solid. Diffuse scattering is caused biattiee motion
and by surface roughness. To describe the scattering, two modelmpleyed. First is the
kinematic model, which assumes that the electrons are just once excited loyribeygelectron,
furthermore the electrons move independently from each other. Secahel imahe so-called
dynamical model, which is more sophisticated, because multiple scattering averasnsid-
ered. Our focus is on the former model.

The kinematic model deals with single scattering, which means the electron ilastieally
scattered by a surface atom without releasing energy to the system. dsesection of ener-
getic low electrons is high, which results in a small penetration length and in multigtiesng
events. The latter is ignored in this kinematic model. The momentum is transferadtie
incoming eIectronkIL| to the scattered one.

17



2 Theoretical Background

Incoming wavel; is described by a plane wave
U; = Upexp(ikpr) . (2.21)

The incoming wave penetrates inside the solid and is mostly scattered at thdigiEnocores
of the lattice. This is the origin of the well known Bragg reflections. The ity of the
diffracted lattice is parallel to the surface. The condition for interferésctnat the difference
of the incoming electron wave vector and the outgoing wave vector is a multiiie oéciprocal
lattice vector k. || — ko | = 8)-
Bragg's law is written also as

n\ = 2dsin© , (2.22)

and is illustrated in Fig. 217.

In the kinematic theory the Bragg peaks are representediymection. With high temperatures
the peaks are broaden due to interaction with phonons. The electramsasieclastic scattered.
Temperature influence on the diffraction will not be discussed.

d © Figure 2.7 Schematic Bragg diffraction

»
.
O of the electron wave at the lattice planes.

»
O
©
O
v

© dsin®
o™
W

Another effect is that the primary electrons gain energy by the inner fiaitéf and they are
accelerated inside the solid. The inner potential is the energy from theiwvatayvel to the
conduction band, the energy is arourieV. Whereas the work function is the energy from
the valence level to the vacuum, which is for metals aldout5 eV. The concept of the inner
potential was first introduced by Bethe in 1928 [43] to dissolve the mismataleka theoretical
and experimental LEED data. The inner potential is a kind of spatial aweregr the actual
potential felt by the LEED electrons, including the region inside the atoms.

Absorption of electrons is very important in the LEED- measurement. When the electrons
would not be absorbed, the Bragg-peak intensity would be infinite.

The LEEDJV curve is perfectly reproduced by the kinematic theory, if the unit cell ig ver
large, hence the scattering at the ion core is weak. That is the casgdtalsiof inert gases.

To understand the scattering in three dimensions the band structure hasotwsiered. When
two bands with the same k-vector come close together in energy they inteagilg. Two
states labele@; and®, with the same k-vector. They are coupled together by a matrix element
(®1 | V| @2) and they mix with amplitude

(@1 |V | @)

I
* B — E2

(2.23)
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Figure 2.8 Possible scattering path for (e,2e) emission. The solid line representgthe su
face and the dashed line the first lattice plane. The filled circle symbolizesitiston with
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of IOP Publishing. All rights reserved.
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and if F; is close toF,, strong mixing occurs. Strong reflectance is expected where the energie

of the two Bloch waves are the same and they have similar k-vector, or theytia same k-
vector and the energy values come close together. The band struaiuteedrEED intensities
are related to each other. By comparing LEED-curve of the specular beam and the band
structure (as done in Ref. [41] for Cu(100)), the peaks of the LEEDzurve is identified with

the critical points of the free electron like band structdreXdirection). The incoming wave is
totally reflected, when the energy corresponds to the band gap of thdahater

Moreover, the final state of the photoemission process is described vimtheeversed LEED-
state. The final state is a superposition of the incoming electron and theedftete.

Various possible scattering paths are possible when dealing with electirsn pae paths of
the primary electron interacting with the valence electron have to be corgidedefurther the
scattering paths of the outgoing pair. In Hig.]2.8 six pathways are sholainEoming beam
enters the surface (black thin line) perpendicular and interacts with theceatdectron (filled

circle). The pair can be directly reflected from the interaction center,rthre&py electron can be
reflected at the lattice plane (dashed line) before interacting with the vadésateon or the pair
is reflected at the lattice plane. The (e,2e) experiment gives a hint, whitispaore prominent,
so that the calculations can be simplified.

2.1.5 Penetration into the Surface

An important quantity to consider in the scattering process is how long is theaglgoene-
trate depth inside the solid and how long is the escape depth. This chaextirgzsurface
sensitivity of the experiment. This subject is well explained in the literature &5}, Powell
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2 Theoretical Background

[4€], Powell and Jablonski [47], Werner [48]. The most common meaisitthe inelastic mean
free path (IMFP), which is defined as the average distance that anoeledth a given energy
travels between successive inelastic collisions. Knowing this quantity isimvgrgrtant for the
interpretation of the experimental data. The electrons are scattered iradladiicall charges
in their path; nuclei and localized core electrons, valence electronsarttliction electrons.
This yields to a decreased mean free path. The mean free path depetidsroaterial and
the primary energy of the incoming electron. However, an universaiexiion could be found
by experiment between the primary electron energy and the IMFP. Sumoh#oizdifferent
materials are the data points in the so-called “universal curve” (see.Big. 2

(a)

100

Figure 2.9 Inelastic mean free path

(IMFP) measurements in nm for differ-

; ent primary energies and materials. The

L e s ' curve is called “universal curve”. Taken
Energy (eV) from Ref. [49].

0.l

In the energy range of the experiment (1060 eV), the IMFP is in the minimum of the curve
and aroundl nm. Meaning, the experiment is very surface sensitive. At lower enethes
electron-electron scattering strongly decreases, which results in a loega free path. Large
variations are seen, but it is good for estimating the IMFP. The IMFP is adutainth the over-
layer method.
For increasing thicknesgthe substrate signal intensirgg decreases as follows in dependence
of the attenuation length

I° = I exp(—d/A). (2.24)

Similar the intensity of the overlaydy, is given
IY = IF exp(—d/A). (2.25)

Exact knowledge of the film thickness and uniform layers on a flat satleseire required to
obtain reliable data. Furthermore, one has to take into account that the ViR with the
underlying substrate [50]. It is difficult to compare several experinieasalts.
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2.2 Double lonization of He

2.2 Double lonization of He

The simplest two electron system is the He atom. By double ionization of the syatem
electrons are released [51, 52]. A closer look at the ionization enegiyles an idea about the
key role of the interaction of the two electrons.

To calculate the ionization energies, first we write down the Hamiltonian désgtifre system

H =IO+ o+ Ve (2.26)

2
P12 Ze - (—e)
= — 2.27
%’2 2m + 4meq - |I'172 — R| ( )

v, = (=9 () (2.28)
47‘(’60 . ‘I’l — I'2|

The terms7/ » define the motion of a single electron with chaigee) around the nucleus
of chargeZe localized atR. The charge of the He nucleus % = 2. The coordinates of
the electrons are given hy ». The electron-electron interaction is describedipy.. In the
first approximation we neglect this term to calculate the ionization. The ionizatiergy of
the H atom isE,, = 13.6eV - Z—; , wheren is an integer number. To double ionize He two
electrons are released. Consequently, an energp&®8eV would be needed to excite both
electrons. Experimentally this value could not be confirmed, becauseghextesl the electron-
electron interaction. Instead, a valuerdfeV was measured [53], which is a large discrepancy to
108.8 eV. Additionally ignoring the electron-electron interaction and setting. = 0 could not
explain how one photon could cause the emission of an electron pair, wineardhconsidered
as independent of each other. A finite electron-electron interaction tastédken into account.
RewritingV,._. gives
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Ve—e = =

1 2
471'60-’1'1—1‘2‘ _5'47['60“I‘1—I‘2| +§.47T60-’I‘2—I'1‘ '

e 1 e2

(2.29)

This equation is approximated by the fact, that the 1s electron is located in thigyaf the
nucleus. When we look at electron 1, electron 2 appears to be at theinarld the other way
round. That is why we can rewrite the distance between the electroniagsfolr; — ro| ~
|r;1 — R|and|ry — ri| & |r2 — R/|. Inserting the approximation in Ed. (2]129) results in

e2 1 e

1 2
_8_5'47T60-’I‘1—R‘+§'47T60"I‘2—R’.

V. (2.30)

Comparing now the coordinate dependences#f, in Eq. (2.28) with the last equation, we
recognize the same dependence as the nucleus-electron interactiae tHemdamiltonian is
changed to

H~ Ao+

2 2
— P —e?) - (Z —1/2
A, = D (=) - ( /2)

2m 471'60 . |I‘172 — R| '
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Figure 2.10 He atom with attractive Coulomb interaction between nucleus - elec-
trons and repulsive Coulomb interaction between electron-eletiror{b)] Approximative
picture. The charge of the nucleus is reduced and the interaction betiaeetectrons is
canceled. Taken from Ref. [52].

The Hamiltonian@ describes an electronic system where the two electrons feel a reduced
charge of the nucleusZ — 1/2)e = Ze. Furthermore, the electrons do not interact directly with
each other, instead the interactidp_. is incorporated in the approximation. The geometric
configurations are shown in Fig._2110;](a) without approximation[ard {th) approximation.

The reduced charge of the nucleus is interpreted as screening. ﬁfgas&e is handled as

a paramete@ = Z — S with the screening paramet&rwhich is varied. The ionization is
treated in two steps. First the single ionization, where the screening hasctmbiglered and
second the release of the remaining electron without screening. Thisecaritten ask, =

13.6eV - ((Z;QS)Q + f—j) To obtain the experimental value of aroun@leV the best fit is a
screening parameteét = 0.656. Also for the single ionization the basic approximation of the
electron-electron interaction gives a reasonable result; experimenurasasvalue of around
24.6 eV and our theory predicts a similar one.

This simple example reveals the importance of considering the interaction Inettveselectrons.
This is the basis of the correlation experiments. The first electron pairsHi®in coincidence

in a so-called double photoemission (DPE) experiment were observedhwafkopfet al.
[54].
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2.3 Manifestation of Electron Correlation

The electron interaction is divided into an exchange and a correlatiorBpattange interaction
for fermions is also called Pauli principle. Electrons with the same spin orientavioid to be
at the same position.

2.3.1 Exchange Hole

A consequence of Coulomb interaction and Pauli-exclusion principle is #tét @ectron cre-
ates a depletion, or hole, of electron density around itself as a direceoeisce of exchange-
correlation effects. The so-called exchange-correlation (XC) holerimdd. Described by
Wigner and Seitz [55] and Slater [56] in the 1930s. In this section the disbibof the hole
considering only the exchange part is calculated.

The antisymmetric electron pair wave function for free electrons is written as

\Ifij = (exp(ikiri) eXp(iij'j) - exp(ikirj) eXp(iij‘i)) . (231)

1
V2V
The wave function has to be multiplied by its conjugate complex to calculate thakiliop
density. The probability to find one electronratvhile the other is atlr; is

| Wi |*dryry = 27‘1/2(2 — (exp(i(ki — kj)(ri — 1)) + exp((—i(ki — k;)(ri — rj))))dridr;
- %(1 ~ cos(k; — k) (r; — r))dridr; (2.32)

The probability to find two identical electrons at the same plage=(r;) is zero with arbitrary
k;, kj, which is in accordance to the Pauli principle. The electron depsgyalculated around
a fixed electronri wherer; = 0. The electron concentrationis reduced by a factor of 2 because
of the two spin orientations.

The average electron density as a result of exchange around thedpdrane is

Pez(r) = %(1 —cos((kj —k;) -1)), with ny =n/2. (2.33)

The next step is to integrate, (r) over the hole Fermi sphere from the Fermi vedtprto 0

en 1

kr kp
Pex(r) = — 1—2/0 exp(ikir)alki/O exp(ik;r)dk; | . (2.34)

2 47rk%
(%)

The equation is integrated in spherical coordinatesfl§o= 47k2. Transforming the vector
productk; - r = kr cos()) and integrating the exponential function oves(?).
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0.6
0.5; 7
0.4
8|03
0.2

0.1; Figure 2.11 The calculated

i { exchange hole is symbolised
0'00 123456 by the grey area. The normal-
ized densitypey /ne is shown in
Ker dependence ofpr.

Equation[[Z.34) is converted into

1 kp . 2
pea(r) = ety S - (/ kzsm(kr)dk,>
2 (471‘]6%) 0 kr
3

_en(y 9(sin kpr — kpr cos kpr)?
- 2 (kFT)G '

In Fig.[2.11 is plotted Eq[(2.35). The grey area symbolizes reducedtylefis area is
interpreted as the exchange hole. The produétzefis constant, so the radius of the exchange
hole gets smaller by increasing the electron concentration
The number of chargeginside the exchange hole is calculated by integrating [Eq.](2.35) over
the whole space in spherical coordinatésiCdr = dr). We replace the electron density by
n= 3% and substitutépr = x in Eq. (2.35)

(2.35)

T xt

.= /p(r) _ 6@/0OO (sinz — a:cosa:)2dﬂlj (2.36)

6e | (1+22)cos(2z) sin(2x) N —1 — 322 + 22SinIntegral (2x)

T 63 322 623
——
lim =0 lim = lim =Z

T—r00 T —00 T—r00 6

=1.

We can conclude that the exchange hole contains one elementary charge.

For the sake of completeness the Coulomb interaction has to be considered &esulting in

the exchange correlation (XC) hole. For the first time the XC hole was wédexperimentally

for LiF(100) by using TOF coincidence set-up[57]. In Hig. 2.12 the igitgris plotted versus
the surface momentum componehtsandk,. One can observe a reduced intensity around the
central coordinates. The black circle in the middle represents the detector.
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2.3 Manifestation of Electron Correlation
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Figure 2.12 Measured ex-
change correlation hole for
LiF(100) with time-of-flight
coincidence set-up K, =
9 30.7eV). Intensity is in ar-
bitrary units. The black cir-
cle represents the detector po-
sition. Taken from Ref.@?].
k [14’1] Copyright (2005) by the Amer-
2x ican Physical Society.

k,[A'] o

aaag da s gy lgg el
LI S L B

s
o

1
—

2.3.2 Screening

Another way of describing the interaction of the electron cloud with an eatéieid is screen-
ing. The electrons in the electron gas interact with each other because@dtitomb potential.
This potential screens the electrons in a short-range and creates aichold aach electron. In
metals this phenomena is especially pronounced. The screening is destitiib@n exponen-
tial screened Coulomb potential. The screening length is approximated witlintmeabs-Fermi
model for a free electron gas. The Thomas-Fermi-screening length iedadg\r and the
screening strength asr [58].

They are related as follows

1 € 1/2
A = — = [ ——— . 2.37

For an electron gas with isotropic distribution the density of st&XeSy ) at the Fermi energy is

3 n 3n-2m
DEp)==-—=-——5. 2.38
Er) =58 ~ 2 ek (2:39)
When we combine EqL{Z.B7) and Eq. (2.38) and set the Fermi wave Vedipr= (372n)/3,

we find the screening length as
aogm

dkp
One way to include the interaction of the electrons is given by the Thomasi-Eezrory, which
derives the electron-electron interaction as follows

Ap — (2.39)

Ze eXp(—Tlg/)\TF)
U = ) 2.4
(112) Areg o (2.40)

The theory includes the screening lengthr or the screening strengfty grr. The Thomas-
Fermi potential (Eq.[{Z:20)) is plotted for screening strength = 0 — 10 A~ in Fig.[Z.13.
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2 Theoretical Background

The unscreened potential is the Coulomb potential. In the gase= 10 A-1 the electron po-
tential is extended only to a distance uptd A. In contrast, the unscreened potentigl{ = 0)
approaches very the slowly the enei@yV. Only at a distance o0 A the influence of the
potential is negligible. In other words, the Coulomb correlation is maximal foutisereened
Coulomb interaction and decreases with increasing screening.

0.0Cf
~0.05
~0.1C
~0.15
~0.20
~0.25
-0.30

energyeV)

‘lO‘ B ‘15‘ B ‘20 Figure 2.13 Screened poten-

: tials for screening strengtfy
distance(A) from0to10 A1, '

A scalar “Coulomb correlation factorf¢ is defined by Gollisctet al. [59] to describe the
two electron potential interaction. In the absence of the Coulomb correlgftiois a constant
(equal to 1). Inl[60] the coincidence intensity in dependence of theesitig parametegrr

is calculated and presented in Hig. 2.14. We see, that with decreasimgisgrdength the
coincidence signal increases. Additionally, the dependence of the toizhimn cross-section
on the primary energy,, for different screening length was studied byl [61] for a metal cluster.
They found a decisive effect of the screening length of the electron-electron interaction and
that the ionization cross section increases monotonically for lower energies

100 1 L 1 L 1 L 1 L 1 L 1

80 =

'é 60 -| -
£
; 40 L Figure 2.14 Coincidence
g intensity in dependence of the
20 i screening strength. Smaller
screening strength gives larger
0 - coincidence signal. Smaller

N — screening strength is a result
0 2 4 6 8 10 of stronger electron-electron
interaction. Taken from
Ref. [60].

q (arb. units)
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2.4 Description of Electron Correlation

2.4.1 Weakly Correlated System - Ag

o7 © o

o
o

o o

o o P Figure 2.15 Spherical model of a Ag crystal. Ag Oforms a face
d center cubic crystal with lattice constantof= 4.09 A.

First electronic systems with weak electron interaction are discussed. Wywmarelated sys-
tem can be described within the local density approximation (LDA). Thecxpation uses
an exchange-correlation functional in density functional theory (DFithoduced by Kohn and
Sham |[62]. The basic idea of Kohn-Sham DFT is to replace the calculatitive dull many-
body wave function with non-interacting electrons moving in an effectiverg@l. LDA de-
pends only on the electronic density of each point in space. The electevadtion is described
within an effective potential, so that the system is reduced to a single pantatdem. LDA
gives extremely good results for homogeneous electron gas. Oneagppsdhe Thomas-Fermi
model with the Thomas-Fermi density of stale§E) (Eq. (2.38)). In LDA the XC energy in
each spatial point serves as XC energy per partipg (p(r)) from a uniform electron gas with
densityp(r).

The exchange correlation enerﬁgg%A contains all information about the many-body problem
and is written in LDA as

EEPA (p(r)) = / ()8 (p(x))d(r) (2.41)

Properties of metals, like Ag with! valence electron can be described surprisingly well with
LDA. The validity of the approximation is tested by calculating physical prigeand compar-
ing them with experimental results.

One property is for example the lattice constanAg crystallizes in a face center cubic lattice
(Fig.[2.15). LDA calculations givegy pa = 4.12 13\[63], which is in good agreement with the
experimental valu@y, = 4.09 A [64]. The nature is quiet well resembled. In addition, the
band structure is reproduced within LDA. These results reveal thate®grens interact weakly.
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2 Theoretical Background

Table 2.1 Theoretical and experi- Table 2.2 Theoretical and experi-
mental lattice constants of Ag and mental band gap,,, and magnetic
NiO. momenty g of NiO [65].
LDA LDA+ U EXxp. LDA LDA+ U Exp.
U=8eV U=8eV
arg (A)  4.12[63] 4.09 [64] Egp(eV) 01 41 4.3[9]
anio(4) 4.08[12] 4.19[10] 4.17[64] B 095 1.73 1.9 [66]

2.4.2 Highly Correlated System - NiO

LDA is not applicable for strong interacting systems with localized electrongHik@ MO NiO.
Experimentally, a lattice constant @}, = 4.17 A [64] is measured for the rock salt structured
NiO, but LDA underestimates the lattice constantaa%" — 4.08A [12]. The discrepancy
between experiment and LDA calculations for NiO is large, compared to Ab.[Z1). Ap-
parently, correlation cannot be neglected for NiO. The lattice conatemteproduced only by
adding a correlation parametér The meaning of thé& is discussed.
An important property of such materials is the band gag,. LDA predicted TMO'’s like NiO
to be metals within LDA. The d bands are partly filled, hence NiO is expected sonbetal in
the classically picture. However, insulating behavior is observed expetathe In Tab[Z.P the
experimental [9] and calculated valuds$ & 0,8eV) for E,,, [65] are presented. Increasing
correlation parametdy splits up the band. The first time in 1937 it was shown by Mott and
Peierls|[6]7] that the interaction of the electrons has be taken into accalegdabe the insulat-
ing behavior.
The strong interaction of electrons in NiO results also in antiferromagneticiogd The planes
alternate in (111) plane; indicated by yellow and blue planes in[Fig. 12.16a.NEkl temper-
atureTy of bulk NiO is 523 K. It is interesting to calculate the magnetic momgegt within
LDA and compare it with the experiment. The calculated vallig* = 0.9[65] is half of the
experimentally obtained ong;” = 1.9 [6€]. Here again a correlation parametémust be
included to be consistent with the experiment. The values are found ib-Pab. 2
To describe highly correlated systems theoretically, the simplest model is tHmkuHamil-
tonian

H= Z tijcmc}g + UZ NNy - (2.42)

ij,o i

Electrons with spinr up and down move between adjacent lattice sitgsThe electrons inter-
act when they are at the same lattice site due to the Pauli principle, whicha=that they have
opposite spin. The first term describes the kinetic energy of the eled¢trévap from one lattice
site to the other by the matrix elemef. The creation of an electron on sitevith spino is
defined bycja and the annihilation of an electron represents:gy The second term presents
the energy penalty the electrons have to pay when they occupy the sameditidé is the
local Coulomb repulsion and;, = c;'Ucw is the number operator. Figure 2117 illustrates the
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Figure 2.16 Results of the structural optimization and magnetic properties for the
anti-ferromagnetic configuration 8fML NiO on Ag(100).[(b) Spin-resolved band struc-
ture projected onto the d-states of surface and interface Ni atoms. Tamgtar used are

U =8eV andJ = 0.95¢eV. Taken from Ref.@B].

lattice and the electron movement.

Lou

1 R Y
v L. YAV
4 | g Figure 2.17 Sketch of the Hubbard model. Théndi-
/| /+ /I cates the hopping and tliéthe energy the electron has

to pay to change the lattice site.

The two parameters andU compete with each other. The kinetic pariends the electrons
to move freely from one site to an other and the Coulomb repul&ipis minimal when the
electrons are located on their lattice sites. The competition is expressed itiohe f&. W is
called bandwidth and is a parameter for the hoppirfepor small ratio, the Coulomb repulsion is
weak and the electrons can move easily. If the ratio is big, the Coulomb repigsstrong and
the electrons are captured on one lattice site.

The behavior of the DOS by changing the ratigi’ from 0 to 2 is schematically shown in
Fig.[2.18. In the casE = 0 the DOS forms a hill around the Fermi energy (Fig.[2.18a). By
increasingy/W = 0.5 the width of the hill gets smaller and foothills are formed (fFig. 2.18b).
By further increasing//W to 1.2 the width of the main hill gets smaller and two side hills
appear (Figi-2.18c). They are still connected to the peadkrat Further increase of the ratio
results in disappearance of the pealkatand the side hills gets separatedibyAn insulator is
formed. The bands are called the lower and upper Hubbard band (hHBEB), respectively.
One example of this insulator are transition metal oxides (TMO) like NiO or CoO.
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uw-12|  (b) the ratio isU/W = 0.5 and the width of the hill
gets smaller, in exchange foothills are formed. With
increasing /W ratio to 1.2 (c) the width of the main

DENSITY OF STATES
1

‘
b =t . . .
Figure 2.18 lllustration of the density of states
0.5 (DOS) for differentU /W ratios. In (a) U = 0) the
o DOS forms a hill around the Fermi enerdyr. In

hill gets smaller and two side hills appear. They are

il d| !
' . u i still connected to the main one. Further increase of
0.5 the ratioU/W to 2 (d) results in disappearance of the
ol . main peak and in separation of the side hills 3y
B-4 ENE";FGY Eprd Taken with permission from_[69]. Copyright (2004),

AIP Publishing LLC.

Two classes of this insulators are distinguished: Charge-transfdaiosand Mott-Hubbard-
insulator, sketched in Fig.2.79a. In the first case the electrons movedyeat@ns within the
unit cell. In NiO the electrons would be transfered from one Ni atom to therétbugh O need-
ing charge-transfer energ¥. This energy is smaller than the Coulomb enetgyseparating
LHB and UHB. For Mott-Hubbard-insulator the situation is the other way dotime Coulomb
energyU is larger than the transfer energy

Zaanen, Sawatzky, and Allen [70] classified varies transition-metal congsan al/ — A dia-
gram (Fig[Z2.2D). They classified NiO as charge-transfer insulatortwith8 eV andA = 4 eV.
Scanning tunneling microscope (STM) experiment supports the descrigftidiO as charge
transfer insulator [71].

However, in the literature NiO is also considered as a Mott-Hubbard-ins{@jtdn reality the
electronic structure is a mixture of both characters. It was long time a chaltergglculate the
band structure of NiO, because besides correlation effects, also bniglibgtion between the
transition metal d states and the O p states need to be considered.

Recently, the band structure was calculated with combination afbamitio band structure
method and the dynamical mean-field theory [72]. Before the band steustas calculated
with LDA+U theory by Anisimovet al. [73]. With this method it was possible to reproduce
the splitting between the d band. But the drawback was that most d electevegound in the
lower d band. Which is against the experimental observation in the photoemdsa [3]. A
step further in theoretical understanding of NiO was based on exadrdiigation studies. It
gave strong evidence that dynamical correlation has to be includedpgidngimoriet al. [74].
This approach is based on so-called atomic multiplet theory and the Coulorrdiciigarin the
3d shell surrounded by the oxygen nearest neighbors (octatubastdrs) is calculated exactly.

The band structure for the LDA* calculations is presented in Fig. 2.16b; values of the Hubbard
parameterd/ = 8¢V andJ = 0.95¢eV are used as suggested by Anisimov and Aryasetiawan
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[@]. J is the exchange parameter. This is not a unique choice. A number oft ngoeks
address the problem @ib initio determination of these parameters. A detailed discussion on
the relevant physical properties of transition metal oxides as a functitresé parameters are
found in a recent work [76].

Charge-transfer- Mott-Hubbard- Char
%‘ b insulator . A insulator 4 g
86 86
= = [ NiTis,\ A
P O 0 b = Nis, ®
A U - 4 2
Oxygen LHB 3 ]
p band U A 3 1
’ Mott-Hubbard
1= . d
Oxygen 0 0' R 1 L
1 2 3 4 5 6 7 8 9 10
LHB 3d p band A V)
L 5 L . .
DOS DOS Figure 2.20 Zaanen-Sawatsky-Allen dia-
@) (b) gram to classify charge-transfer and Mott-

Hubbard insulators. Taken from R?O].
Figure 2.19 Schematic density of states

(DOS) of (a) charge-transfer-insulator

(U > A) and (b) Mott-Hubbard-insulator

(U < A). LHB and UHB means lower

and upper Hubbard band, respectively.

U is the Coulomb energy and is the

charge-transfer energy.

We conclude that electron interaction is an important part to calculate theosliecttructure of
NiO. Since NiO is a strongly correlated system, one cannot reproduegimgntal results based
on simple approximation.
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2.5 Double Photoemission ( ~,2e)

hv hv _
v v

[ e

photoemission double photoemission

Figure 2.21 Interaction of a photon with a surface; on the left side one electron is emitted,
on the right side the possibility of two emitted electrons is depicted.

2.5.1 Double Photoemission (DPE) without Correlation

To probe the correlation and interaction of the electrons the system nelee®xeited by pho-
tons, electrons, ions or positrons. In this thesis, the excitation is via elearahthe emitted
pair is measured in a reflective mode. However, to understand the basiplar of electron
pair emission, it is more intuitive to study the interaction with a photon and the emigkion
an electron pair. One photon hits the surface, as illustrated i Fid. 2.21alis@bed by one
electron with binding energy,;,. When the incident energy is high enough to overcome the
potential barrier of the surfacg it can result in the emission of one electron with kinetic energy
By, (Fig.[2.2] left). The kinetic energy of the electronAg,, = hiv — ¢ — Ey;,. There is also

a probability that an electron pair is emitted (Hig. 2.21 right). The first DPEemx@nt was
observed by Gazier and Prescott [77] on Potassium.

The kinetic energy of the pair By, = v — 2¢ — E!, — E% . For the double ionization of
He it was pointed out that without interaction of the electrons it would notdssiple to eject
two electrons with one photon. This argument holds for any system corgaivim or more
electrons. Mathematically, it is shown that no pair emission occurs in the absérlectron
correlation.

The Hamiltonians# for one electron interacting with an electromagnetic wave with vector po-

tential A is
A= (o= A2 +V() (2.43)

2m c '
_ 1l o e A2
—Qm(p C(p A+A p)+(cA) )+ V(r)

~——

—0

v - p-A+A-p)
a 2mp 2mc p p)-

_f?(()) Hvw

The HamiltoniansZ is the sum of the unperturbed pa and the perturbed pa#,,,. The
quadratic term of the vector potenti@lA)? is neglected, because we assume tatp >
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2.5 Double Photoemission ,2e)

e/cA?,
For two electrons, the equation is similar to the situation when we consider rimale&tectron
interaction

1 e
H = %(P12+p22)+V1(f1)+‘/v2(1‘2)—27m((171'A+A'P1)+ (P2- A+ A-p2)) .

Ho1+H02 Howl+ w2

To calculate the electron transition probability ,  from initial stateV; to final stateV ;, we
apply Fermi’s golden rule

27
Winsg = 2| (W | A | W) Pp(E — By — E; — hw). (2.44)

Dealing with two electrons refers to a many body problem. Furthermore, to&arie are
identical particles. The wave function is determined by the Slater determinatienirapt this
to the initial state

Ui (x1) Walxe)
Uio(x1) Wia(w2)
= U1 (21)Vsa(22) — V41 (22)Via(z1) .

v, = (2.45)

Accordingly, the final state is described¥g = W ¢ (x1) ¥ 2 (x2) — Vi (22) W 2(21). Operat-
ing Fermi’s golden rule to each perturbation operaty,, separately results fo#7;,,, in

Wiy f X (W1 (21) W po(22) — Wi (22)V p2(21) | Hpwt | Wit (1) Vin(x2) — Wir(z2) Wi (1)) -

The equation is a sum, so each term is analyzed separately. Now, weeronaie function
W, ¢1, Which is perturbed only by#;,.,1

Wi o (Wra(x2) | Wi (z2)) (Vr1 (1) | Hpwr | Wir (21)) - (2.46)

The second state is not changed, so the final state is equal to the initial g{@ie) = ¥;(x2)
and(W so(x2) | Uio(x2)) = 1.

Hence no DPE intensity exists in the absence of a finite electron interactione $iea DPE
signal is detected experimentally, the existence of a finite electron corretionfirmed. This
suggests that the signal strength is a measure of the interaction strengitu &w Berakdar
[13] demonstrate that the DPE signal is proportional to the correlatiorgstremamed. In the
next section, their model is discussed in more detail.

2.5.2 Double Photoemission (DPE) with Correlation

In the previous section we excluded electron correlation in DPE condgiduus now the cor-
relation between the electrons is considered. In this case, the photon Qeitlyéw) can be
absorbed by one electron and the electron pair is emitted by means of codpighoton can
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be also absorbed by the center-of-mass coordinate of the two electt@msyue to the corre-
lation in the initial and/or final state of the electrons. The theoretical analf/tie ®PE shows
that the two-electron coincident signal is a signature of inter-electronicacttens |[78/ 79].
Coulomb potential and Pauli principle are responsible for the correlatiovelea the electrons.
To calculate the transition from the initial state to the final state with first ordeunbation
theory Fermi‘s golden rule serves

Wisg =Y [{U[A|®)) P6(E —w - Ej). (2.47)
J

The final state{¥) or (34) is reduced to an antisymmetric direct product of two independent
(3) and(4) so-called “time reversed LEED states”. The initial stétgis a summation of all
possible two-particle states over the indewith energyF;. The states have to fulfill energy
conservation and dipole selection rules. The dipole operatd a sum of two single-dipole
operators. Here the initial state includes correlation and is described lypaticle function.

In contrast to DPE without correlation, where the initial state is the prodiatosingle-particle
functions.

DPE with correlation was studied by Napitu and Berakdalr [13]. The twiigiawave function
was constructed within the Hubbard model. Emission of the electron pair isilh oéstersite
ground state correlatio®; # R;) or on-site correlation®f; = R;). The latter is more probable
and is considered here. The so-called sudden approximation was apgkeding the excited
photo electron pair has no further interaction with the other electrons amdrtfening holes.

To calculate the two electron wave functignthe electrons scatter via a potential with strength
U. The detailed calculation is found in Ref. [13].

The key point is that the transition amplitude increases with incredsinfj/' — 0 the intensity
vanishes. In other words, for largé value an enhanced DPE signal is expected. We could go
so far to postulate that the measured DPE intensity may be an indicator for thgtistoél .

In theoretical calculations one can easily changelfhigarameter. Experimentally variation of
the Coulomb repulsioly is more challenging. In our experimental set-up we compare a highly
correlated system as NiO, with a weakly correlated as Ag. Furthermolieyestigated a range

of metals as Fe, Co, Ni, Cu and Pd.

We should mention, that the experimental results presented in this thesissatedradouble
excitation via an electron, instead of a photon. This method is called (e,2eseTdiectrons
interact with the electrons in the solid. The theory of (e,2e) is for low eniapming electrons
much more complicated. No theoretical calculations are available at the momewatyaethe
(e,2e) intensity in dependence6f

From the experimental view point, the (e,2e) experiment has the advantddeistperformed
in-house lab. In contrast to the,Re) experiment, where synchrotron radiation is required and
the experimental time at the synchrotron source is limited.

Nevertheless, it is reasonable to discuss DPE theory and investigate mmdiagad on DPE
calculations. One reason is the similarity between (e,2e)@a@ae)in the sense, that the emission
of an electron pair is only possible when electron correlation is switched on.
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2.6 Double Electron Emission (e,2e)

2.6 Double Electron Emission (e,2€)

e e
electron emission double electron emission

Figure 2.22 Interaction of an electron with a surface; on the left side one electron is
emitted, on the right side the possibility of two emitted electrons is depicted.

The current (e,2e) theory of solids is discussed for energies bg€lowV (as used in this work),
based on Fedeat al. [29], Feder and Gollisch [80], Berakdat al. [81]. At low energies, the
primary electron and the outgoing electron states involve strong elastic muligtersieg by the
ion cores, as known from LEED. This makes the theoretical approatie ¢é,2e) cross section
difficult and consequently the interpretation of the experimental data isutiffioo.

The primary electron collides with an ener@y and a momentund; with a valence electron
with energyF,, wherebyEs < Er. What is the probability, that one electron is emitted with
energy and momenturfs, ks and a second electron withy, k4 by a single collision event?
Besides elastic multiple scattering, no other losses are considered. The tepefidént initial
state is labeled12) and the final staté34). The electron-electron interaction Hamiltonian is
Hee.

The transition probability from the initial to the final state is then calculated viaditer per-
turbation theory Fermi’s golden rule

Wag12 = | (34| #2e | 12) |P6(Ey + By — E3 — Ey) . (2.48)

The transmission probability/s4 12 is proportional to the observable coincidence fdt€s, Ey).
The one-electron statés j) are expressed in an antisymmetric products of the wave functions
Wi

i, 7) = [V;(z) ¥ (") — \Ilj(:c)\lf(x’)]/ﬁ with (i,7) = (1,2) or (3,4). (2.49)

One electron states are obtained as follows: the interaction of each ofutheléztrons with

the nuclei and the ground-state electrons are described by an optieatipb The optical po-
tential describes the elastic scattering and takes into account the virtuedarekcitations of
non-elastic channels. In the low energy range, relativistic effectstefthie to spin-orbit cou-
pling play an important role. This is known from LEED, valence band strectalculations and
photoemission. The wave functiok;(x) consists of four spinors containing the electron spin
o; = £(1,2,3,4). In our experiment, neither the primary beam nor the detected electrons are
spin analyzed. Theory needs to calculate the cross section for all [gogslarization possibil-

ities and to sum them up.
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2 Theoretical Background

The lattice periodicity is parallel to the surface, this implies that surfacdliglaraomenta

k:l' = 1,2, 3, 4 are good quantum numbers characterizing the one-electron state. Bdda4i®)

is nonzero, if the parallel momentum is conser\lelbar k‘2| = kQ + /@‘l'. In this notation, the pri-
mary electron wave function 87" (), representing a relativistic LEED state and the outgoing
electrons areIlgff(x) time reversed LEED states. The valence electmdfiy ) are obtained
with the Bloch wave matching treatment.

The interaction Hamiltoniaw?,. of the incident electron with a particular valence electron is

written as
exp(—[x — x|/}

[x — x|

Hoe =V (x,X') = (2.50)

Magnetic and retarding effects are discarded because the primagydsesmall. Only the
Coulomb interaction, which is screened by the electrons of the metal areemt with a
static potential. The interaction Hamiltonian Eq. (2.50) is used in the transmissibalplity
(Eq. (2.48)).

The next step is to extract electron scattering dynamics from (e,2e) dathe kase of high
primary energies, the incident and the ejected wave are described l&yvptaes. The three
dimensional momentum is conserved, hence the observed cross sefitiors the momentum
density of the target electrons. With low energy electrons the situation igatiffebecause
multiple elastic scattering is very important in primary and in ejected electron s@ubdgtwo

dimensional momentum is conserved, therefore no direct information ofettteomic structure

is obtained. An important point is, that (e,2e) intensity occurs in regions vt $o-called
k-DOS, indicating thek resolved DOS. That is visible, when we compar®OS at thel’
point andI(Es, E4) contour plots for W(100) (Fid. 2.23a,b,c). Furthermore, whenttfizOS
vanishes, no (e,2e) intensity is visible. As stated by Fetal. [29] there is no detailed cor-
respondence betweénDOS andI(Es, E4). To observe (e,2e) events, it is necessary to have
available states, but this is not a sufficient condition. Theoretical plot [E&Bb) is modified
into Fig.[Z.23c to get closer to the experimental results. Modifications areodeeergy depen-
dent finite life time of the hole, experimental energy distribution of the primaayrbenergyt
and reduction of the emission cone. Theoretical intensity features are sateend resemble
the experimental obtained data (Hig. 2.23d). In general, a good agrebateren theory and
experiment is observed for normal incidence primary enérgy= 17.2e¢V. The main con-
tribution atF3 = E4, = 6¢V is reproduced well. The good agreement between theory and
experiment implies that direct collision of incident particle and target aredh@rant origin of
the two electrons observed experimentally. The valence electrons of0)\4i® predominantly
d character and for the d states the spin orbit coupling is much strongefathtnre sp states.
The excited sp states can couple to the vacuum and can form LEED stéieswill be later
important when we discuss diffraction effects of Ag.

In the work of Berakdaet al. [81] the total potentiaV;.; is complemented with a dynamical
potentiall, describing the interaction between the two electrons. Dynamic means thatkthe in
action of both electrons is strong, when they are close together. Whearhdégre apart, then
the potential diminishes. Total potentidl,; is the sum of the two one particle optical potentials
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2.6 Double Electron Emission (e,2e)

E, =172eV
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Figure 2.23 Contour plots in the
(Es,E4) plane of a W(100) surface for
E; =17.2€V, 91 =0° and9374 = 40°:
(a) DOS at thel" point; (b) calculated
I(Es, Ey); (c) I(Es, E,) adapted to ex-
perimental conditions; (d) experimental
data. Taken from Ref| [29]. Copyright
(1998) by the American Physical Society.

(Vs3, V) and the dynamic potenti@l. It is identified as Coulomb potential. More precisely the
dielectric functione(r, ') has to be calculated. However, for inhomogeneous electron gas this
is a very difficult task. Instead, the Thomas-Fermi screening potentiakd (Eq.[(2.40)). The
distance between the electronsgigs = r3 — r4.
The total potential is rewritten as

Ve =Vt By 2t (2.51)

T3 T4

The strength of the screening is determinedZySingle particle potentials are augmented by
the termZ; /r;. Inter-electronic correlation is subsumed into a dynamic non-local sageeh
the electron core interaction. Calculation predict a strong influenteaf the pair correlation.
The theory was applied to the same experimental conditions as in Ref. |28} fe- 17.2eV
and comes to the same result. The contour plot remains practically unchangetliding pair
correlation effects are rather small. However, when the primary enelgwéyed t010.6 eV
drastic changes occur. When the Coulomb interaction is switched off, thesitytés reduced
at the Fermi edge for equal energies = Ej. In contrast, when the Coulomb interaction is
switched on the intensity has a maximum at this point. This is in agreement with tagragp-
tal data, Fig[2.24. Coulomb interaction can transfer energy from oramiescelectron to the
other. That is the reason why equal energy sharing is preferrdd;, soE, gives high intensity.
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Figure 2.24 Spin-average intensity for
the two-electron emission from a W(100)
surface following the impact of 8.6 eV
electron along the surface normal. Con-
tour plots in the g5, E4) plane show cal-
culated results without Coulomb pair cor-
relation (a), with pair correlation (b) and
the experimental data (c). Taken from
Ref. [81].

38



3 Experimental Background

The experiment is performed in an Ultra High Vacuum (UHV) chamber agsspire of

7 x10~"'mbar. The sample is excited with an electron gun from Kimball. The emitted electron
pair is analyzed by two hemispherical analyzers from Scienta and detgittechultichannel
plate (MCP) - resistive anode. The detectors are connected via a @rigeitbgic. The primary
electron flux is measured with a MCP. The components and the sample pi@pavdl be
explained in more detail in this chapter.

UHV conditions are required to have as long as possible a defined swfttwout residual
adsorbates like H, CO. Data acquisition time is long, aroBndunts/s are collected. The
experiment is highly surface sensitive (the information comes mainly fromrdi@fimonolayers
(ML)). To reach and maintain the UHV a turbo pump, an ion getter pump, a titalimgation
pump (TSP) at the chamber and two TSP at the analyzers are installed.

To understand the experimental set-up, the demands on a coinciderererey needs to be
discussed.

3.1 Coincidence Demands - General Statements

The most fundamental question in coincidence measurements is: How camentifyic cor-
related pair of two electrons emerge from one scattering event? The prablgiscussed in
Ref. [14,82| 83, 84, 85].

The scattering event happens at titpend the two emitted electrons will arrive at timgst ¢1
andty + t2 at the detectors. The characteristic traveling time differen¢e=gt; — ¢2|. This is

a common method to identify particles emerging from the same process. In practdas to

a allow a time spread af+ §¢, which consist of all possible sums of the time variations of the
traveling times of particle 1 and 2¢; anddt,. The flight time consist of passing trough the ana-
lyzer, the detector and the electronics. We assume that the electrons ard simitikaneously.

A typical arrival time histogram is shown in Fig. 8.1. Our set-up is symmetriddl wespect

to the sample, so the traveling timgsandt, are equal. A clear peak at= 0 ns is observed.
Electrons are considered to arise from the same event, when they latyiedoethe peak, which

is limited by two vertical dashed lines. For our set-up and eneries +10 ns. The width of
the peak depends on the energy difference of the pair and the time resatitie instrument.
The time resolution is limited by the geometry of the hemispheres, the lenses, thdrftigho
the channel plate detectors and the electronics.

Two coincidence events has to be distinguished - true and random events events result
from one scattering process (blue area in 3.1). Random or alsad ealtédental events
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3 Experimental Background

are due to two independent scattering processes. The reasons is thaharoone electron is
emitted from the electron gun in the time interval 4¢. The distribution of random electron
pairs is homogeneous, in contrast to true events, where a clear pegfdor equal times can
be recognized. The yellow and orange area in[Eid. 3.1 consists of parelpm events. In the
experiment, blue and orange events are measured together.

PRI U S T N M T S S SN ST SN U N U TN U T A T SN MY ST ST ST S U
] ]

| AL L L LN B LI BN BRI BB |

intensity (arb. u.)
(IR NN IR AN PN TR Nl AN FNEE |

Figure 3.1 Typical arrival time histogram of two emitted electrons. Electrons are consid
ered to arrive at the same time, when their differen@mis+ 10 ns. True (blue) and random
(orange) events in this interval cannot be separated. The homogeaaedosn background

is yellow.

The quality of the experiment is judged by the ratio between true and randemtse Without

considering the shape of the arrival-time histogram, here some gendeshstd to the coin-
cidence technique, which is special in comparison with single electron detedtica single

spectroscopy experiment high counting rates are desirable to maximizehaétsighoise ratio
for a given measuring time. High rates can be achieved with high incomingghoking a

large sample area and high transmission of the analyzer. In a coincidgreréngent this is not
anymore valid for improving the experimental performance, becauseammotdistinguish be-
tween true and random coincidence events. For example increasing éhanigcdflux raises the
true count rate, but reduces the true-to-random-ratio. Hence thd-fignaise ratio declines,
too.

The true signal’ is calculated

T = alalRVct (31)
—B-I-t, (3.2)

«; is the efficiencies of the detectors, depending on the experimental paraseth as energy
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3.1 Coincidence Demands

and angular resolutionR is the electron creation rate per unit time and per unit volume, which
is direct proportional to the incoming flux. The common shared volume of betdctbrs i/,
andt is the counting time. The parameters of Eql 3.1 are rearrangedwvithRV, = B - I and
Eq.[3.2 is formed. Obviously, depends linearly on the incoming flux

10 0.5
8- 0.4
6 0.3 g
] —T/A 2

< ] Z

=4l —peak/Apeak _0.25
] = Figure 3.2 True-to-
2- -0.1 accidental ratio 7/A (left
: scale) and the true signal-
ot 100 to-noise ratio peak/Apeak
0.0 0.2 0.4 0.6 0.8 1.0 (right scale) in dependence of

flux (arb. u.) the incoming flux in arbitrary

units.

The accidental signal is the linear product of two single rateS;J and the finite probability of
two unrelated events occurring within time

A= 8,8t (3.3)
= oV Va Rt (3.4)
=C-I?-t. (3.5)

Here we recognize an important point: The true rate is proportional to tbening flux/ or R

and the accidental rate is proportional®d or rather/?, when the parameters are substituted as
a1 ViV R2Tr = C - I2.

We set all parameters to 1 and the ratigA simplifies to

(3.6)

L
N =

The ratioT’/A increases by lowering the flux and the contribution of the accidental cbents
comes negligible, but also probability is reduced to detect a true event att dligh flux 7'/ A
goesto 0.

The arrival-time-histogram (Fig._3.1) includes true and random evengsaré/only interested
in the true eventq", so the random event$ need to be subtracted. In formulas it is written as
peak = (T + A) — A. The errorApeak is the sum of/T + A and/A.

The signal-to-noise ratio (SNR) is obtained as

peak  (T+A)—-A B-T-t
Apeak T+ A+VA VB T-t+C-I2-t+VC -I?-t

(3.7)
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l:l 1 1 1 1
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Figure 3.3 Figure of merit
(FOM) of the signal-to-noise
0 —_— ratio between trud’ and ran-
0 2 4 6 8 10 dom A events. Maximum
T/A signal-to-noise ratio is reached
atl.

The SNR increases, when the flux is increas&dand A contribute in statistical noise, while
only T' contains information of interest. Both equations (Eql 3.6 and Eq. 3.7) areglin
Fig.[3.2 in dependence of the primary flux in arbitrary units. We notice, asing the flux, in-
creases the probability of a true event and increases the signal-toratidseéOn the other hand,
the ratioT'/ A is decreased. A compromise has to be found.

A good value ofl’/A is 4 at a flux 0f0.25 arb.u. and the SNR is 0.3. When the flux is halved,
the ratio7'/A is increased to 8, but the SNR is decreased by one order of magnitude.

When the extreme case of infinite fluk - o) is considered, Ed. 3.7 simplifies to

peak T
N —. 3.8
(Apeak>Hoo N (3:8)

We obtain the figure of merit (FOM)

peak 9
FOM=1- 2peak g = (3.9)

eak / )
<Appeak)l_>oo %+1+1
If the ratioT'/A converges to 0, the FOM approaches 0, too. Hence the signal-to-atisésr
the poorest. If FOM is equal to 1 the best signal-to-noise ratio would lmheela Equatioh 319

is plotted in Fig[:33.B in dependence Bf A. The graph increases steeply from 0 to 2 and then
saturates slowly at a FOM of 1. A trade off value is arodnd5. A further increase of the ratio,

increases the FOM not significantly. A significantly decreased flux waaddlt in an extension
of the data acquisition time. Nevertheless, to have an acceptable ratio bétueand random
counts, we operate the experiment under low primary flux.

To estimate how many electrons are emitted from the electron gun and hit tleesimfa
defined period of time, the Poisson distribution is a reasonable choice.iSthbution is valid
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Figure 3.4 Probability ratios
P(1)/(2) (straight line) and
P(1)/P(0) (dashed line) as
function of the average number
A of electrons hitting the surface
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to calculate the probability’, (n) of a discrete event happening in a fixed period of time\
represents the average number of electrons hitting the surface in the tinvalinter

The Poisson distributiofy (n) is

_

=e —_— .
n!

We work at low electron flux, therefore the Poisson distributions for up toelectrons are of

interest

Py(n) (3.10)

/\2
(& )\? .
The parametek can be adjusted with the electron flux. To obtain a high true coincidencé coun
rate, the probability of two emitted electrons should be low.
The probability ratio of one to two i% = % Itis plotted as function of the average number
in Fig.[3.4. If \ is equal to 1, the probability of finding one electron to two electrons is 2. When
A is decreased by 10, the ratit(1)/P(2) is increased by 20.
On the other hand when the flux is too low, no electron at all might be emittedthrefilament.
The ratio% is equal to), represented by the dashed line in Figl 3.4. Whén0.1, the proba-
bility of one emitted electron is close to zero. This underlines the difficulties afdhecidence
experiment.

P\(2) = (3.11)
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3.2 Experimental Set-up

SAMPLE

\ PRIMARY BEAM

ELECTRON

GUN 45 45

\ Optical axis Optical axis

LENS

DETECTOR

(@) (b)

Figure 3.5 Experimental (e,2e) set-up. The electrons are emitted from the electron
gun and focused on the sample. The incoming electrons excite an electnorsdmple.

The electrons travel trough the energy selective elements, the lenséiscagléctrostatic
hemispherical analyzers. At the end they reach the dete€tofs. (b) Geainget-up. The
primary beam hits the surface perpendicular. The electron pairs atatetender an angle

of 45 + 15°.

For the (e,2e) experiment first of all an electron gun is required (se@HEg). The electrons
are accelerated up %8.6eV here. The low energy electrons are focused on the sample and
hit the surface perpendicular. As discussed in 5e¢. 2.6, there is ahilith that the reflected
electron excites an electron from the valence band. The electron pair iscefrottethe sample
and detected in an angle 4% + 15 ° (see Fig.3.5b).

The electrons are transfered through electrostatic lenses to the elditrostaispherical de-
flection analyzers (HDA). When the electrons enters the HDA, they pessgh a slit ofl mm
width. The experiment is performed under symmetrical conditions, which impfiesnetrical
geometry, lens and analyzer voltages.

The HDA serves as energy dispersive element. It consists of two rickemispherical elec-
trodes with radii?; = 160 mm and R, = 240 mm, which are at different potentials

Epass Ry
o Epass Ry
Vo = ‘; [3 -2 <R2>] . (3.13)

The mean radiug?, of the hemispheres B00mm. The pass energy,.ss is defined as the
energy where the trajectories of the electrons describe a circle. If ttieagleenergy is lower or
higher thanF,,ss the motion of the electrons are described as elliptical Kepler trajectories. Is
the energy sufficiently lower or higher, the electrons will hit the wall of tleeteodes.

Finally, the electrons are detected by two micro channel plates (MCP) ctethi® a resistive
anode. The diameter of each MCPiBmm. The electron pair is recognized by a coincidence
logic. Electrons that arrive at the “same” time are of interest. The “same” tirdefised as a
time slot of20 ns.
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3.2 Experimental Set-up

We are dealing with a low incoming flux and it is expected that few electroneraried from
the sample surface. Hence, a device with high detection efficiency isaheEdethis purpose
the MCP is used. It is an array of small tubes or channels filled with lead mbedded in a
glass mesh. The channels are tilted at®&5uib increase the efficiency. The primary electron is
multiplied by a factor ofil0° due to the production of secondary electrons. For the coincidence
experiment, we use a stack of two MCP to improve the performance.

To measure the position of the electron additionally a resistive anode is idc|8ég The
position is transformed to energy with help of the specular electron beampdiitgon signal,
which corresponds to the energy, for right and left detector goestlyite a digitizer. Time and
energy information are triggered when the four signals, two MCP and tedeasignals, are in
coincidence. Then the information of the pair is stored in a computer. Durgngndasurement
the spatial information (the MCP screen) is monitored in real time with an oscipesco

If the start and stop pulse is coming from the same detector, the time resolutienedéctronics

is obtained. The obtained time jitter of the electronic8.¥ns.
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Figure 3.6 2D (a, c) and sum energy spectra (b, d) of NiOKy = 68.6eV. The spectra
(a, b) presents the results fék,..c = 100eV. The energy window i8eV x 8eV. The
spectra (c, d) show the results Bf,ss = 300 eV (energy window oR4 eV x 24 eV). With
both settings the same features are seen, but the energy resolutiortgfihe- 100eV is
better. Thel),,ss = 100eV plot is a close up of th&,.s = 300 eV data.

The experiment was operated with pass energies of 108@neV. The energy window i8 %
of the pass energy. It is possible to accumulate data in an energy wind®ehMok 8¢V and
24 eV x 24eV, accordingly.

45



3 Experimental Background

The energy information of the electron pairs is combined in a 2D energyrapeas is seen
for NiO (E, = 68.6eV) for Ep.ss = 100V (Fig.[3.6a) and fotE,,ss = 300eV (Fig.[3.6¢).

The bottom scale refers to the energy of the electron arrived at thedéebttor. The left
scale represents the energy of the electron which arrived at the samet tineeleft detector.
Coincidence intensity is reproduced by a color scale. Red stands fomégtsity and blue for
few counts.

Energy conversation of the pair holds

Ep + Evb = Eleft + Eright + gbsample = Lopair + ¢sample . (314)

The sample work function is labeled with,,,1c and the valence band energyig;,. The
spectrum is analyzed in detail in the result section (Ee¢. 4.2). Obviouslg0theV 2D plot

is a zoom of thel00eV plot. The main signal is in the energy region Bf;, ~ 0. No fur-
ther information is obtained from th#0 eV plot, besides a homogeneous background in the
lower energy region. To analyze the spectra qualitatively, the sum ofainéspplotted in the
interval | Eyere — Erigne| < 2eV. (In this respect, errors due to the geometry of the plot are
excluded. For example, the total diagonal liig, = Eiiene = 34 €V contains more pixel than
Eiety = Eiight = 28€V.) The sum energy spectrum éf,,.s = 300eV (Fig.[3.6d) covers a
wider energy window than the sum energy spectrunkgf,; = 100eV (Fig.[3.6b). But the
energy resolution for a wider window is worse than for the smaller window.

The energy resolution is estimated with help of the Fermi edge of Ag sumyespegtra. The
energy resolution are faF,,s(100eV) ~ 1.1eV and E,s(300eV) ~ 1.75eV. The energy
resolution includes the energy spread of the electron gue¥) and aberration errors of the
lenses. Spherical and chromatic aberration can be distinguished. ifiveairspherical aber-
ration is that peripheral rays are bent stronger than rays closer tgtloalcaxis. Chromatic
aberration is a result of a never perfectly mono energetic electron belaenenergy resolution
depends furthermore on the transmission of the hemispherical analyzkttseeaccuracy in the
impact position on the MCP. Nevertheless, the resolution is mainly dependithg spectrom-
eter, in particular orf,,ss. Consequently, we obtained all data throughout the experiment with
Eass = 100 eV in favour of the energy resolution.

The flight timeT of the electron inside the sphere is calculated accordingly to [Reél. [87, 88]

3 ™
o 2mA zz/ d6 N 315
l mk* Jo (1+ ecos( — 6p))

where A is the area enclosed by the orbit within the analyzer lailsdthe angular momentum.
The parametek reflects the relationship of the voltages to the dimensions of the spectrometer.
In the case, when the orbitals describe a circleds 2ZeE s Ro. € is the so-called eccentricity

of the electron trajectories and depends among othefs,@n. Radius of the trajectory depends

on the anglé.

For one cycle the electron needs 6§, = 100 eV a time 0f105.9 ns and for Ep,,ss = 300 eV
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3.2 Experimental Set-up

a time of61.1ns. Taking into account the covered energy window, the time differenceeof th
slowest and fastest electron is obtained. Egg,s = 100eV the time difference i$ ns and

for Ep.ss = 300eV the value is9ns. This results in a time spread for the electron pair of
7.1 and12.7ns, respectively. Experimentally, the FHWM of the arrival time histogram for
Epass = 100eV is 11.4ns and for Ep,ss = 300eV the FHWM is17.5ns. Experimental and
calculated value are consistent.

An important component of the experimental set-up was a detector to meéasymémary flux,

so the number of pairs produced by one incoming electron was determiaatitgtively. For
this purpose a small MCP was mounted on a manipulator, which could be brimtghhe
sample position. The active area had a diameté&mofn. To save the life-time of the microtron
the flux fgingle Of the electron gun was set #0000 counts/s. The grid voltage of electron
gun was increased accordingly. After “calibrating” the gun, the samptesetin experimental
position and the “single” count rate;,,c was determined in coincidence set-up. The single
count rate in this configuration is for Ag in the range5i0fcounts/s to 450 counts/s, and no
measurable coincidence events happen. (It is very important to maketaitrthe dark counts,
produced by ion gauge and ion getter pump, are bél@of the single counts. During primary
flux measuring the dark count sources, as ion gauge and ion getter margswitched off.)
To measure the pair emission we had to increase the flux significantly byadewehe grid
voltage. When aroun@.5 counts/s pairs could be detected on the rate meter (random and
true coincidences), the single counts;, in this configuration were arountB00 counts/s to
3500 counts/s.

The electron fluxf..;, during the coincidence experiment is calculated as follows

Fooin = L2088 g (3.16)
Ssingle
After inserting the according values, the calculated ffux, during the experiment varies from
1.5 — 7.5 x 108 counts/s depending on the primary energy. Proceeding in this way is allowed,
because the relationship between the single HDA counts and the single fluxaoetds are
linear, as is demonstrated in Hig.13.7. Furthermore, the validity of linearsgigreis manifested
by the 0 origin.

| ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
250 .
~ 200 o
= [
S 150 r
E ]
8 50 L
] r  Figure 3.7 The relation-
o F shipbetween single HDA
0 50 100 150 200x10° counts and flux meter
Counts Fluxmeter MCP (cps) counts is linear.
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3 Experimental Background

3.3 Sample Preparation

To prepare the Ag(100) crystal and grow NiO, CoO film and transition mE&gl€o, Ni, Cu and
Pd the preparation chamber was equipped with an Argon sputter gunr Alegéron spectro-
scope, LEED optics, the needed evaporator as Fe, Co, Ni, Cu, Pdhang@en inlet, Figl_318.
Besides pressure controlling with an ion gauge, the gas concentratitthtmmonitored with
a mass spectrometer.

AUGER setup/
RHEED gun

Argon
Sputter gun

Evaporator B Viewport
Figure 3.8 The preparation

chamber is equipped with a
LEED (low energy electron
diffraction) optics, Auger sys-
tem, various evaporators (Fe,
Co, Ni, Cu, Co, Pd), an Argon

LEED optic/ sputter gun and an oxygen inlet
RHEED Screen (not shown here).

The Ag crystal was cleaned by standard procedure, which involvesputtering and annealing
cycles. Sputtering energy waskeV and the pressure5 x 10~ "mbar. The annealing temper-
ature wast00 °C [89]. Mounting the sample after transportation yields to sputterin@4dr.
The cleanliness was controlled by Auger electron spectroscopy. Tietst quality and the
alignment was checked with LEED. In F[g._3.9a the diffraction pattern&pr= 55¢V is dis-
played. Sharp black spots are visible, which is the indication for a cleawatigstructured
cubic surface.

NiO was grown on clean Ag(100) substrate as a non reactive material widtuhar beam epi-
taxy (MBE). The lattice constant of bulk Ag at room temperaturé (9 A and the one of NiO
is4.17 A. This corresponds of a lattice mismatch2df. Ag crystall has a face centered cubic
structure and NiO a rock salt structure. This growth of NiO on Ag is wellldistaed in the
literature [90] 91, 92].

Ni is evaporated in &, atmosphere via molecular beam epitaxy. The quality of the films were
analyzed with LEED. Cubic arranged sharp spots diffraction are moniiétigd3.9B). The
chemical composition of the films was checked by detecting the Auger eleatitina cylin-
drical mirror analyzer (CMA). The incident electron beam has an gnefrg keV.

The optimized growth parameters are: oxygen press{fdg) = 10~ mbar and substrate tem-
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3.3 Sample Preparation

e

55¢V L NiO/Ag(100) CoO/Ag(100)
(a) Ag (b) NiO/Ag 10.4 ML (c) CoO/Ag13 ML

Figure 3.9 LEED pattern of (d) a Ag(100) crystakf, = 55eV),[(b) NiO film (£, =
90eV) and(c) CoO film £, = 90eV).

perature ofl’ = 200°C.

thickness (ML)
0 2 4 6 8 10

Figure 3.10 NiO film growth

of 10.4 ML. on Ag(100) mea-
sured with MEED (medium
electron energy diffraction).
The indicated growth rate is
1 ML/84s. This curve was ob-
tained with a primary energy of
1.5keV. Taken from Ref.[[93].

int. (arb. units)

O_ I 7T I T TTTTT I rTTrTTTTTT I 7T I T ©IOP Publishing. Reproduced
0 200 400 600 800  py permission of IOP Publish-
time (sec) ing. All rights reserved.

As far as thickness control is concerned we observed the mediumyesleron diffraction
(MEED) intensity variation during growth. In such an experiment a primégteon beam hits
the target under a grazing incidence and the diffracted beams are dedectephosphorous
screen, as sketched in Hig.13.8. Layer-by-layer growth is manifestételgmergence of inten-
sity oscillations as a function of time. Assuming that a period corresponusiiio, a thickness
calibration is possible. A typical MEED plot is shown in Fig. 3.10 fot(a4 ML film. This
curve was obtained with a primary energylds keV and we measured the intensity of the spec-
ular reflected beam. The deposition starts at time 0 and we note that at the beginning of
the growth the intensity drops markedly, only at approximately 170s the initial intensity

is recovered. After this we observe the onset of weak oscillations. Wiifigéhis interval as
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3 Experimental Background

the time required to depositML of NiO. The evaluation yields to a growth rate &fs/ML.
With this calibration we can convert growth time in ML and the result is given asugiper
x-axis in Fig[3.1D. Our MEED intensity curve is qualitatively in agreement witbcant work
although our oscillation amplitude is smaller [6]. Previous STM&R’tﬁdieS found that in the
early stages of the growth a complex behavior exists [94]. Only at cggsrabove ML was
a band gap observed. These growth complications manifest themselvés sttgss and struc-
tural measurements|[6]. We conclude that starting at coveragé/df NiO we are to expect
properties related to a “highly correlated” material.

| L
1 L]
1 E=26.6 eV [ 1 E=26.6 eV !
3 E i 1
] : : 1500~ . -
30004 . - ] 1
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m 1 E c 1 1
. S 1000+ B
2000 ! ) 1 :
: - E
3 500 —o— lstday -
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10 8 -6 4 -2 0 2 10 -8 6 -4 2 0 2
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Esum'Esum (eV) Esum'Esum (eV)

() (b)

Figure 3.11 Reproducibility of NiO film. Growth of three films under the same con-
ditions show no change in sum energy spe¢trg. (b) Stability of NiO film. Aftermonth
the spectra do not change. The spectra are obtainedsyith 26.6 V.

The easy preparation of NiO allows us to reproduce, under the sam#ionagdthe same NiO
film. This is manifested in Fid. 3. 1la. The sum energy spectra for threedifféilms are
shown in red (1st), blue (2nd) and black (3rd) for a primary energ@36dafeV. The spectra are
identical, so we can conclude the film quality is the same.

Another advantage of NiO film is, that the surface stays clean for a long tifoeobtain a
(e,2e) spectrum with good statistics takes up to one week, it is a benefit tan@mehs hole
time the same sample. Residual gases as CO are not deposited at thediuifagene month,
confirmed with Auger measurements. (e,2e) technique is even more ssefeitive than Auger
measurements. Sum energy spectra obtained after one day (redj;dhd day (blue) and after
one month (black) are presented in Fig. 3]11b for a primary energ§.6£V. No difference in
the spectra are observed. We conclude that the film structure and rfagplhas not changed.

scanning tunneling spectroscopy
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4 Experimental Results

4.1 (e,2e) on Ag(100)

A recent (e,2e) study on a Cu(100) surface revealed the importarpardiffraction [31]. A
kinematic pair diffraction model described the results reasonably well. fiw®ach is justified
by current (e,2e) theory, which characterizes the incoming and outgbéugrons by LEED
and time reversed LEED states, respectively. In order to explore thetyalicthe kinematic
model, the experiment was repeated with a metal having similar electronic fiespéee the
Ag(100) crystal. A difference between Cu and Ag is the lattice constawhich has a value
a(Cu) = 3.06 A anda(Ag) = 4.09 A. This results in a shift of the kinematic diffraction peaks
to lower energies with a larger lattice constant. We have systematically studiekktiti®n pair
emission from the Ag(100) surface as a function of the primary energymisrovement to the
previous experiment is the ability to measure the primary electron flux. Thissatdetermine
the single and coincidence count rate per incoming electron.

4.1.1 Energy Spectra

During the measurement, the Ag(100) surface was in the [001] scattdeng.pThe (e,2e)
spectra are obtained for different primary energies in the range floto @7 ¢V. The detection
window is for all energies the same. The voltage of lenses and analyeeesadjusted accord-
ing to the primary energ¥,,. Some 2D net spectra are displayed in Eigl 4.1. Net spectra means
that the random background events are already subtracted.

To calculate the maximum sum energy’2* of the electron pair, the work function has to be
subtracted only once, because the primary electron gains the work fumdtien entering the
sample. Itis expressed #&£,> = E, — dsamples With ¢sample = 4.6eV. A primary energy

of E, = 37eV givesER = 32.4¢V (see Fig[4.lla). When the energy is shared equally, the
energy of the left and right electroni§es, = Eiigne = 16.2eV. The EL3X line is indicated by a
grey diagonal line. The energy levels can be seen inFig. 4.2. To calthéapeimary energy of
the electrons, the work function of the filamefy, (2.6 eV) has to be considered as well. The
emitted electrons originate from the highest occupied state, the Fermi energy
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Figure 4.1 2D-energy spectra for different value &f,. The primary energy increases
from (a) to (h). The grey diagonal line marks the positions3f2*. The [001] direction
of the Ag(100) sample was in the scattering plane. High-intensity regiomdlgdao the
EX2%.|ine are visible.
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4.1 (e,2e) on Ag(100)

Filament electron gun Ag
Vacuum = = = == == == = = = == — —_——
I d)ﬁlnmcnl E
Fermi P
€ Vext T - -
d)sample
————y Figure 4.2 Energy levels of the

fmi electron gun filament and Ag.

In our experimental conditions, symmetrical alignment and normal incidéherocess that
the incoming energy transfers the half of its energy to the valence electrmsifavorable. The
scattering process is mainly due to binary scattering, in which the total momentwmsisrved.
Furthermore, if the emission angles are equal and opposite to each othsgnthmomentum
k;‘s‘um is zero. The symmetric sharing distribution of the electron pair indicates thagaihere-
ation is a single-step process. The incident electron beam undergsmdaspreflections and
the scattered electrons can generate electron pairs, as discussed [@5R86]. Although a
symmetric distribution is expected, the measured spectra look asymmetric dueditfitidty

to orientate the primary beam and the lenses with each other.

Besides, the band parallel to th&"2* line and close to the Fermi level, we observe a strong in-
tensity band from 3 t6 eV below EL2%. To interpret the sum energy spectrum serves the DOS
of Ag(100) as first approximation. We do not expect to mimic the DOS, lsecthis theory is
concerned about a single state and we probe a two-electron state. étpthievDOS contributes
as input in the (e,2e) theory (see 2.6), where the initial state is acpaidbe LEED state

of the primary electron and the Bloch state of the valence electron. The itgtialis zero when

no Bloch states are available. Consequently, the final state is also zenw quadk emission is
observed.

As mentioned before (e,2e) is a surface sensitive technigue. In psev@uparison between
theoretical and experimental (e,2e) data it was found out that the mainbtaiain comes from

the first two layers [€7]. For this reason the layer resolved electromid s&ucture calculations
are weighted asi0 % surface 30 % second layer an0 % the other layers.

Electronic band structure of the 1st Brillouin zone was calculated by diiigak (MLU Halle).

It was computed by state-of-the-art method [98]. The total band steuitwhown in Fig. 4.3a.
Furthermore, it is separated into the orbital characters d, p and s aresenped in Fid. 4.3b,
and_4.3d, respectively. The energy scale of theoretical data shifted according to

experimental photo emission data, as done for Cu in Ref. [99]. It wathaacope of this work

to calculate the shift.
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Figure 4.3 Band structure of Ag(100) using LDA theory for all orbitals|(a) anchesd
for d[(B), and B (d) along — A — X-direction. Shown is a cut through the 1st BZ. The
calculations were performed by Jurgen Henk (MLU). The layers aighied as follows:
50% surface, 30% second layer and 20% the underlying layers. Feenyyer is atOeV.

Ag crystal has one electron in the sp state and 10 d electrons, so the maibut@n comes
from the d orbitals. The flat d bands contribute mainly in the energy regoon &.5 to7eV. In
the region near the Fermi levellf = 0¢eV) the intensity is below 5% of this value.

The p and s orbitals show less intensity over the hole distribution than the dbakecifhe in-
tensity scale of Fid. 4.8c and F[g. 413d were reduced to 20% of the totaltscsde the features
of the bands. Both spectra show parabolic distribution. The orbitals lweastant intensity from
the Fermi energy td eV below it. A gap appears betweenn 4.5 @ngleV. Furthermore, we
observe that the s orbital shows a strong intensity at 8af\laround thd" point.

The band structure is integrated over the region, which is probed in theriment ¢, =
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4.1 (e,2e) on Ag(100)

0-04 A*l). It is convoluted with0.5 eV Gaussian, appropriate for the experimental condi-
tions. The contribution of the surface, the second layer and the weigintethgers is shown in
Fig.[4.4a, b, c. The DOS is presented for sp (dashed), d (grey) &aldlitack) orbitals, sepa-
rately. The sp DOS is the sum of s and p orbital. Figuré 4.4d shows anmentally obtained
sum energy spectrum fdr, = 37eV (Eright — Fletr < 3€V).

TS S U S S TS S S S ST T ST ST SN S S S S SRR PR SR S RS R |
(a) 25x]03’: surface layer — total
b —d
20*: - =-sp

15

DOS (arb. units)

—~
=
~

DOS (arb. units)

Figure 4.4 Calculated den-
sity of states (DOS) of Ag(100)
is integrated over the angular
acceptance of the experiment
and convoluted with &.5eV
Gaussian. The surface layer
] I (a), the second layer (b) and
15 - the weighted sum (c) are com-
] t pared to an obtained spectrum
at E, = 37eV. The DOS is
orbital resolved: total orbital
(black), d (grey) and sp (grey
dotted). Furthermore, regions
with special character are high-
lighted: the red area shows en-
hanced intensity in the experi-
ment, in contrast to the DOS.
The blue area is d dominated
region. The green highlighted
contribution has sp character.
The turquoise area marks the

"‘mx‘ 2 | 0 | overlapping of sp and d or-
Eoun = B (V) el

—_
o
~

25x10° ]

20

DOS (arb. units)

(@)

int. (counts)

We label the regions with special attributes on basis of the weighted sum DO%a sum
energy spectrum. The first region from 02& eV is colored in red. The DOS is flat and low,
including contributions from sp and d orbitals. But in the experiment a pnoced peak like
structure with high intensity is observed. This supports that the DOS isdar $ufficient to
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4 Experimental Results

explain (e,2e) results.

The next region from 2.5 t6.4eV is dominated by d orbitals and highlighted in blue and
turquoise. DOS shows even in “experimental mode” features. Howavehe experiment
only one broad peak &5eV with a shoulder atl.5eV is recognized. This peaks could be
connected to theoretical features at around 3.648dV. The intensity of the experimental
shoulder falls off to lower energies. The experimental decline of intensitgtismooth, but has
akink at5.3 eV. The slope frond.4 eV to around eV decreases to 5% of the slope frang eV

to 5.4eV. The kink marks the border between the blue and turquoise region. Wiéool at

the weighted sum DOS (Fig.4.4c), it appears that the sp orbitals getting mwreymced at an
energy of5.3 eV, due to the strong contribution of the sp electrons in the surface layefBig.
a). Furthermore, d@.8 ¢V appears a peak in the DOS which is completely missing in the exper-
iment. This underlies again the need of (e,2e) theory to understand theaspec

Continuing labeling the spectra, the contribution from the sp states incraa5escV to a
plateau and decreasesraieV. This is highlighted in green. The overlapping area of green and
blue region appears turquoise. Coincidentally, the overlapping bondietha kink in the slope
are at the same energy. In the surface layer the contribution of the imo$pprbital is20 % of

the total DOS ab.5eV.

To have a deeper understanding of the allowed transitions, we look artireetry resolved
DOS in the [001] direction of the Ag(100) crystal along thepoint as well. The data is pre-
sented for different layers and symmetries in Eigl 4.5. The spectra avelated with a).5 eV
Gaussian. In Fid.415a the same experimental data as in ih Fig. 4.4d is shovamfparison.
Four symmetries are separatext; (Fig.[4.5f), As (e), Ay (d) andAs (c). In Fig.[4.5b the sum
of all symmetries is depicted.

The main differences between the symmetries are the following: Aitheepresentation is di-
vided in two regions, one peak 4tV and one peak aroungleV. The As symmetry ranges
from 2.2 t05.2eV. Ay is spanned from.4eV t0 6.6eV. TheAs; is located around.3eV.

The same selection rules for the (e,2e) process have to be applied d@edeapadRef. [100].
They showed that thA,/ transition is forbidden. In this case, the wave function of the valence
electron is antisymmetric when it is mirrored at the reaction plane. So the resuliggal is
zero. In contrast to the other wave functions, which are symmetric to théaeglane.
Comparing the experimental data to the symmetry resolved DOS, we see thvatthetd/ the

Ag and A; symmetries contribute to a theoretical peak. However, there is no peak ir-the e
perimental data. Due to the (e,2e) selection rules we expect no intensityXsoisymmetry.
The contribution in the region frorh4 eV to 5.4 eV is formed by theA, and A5 states. In this
range in the experiment a peak and a shoulder show up.

Besides selection rules, so-called matrix element effects has to be cewsiéfer example the
primary energy of the incident electron influences the transition probabihtyhe presented
data this effect is not included, because it is difficult to estimate.

We conclude, that the DOS does not resemble the coincidence speatrexdérimentally ob-
served peak in the energy region fromV to 2.4 eV is completely missing in the DOS. On the
other hand is a peak calculatedsat ¢V, which is not observed in the (e,e2) spectrum.
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4.1.2 Absolute Pair Emission

As we have the possibility to measure the primary flux, we can quantitativelyzanthe in-

tensity distribution of the pair emission as function of the primary enéfgyand analyze the
absolute pair emission. In the (e,2e) experiment multiple scattering plays antamipale, as
for example in LEEDfV measurements. It is well known, that the LEED-intensity changes
with primary energy. Therefore, we also expect variation in deperdehg,,.

We measure the integral coincidence intensity or rather sum up over al graitted in the
energy window. The energy window was adjusted to the primary eneegyRig.[4.1). The
maximum sum energy (indicated by the grey line) stays at the same positionconktant
detection window makes it possible to directly compare the integral spectrah wehidenti-

cal to the arrival time histograms. As examples arrival time histograntfor= 37eV and

E, = 52¢V are presented (see Fig. 4.6a and Eig.14.6b, respectively). From thisheatrue
counts per second are calculated. The data was obtained in approximatelys2

8003 E,=37eV E 8005 E,=52eV 3
z 600% Eg 6004 E
£ 4005 E S 4004 F
g EE

200 E 2007 E

O T T T T T T 0 E T T T T T
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Figure 4.6  Arrival time histogram§ () ak;, = 37¢V and (D)E,, = 52 V. For different
primary energies FHWM of the peak0.3 ns is summarized and the ratio of the true
and accidental count§/A +0.2[(d) is shown.

Besides the true counts the histogram was analyzed regarding the full avit&if maximum
(FWHM), counts on the rate meter, true counts, the ratio of true and acaldennts (T/A). The
resultis summarized in Fig._4.6. The FHWM lies in the region between 9 &ng, whereby the
error of the width is calculated witth.3 ns. The width determined by the flight time dispersion
of the electrons in the hemispheres, as also theoretically calculatedih p. 46.

The ratio7’/A of the true and the accidental counts has a value abeui +0.2 from E,, = 37
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4.1 (e,2e) on Ag(100)

to 47 eV Increasing the primary energy the ratio decreasesi7Al the ratio is 2. Increasing
the energy further reduces the ratio to 1. It was not possible to keep tHeratio at 4 and
acquire the spectrum in a appropriate time, because the true count netesdec That is under-
stood mainly by simple geometric arguments. With higher primary energy, mostbpities
of energy sharing between the pairs exist, but still the same energy negésir is probed.
Consequently, less pairs are detected. Another factor influencing #heduunt rate, is the the
cross section. The reason might be that for higher primary energy ttteogis are faster, which
means that the interaction time with the environment decreases. Furthernearefjeltivity of
the elastically scattered electrons decreases (see Figy. 2.4a). Henaé #maipsion decreases.

By measuring the integral spectra and the primary electron flux with the fluxr,ntleéeco-
incidence counts per primary electron is calculated by dividing the truetedwyrthe primary
electron flux. On averagex 108 primary electrons are necessary to detect one true pair. The
results are plotted as function of the primary energy in[Eig. 4.7, repraesbyptelack dots. First
we notice, that the coincidence rate is hot monotonic as function of the priemangy. At
30eV primary energyt.3 x10~"coin/e~ are detected. At 37 ard eV the pairs are decreased
to around3 x 10~ "coin/e~. At 42eV the coincidence rate increased up6te 10~ "coin/e™.
Then at47 eV the rate decrease to5 X10_7coin/e_, which is 25% of thet2eV value. The
next point52 eV increases t@ x 10~ "coin/e~ comparable to th87/39 eV point. The energies
57, 62 and7 eV show very low values arour@3 x 10_7coin/e_.

Now, we combine the absolute count rate and the energy resolved speicsta all counts of
the 2D spectrum are summed up; the result is divided over each point iDtepeZtrum. Each
point is then multiplied with the total absolute coincidence rate per primary elggt®assume
that all regions are modulated equally by the primary flux). Finally, the atessslum energy
spectra are obtained for each primary energy (se€ Fig. 4.8). TheitptBos spectra 57, 62
and67eV are multiplied by a factor of 10. The trend of the intensity variations of thetspec
reflects the graph Fig. 4.7.

Besides, that the absolute intensity changes, also the different partidbudisns vary. For
example, forE, = 37eV the sp peak intensity from 0 teV is the half of the d contribution.
Going to42 eV we see that the sp-intensity increases only slightly, in contrast to d, whesre th
peak height is almost 3 times the sp height. The absolute integral intensity fosrsg to
2eV and the purely d electrons from 2 §04 eV is splitted according to Fidg. 4.4. The result
is summarized in Fid. 4l7. The sp (red) and the d (blue) partial intensities ftlewrend of
the total counts in general. For the d contribution this is more prominent, teecawe counts
are covered. A difference between sp and d is thdfat= 52 eV for the total coincidences a
peak appears as well as for d alone, but the peak is missing for spoBubibital contribution
change with primary energy.
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Figure 4.7 Absolute coincidence pair intensity in dependence of the primary energy
E,, for Ag () and split up for the different orbital regionss)and d (), according
to Fig.[4.3.
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Figure 4.8 Experimental spectra normalized to coincidence counts per primary electron
for primary energies from 37 167 eV.
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4.1 (e,2e) on Ag(100)

4.1.3 Diffraction Effects

We identified contributions of the sp and d orbitals in the sum energy spegirge intensity
variations of the bands were observed with primary energy change. aWetavshed light into
this phenomena. (e,2e) is a multiple scattering experiment, so diffraction pidg.aVeiet al.
[31] report about similar intensity variation on Cu(100). They studiedefes@ectra for different
primary energies in the same energy range as here. They calculatethtlve iatensity of the
partial electron states and made relation to kinematic Bragg diffraction. Thelrsaapplied to
Ag(100) and the validity will be discussed.

To quantify the intensity variations of the bands, the relative spectralibation RSC' in de-
pendence of the primary energy, is introduced

I al
RSChana(Ep) = I*: t‘j . (4.1)

As an example, the sum energy spectra3foeV and52 eV are shown in Fid._4]9, sp (d) domi-
nated region is colored in red (blue). The y-scale represents the radasumts. The spectrum
at E, = 37eV was obtained for aroundl5eV. The peak aB.7eV collected20 x 103counts

and the statistic is very good. The spectrunb2¢V was obtained in00 min and at3.7¢eV,

300 counts are collected. The statistic is still acceptable and trustful. The sum eneegirap
are obtained in the range &f;.1; — Fiere < 3€V to integrate over the same area for all energies
and rule out intensity variation artefacts.

The I,,nq is the integrated intensity of the sum spectrum of the interested orbital Hapg.
refers to the intensity integration of the whole spectrum, whereby only valelesv0cV are

considered Equm — F12* < 0).

sum

int. (counts)
int. (counts)

Figure 4.9 Sum energy spectra for {d), = 37eV and[(@)E, = 52eV. The orbital
characterspand d are highlighted with red and blue boxes, respectively.

The results of the relative spectral contribution in dependence of the nyriemergy are pre-
sented in Fig. 4.10. The primary flux dependence cancels by calculatingéhsity ratio. The
red empty squares represent the sp orbitals and the empty blue triangiethstorbitals.
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Firstly one notices, that the sp part shows variations, from 6% up to 299%oritrast to the
d part where the contribution fluctuates from 30% to 40%. At the lowesggng, = 30eV
both share around the same amount of 29% (30%) for sp (d). Theayeresrd for d is linear
increasement of the contribution up to 40%6&kV. The only irregularity is a small intensity
drop at57 eV down to 32%.

The development of the sp can be described as follows: From &8Dd@ the contribution has a
constant value of about 29%. Then a rapid decrease begins andt&dgor52 eV. Aferwards

a kink appears d@i7eV and theRSC raises to 22%. A62eV the contribution is decreased to
6% and stays around this valuetateV.
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Figure 4.10 The relative spectral contribution as function of the primary energygor s
() and d Q) contribution. This is compared with the LEED¥ curve of the (0,0) beam
from a Ag(100) surface [101]. The dashed lines indicate the Braggspef the kinematic
model for pairs (red) and single electrons (black), respectively.

The recent (e,2e) theory describes the incoming primary electrons b Iskes and the out-
going pair by a time reversed LEED state|[29, 81]. This formalism emphaieeiffraction in
the (e,2e) process. The diffraction takes place in-plane to the surface.

Before handling the pair, we remind the single diffraction of energetic lowtrelas, which
impinge normal on the surface. The simplest case is that the incoming eleateopsst once
weakly scattered by the ion core potential and reflected back out of tfaeeu This approach
is called the kinematic model. If the wavelengttof the electron is equal to twice the lattice
plane distance], constructive interference appears.

This is known as the Bragg conditions for normal incidence

nA = 2dsin6, n=1,23.... (4.2)

Destructive interference appears when- 1/2,3/2,. ...
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4.1 (e,2e) on Ag(100)

The primary energ;EgO for which the electrons interfere are then the following

00 _ n2h2 _‘/0
P 8md? ’

n=1,23.... (4.3)

The electron gains energy from the inner poteritialvhen entering the surface. In this equation
the absolute value dfj is considered. The inner potential of Ag is arourikV. The electron
mass and Planck’s constant are givenibyandh, respectively. The lattice plane distancelis
(da, = 2.02A).

The kinematic model can be also applied for pairs, whereby the pair is traatene par-
ticle with defined sum energy and sum momentum. The maximum available enetgg of
pair is reduced by the amount of the work functibn Compared to the single case, we get
EN» = E, — ®. (The equation is valid, when the electrons come from valence stategngar
The Bragg condition for the pair needs to be found. In other wordshathmvavelength inter-
ference will occur for the pair. The changeable parameters of Eq.4¥e3he inner potentiak,
and the mass:. We assume the double valuesi@fandm as in the single case.

This leads to the following available energy for the pair

2

h
E, — ®)+ 2V, = K2 . 4.4
( P )+ 0 2(2m) sum ( )

The kg term consists of the parallel pdﬂﬂ and the normal pa#, . Just the last one has to be
taken into account, becauk& ~ 0. For thek, direction the inference conditions (see Eq.] 4.2)
has to be applied. Consequently, we g&t = n,f—f = 2d and the primary energy is

n2h?

b= g 2t ® =123 (4.5)

This equation can be rearranged by using EqJ (4.3) and expressedyerwerally for electrons
from other valence band positions, which have the additional enérgy

E, = %Ego — gvo + ¢+ Eyp. (4.6)
The primary energy values for the sing@0 and pairE, case are calculated and summarized
in Tab.[4.1. (The first order give negative energy values, which m#wt the diffraction oc-
curs inside the solid and cannot be observed outside.) In_Fig. 4.10 thg Beaks are inserted
for single electron diffraction (black lines) and pair diffraction (red Infs £, = 0eV.
The single kinematic model was introduced to explain the LEBDintensity variations. The
LEED-IV curve of the (0,0) beam (taken from [101]) is included in Eig. ¥.10. The)(eam is
the one most likely comparable with the pair diffraction, because th momentura efébtrons
of the pair is in opposite direction with equal amount and they add up to O. ifkenkatic scat-
tering (single Bragg) could explain the enhancement at 2676 . The peak a2 eV seems
to be due to multiple scattering, described in a more elaborated dynamical, tivdnacir will
not be considered here. Nevertheless, it is interesting to mention, thdidbkie@ sum energy
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Table 4.1 Calculated Bragg peaks for the (0,0) beam from the Ag(100) surfakimén
matic approximationk,;,=0). Pair electron diffraction peaks akg, and single diffraction
peaks are)’.

order Ep(eV) EX°(eV)

1 -10.9 -1.0
2 2.6 26.0
3 25.1 70.9
4 56.5 133.0

spectrum (Fig_4]7) is enhanced at this energy. This means the incomimgidezflected with
a high probability and ejects another electron.

The Ag(100) LEED{V curve does not resemble theSC(sp) curve as it is observed for
Cu(100) [31]. In the present scenario for example the LEBDeurve shows a minimum at

59 eV, while the RSC/(sp) curve shows a peak. This is easily understandable in the sense that

a low LEED intensity means high absorption and high probability to transfegge valence
electrons, consequently higher pair emission is expected.

One pair electron Bragg peak is calculated i@y, = 0 for sp orbitals at an energy 66.5¢eV.
At E, = 57eV a peak appears in theSCy, plot. Experiment and model match at this point.
However, we have to take into account, that the peak consists of justtaaint.

Another peak is expected @b eV. Indeed, higher intensity is observedfg; = 30eV. Un-
fortunately, data at lower primary energies is missing. Actually, the data siuatimot strong
enough to prove the validity of the diffraction model.

The RSCy curve is almost constant, compared to fREC;, orbital. Theoretically for d the
diffraction peaks would be shifted arourtt};, ~ 4eV to higher values. Accordingly a peak
would be expected at 29 arideV. At E, = 30eV the intensity is lowest, in contrary to
the expectation. The same behaviour happen8,at= 59eV, where a small intensity drop
is observed. Concluding, the d-band does not follow the prediction aintbael. Obviously,
the orbital character plays a role. This would support also the variatibtiee sp-band. The
sp-band scatters isotropically and the kinematic model is constructed withiffébtve plane
wave model.

To understand the experimental results better, support from the (egtey tls needed. Calcu-
lations are very time and resource consuming. Hence no theoretical r@su#tgailable. When
the primary electron is diffracted before interaction, one would expetthkaelative intensity
variations for s and d orbital are the same. When the outgoing pair is déttaself different
behavior of each orbital character seems reasonable to observe.

The question, which possibility is more probable was discussed in the pasfir§thime diffrac-
tion of the scattered “two-electron quasi particle” was observed bykflarat al. [102] on

Cu(100) with a time-of-flight experiment. They fixed the incident endrgyand analyzed the
energy sharing. They observed, that the major contribution originates the pair back re-
flected from the crystal potential. Samaghal. [103] also study the Bragg diffraction of the
electron pair. They demonstrate that it is appropriate to consider the elesteopair rather than
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4.1 (e,2e) on Ag(100)

as individual electrons. When the interaction of the electrons is neglebtuthe diffraction
is reduced to diffraction of individual electrons. In both experiments tirealyzed the cross
section in dependence of the the parallel moment{imin our experiment we observe that the
sum pairk:ﬂ = 0. Also in their experiment they observe/zéf(: 0 a finite intensity.

To conclude, strong dependence of the primary electron energy orattial glistribution of
the spectra are found. Connection to diffraction effects seems to benedas, but is not be
confirmed because of lack of experimental data and theoretical calcslation
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4.2 (e,2e) on NiO/Ag(100)

A key motivation of this work is to explore the coincidence intensity as functiche model
parametel/, which is a parameter for strength of the electron correlation. For thioopanwe
choose materials with obviously different correlation strength. In theigquie\xchapter we stud-
ied in detail a Ag(100) crystal/ is close to 0. Hence the electronic structure can be explained
within the effective potential picture. In contrast to transition metal oxid&dTas NiO, which
need a more elaborated model to describe the electronic structure. In theaniodé 8 eV is
incorporated for a proper characterization.

We compare the coincidence intensity of both materials. We can measure bottaisatehe
same experimental run, because NiO film grow well on Ag(100). NiO anch&ge only a
lattice mismatch of 2% and the growth of NiO on Ag(100) is well established (seg33).

The acceleration voltage of the primary electron was fixe82af, as was the primary flux.
The primary energy changes according to the surface under stuBly(tbg) = 30eV and
E,(NiO) = 31.6eV. The analyzers and lens settings were set to probe the same energy win-
dow. The integral spectrum for both materials have been obtained usskemt&lly the same
conditions for the data acquisition time t¥ h (see Fig[ 4.11).
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Figure 4.11 Arrival time difference spectrum obtained from a Ag(100) surfadeafd a

15 ML NiO/Ag(100) film (a). The acceleration voltage of the primary beam was kept con-
stant at32 V. Due to variations of the work function and positions of the chemical potential
the primary energy ig7, = 30eV for Ag(100) andE,, = 31.6¢eV for NiO/Ag(100). The
data acquisition for both experiments widsh and the primary flux was constant. The peak
in the spectrum is the signaturetafie coincidences. The width of the peak reflects the time
resolution of the instrument. Taken from Ref.|[68].
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The graph shows the counts in dependence of the arrival time difeereBoth distributions
display a peak centered @t ~ 0ns. The width of the peaks is in both instances approximately
10 ns which reflects the time resolution of the experiment. The emergence of a paaieiar
proof of true coincidences. These events stem from the impact of one primary ele@ithmn
the time resolution of the experiment these correlated electrons leave the sartipdesame
time and hence are detected at the same time. The intensity outside the peaksregierio
randomcoincidences. These events are caused by the impact of two primarpeteatithin
the time window of the coincidence circuitd0 ns in our case). Therefore th&-spectrum gives
us immediately the ratio dfue to randomcoincidences. The key observation is a significantly
higher intensity peak for NiOX) compared to Ag«). For NiO the peak reach its maximum at
80 x 103counts and for Ag the maximum is dt) x 103counts. NiO peak height is a factor of 8
higher compared to Ag in this example. The ratidroie to randomcoincidences is 8.5 for NiO
compared to 4.7 for Ag.

We conclude that the pair emission from a material described with-a8 ¢V is significantly
increased compared to a material with= 0. This supports the view that the statements made
about the DPE-intensity versi@iscan be at least qualitatively extended to an (e,2e) process.
An important question is whether the enhanced coincidence intensity fronisNéQyenuine
effect and not a consequence of the finite angular acceptance osthenent. It is conceivable
that the integrated coincidence intensity from Ag(100) and NiO(100) simvsignificant varia-
tion, but that the angular distributions are different such that most ofdine from the Ag(100)
surface are not within the field of view of the apparatus, as illustrated ifdEl@a. The fig-
ure shows schematically the possible emission of Ag and NiO and the anguéptacce of
the Scienta set-up. NiO electrons are colored in grey and show the mbsteemission in
direction of the Scienta detectors. For Ag (blue) the emission angle betwegaithcould be
smaller, consequently not all electrons would be caught by the deteesoitting in a wrong
interpretation of the data. In order to rule out this aspect, a system withrlagbeptance angle
was employed, namely a TOF spectrometer [104, 105, 106]. The acceagle is indicated
in Fig[4.12& by a dotted circle. Additionally, this instrument is equipped with areigriate
detector to measure the low primary flux (of the order 0A) in absolute units. In addition
to NiO, other oxides containing Fe, Cr and V were studied and compared fteemetals.
The structural order and exact chemical state requires further stbdidbere is already a clear
picture emerging, see Fig. 4.12b. Making use of the possibility to measureithary flux we
quote the coincidence intensity as electron pair per incoming primary electkienconsider
all pairs within the angular acceptance and integrate over all energigdaritie pairs in de-
pendence of the primary energy from 182®eV for pure Ni (filled square) and NiO (filled
circle). The other metals (open square) and corresponding oxides ¢igle) are measured at
E, = 22¢V and summarized to two data points. The fluctuations are symbolized by an error
bar.

The NiO pair intensity is one order of magnitude higher compared to Ni. Theideince inten-
sity of the other oxides is enhanced about a factor of 5 compared to thenatals. Reasoning
the increased intensity of the oxides to the metals is an intrinsic effect andenaghlt of ex-
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Figure 4.12 Possible exaggerated emission angles of Ag (blue) and NiO (grey) ele
trons and experimental angle resolution of the TOF instrument (dashe@hde)JDA set-

up (continuous line)[ (b) Coincidence intensity measured as electron graingoming
primary electron. Full circles and squares are the result for NiO anceblpectively. The
result for Fe, Cr and V oxides and metal phase have been groupdtdogad are labeled
with the open circles and squares. They indicate the average value whélgahéars refer

to the variance. The data is taken from Ref! [68].

perimental artifact.

The high count rate of NiO allows us to study the system in more detail in appaie time.
First, we analyze the distribution of the pair in dependence of the primargyeaad connected
to the theoretical DOS. Furthermore the coincidence intensity of diffelemtticknesses and
as function of the temperature is shown.

4.2.1 Energy Dependence

To study the energy dependence,5aML thick NiO was grown on Ag(100). Therefore, pairs
emerging from Ag can be excluded. The energy was varied figm- 22.6 t0 68.6eV.

The primary energy values are calculated as follows. In principle, it is sirtolakg. The
difference is, that NiO is an insulator - the Fermi level lies in between the ealband and
the conduction band. For convenience we calculate all energies witkatdsgghe Fermi level,
we set the Fermi level t0eV. The energy gap id,,, = 4¢V and the work function is
¢sample = D€eV. Whereby the work function can be written @gmple = a + Egap/2 (S€€
Fig.[4.13).
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The primary energy, and the maximum sum enerdy\>x are therefore calculated as follows

Ey = dila + €Vext — @ (4.7)
Egey = Ep - gbsample

sum

a
Esnllln); = Pfila + €Vext —a — Qbsample .

For examplé/y; = 32eV results inE, = 31.6eV. EJ%X is 26.6 eV, accordingly.

sum

Filament electron gun NiO
Vacuum — — — — — —_—— e ———— —_——
d)ﬁlamenlI
EFermi Ep
eV, FT B

exi
a
d)sample
A 4

E,/2
J Figure 4.13 Energy levels of the
- - -=-=-== E lence H

" electron gun and NiO.

In Fig.[4.14a a 2D energy spectrum fromaML NiO/Ag(100) film for E}, = 31.6 eV is shown.
As calculated a clear cut-off intensity is seerE&t?* = 26.6 ¢V and indicated with a black line.
Further on below this line we see a diagonal band which suggests thenetesavalence states
of particular binding energies. This band has an extension parallel tBffie line of 2.8 eV
and perpendicular to it df.4 eV (labeled as A).

However, most of the intensity is centered at around the posifiQpi( = 12eV, Fi =
12eV) and no prominent diagonal lines like in the the case of Ag(100) (se¢ Hla) dre visi-
ble. The width of the blob parallel tB%;2 is around.4 eV and perpendicular to it aboRi8 eV
wide (labeled as B).

To evaluate the extension of the intensity of equal energy sharing thersemyyeplot is obtained
for |Evigne — Elet| < 2€V as indicated by the dashed diagonal lines, Eig.14.14b. As expected
no clear peak is visible, instead two shoulder like features appéaiabelow Er and around
4eV. At lower energies a constant background tail follows with the same inteassttye peak A.

We use the band structure calculation (see[Fig. 2.16b) and compute theszO@nation of the
binding energy and compare this with thg,,, spectrum. The geometry of the experiment and
the almost equal energy of the emitted electrons set the kinematic accessilatggegion in

the Brillouin zone around thE-point within +0.4 A-1. Furthermore, we employ a Gaussian
broadening of).5 eV to account for the energy resolution. The DOS is presented i Fig. 4.14c.
Note, however, because of the weak dispersion, the influence of temaétit restricted region

for the k—point sampling in the BZ is not very strong. Upon the sampling we observeiifat
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Figure 4.14 Energy spectra from
a 15 ML NiO/Ag(100) film excited
with £, = 31.6¢eV. (a) 2D-energy
spectrum, where the solid diagonal
line marks the position ofFax.
The two dashed diagonal lines indi-
cate the constrainfies, — Eright| <
2eV which has been used to com-
pute theE,,, spectrum in panel (b).
The energyE2x is indicated by a
vertical dashed line. (c) For com-
parison we have included the cal-
culated DOS spectrum (Fig._2.16b)
obtained after integration over the
kinematical accessible part of the
Brillouin zone. Further, we convo-
luted this with a Gaussian 0f5 eV
width to take into account the ex-
perimental energy resolution. Taken

from Ref. @].

binding energy spectrum still displays well separated peaks despiteaheédming.
This is in contrast to thé’,,, spectrum plotted in Fid. 4.14b where only two broad features
(labeled A and B) are visible. The sum energy spectrum is significantlyrwithe background
pair emission intensity at lower energies originates from inelastic multiple scgtigiicesses.
These events are not described by band structure calculations ame regparate analysis.
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For different primary energies the 2D energy sharing distribution is medsand shown in
Fig.[4.15%. The black line indicates the maximum sum energy of the electronFmiall en-
ergies we see elliptical intensity distribution, the long side is parall&;g>. In the majority
cases intensitieseV below E.:2* dominate the spectrum. As discussed before this intensity

sum

is associated with d band electrons. However, for the lowest measueegyer}, = 22.6eV
(Fig.[4.15a) intensityl eV below E™2* belonging to sp electrons are more prominent than the

sum

d blob. The s band has an extensiorbdfeV parallel to E®2* which is the double size as for

sum !
E, = 31.6eV (presented here again in Fig. 4.15c). The dimension normaLHy is 1.4eV
for both primary energies. Furthermore, the d blobARr= 22.6 eV has a smaller extension of
3.5eV parallel to 2 compared with th&.4 eV blob for E;, = 31.6eV. Normal toE%X the

dimension is 2.1 t@.8¢V.
The spectrum obtained with, = 26.6 ¢V (Fig.[4.15b) shows a broadening of the s band paral-
lel to E2% of 4.2 eV and perpendicular to it has also a valud @feV. The width of the d band

sum

is parallel4.6 eV and perpendicula2.1eV.
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Figure 4.15 2D energy spectra of 8 ML NiO/Ag film for primary energies from 22.6
to 68.6 eV (panel (a)-(i)). The black line indicates the maximum sum endsgi§*. The
color scale indicates the intensity in counts.

The extension parallel t&222* gives information about the energy sharing of the electron pair.

sum
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The sum energys., is constant. In the middle of the spectra both electrons carry the same
energy and the difference between them is 0. In the 2D energy spEar&(1%) we see that

the highest intensity yields from this conditions. Coulomb interaction is the drif@ator for

this result. If Coulomb interaction would be neglected, an intensity minimum woudap
For E, = 31.6¢eV the difference between both d electrons &&/ and for £, = 22.6eV the
energy difference is onlgeV.

The 2D energy distributions abovg, = 31.6eV vary just slightly with changing primary
energy. Looking at the sum energy spectra for selected energiasned in the same fashion
as in Fig[4.14, the observation is confirmed. The spectrd’foe= 22.6, 26.6, 31.6, 48.6 and
68.6 eV are presented in Fif. 4.116. The spectra of 22.62n6leV are colored in grey, because
the “A peak” is more prominent compared to the “B peak”. The spectraeabgv= 31.6 eV
are colored in black and show among each other no difference. Thisiedj¢hat we study the
initial state of the system. Different exciting conditions give the same result.

int. (counts)

Figure 4.16 Sum energy

spectra B — Eright| <
2eV) of a15 ML NiO/Ag

MMM At At st sttt s et aaatedanan | film are shown for pri-
-10 -8 -6 '4max -2 0 2 mary energies from 22.6
Esum_Esum (eV) t0 68.6 V.
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4.2.2 Thickness Dependence

In the beginning of the chapter we compared the integral coincidence itgtefidNiO to Ag
and we found out, that for NiO the intensity is almost one order of magnitudehidn other
words, ten times more electrons are emitted from the surface in the detectigm fifferent
explanation are imaginable. As pointed out earlier, the effeéfiier NiO is higher than for
Ag and theoretically a higher count rate would be expected. An otherreida could be
the higher mean free path of insulators compared to metals at energies deectwetiyy gap
(Esap(NiO) = 4.3eV). The mean free path is the average traveling length of an electron in the
solid before collision. A well established method to determine the mean free piduh ver
layer method.

We deposited NiO on Ag(100) and follow the (e,2e) intensity of NiO. All existilaga points
for the mean free path are summarized in an “universal curve”, whereldlctron energy versus
escape depth is plotted [49]. The mean free path of Ag for single eledtrdhs energy range
from 30 ands0 eV is arounds —6 A, the primary electrons travel in this depth inside the surface.
The “universal curve” is only an approximation of the escape deptihand general function
of all materials. It is very difficult to obtain reliable data, especially from plderature. One
difficulty is to determine the exact film thickness by applying the overlayer ndethroour ex-
periment, we are sure about this aspect, because of the observed dbiefBtion (Fig[3.1D)
and reported STM data [94, 107]. In particular, values for compourelsaaely to be found
in the literature. Recently the inelastic mean free path of CoO was publishedt@ffi108§].
At an energy value o9 eV the IMFP is stated witl3 A, which corresponds to approf.8 ML
(1ML=2.1A [9C]). This value is in the same range as the experimental values for A[L0%
and Cul[110]. To our knowledge, for electron pairs exists no data anéam free path available.

After having demonstrated our ability to control the film thickness we prejpdifeerent sam-
ples and performed coincidence experiments. From the arrival time hastsgilike Fig[3.1)
we can determine the numbertafie counts. With the known acquisition time we quote the
coincidence rate. Since the primary flux is known we finally obtain the coincmtensity per
incoming primary electron. In Fig. 4.117 we present the thickness depeadéthis quantity at
room temperature. The lowest measured film thicknegssidIL, because fron2 ML on the
growth take place in a layer-by-layer fashion. The highest film thickiee$$.8 ML. At this
thickness the coincidence rate is saturated. The intensity &.5hdL film is more than 60%
of of the thickest film.
The overall thickness dependence of the coincidence intensity carsbidae by an exponen-
tial behavior

I, = Isubstrate + Loo(1 — exp(—n/A, cosf)). (4.8)

Isubstrate iNdicates the intensity from the substrate, in our experiment Ag. The conmmmdate
is 0.5 x10~"coin/e~ and it is included in Figr417 as. I, represents the thick saturated
overlayer. n defines the numbers of overlayers, is the intensity of the particular overlayer
and \,, is the inelastic mean free path (IMFP) which is defined as the distance over thie
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Figure 4.17 Summary of the coincidence intensity for NiO/Ag(100) {ilms as a func-
tion of the film thickness. A0 ML the coincidence intensity of AgA( is used as off-set to
evaluate the mean free pathof NiO electron pair. The black line indicates the fit function
according to EqL({4]8). Coincidence intensity of Cc ),(Ni (o) and Co ¢) are shown, but
not considered in the fit. Primary electrons were acceleratg? to

probability of an electron escaping without significant energy loss duestastic process drops
to e~! of its original value d is the detection angle (in this experimeént 45°).

Applying Eg. [4.8) to the Ag and NiO data of FIg. 4117 resultsjn= 2.6 + 0.9 ML.

In our experiment an electron pair is emitted, meaning two electrons need ¢bdraside the
surface and overcome the surface barrier. The measyrestherefore the half of the value ob-
tained in a single electron experiment. One can corroborate this, if we eon&lattenuation
of the primary beam and the attenuation of the two outgoing electrons and th@@ngeom-
etry. Using recently obtained values for the similar system CoO/Ag(100) iertbegy regime
of our studies explains our effective attenuation length![108]. Althoughtkan free path in
metals is significantly shorter than those in CoC 42, 111,112, 113] in théikigreergy range
of this study, this fact is not responsible for the high coincidence interwitdiO. This can be
immediately read from Fid. 4.17 where also data points for Ni and Co poligdiipe films are
shown. Even th&.5 ML NiO film has a larger intensity than the metallic films. In Hig. 4.17
we also included intensity value forld ML CoO/Ag(100) films. The coincidence intensity is
essentially identical to those of the NiO films.

We can clearly see that the intensity levels for NiO and CoO are significantighg@mpared to
the metallic samples. As discussed before NiO and CoO can be regardadtdg torrelated”
materials due to the need of including an additional paraniétigscribing the electron correla-
tion. As our experimental technique is in particular sensitive to the electeatr@n interaction
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4 Experimental Results

we observe a strong coincidence intensity.

4.2.3 Temperature Dependence

NiO is an insulator and also an antiferromagnet. Below the Néel tempef&{uilee spins are
ordered. Above the Néel temperature the long range order vanishegilm thickness changes
the Néel temperature.

Via magnetic linear dichroism experiments the magnetic properties of NiO films stiedéed
[114,/115) 116]. These measurements provided the thickness depenafdy, see Tal_4]2.
Interestingly, a coverage GfML NiO/Ag(100) revealed & = 390 K [116], but for NiO on
a MgO(100) surface an ordering temperature beloiK was measured. According ta [4] for
5MLisTy = 295 K and it increases fd20 ML to Ty = 470 K.

Table 4.2 Thickness dependence of NiO films on a Ag(100) and MgO(100) su{fdcl,
115,118].

NiO/Ag NiO/MgO

Tn(3ML)=390K Tx(3ML) < 40K
Tx(5ML) = 295K
Tx(10ML) = 430K
Tx(20ML) = 470K
Tn(30ML) = 535K

We cooled down three samples with film thicknesses of 2.5, 61dm®tIML to 110K to be
under the Néel temperature. At room temperaturetb@1L film is most likely abovely. The
6.4 ML film is within the critical point and thé4.8 ML is underly. First of all, we observed
no difference in the single count rate for both temperatures.

4 2.5 ML NiO/Ag ] 6.4 ML NiO/Ag
6001 - T=300K r 1] —e- T=300K r
] - T=110K 32 12)(103; - T=110K
500 i F
] » 9 =
m ] g © a
€ 4004 d 1 L S
3 ] i
8 o 8
~ 300 E =
E 3 0 £
200 A . E
100{ _ g ;:v !’ 3 r
o ,
e e P e P e |
-30 20 10 0 10 20 30
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(€Y

Figure 4.18 Arrival time histogram fof (a2.4 ML and (b)6 ML thick NiO/Ag(100) film.
The measurements were performed at eitti®rK (o) or 110 K (e). The data acquisition
time for each spectrum wdsh.
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4.2 (e,2e) on NiO/Ag(100)

Furthermore, we obtained the integral coincidence spectra for all camslitidhe belonging
spectra are identical, as can be seen in[Eigl4.18.fa¥IL [(a] and6 ML [(b).

In Fig.[4.19 the coincidence signal as function of the film thickness is sumed&rizcluding
data at RT (red) antlo0 K (blue). We observe no difference between the data points at RT and
100 K.

An explanation of this result is that local interaction are probed in the cancigl experiment.
Local interaction means electron-electron interaction between neaigisbaars. This interac-
tion energy is for NiO in the range df — 8 eV NiO (see Sed. 2.4.2). Whereas the temperature
change from 300 t@10 K is associated with the mean thermal energ@®ofeV.

Besides cooling down, we increased the temperature BOt&, and observed no change in the
count rate.

The current theoretical description of the (e,2e) and DPE process #tatehe observed inten-
sity arises from the local correlation. This can be understood within oretsis bf the exchange-
correlation hole [55, 56]. This important concept of solid state theoryssthéd each electron is
surrounded by a reduced electronic charge density. Furthermoiiategeation yields a charge
deficit of exactly one elementary charge. This means that the interactiois @léictron with
other electrons is efficiently screened over distances which are laayettia extension of the
exchange-correlation hole. It is commonly assumed that the spatial exterisids a few A.
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Figure 4.19 Summary of the coincidence intensity for NiO/Ag(100) films as a function
of the thickness. We show the data measuretbai< (o) and110K (e). The dashed line
is a guide for the eye.

In order to have a finite electron pair emission intensity it is required that tog@hs interact
which occurs only within close proximity of each other. This fact is implemenyethé theo-
retical description of pair emission via a screened Coulomb interaction wittearsng length
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of a few A [81,/117]. This quantity does not depend on the temperatuiehveixtends to the
coincidence intensity, too. In particular, no changes are expected ifébetdmperaturéy is
exceeded where the long range magnetic order disappears.

On the other hand, there is clear experimental evidence that the intensityger And photo
electron coincidence studies changes at the Néel temperature foi GpOLE. They studied
Co Auger transition, which involves two valence electrons, in coincidentetie Co 3p pho-
toelectron. The coincidence Auger spectra obtained for two geometviealed a difference
which vanished once the Néel temperature was crossed. This obsewas@scribed to a col-
lapse of the short range orderZag.

From this point of view, it is important to determine whether the (e,2e) pratisptays a de-
pendence on the order parameter to confirm current (e,2e) theory.
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4.3 (e,2e) on Transition Metals

This section will concentrate on the coincidence intensity of transition metaleseTimetals
are in particular interesting for coincidence experiments, because ofattialr fully filled
d-valence band. The d-shell contains up to 10 electrons, the d-benfiataso the electrons are
localized. Hence the electrons tend to interact stronger with each othewitinasp electrons,
which should be visible in the pair emission signal. In this work we investigateddition to a
Ag(100) crystal films of Fe, Co, Ni, Cu and Pd. The metals were evamboati® the Ag crystal
via MBE.

The film composition was measured by Auger spectroscopy to assureotisggmal from the
substrate influences the result. The coincidence experiment is even unfaeessensitive than
the Auger measurement. The films are polycrystalline, but the morphologyohefect on the
signal, because we probe the local electron-electron interaction.

The conditions for the (e,2e) experiments were the same for all metals. Thasraqual pri-
mary energy of;, = 30eV. The ratio between the true and the accidental evEjtswas kept
around 3.8.

A typical (e,2e) spectrum of a polycrystalline Ni film is presented in Eig.14120Fig.[4.20a
we see the 2D energy distribution of the emitted pair. The maximum sum enegggyisedeen
clearly. In Fig[4.20b the sum energy of the pair is plotte#:{* is subtracted). At the Fermi
edge we can observe enhanced intensity, also at an enetgyedf.

Although, analyzing the structure of the spectrum is out of the scope of/tls we would like
to make several notes. It is reasonable, to have an enhanced intetiséy-armi edge, because
the DOS atEy is very high. Furthermore, we can identify structure in the sum energy spe
trum. The blurred structures cannot be attributed to the experimental tiesploecause when
we measure the Ag(100) crystal under the same conditions, we are abkegharp features.
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Figure 4.20 Polycrystalline Ni film E, = 30eV) 2D energy distributiorj, (p) sum
energy spectrum Lright — Flert| < 4eV).

The integral coincidence counts were measured for the mentioned matadalaramarized in
Fig.[4.21a. The coincidence pairs per primary electron vary from@*o0l0~7 counts. The
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Figure 4.21 (a) Coincidence pairs per primary energy for Fe, Co, Ni, Cu, Pd and#g
Theoretical coincidence intensities. Values taken from [Tab.[4)&0d Tab.[44N).

highest count rate shows Pd. It is followed by Fe. Co and Ag are theones with almost the
same value. Then Ni appears. The lowest emission is observed for Cu.

Table 4.3 Thomas-Fermi screening lengthr and strengtlyrr and the theoretical coin-
cidence intensity.i, for the investigated metalk{— k; is set to0). The Fermi energyr
is taken from Ref. [[63].

Er(eV) kp(10%cm) Arp(A)  gre(UA)  Tem(1/A%)

Fe 11.33 1.73 0.49 2.04 0.058
Co 10.5 1.67 0.50 2.00 0.062
Ni 9.21 1.56 0.52 1.92 0.071
Cu 8.5 1.50 0.53 1.89 0.077
Pd 6.82 1.34 0.57 1.75 0.096
Ag 6.54 1.32 0.56 1.79 0.100

One could explain the count rate differences with the different scrgéaimgth\rr. The values
are calculated for the investigated metals using the Fermi edgargalculated by Moruzagt al.
[63]. Ew is converted in the wave vectéy, assuming that the Fermi surface is a sphere. The
results are used as the input of Eq. 2.39 to calculate The results are summarized in Tabl4.3.
The screening length and the electron-electron interaction are strofaglytteFurthermore, we
assume that the coincidence signal is strongly depended on the eldeittoteinteraction.
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4.3 (e,2e) on Transition Metals

Combining this two statements results in

1 2

I inciden y 4.9
coincidence X (ki*kj)QJrqg[‘F ( )

k; — k; refers to the momentum transfer from the initial to the final state. Equiation 4.8 is th
Fourier transform from the so-called Yukawa potentla(y12) = —kexp(grr r12)/m12. The
Fourier transform provides the amplitude of the scattering event. Assuthatghe momentum
transfer is equal for all metals, because the experimental conditionseasaitine, the coinci-
dence intensityl.qincidence 1S higher when the screening strength: is smaller or rather the
screening lengthrg is larger.

The increasing of the coincidence intensity with smaller screening paramellesisated in
Fig.[4.22 as an example for a C-60 cluster. The cross-section is plotteda®h of the impact
energy. For impact energies beldw0 eV, the cross section increases with smaller screening
strength, which results in a higher coincidence intensity.

100 - — —

0.01

Cross-section (10""m’)
8

Figure 4.22 The total ionization cross-

20
; section for the electron scattering from
5 /- . N Ceo as function of the impact energy. The
. o 200 e 400 e cross section is calculated for various val-
Impact energy, E, (eV) ues ofgrr [61].

The comparison between experimental results and theoretical calculd&igrig.21b]) shows
no agreement. For example, the calculated valuggf is the lowest of all elements. Butin the
experiment, the value is the second highest.

Therefore, the assumption of isotropic electron distribution is too simple ambtae used in
this case. The next step is, to calculate the screening length with more realidét. mo

In the literature the screening length is calculated for Fe(100) [97], T1)([B9] and Cu (001)
[100], using a more sophisticated band structure model. The Cu valudgféyent directions
are almost the same. The screening length for Fe is larger than of Cu. The coincidence
intensity I..i, is obtained with Ed.419. The resulting intensity;,, of Fe is higher compared to
Cu (Tab[4.4).
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Table 4.4 Thomas-Fermi screening lengihr and strengtlyrr and the theoretical coin-
cidence intensity..;, for the investigated metal&{ — k; is set to0).

Arr(A)  qrr(UA)  Teom(1/A%)

Fe(100)[97]  0.59 1.70 0.12
Cu(111)[59]  0.46 2.20 0.04
Cu(001)[100]  0.47 2.12 0.05
Ag(100) 0.60 1.67 0.13

To complement the evaluation, the DOS for Ag(100) at the Fermi energycislased by Jurgen
Henk. The bulk value i8.259 states/(eV - primitive cell). The lattice constant i.04 A. The
screening length is therefdrp = 0.60 A and the coincidence intensify,i, = 0.13.

The three elements are added in Fig. #.21 labeled WithThe theoretical values of Fe and
Ag are almost the same. The theoretical value of Cu is less than the half of Flegnsame
behaviour for this elements is observed for the measured coincidenctscou
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4.4 Pair vs. Single Electron Emission

After studying the coincidence intensities for different materials and primaeygies the ques-
tion is, how likely is the probability that two electrons are emitted by one incomingrefec
To give an answer the absolute pair emission per primary electron is plottegp@ndence of
single counts per primary electron. All absolute data points discussed imaWi@ys sections
are summarized in Fig. 4.23. The Ag data of different primary energiedosieal ina. The
NiO data of different film thicknesses is highlighted with.aThe data point of the5 ML CoO
filmis I'. The metal films (Fe, Co, Ni, Cu, Pd) are markeain
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Figure 4.23 Summarized pair intensity in dependence of the single count rate for NiO in
different film thicknessesof, 15 ML CoO film (), Ag for different primary energiesa()
and metal films of Fe, Co, Ni, Cu, Pd)(

Single and coincidence counts are proportional to each other for alpdattss. For example,
when the single electron emission is high, the electron pair emission is high, too.

From this fact alone it is obvious that the pair emission process must beeaeffihient process.
This may not be at first glance obvious since of the ordérpgklinary electrons are required to
detect a coincidence pair. However, it has to be remembered that ezcthospeter captures
only a fraction of the half space.

The solid anglé? is calculated as follows

O=o2r (1 — cos (%)) . (4.10)

In our experiment the acceptance angletis5® (o« = 30°). This results in a solid angle of
0.21 sx@. Hence we cover with one analyZen % of the hemisphere. This percentage is labeled
with S. For the single electron emission the value is scaled directly to the interii§jlt§4€(:
Lsingle/S). For the pair emission the intensity goes with the square of the solid afgle €

Lsr stands for steradian and is the Sl unit of the solid angle.
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Ipair/SQ)-

In the NiO experiment we measured around one electron pair while 100l@ siognts were
detected. If we could cover the whole solid angle, we would deffgct = 865 and [, =
20412.

The pair emission efficiency,.;. is the ratio of the emitted pairs over the whole hemisphere to
the single emission

I
.o _par _ “par . (4.11)
"Tpair Igngle Isingle S

When we assume isotropic emission in space, this efficiepgy is for NiO 3 %. In other
words, three of 100 detected electrons belong to an electron pair. Actielgolid angle is
even smaller, because when the electrons enter the hemisphere, théy pase through a slit
and some electrons are cut off. Th& is the lower boundary of the pair efficiency.

In Fig.[4.24 the pair emission efficiengy.;. is plotted as function of the acceptance angle
for NiO. If o/2 is decreased abo@r, 1. is increased t6 %.
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5 Conclusions and Outlook

In this work the interaction between electrons was studied by (e,2e) caineteeasurements.
The surface was excited with an electron and an emitted electron pair watedefEhe electron
correlation strength can be describedlby Experimentally, the value df can be changed by
using different materials.

In this thesis for the first time, the transition metal oxides NiO and CoO weretigagsd with
(e,2e) as so-called strongly correlated materials with a valdéiafthe range oBeV. Ag was
chosen as a weakly correlated material with a valug ef 0.

We observed that the pair emission signal of NiO compared to Ag was ezthaga factor of
10. This shows the first evidence, that the pair emission probability is $grdeagendent on the
correlation of the electrons. For the first time a connection between eleraelation and the
coincidence intensity was shown. Our result was supported by thediggic@mission calcu-
lations [13]. In addition, we systematically investigated the coincidence inteoisitgnsition
metals such as Fe, Co, Ni, Cu and Pd. We observed higher coincidentstinfer the TMOs
compared to these metals.

Due to the high coincidence count rate of NiO, for the first time the pair emigsiensity was
measured in dependence of the film thickness and temperature. Wesfultgegew NiO on
Ag(100) and monitored the film thickness with MEED.

It can be exclude, that the enhancement of the coincidence signal te dularger mean free
path in the insulator NiO compared to Ag. The absolute coincidence pairsip&arp electron
were studied for different NiO film thickness. The signal saturated msmpially with NiO film
thickness. With the so-called over-layer method, we obtained for the first tiraéMFP of an
electron pair withh = 2.6 + 0.9 ML.

Furthermore, NiO is an antiferromagnet. The Néel temperature changdiiiwithickness. For
different film thicknesses we compared the coincidence signal belovalaovk the Néel tem-
perature. We observed, that the pair emission intensity was equal fotdmogieratures. This is
explained by the spatial range of the energy involved.

The antiferromagnetic coupling is in the long range order. Whereas, thelaton energy/ is
the energy penalty two electrons have to pay to stay at one lattice site. Téds#vat the local
electron correlation is probed, being a key aspect of the experimetiab se

The sum energy signal of NiO and Ag pairs were compared with the DOSbakerved, that
pair emission just occurred, where electronic states were available. Yéenoeexpecting to
mimic the DOS, because we probed a many particle system and we measulectiaheanter-

actions. We showed, that the DOS was not valid as interpretation of our data

85



5 Conclusions and Outlook

In the case of NiO the DOS showed sharp peaks, but the features intlce&lence spectra were
broad. The broadening of the features reflects the strong interacttbae efectrons.

The Ag spectrum has low DOS in the region né&ar However, in the experiment high intensi-
ties were measured.

An improvement to previous experiments was the ability to measure the primatsoal@ax.
This allowed the determination of the single/coincidence count rate per incat@ogon. The
spectra were divided into regions with different orbital characters wigthtip of a theoretical
band structure calculation. We systematically studied the electron pair emissioncéion of
the primary energyX,, = 30 to 67eV). The relative spectral contribution from the electrons
near E; were strongly affected by the primary electron energy and displayea-anomotonic
behavior.

This phenomena could be explained by pair diffraction on the Ag(100xiras stated for
Cu(100) in Ref.|[31]. A kinematic pair diffraction model described thalltsseasonably well.
The approach is justified by current (e,2e) theory, which characsettieein-coming and out-
going electrons by LEED and time reversed LEED-states, respectively.

The ability to measure the primary electron flux enabled us to study the relatimedrethe

single and the coincidence counts for the first time. We noticed, that a higle siaunt rate

resulted in high coincidence count rate. Furthermore, we found outhbatair emission is a
rather efficient process.

A natural extension of this work would be to investigate the electron pair emisgid MO
compared to metals by exciting the surface with other particles, as photonsitrops. In this
way, we would gain a deeper knowledge of the electron correlation.

In the future, it would be also highly interesting to study the pair emission psanfeother highly
correlated systems. Promising materials are superconductors, whicbtdaa explained in an
independent patrticle picture. For example within the BCS theory electromsd@ooper pair.
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Appendix

Coincidence Logic
Technically the arrival time histogram can be obtained as follows: one etesarves as start
signal (“red”) and the other one as stop (“blue”). The signals arespiclp from the MCP. The
time difference of the signals are converted in an amplitude via Time-To-AmplDatwerter
(TAC). If the signals reach as the same time, the differenetisl0 ns. To collect all data and
the peak is shifted in the middle of the time window by delaying the "blue" signahat0 ns.

A schematic circuit can be found in F[g] .1.

MCP

MCP

CFD

Delay

CFD

454 ¢——o TAC|SCA 0—
567

e 425A @

® 454

Start Stop

NI BNC 2090

PC

Figure.1 Schematic time to amplitude con-
verter circuit. The MCP signal from both
detectors, “red” and “blue”, is transfered to
the Time-to-Amplitude-Converter-Unit. The
“red” signal serves as start signal and the
“blue” as stop signal. The arrival time dif-
ference of these two signals with290 ns is
considered. If the signals reach as the same
time, the difference i® + 10ns. To collect

all data and shift the peak in the middle of
the time window, the "blue" signal is delayed
around100 ns.

Electron Trajectories inside the Hemisphere

The trajectories equation of the electrons are derived shortly. Theielpotentials(r) inside

the hemisphere can be described by

k

o(r) :—;+C. (.1)
Whereby
(U —Uz)R1 Ry
k= . 2
S (:2)
In our set upR; = 160 mm and R = 240 mm
UsRy — U1 Ry
== 3
C e fr— (.3)
The equation of motion the electron has to full fill (written in cylindrical cooad&s) is
M2t - o g (4)
5 . . .
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Figure .2 Schematic coincidence logic circuit is presented. The "red" and "blugaksig
from MCP define the time and the signals from the anode provide the endagsnation
of the electron pair. Via a logic unit both signals are trigged together.

The angular momenturh is
L=mgr?. (:5)

The velocity of the electron on the trajectoryds/dt = dr/dy - ¢ = dr/dy - L/(mr?).
Including this equation in Eq_{.4) and some transformation results in the folipslifferential
equation and substitutions

dr mr? |2E  (k\? [(k\? 2 L\?
— = — 4+ =) (=] ——+ . (.6)
dp L m L L mr mr
~—~—
(% 52 w2

The differential equation is reduced to and the solution is

d
dp = BQU—uQ — u = fcos(p —¢p) . (.7)

The trajectory is therefore

_ L?/(mk) _ p
1 - BL/K -cos(p —¢o) 1—e€-cos(p—¢p)

() (:8)

The equation describes an elliptic conic section with the parametigaoted as the semi-latus
rectum of the ellipse and the eccentricity= /1 + 2EL2/(mk?). When the valu® < e < 1
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the pathway describes an ellipse. Hence the enérgy negative, more precisely the energy
has to full fill E = Fy, — 2Epass. An important parameter that influence the trajectory, is the
entrance angle.

The absolute value of the angular momentum

L(@)] om0 = mvgro = 191/ 2mEpass - cOS v (.9)

Primary Flux Meter Circuit

The filterbox circuit diagram of the flux meter is presented in[Eig. .3. A hidtage of+1620 V
was applied at HV in. The voltage is divided in0 V for the MCP back]1505 V for the MCP
front and4.2V to the Anode. Addionally a grid voltage dDeV was applied to repel the
energetic low electrons. Furthermore it can be applied a voltage to the casmmipulate the
ground potential. Pulse out is coneted to a rate meter. The pulse transfosiderthe filterbox
add up signal from MCP and Anode.

Case Grid MmcCp Mmcp
out out front back

W/ \

1p
-1

1.7k

1p
| ‘ H ‘—« | 200p | 4< Anode
= 1T
RF Pulse
1.2k Transformer| 1k
TP 103
4.7n
L
M M M )
Case Grid Pulse HV

in in out in

Figure .3 Circuit diagram of the flux meter.

Extraction of True Events

How the true counts are extracted from the experimental data is explaineslfmlltwing. The
histogram gives information about true and random events. To determéneuidlom back-
ground level, the histogram is fitted with a Gaussian peak for convenidhtas to be em-
phasized that the count distribution is only approximatively Gaussian. Boanllyze only the
offset of the Gaussian is considered, which is the average uniforkglmmdb.

The total random countd,; in the dwell timet are

Ay =t-b. (.10)

The random countd under the true peak are

A:M’ (.11)

tmax - tmin
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w is the width of the peak and estimated with FHWM of the Gaussian.
All true countsT’ in the experiment are defined as the difference between the averdgmtdla
countsall and the average random couhtsiultiplied by the dwell time

T=(all—b)-t. (.12)

In the experiment the total coincidence rate per secapgdis monitored a rate meter, including

random and true events.
T Ceps

- 13
P t-all (13)
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