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Abstract

Virtually all material properties of a solid are determined by its electronic structure. This in
turn results from the fundamental interaction principles of electrons with each other and with
the ions in the crystal. Due to the fermionic nature of the electrons every state can include two
electrons and all states up to a maximum energy, the so-called Fermi energy are occupied. In
reciprocal space this results in a surface of constant energy, the Fermi surface, which separates
the occupied and unoccupied electronic states. The topology of the Fermi surface therefore
defines the electronic structure in metals and consequently the properties of the solid.

The topology of the Fermi surface can be obtained from theoretical considerations by band
structure calculations and provides, compared to experimentally obtained spectroscopic vari-
ables such as electrotransport or reflectivity, a very pure characteristic of metals. Therefore,
measurements of the Fermi surface provide an ideal benchmark for theoretical calculations.

Among the experimental methods for determining the Fermi surface the most widely known
are based on quantum oscillations. Here the oscillations of transport properties either based on
the de-Haas-van Alphen effect or on the Shubnikov de-Haas effect are measured in an external
magnetic field at low temperatures. Another popular method to determine the Fermi surface
experimentally is angle-resolved photo emission spectroscopy (ARPES). In ARPES the density of
states is directly determined as a function of energy and momentum. This method is particularly
well suited for two-dimensional electronic systems.

In this work the main focus is on a powerful technique for determining the Fermi surface and
the electronic structure in general: the measurement of the two-dimensional angular correlation
of electron positron annihilation radiation (2D-ACAR). A 2D-ACAR spectrum represents a
measurement of a projection along one momentum component of the electron momentum density.
In contrast to the above mentioned methods, the advantage of 2D-ACAR lies in the fact that
one obtains real bulk information unlike ARPES and in contrast to quantum oscillations the
electronic structure can be studied over a wide temperature range.

In this work, a new 2D-ACAR spectrometer was set up and successfully put into operation.
With this spectrometer measurements were carried out on systems with strongly correlated
electrons. Firstly, the electronic structure of chromium was determined in the paramagnetic and
the anti-ferromagnetic state. The observed differences can be linked to a specific sheet of the
Fermi surface of chromium. An investigation of anti-ferromagnetic chromium with only a single
magnetic domain results in no significant deviation of space symmetry of the electronic structure.
Furthermore, spin-resolved measurements have been performed on ferromagnetic nickel and
compared with theoretical calculations dependent on the local electron-electron repulsion, the
so-called Hubbard U. For this purpose the magnetic quenching of ortho-positronium in single-
crystalline quartz was used to determine the degree of polarization of the positrons to 31 % in a
separate experiment. A comparison of the theoretical calculations with the experimental data
obtained on nickel shows that a value of U = (2.0 £ 0.1) eV describes the data best. This way, it
could be shown that by spin resolved positron annihilation spectroscopy a free parameter of the
theoretical model can be determined unambiguously with high accuracy.



Zusammenfassung

Praktisch alle wesentlichen Eigenschaften eines Festkorpers werden durch seine elektronische
Struktur bestimmt. Diese ergibt sich wiederum aus den fundamentalen Wechselwirkungsprinzip-
ien der Elektronen zum einen untereinander und zum anderen mit den Kristallionen. Aufgrund
der fermionischen Natur der Elektronen finden sich in jedem besetzten Zustand zwei Elektronen
und alle Zusténde bis zu einer bestimmen Maximalenergie, der sogenannten Fermienergie sind
besetzt. Daraus ergibt sich im reziproken Raum eine Fléche konstanter Energie, die Fermi-Flache,
die besetzte und unbesetzte Zustdnde voneinander trennt. Die Topologie der Fermi-Flache
definiert daher die elektronische Struktur und damit einhergehend die Eigenschaften des Fest-
korpers.

Die Topologie der Fermi-Fliche kann aus theoretischen Uberlegungen durch Bandstruk-
turberechnungen bestimmt werden, und stellt im Vergleich zu experimentell bestimmten spek-
troskopischen Grofien wie Elektrotransport oder Reflexionsvermégen ein fundamentales Charak-
teristikum von Metallen dar. Daher bieten Messungen der Fermifliche eine ideale Referenz fiir
theoretische Rechnungen.

Zu den Methoden zur Bestimmung der Fermiflache zdhlen Quantenosziallationsmessungen,
hierbei werden iiber den de-Haas-van-Alphen Effekt oder iiber den Shubnikov-de-Haas Effekt
die Oszillationen von Transportgréfien im externen Magnetfeld bei niedrigen Temperaturen
gemessen. Eine weitere verbreitete Methode um die Fermi-Flédche experimentell zu bestimmen
ist die winkelaufgeloste Photoelektronenemissionsspektroskopie (ARPES). Bei ARPES wird die
Zustandsdichte direkt als Funktion der Energie und des Impulses bestimmt. Dieses Verfahren
eignet sich besonders fiir zweidimensionale elektronische Systeme.

In dieser Arbeit liegt das Hauptaugenmerk auf einer anderen leistungsfahigen Methode zur
Bestimmung der Fermi-Flache und der elektronische Struktur im Allgemeinen: die Messung der
Winkelkorrelation der Elektron-Positron-Annihilationsstrahlung (2D-ACAR). Ein 2D-ACAR
Spektrum stellt die Messung einer Projektion der Elektronenimpulsdichte entlang einer Im-
pulskomponente dar. Im Gegensatz zu den oben genannten Mehoden liegt der Vorteil dieses
Verfahrens in der Tatsache, dass man im Gegensatz zu ARPES echte Volumeninformation erhélt
und dass man im Vergleich zu Quantenoszillationsmessungen die elektronische Struktur iiber
einen weiten Temperaturbereich untersuchen kann.

In dieser Arbeit wurde eine neues 2D-ACAR Spektrometer aufgebaut und erfolgreich in
Betrieb genommen. Mit diesem Spektrometer wurden Messungen an Systemen mit stark korre-
lierten Elektronen durchgefiihrt. Zunéchst wurde die elektronische Struktur von Chrom in der
paramagnetischen und antiferromagnetischen Phase bestimmt. Die beobachteten Unterschiede
konnten mit einem speziellen Teil der Fermi-Flache von Chrom zuriickgefithrt werden. Eine
Untersuchung der anti-ferromagnetischen Phase von Chrom mit nur einer einzigen magnetischen
Doméne ergab keine signifikante Abweichung der beobachteten Symmetrie von der paramag-
netischen Phase. Weiterhin wurden Spin aufgeloste Messungen in ferromagnetischem Nickel
durchgefithrt und mit theoretischen Rechnungen verglichen, die in Abhéngigkeit von der lokalen
Elektron-Elektron-Wechselwirkungsstirke, dem sogenannten Hubbard U berechnet wurden.
Dazu wurde in einem gesonderten Experiment zur Messung der magnetfeldinduzierten Mischung
der Positroniumszustiande in einkristallinem Quarz der Polarisationsgrad der Positronen zu 31 %
bestimmt. Ein Vergleich der theoretischen Rechnungen mit dem Experiment ergibt, dass ein
Wert fiir U = (2.0 £ 0.1) eV die Daten am besten beschreibt. Hierdurch konnte gezeigt wer-
den, dass mittels spinaufgeloser Positronenannihilationsspektroskopie ein freier Parameter des
theoretischen Modells mit hoher Genauigkeit und in Ubereinstimmung mit anderen Methoden
bestimmt werden kann.
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Chapter 1.

Introduction

Almost all properties of materials are defined by their electronic structure. For a metal, the
most important characteristic is the boundary between occupied and unoccupied states in
reciprocal space, which is called the Fermi surface (FS). In fact, a wide range of phenomena can
be explained in terms of the FS topology.

The traditional experimental methods for studying the Fermi surface rely on quantum-
oscillations, such as the de-Haas van Alphen effect, which record the response of the sample
magnetisation to high external magnetic fields. However, quantum oscillatory methods usually
require, besides high magnetic fields, low measurement temperatures and highly ordered systems.

The method of Angle Resolved Photo-Emission Spectroscopy (ARPES), is only sensitive
to surfaces, i.e. to the topmost few atomic layers and the photon matter interaction usually
the proper analysis of the system [DHS03]. Both methods, quantum-oscillations and ARPES,
therefore cannot serve as a general-purpose tool at finite temperatures for studying the bulk
electronic structure and effects such as bulk phase transitions.

Angular Correlation of Annihilation Radiation (ACAR) from positron-electron annihilation
in matter is free from limitations such as low temperatures and high magnetic fields. Therefore,
ACAR enables temperature dependent studies of the electronic structure.

ACAR works as follows: in ACAR experiments the deviation from the anti-parallel propagation
directions of the two annihilation quanta is measured in coincidence. Using spatially resolved
detectors, two dimensional projections of the electron momentum density can be measured,
which are used to reconstruct the three dimensional electron momentum density of the sample.
Numerous examples for 2D-ACAR investigations of the electronic structure are found in the
literature. For example, the relation of magnetic ordering to features of the Fermi surface has been
studied in rare earths and their compounds [DFA1T97, FDA199, CDM™*04]. Also, the so-called
Fermi surface nesting which results from anisotropies in the Fermi surface, can cause the formation
of a spin- or charge-density ground state and has been observed by 2D-ACAR [BFKSC02,
HDM*04, LDM*05]. Moreover, using a 22Na positron source allows for the spin resolved
determination of the electronic structure, i.e. the Fermi surface. Respective investigations were
undertaken in ferromagnetic [GMWP91] and half-metallic [ HMRB90] materials. In addition,
2D-ACAR has been applied to gain insight to many other phenomena linked to Fermi surface
nesting, such as the ferromagnetic shape-memory effect [HWL'12] and superconductivity
[HKR191, DAWT99, HSTTS88]. Furthermore, positrons are uniquely well suited to probe the
Fermi surface [NCTT01, LHAD10] and compositional or structural changes [EVST06] of nano
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scale precipitates. This short list makes no claim to completeness, however, it shall give a rough
overview of the physical problems that can be addressed with 2D-ACAR.

Within the scope of this thesis a conventional 2D-ACAR spectrometer using a 2?Na positron
source was designed, constructed and set into operation. The spectrometer consists of two main
components: the source and sample stage and the detector system. The source-sample stage
features a normal-conducting electro-magnet with a newly developed pole-piece geometry. The
magnetic field geometry ensures a small positron beam spot on the sample, which is crucial to
achieve good resolution, in combination with a high transport efficiency in order to guarantee a
sufficient count rate. The sample-stage features two interchangeable sample holders for heating
and cooling the sample. This allows for a variation of the sample temperature between 10 K
and 650 K in order to perform temperature dependent measurements and to reduce the effects
of temperature smearing of the positron momentum at low temperatures. The detector system
consists of two spatial resolving Anger-type ~-cameras. The spectrometer was set up at the
experimental Hall of the Maier-Leibnitz accelerator Laboratory in Garching with a detector-
detector distance of 16.5m and the source-sample chamber positioned symmetrically between
the detectors. A performance test of the spectrometer showed that it fulfilled the design goals
and a resolution of 1.5 mrad x 1.6 mrad could be achieved.

Once the spectrometer was in routine operation first measurements of the electronic structure
were carried out. First, an extensive study of the paramagnetic/anti-ferromagnetic phase
transition in chromium was performed. Since the Néel-temperature of chromium is 311 K the
paramagnetic phase cannot be studied by quantum-oscillation techniques. Drastic changes
in the electronic structure could be observed between the paramagnetic and the longitudinal
anti-ferromagnetic state (AF1). As these changes are commonly attributed to Fermi surface
nesting. A further investigation was performed on an anti-ferromagnetic chromium sample with
only a single magnetic domain. In this study anisotropies in the electronic structure with respect
to the orientation of the g-vector were investigated in both the longitudinal phase (AF1) and in
the transversal phase (AF2). However, no significant anisotropies have been found. To round
off the chromium study, first principle calculation were performed for the paramagnetic state
and compared to the experiment. As the agreement was unsatisfactory, additional calculations
and experiments on the iso-electronic partners of chromium, namely molybdenum and tungsten
were performed. In the case of molybdenum and tungsten it was found that the agreement
between theory and experiment is much better than for chromium. This leads to the conclusion
that a fundamental aspect of the positron annihilation, i.e. the electron-positron interaction in
chromium is not well understood, in agreement with the theoretical and experimental studies in
literature.

The second major investigation which was carried out was the spin dependent analysis of
the electronic structure of nickel. For this purpose it was necessary to determine the degree of
polarisation of the positrons hitting the sample. This was achieved by measuring the magnetic
quenching of ortho-positronium in a single-crystalline quartz sample. Once the polarisation
of the beam was determined magnetic ACAR measurements were performed on nickel. The
aim of this study was to gain insight into electron-electron-correlation effects in nickel by
comparing the measured magnetic 2D-ACAR spectra with first principles calculations. These
calculations were carried out in the dynamic mean field theory framework by collaboration
partners from Universitdt Augsburg. The application of magnetic ACAR allowed to investigate
the "enhancement problem" that one has to face when comparing theoretical to experimental




data. The so-called enhancement describes the electron-positron correlation that is generally not
included in electronic structure calculations and has to be treated separately. The strength of the
electron-electron correlation was varied in the theoretical calculations and the resulting spectra
were compared with the experimental data including a detailed analysis of the enhancement
effects. This way, it was possible to pinpoint a value of U = 2.0eV for the local electron-
electron repulsion, the so-called Hubbard U, which is in general a free parameter of any DMFT
calculation.

The course of this thesis will be the following: First the reader will be introduced to the
fundamental principles of positron annihilation spectroscopy. In particular the 2D-ACAR
technique is presented with a special focus laid on the enhancement problem, followed by a brief
review of the most famous 2D-ACAR experiments reported in literature. Then the experimental
setup of the 2D-ACAR spectrometer is discussed together with the performance measurements.
The main part of this work focusses on the study of the magnetic phases of chromium, the
determination of the positron beam polarisation and finally the study of electron-electron
and electron-positron correlations in nickel. The future prospects of 2D-ACAR are briefly
summarized and discussed.







Chapter 2.

2D-ACAR spectroscopy

Already in the 1940s it was discovered that the observables of a positron annihilation experiment,
namely the positron lifetime and the energy- and angular distribution of the annihilation quanta,
depend on the material in which the positron annihilates and are independent on the used
positron source. Once the basic principles of positron annihilation in solids were established
it was only a matter of time before first investigations of material properties using positrons
were performed. It was found that due to the fact that the positron assumes the ground state
in a material it is especially sensitive to defects in the crystal lattice. This is due to the fact
that the repulsive potential of the atomic nucleus is missing in a defect. Therefore, the positron
annihilation techniques have taken a leading role when it comes to defect spectroscopy. The
most prominent technique for defect studies is the positron annihilation lifetime spectroscopy
(PALS) followed by the Doppler-Broadening of Annihilation Radiation (DBAR) technique.

Besides the study of defects the positron can also be used to investigate defect-free single
crystals, in particular the electronic structure, which is the main focus of this work. In this
chapter we will develop the fundamental properties of the positron as a probe particle in solid
state physics: how positrons are produced and how they interact with matter. Subsequently the
positron annihilation is discussed (see section 2.2) since in this process the information on the
material, i.e. the momentum of the electron, is coded into the properties of the annihilation
radiation and carried out of the sample material. Of course, this discussion is centred around
the 2D-ACAR technique but not limited to it. Finally, a brief review of the most prominent
2D-ACAR experiments found in literature is given (see section 2.3) in order to familiarise the
reader with potential of 2D-ACAR.

2.1. The positron as a probe particle

The positron is the anti-particle to the electron: both particles have the same mass, however
opposite charge and magnetic moment since both particle states can be converted into each
other by a time-reversal or CP-transformation.

Due to a matter anti-matter asymmetry in the early universe electrons are abundantly found
while positrons are relatively rare. Therefore, if one wants to use positrons for the investigation
of condensed matter one has to rely on artificial positron sources such as radioactive 3" -emitters
like 22Na or more elaborate sources that use high energy ~-radiation from linear accelerators or
nuclear reactors for pair production. In the following sections the two sources that are relevant
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to this thesis are discussed, as they are used in the present setup (see section 3.1.6) and planned
to be used in a future upgrade once the new experimental hall east at the MLZ (Maier Leibnitz
Zentrum) becomes available (see section D). In particular these are on the one hand radioactive
22Na sources and on the other hand the reactor based NEPOMUC facility.

2.1.1. Positron sources

For laboratory scale experiments typically radioactive sources are used. The most prominent
nuclide in this case is ??Na, which is favourable due to its half life of 2.6 years, its high S
branching ratio of 90.5 % and the fact that a prompt y-quantum of 1275keV is emitted right
after the creation of the positron. The latter fact is exploited in positron annihilation lifetime
studies where the prompt y-quantum is used as a start signal. Furthermore, positrons can be
created via the pair production process at large-scale facilities. Here high energy ~ radiation is
converted into pairs of positron and electrons. In this case reactors or particle accelerators are
used to produce high energy v radiation. In the following the radioactive positron source used
in the 2D-ACAR setup is discussed as well as the reactor based positron source NEPOMUC
which will serve as an example for a large-scale positron source. Also NEPOMUC will be used
in the future extension for the 2D-ACAR experiments.

The ?2Na 3*-positron source

In order to be used in laboratory experiments a positron source has to fulfil certain requirements.
The radioactive nuclide has to be sealed in a capsule to prevent contamination of the setup. At
the same time the positrons have to be able to exit the capsule to be used in an experiment.
A schematic drawing of the source capsule is shown in figure 2.1. The radioactive nuclide
is deposited on a small tantalum cylinder. Due to the high Z of the tantalum positrons are
efficiently reflected which increases the positron flux through the 4 ym titanium window that
covers the radioactive nuclide. The nuclide itself is produced by iThemba Labs in South Africa
at a cyclotron by irradiation of a magnesium target with 66 MeV protons. The target is then
dissolved in potassium hydroxide and the sodium is separated by a precipitation process in the
form of sodium carbonate. The concentrated sodium carbonate solution is then dripped onto
the tantalum support and dried under a heat lamp. This process is repeated until the desired
activity of up to 50 mCu is reached. The daughter nuclide of ?’Na is the noble gas 2>Ne which
cannot be chemically bound. Therefore, a bore in the base of the source capsule is necessary to
accommodate the neon so that the increasing pressure does not rupture the titanium window.

The positron source NEPOMUC

The NEPOMUC facility operates as follows: thermal neutrons are captured in a cadmium
cap that is arranged around a platinum pair-production target. The nuclide "3Cd with a
neutron capture cross-section of 20600 barn is almost exclusively responsible for the neutron
absorption and has been enriched from its natural abundance of 11.6 % to about 80 %. After
the neutron capture the "'3Cd nucleus is in a highly excited state and relaxes via the emission
of a cascade of high energy y-quanta into the ground state. On average 2.3 of the high energy
y-quanta have an energy of more than 1.5 MeV [HKR104] and can therefore participate in the
pair production process. The pair-production mainly occurs in the platinum structures due to
high Z of platinum. The platinum serves for a two purposes: on the one hand it serves as pair
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Figure 2.1.: Schematic drawing of the source capsule used in the 2D-ACAR spectrometer
[Reh14]. The capsule is designed for the use in ultra high vacuum. It is non-magnetic and can
withstand cryogenic as well as elevated temperatures up to 200 °C.

production target and on the other hand it also acts as moderator for the produced positrons.
Due to the fact that platinum exhibits a negative work function for positrons the produced
positron are emitted from the platinum structure. By use of an electrical lens system a beam is
formed and coupled into a longitudinal magnetic guidance field with a strength of about 7mT.
The sketch of the heart of NEPOMUC is shown in figure 2.2.

The energy of the moderated positrons is determined by the electric potential of the platinum
structure at typically 1000 V. First, NEPOMUC achieved an intensity of up to 9-108 [HLM*08]
moderated positrons per second and became therefore the most powerful positron source
worldwide. At present the NEPOMUC upgrade amounts to > 10° positrons per second
[HCG*14]. NEPOMUC also features to the option to use a second moderator, the so called
remoderator, which is a second moderation stage inside the experimental hall closer to the
experiments [PKET08]. The main purpose of the remoderator is to increase the beam brilliance.
The remoderation process has an efficiency of &~ 5%, however, the brilliance of the remoderated
beam is increased by a factor of up to 40 with respect to to the primary beam. The energy of
the remoderated beam can be tuned between 20 — 200 ¢eV.

A mono-energetic positron beam would enable depth-dependent 2D-ACAR measurements.
This adds a whole new quality to the measurement as the evolution of the electronic structure
from the surface to the bulk can be observed. Moreover, the use of a positron beam greatly
reduces the background in the detectors as there are no secondary +’s from the source.

Since from the beginning of the present work it was planned to install the 2D-ACAR
spectrometer in the east experimental hall (after successful commissioning of the hall) at
the NEPOMUC beam. For this reason, a design study on the integration of a 2D-ACAR
spectrometer at the NEPOMUC positron beam can be found in the appendix of this thesis (see
section D).

2.1.2. Positron implantation and thermalisation

When positrons impinge on a material they can the reflected with a certain probability depending
on the positron energy and the Z of the material. In the low energy region below 30keV this
probability is almost independent of the positron energy however strongly dependent on the Z
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Figure 2.2.: Schematics of the in-pile element of NEPOMUC [HCG*13].

of the target and can reach values of up to 40 % [MPMH92]. Once a positron enters a solid it
rapidly looses its energy. In the energy range above 10keV elastic scattering on electrons plays
the dominant role (ionisation). As long as the binding energy of the electron is small compared
to the energy transfer the electron can be considered as a free particle and only very little energy
is transferred to the rest ion. The time dt it takes the positron to bridge the energy dE can be
calculated using the Bethe-Bloch-formula for positrons in the low energy limit (5 < 1)

2
dE  2rNZ [ €? v+ 1E?
(4B 2mNZ m( 2220 5 s (2.1)
dx MeV 4me, 2 1 NN~
“~————  Scattering
Tonisation

with the transform
a £

o _—dz _ 2.2)
dFE dE (
aE & v
and
mec2\ 2
v(E) =c 1—( E ) (2.3)
to obtain
1— mec?
dt 871'6%m€ ( ) (2.4)

(dE ¢INZ '1n<%%2>+f< )

the time dependent energy loss, with the positron energy E, m. the electron mass, N the
atomic density, Z the proton number of the nucleus, I the mean excitation energy of the
atoms (I ~ Z- 13 6eV), the Lorentz factor v and the scattering term f(y) = 2In2 —

(23 + 7+1 + (WH)Q + (~/+1) )> using and the Bhabba (e -e™)-scattering cross section [Koh61].
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By integrating equation 2.4 for an energy of 210keV (the mean positron energy of 2Na) one
finds that the positron takes less than 0.25ps in a light material such as water and less than
0.08 ps in a heavy material like iron to reach an energy lower than 10keV. In the intermediate
energy region between 1keV and 100eV inelastic scattering of positrons with single atoms is
the dominant energy-loss mechanism. When the positron hits an atom it can leave the atom in
an excited state loosing energy in the process. At even lower energies below 50¢eV collective
excitations of the electronic system in the form of plasmon and phonon excitation become
dominant. Finally, the positron reaches thermal equilibrium with the material within a few
picoseconds.

2.2. Fundamental aspects of 2D-ACAR spectroscopy

Now we will focus on the observables of positron annihilation spectroscopy. Once the positron
is fully thermalized it will eventually annihilate with an electron. The annihilation rate I" (the
inverse of the lifetime) is thereby determined by the electron density n. via

I = ovne =~ racn, (2.5)

with electron-positron annihilation cross section ¢ and the relative velocity between electron
and positron v. In the low energy limit for v < ¢ the product v becomes constant and is given
by the product of the square of the classical electron radius r¢p and the speed of light [Dir30].
So the positron lifetime can be used as a measure for the mean electron density. The PALS
technique associated with this observable is used to perform studies of open volume defects
in solids. In a defect, for example a vacancy, the electron density is lower than in the bulk of
the crystal due to the missing attractive potential of the nucleus. Hence, the lifetime in such
a defect is higher compared to the bulk. Therefore, by measuring the positron lifetime the
concentration and type of defects can be studied.

PALS is a well established technique in material science and widely used, for example for the
determination of the vacancy formation enthalpy [Sch87].

In this thesis, however, we will deal with another quantity that is also accessible via positron
annihilation namely the electron momentum density. As it was stated before at the moment
of annihilation the positron is fully thermalized and therefore assumes its ground state in
the combined potential of the crystal ions and the electrons. The electrons on the other side
occupy all states up to the Fermi level, which represents the energetically highest occupied
state. So the total momentum of an annihilating electron-positron pair is in general non-zero
and almost exclusively defined by the electron momentum. The momentum of the pair has to
be conserved in the annihilation radiation. Due to the conservation of energy and momentum
the number of annihilation quanta has to be two or higher. However, the two-vy-annihilation
is the most probable due to the fact that each additional photon vertex gives an additional
factor of av &~ 1/137 to the annihilation rate. The second order three-y-annihilation is therefore
suppressed by 1/371 with an additional reduction of a factor 9/7 from quantum field theory.
For this reason, from now on only the two-v-annihilation is considered. In the center of mass
frame both annihilation «-quanta in general have the same energy and are emitted collinear in
opposite direction. In the laboratory frame the quanta have different energies and the observed
emission direction deviates from collinearity. This can be understood in terms of a Lorentz
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transformation (without loss of generality it is assumed that the electron-positron pair moves
along the z-axis):

E v By O EM
p|=|w v O pﬁjM (2.6)
D1 0 0 1 pEM

with the velocity 3 of the center of mass frame and v = (1 — 52) 2. In the center of mass frame

both annihilation quanta have an energy of
oM _ Ly o
EYY = §M c (2.7)

with the mass of the electron positron pair M = 2myq. Since the photons have zero rest mass
the momentum is simply given by
pMe = EM (2.8)

Since the two-v-annihilation occurs from a singlet state the emission direction of the annihilation
quanta is isotropic. The angle between the first photon and the z-axis is denoted as © (as
indicated in figure 2.3). Then the emission angle of the second photon relative to the direction
of motion is given by m — ©. With this the energies of the photons in the laboratory frame are

given by:
B = ’YJW;Q +8p) =’VM262 +’7ﬁM;z cos © =7M262(1+50089) (2.9)
By = WM;Q + B} = ’VM;z - 'VBMj cos© = WM;Q (1-fcos®).  (2.10)
In the low energy limit « is nearly unity and with v8 = N}’CQ it follows:

9 pccos©

E, = E-}-AE:TTL()C —+ 5 (211)
By = E—AE:moc2—pCC2i®. (2.12)

So one photon is blue shifted while the other is red shifted. The energy shift AFE is given by
the longitudinal component pcos © of the momentum of the electron positron pair relative to
the direction of emission . In order to determine the opening angle « (see figure 2.3) the scalar
product of the energy-momentum four-vectors of the two annihilation quanta is calculated. In
the laboratory one finds

PPy = E\FEy — p1p202 cosx = E1E2(1 — COS Oé) (213)

and for the center of mass system:

M 2
pipy = EPMESM — pfMpiMc? = 2 (2) : (2.14)

Since the scalar product of two four-vectors in Lorentzinvariate it is found that:

E\E3(1 —cosa) =2 (]2W>2 (2.15)
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T TS =

Figure 2.3.: Left: Annihilation in the center of mass system. The annihilation quanta are
emitted collinear in opposite direction with an angle © relative to direction of motion (indicated
by the dotted line). Right: Annihilation in the laboratory frame. The angle o between the
annihilation quanta deviates from 180°.

which leads to

(2.16)

The deviation of « from 180° is expected to be small, therefore « is expressed as 180° — Af.
Then using the small angle approximation results in

M2

AO? =4 — .
EqEs

(2.17)

Using the results from equations 2.11 and 2.12 and the identities 5272 = ]‘f;CQ and v2 = 1+ MPTQCQ

one finds:

B 4p? sin” ©
M2+ p?sin? @’
———

<KM?2c?

AG?

(2.18)

In the low energy limit the second term in the denominator can be omitted and with M = 2myg

the final result is obtained: )
Ag = Psin ©

: 2.19
p— (2.19)

Consequently the transversal projection of the momentum of the annihilating pair onto the
direction of emission of the annihilation quanta psin © leads to a deviation from collinearity.
For example, annihilation with an electron with the kinetic energy of 1eV results in an angular
deviation of maximal Af = 2.0 mrad.

To summarize, above considerations show that due to the conservation of energy and momen-
tum the longitudinal component of the electron momentum relative to the direction of emission
leads to shift in energy due to the Doppler effect and the transversal components leads to a
deviation from collinearity. This is illustrated in figure 2.4. So by measuring the energy shift
and the angular deviation the momentum of the electron can be determined experimentally.
The experimental technique associated with measuring the Doppler shift is the so called Dopper
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Figure 2.4.: Illustration of the 2D-ACAR principle. The momentum of the positron is
small compared to the electron momentum, therefore, the total momentum in dominated by
the electron momentum. The conservation of momentum leads to a Doppler shift AE and
a deviation from collinearity A© of the annihilation quanta in the lab frame. This angular
deviation is given by the transverse momentum component of the total momentum with respect
to the emission direction of the two annihilation quanta.

Broadening of Annhilation Radiation Spectroscopy. For this technique detectors with high
energy resolution, typically high-purity germanium, detectors are used. For details on this this
technique please refer to the works of Stadlbauer and Pikart [Sta08, Pik12].

The 2D-ACAR (Two Dimensional Angular Correlation of Annihilation Radiation) technique,
which is the main part of this thesis, deals with the measurements of the angular deviation of
the annihilation quanta which gives information on the transversal components of the electron
momentum. The principle setup of a 2D-ACAR experiment is shown in figure 2.5. Two spatially
resolving detectors are used to determine the angular deviation. The detectors are positioned
with their line of sight along the z-axis at distance I; and Iy on opposite sides of the sample.
The positions (z1]y1) and (z2|y2) of the annihilation photons hitting the detectors are measured
in coincidence allowing the determination of the angular deviation relative to the x- and y-axis:

lo — xol
0, = arctan T arctan 22 o T2 127 (2.20)
l la lila
l l
g, = arctan N4 arctan 22 ~ Yz ¥ 42h (2.21)
L ly iy

The negative sign in the second term of 2.20 is due to the fact that the detectors face each other
and that therefore the image of one detector has be flipped vertically. These two angles can
now be directly converted to the momentum components p, and p, of the annihilating pair via
equation 2.19:

pe = bz -moc (2.22)
py = 0y -moc. (2.23)




2.2 Fundamental aspects of 2D-ACAR spectroscopy 13

~1(0]0]0)
i sample position

(z2 \7/2)

N

Figure 2.5.: Schematic representation of a 2D-ACAR experiment. Two spatially resolving
detectors are placed around the sample on a common line of sight. The positions of both annihi-
lation quanta hitting the detectors are registered in coincidence which allow the determination of
the transversal component of the electron momentum. Since scintillation detectors are used the
longitudinal component of the electron momentum is lost and the resulting 2D-ACAR spectrum
represent a one-dimensional integral over the electron momenta.

As indicated in figure 2.5 the information on the longitudinal component cannot be determined.
Therefore the resulting 2D-ACAR spectrum N (p, p,) represents a projection of the electron
momenta and is represented by a one-dimensional integral along the z-direction:

N (pa,py) = /p%(p)dpz ® R(pz, py) (2.24)

with the electron positron momentum distribution p?” also called two-photon momentum
distribution (TPMD). The finite resolution of the detectors is considered by a convolution with
the resolution function R.

2.2.1. Electron momentum density

The measured projection of the TPMD is basically a two-particle quantity containing the
electron and the positron. Before the influence of the positron is discussed the underlying
quantity, the electron momentum distribution (EMD) is considered. The EMD describes the
electron density in momentum space and is given by the Fourier-transform of the real space
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density

Np) =3 / exp T WE (r) (2.25)

ni = ——p (2.26)

e BT +1
with ¢; the energy of the i-th state, the Boltzmann constant kg, the Fermi energy Er and the
temperature T'. At zero Kelvin only states up to the Fermi energy are occupied. The momentum

associated with the highest filled state the so-called Fermi momentum is given by:

vV 2m0EF

kn =
F A

(2.27)
Consequently the electron momentum distribution N (p) is constant up to the Fermi momentum
where a sharp break appears. This boundary between occupied and unoccupied states in
reciprocal space is called Fermi surface. For the ideal electron gas the Fermi surface is a sphere
of radius kp. In the periodic potential of a crystal the simple approximation of a free electron
gas does not hold. In this case the tight binding method, i.e. a super-position of atomic wave
functions, can be used to illustrate the electron momentum distribution in a solid. A derivation
of this method can be found in standard solid-state physics text books. In the tight binding
approach the super-position of the atomic wave functions ¥ is given by

1 .
Uy = —— exp™®* U(r —r; 2.28
o= gy Sew' e ) (229

with r; the positions of the neighbour atoms and the wave vector k. The energy values of
electrons with the wave vector k are then given by the diagonal element of the Hamilton operator

E. = (k|H[K) (2.29)
— % Z expik(rj—rm)<111(r — I‘j)\H\\P(r —TIp)) (2.30)

im
= Z expikam /dV\IJ*(r —ay)HY(r) (2.31)

using the summation over all lattice vectors a,,. If one considers only nearest neighbour
interaction the energy is given by an on-site term « and the neighbour exchange energy v to:

a = — / AV () HO(r) (2.32)
v o= - / AV (r — an) HU(r), (2.33)

The tight-binding method is not limited to the nearest neighbour interaction. However, even if
only the Fourier-coefficients of the nearest neighbour interaction are considered this allows for
a descriptive modelling of the Fermi surface in a crystal lattice. The iso-surfaces of constant
energy like the Fermi surface are only determined by the exponential term in equation 2.31
since the parameters a and -y are constant. To illustrate this without loss of generality a fcc




2.2 Fundamental aspects of 2D-ACAR spectroscopy 15

Figure 2.6.: Surface of constant energy obtained by tight binding for a generic FFC metal.
The chosen energy parameter is E' = 0.65.

lattice is considered. In the fcc lattice the 12 nearest neighbours have the positions

+2 +¢ 0
a] = :t% ag — 0 az — :t% (2.34)
0 +4 +4

and hence the dispersion relation 2.31 reads for the FCC lattice

B kya k.a kra kya
Ex = —a 4~ cos (2) cos <2> 4~ cos <2> oS (2> (2.35)
— 4ycos (k‘;a> cos <k;a) . (2.36)

The surfaces of constant energy can then be found in terms of a dimensionless parameter
E = —% for a generic fcc metal. The only iso-surface that has physical relevance is the Fermi
surface, the iso-surface of the highest occupied state in k-space. An illustration of an generic fcc
Fermi surface with an energy parameter of E' = 0.65 is shown in figure 2.6. In the tight binding
approximation it is only given by nearest neighbour interaction, which is insufficient to describe

more complex system especially if one considers electron-electron interactions that, of course, is
of great importance for correlated materials. However, the tight binding approximation gives an
impression of the electron momentum density in a crystal lattice.

2.2.2. Positron wave function effects and electron-positron correlations

For the interpretation of 2D-ACAR measurements the influence of the positron has also to
be considered. The positron is positively charged and therefore interacts with the negatively
charged electrons as well as the positively charged nuclei. So a 2D-ACAR spectrum is the
measurement of the many-particle quantity ¥;” containing the interactions of all electrons and

the positron:
ocCcC.

Nz =[5

, 2
/e_’pr VP (r,r)dr| dp, (2.37)
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This equation is usually treated by approximating the solution of the true many-particle
problem as as a product of the electronic and the positron wave functions and an additional
electron-positron correlation function v which is called enhancement factor:

/e_ip’r W+(r)‘¥i(r)Md3r

This way the probe effects introduced by the positron can be separated into positron wave
function effects and electron-positron correlation effects. The effect of the positron wave function
can be understood as follows: Due the repulsive potential of the nuclei the positron is more

occ.

Npop) = [ 3

2
dp. (2.38)

likely to be found at interstitial positions (where the repulsive force from the nuclei is lower).
This leads to a non-uniform sampling of the electronic states by the positron. Typically highly
localized states like s or p-states have a lower overlap with the positron wave function and
contribute therefore less to the 2D-ACAR spectrum as they participate less in the annihilation
process. A detailed calculation of the annihilation probabilities with different orbitals was
performed by Jensen et al. [JW90]. Their results show that for example for 3d electron systems
the annihilation probability for s and p orbitals is about three orders of magnitude lower than
for annihilation with the valence band. This means that the electrons contribute with different
weights to the 2D-ACAR spectrum and that the valence electrons, i.e. the electrons located at
the Fermi surface have by far the highest weight. For this reason 2D-ACAR is particularly well
suited for the investigation of the FS. However, it also has to be considered that the weighting
of electrons in the valence band can also differ due to a different symmetry of the electron and
positron wave function. This is e.g. the case in ferromagnetic nickel [SM74] where it was found
that the contribution of two different valence electron bands is reduced in positron annihilation
due to the symmetry of the wave function. Therefore, the identification of two Fermi surface
sheets is complicated as the associated Fermi surface breaks are obscured.

Besides the wave function effects also the electron-positron correlation known as enhancement
has to be considered. When a positron is immersed in an electron gas it will attract the electrons
by polarizing the electronic medium. The positron density is thereby assumed to be low and will
therefore not influence the electronic states. However, the probability of finding an electron near
the positron is increased due to the mutual attractive interaction. Hence, the positive charge of
the positron is shielded by the attracted electrons. Typically, the more mobile electrons located
close to the Fermi surface will participate dominantly in this shielding process. This effect
attracted great interest after it was found that the description of the non-interacting system the
so-called independent particle model (IPM) with v = 1 that does not include the short range
screening is insufficient to describe the experimental data. Kahana was the first to address
this problem on the basis of a non-interacting electron gas [Kah63]. As a result the famous
Kahana-type momentum dependent enhancement was derived:

’y:’y(p):a+b(p)2+c(p)4 (2.39)

DF pF

with the Fermi momentum pg and the parameters a, b and ¢ which depend on the electron density.

The density is usually given in terms of the Wigner-Seitz radius rs = ( 4m?2 )g with the electron

density ne-, i.e. the radius of a sphere that contains one electron. One pr(?blf}rn of this approach
was that it did not include momenta above pr as the model only considers a non-interaction




2.2 Fundamental aspects of 2D-ACAR spectroscopy 17

AN (p)

—_—
-~

-~

— -— \h
e~ e -correl.

Vs

~
-~
——

Figure 2.7.: Hllustration of the effect of a Kahana-like momentum dependent enhancement on
the observed momentum density N (p). Electron-electron correlations lead to a tail of momenta
above the Fermi momentum pg. The electron-positron correlations lead to an increase in N (p)
near the Fermi momentum whereas the high momentum components are suppressed. According
to the model of of Carbotte and Kahana [CK65] an annihilating electron positron pair, observed
from outside, may be regarded as a neutral quantity, therefore no high momentum tail beyond
the Fermi momentum should be observed.

electron gas. This was later resolved by Carbotte et al. [CK65] who extended the Kahana
scheme to an interacting electron gas (jellium). The authors found that the electron-electron
and the electron-positron self-energy terms cancel out for p > pr which leads to a suppression
of the high momentum tail introduced by the electron-electron interactions in the calculated
spectra. However, the main effect of the enhancement effect remained the same: positrons
close to the Fermi surface participate more in the annihilation process (see figure 2.7) while at
the same time the high momentum components above pr are suppressed. A refinement of the
Kahana formalism was performed by Rubaszek and Stachowiak [RS88] who developed a fully
self-consistent solution that avoids the divergence present in the low-density limit of the Kahana
formalism. For the sake of completeness a different approach by Arponnen and Pajane [AP79]
has to be mentioned. By contrast to most other approaches, their treatment does not rely on
the Kahana formalisms. The authors used an algebraic bosonic treatment of the electron gas as
a system of interacting collective excitations. By contrast to the Kahana-like enhancement also
high momentum components above pgr are found in the calculated ACAR spectra.

It was soon found that the jellium model is insufficient to describe real metals due to the
periodic potential of the crystal which results in case of the transition metals in a strongly
inhomogeneous electron gas. These lattice effects have first been discussed by Fujiwara et al.
[FHO72| and have been intensively investigated by Sormann (see [Sor96] and references therein).
The authors found that due to the inhomogeneity of the electronic system the Kahana-like
momentum dependence of the enhancement can be completely hidden. This is due to the fact
that in the free electron gas or in the jellium the electron can always be scattered into a free
state. However, if the range of the electron-positron correlation comes in the range of the atomic
distances the Bloch nature of the electronic states has to be considered, which reduces the
number of available final states for the electron. Hence, for a model that does not incorporate
the lattice effects it is generally not expected to deliver reliable results for 3d-electron systems.
In order to overcome this shortcomings an empirical model for the enhancement parametrized
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in energy not momentum was proposed by Mijnarends and Singru [MS79]:

E — Fy; E — FEpin \?
—(E :a+b(m)+c<mm) 2.40
7 ’7( ) EF_Ernin EF_Emin ( )

with the parameter a,b and ¢ dependent on the density parameter r, and Ey,;, the minimal
energy of the band (at k = 0). For parabolic bands like s-orbitals the energy dependent
enhancement yields the same results as the momentum dependent enhancement. However, for
hybridised sd-bands like in copper this model could significantly improve the description of
the according ACAR spectra, although it is purely phenomenological. This phenomenology
treatment was extended by several authors [MASAKMS8, SKS92, KKN91] to a state dependent
parametrisation

E—FE. . E — E; 2 E — Ey °
e (EE ) g (B ) g (BB )y
v 7( ) ! ! Er — Enin l Er — Enin : Ep — Emin ( )

for the angular momentum state [, the energy Eni, at k = 0 and the state dependent parameters
al, by, ¢;, d;. These parameter are usually obtained by least-squares fitting to the experimental
data [MASAKMSS|.

An alternative description of the enhancement was developed by moving from a momentum
space description to real space description. The enhancement was parametrized in terms of
the unperturbed local electron density n.-(r) at the position of the positron r. This approach
was first presented by Boronski and Nieminen [BN86], who interpolated the results from Fermi
liquid theory [Lan87]. A further important treatment of the enhancement within the local
density approximation was performed by Jarlborg and Singh [JS87]. The authors solved the
two-particle Schrédinger equation within a spherical correlation cell. Both approaches have in
common that the enhancement ~y is now treated as a function of a local quantity of the electron
gas, the electron density n.- (7). The most famous parametrisation of v is given by Boronski
and Nieminen who found for the limit of a vanishing positron density n.+ =~ 0 and for electron
densities in the typical range of transition metals rg ~ 2:

s

1
7:1+L%m+08%&?2—L%@+03%&?2+6ﬁ (2.42)

1
with the density parameter rs dependent on the local electron density r4(r) = (ﬁ) ® The
local density treatment has had great success in the description of both the electron positron
annihilation rate in PALS as well as the electron-positron momentum density. However, it was
found that the Boronski-Nieminen parametrisation gives unsatisfactory results for low electron
densities [MBO02]. Also on the basis of the LDA but with a different correlation functional based
on a state dependent parametrisation on the local kinetic energy =Z; » and density of the electron
an energy dependent enhancement v = y(n_ , Z; ) was proposed by Daniuk et al. [Dan89], often
referred to as LDA(E). This puts the phenomenological enhancement of Minjarends on physical

grounds and also considers the effect of the crystal potential.

Using the methodology of Arponen and Pajane [AP79] another parametrisation of the
enhancement was found within the LDA by Babiellini [BPTN95, BPK*96] and further improved
by using the generalized gradient approximation. According to the authors the LDA enhancement
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reads:

1
Yipa = 1+ 1.23r, — 0.0742r% + grf. (2.43)

Taking the inhomogeneity of the electron gas into account by using the GGA in the form of

yaGa =1+ (yLpa — 1) exp™ (2.44)

with a free parameter a and the GGA corrections € the enhancement is now dependent on
the local electron density and the gradient of the electron density. The authors also found
that a value of a = 0.22 yields best agreement with the experiment. It was found that the
GGA gives slightly better agreement with the experiment and that compared to the LDA, the
GGA leads to a suppression of the electron-positron correlation effects and also reduces the
partial annihilation rates for the core states [BHP197]. The GGA scheme was further extended
to study the enhancement of individual electronic states [BHPT97]. For the state dependent
description the enhancement factor to be used in equation2.38 is treated without momentum or
position dependence as v; = \;/Arpm the ratio of the partial annihilation rate of the state to the
annihilation rate obtained in the independent particle model (IPM). The partial annihilation
rate is given by

N\ = wrie /dr V(M=) My o= Nt (2.45)

with the classical electron radius re, the speed of light ¢, the positron density n.+, the electron
density of the state i n; .- = |¥;(r)|? and the enhancement factor vy given in LDA or LDA-GGA
as function of the local electron density. To obtain Arpy the enhancement is set to one v = 1.
Makonnen et al. [MHPO06] performed an intensive comparison between the state dependent
and the position dependent enhancement as well as between the LDA enhancement and the
LDA-GGA enhancement by comparison of the predictions with experimental Doppler spectra.
They found that the state dependent enhancement yields better agreement with the experiment
especially for the high momentum area than the position dependent enhancement. Also, no
major differences between the LDA (using the Boronski Nieminen parametrisation) and the
LDA-GGA were found. However, the authors conclude that the LDA is preferable because it
relies on a two-component DFT and requires no additional semi-empiric parameters. A piratical
application of the state dependent enhancement was done by Laverock et al. [LHAD10]. The
authors studied the effect of the state dependent enhancement in several transition metals
(Cr, V, Al and Ag ). By use of linearised muffin tin orbitals (LMTO) calculations the authors
applied enhancement factors associated to the different orbitals (s,p,d,f). This way an implicit
k-dependence of the enhancement is incorporated as the bands can change their character due
to hybridisation. By comparing the effect of different enhancement models (IMP, Jarlborg-Singh
and a simplified GGA description (according to reference [BPTN95]) to experimental data it
is found that the data is always described best by the state dependent enhancement based
only on the character of the orbital. In the GGA description the authors determined the
partial annihilation rates also according to the character (s,p,d,f) of the states neglecting a
possible k-dependence of the electron density in the orbitals due to hybridisation. However, no
comparison the LDA scheme of Boronski and Nieminen is made. It may be speculated that it
should give similar results to the Jarlborg-Singh prescription, at least for Ag, Cr and V due to
the weak lattice effects in these systems.

In the discussion of the state dependent enhancement [BPTN95, BHPT97, MHP06, LHAD10]
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the appearance of the famous high momentum tails due to electron-electron correlation receives
only marginal attention. However, since the treatment of the electron-positron correlation
is performed on the basis of the approach by Arponen and Pajane [AP79] the effect should
also be present in the state dependent enhancement as well [BPTN95]. Beyond the state
dependent enhancement several authors, most notably Sorman and Kontrym-Sznajd [Sor96,
SKS06, KSSB12, KSS14b], investigated the the influence of lattice effects on the electron-
positron momentum density by using a so-called Bloch-modified ladder approximation in the
calculation within the LDA. This means that free electron states in the ladder approximation
used by Carbotte and Kahana [CK65] are replaced by Bloch states accounting for the periodicity
of the crystal. This is necessary in order to explain the high momentum components due to
electron-electron correlations that were experimentally found in 2D-ACAR and are in accordance
also in terms of strength to those found in a Compton scattering experiment which is naturally
free of electron-positron correlation effects [KSSCPT02]. In summary:

e Kahana-like momentum dependence leads to increased enhancement at the Fermi surface,
but suppresses higher momenta.

e State-independent LDA treatment of the enhancement works well for positron lifetime but
differs only little from the IPM when it comes to electron-positron momentum densities.

e State dependent enhancement in the LDA(E) of Daniuk or the GGA by Babiellini predict
the electron momentum densities better.

e As far as no solution of the two-particle problem is obtained the BML theory is the most
accurate treatment of the enhancement in the Kahana formalism.

2.3. 2D-ACAR in literature - an overview

In this section the focus is put on the experimental aspects of 2D-ACAR spectroscopy, in
particular what properties of the electronic structure of solids can and have been determined in
2D-ACAR experiments. Different phenomena arising from the electronic structure have been
studied with 2D-ACAR, for example superconductivity, magnetism, the effects of alloying on the
Fermi surface, Fermi surface nesting, etc. This overview compiled in this section makes no claim
of completeness but is rather meant to familiarize the reader with possibilities of 2D-ACAR
spectroscopy.

2.3.1. Transition metals

The class of transition metals attracts much interest due to the itinerant character of the
valence d-bands which leads to strong electron-electron correlation effects in the electronic
structure. The theoretical aspects of the positron probe effects in highly correlated materials
are discussed in depth in section 2.2.2. Numerous 2D-ACAR investigations in these systems
have been performed and published in literature. Some of the most prominent investigation and
results are presented in the following.
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Chromium

Chromium is a very interesting system due its spin-density wave ground state at room tem-
perature. The Néel-temperature of chromium is 311 K. Therefore, the paramagnetic state
cannot be investigated by means of quantum oscillations since the required long scattering
length can only be achieved at cryogenic temperatures. Hence, this system is predestinated
to be investigated with 2D-ACAR since elevated temperatures may lower the resolution in
an ACAR experiment but do not obscure the signal from the electronic structure. An early
in-depth study of chromium was performed by Shiotani et al. [SOS*77] using 1D-ACAR. The
authors found that the low momentum region which is dominated by the valence bands as
well as the high momentum region which originated from annihilation with core electrons are
under-represented when comparing the experimental results to their calculations. This effect
was ascribed to electron-positron correlation effects and was a first proof of the complicated
behaviour of the positron in chromium. Stimulated by these findings Singh and Singru [SS83]
calculated 2D-ACAR spectra for paramagnetic chromium. However, besides the treatment of
wave function effects the electron-positron correlation were not included. The calculated spectra
of Singh and Singru show that valuable information on the Fermi surface of chromium can be
obtained with 2D-ACAR, i.e electrons from the band associated with the H-hole-octahedra
strongly participate in the annihilation process. In the following Singh et al. [SMW88] performed
2D-ACAR measurements in the anti-ferromagnetic as well as in the paramagnetic state. To
reach the paramagnetic state a sample of pure chromium was heated above the Néel-temperature
and a sample of Crg.g5Vo.05 was used for comparison as well. Crg.g5Vq.05 is paramagnetic even
at low temperatures. In order to interpret their results the authors used the at that time
newly developed Lock-Crisp-West [LCWT73] back folding routine as the calculations were still
performed in the independent particle model. The authors found that when going from the
paramagnetic to anti-ferromagnetic state an electron-pocket located at the X-points of the
Brilluin zone disappears. This is attributed to the appearance of a gap at the zone boundary
due to the magnetic interactions as can be seen in the dispersion relation shown in figure 2.8.

A full three-dimensional measurement of paramagnetic chromium was performed by Kubota
et al. [KKN'91] by measuring multiple projections in 5° steps. In order to obtain the three-
dimensional density an analytical method based on the direct Fourier reconstruction technique
was applied. For further analysis the obtained p-space density was folded back into k-space using
the LCW-method and the results were compared to calculations for the occupation number. A
satisfactory agreement to the calculated shape of the Fermi surface was found. The authors were
able to identify the I'-centred electron sheet and the H-centred hole pocket. Furthermore, the
authors conclude that the N-hole pockets are to small to be resolved due the limited resolution
(as shown in figure 2.9).

By use of an advanced data evaluation technique based on maximum entropy filtering Dugdale
[DFH'98] and Fretwell [FDH'98] were able to identify the N-hole pockets in LCW-folded
2D-ACAR projections of paramagnetic chromium without the need for a three-dimensional
reconstruction. The maximum entropy filtering, a method readily used in image processing,
allowed the authors to correct the experimental spectra for the limited resolution of the
spectrometer. The key feature of this method is thereby that the information content in the
corrected spectra remains unchanged compared to the initial spectra so that no artefacts are
introduced. In the maximum entropy filtered data the breaks associated with a band crossing
the Fermi energy appear steeper and can be identified more reliably. This way, the authors were




22 2D-ACAR spectroscopy

25

12

EF EF

25 25

Figure 2.8.: Band structure calculation for paramagnetic (left) and anti-ferromagnetic (right)
chromium adapted from reference [SMW88]. A gap a the zone boundary present in the anti-
ferromagnetic state disappears in the paramagnetic lattice. Both band structure calculations
are shown in the simple cubic lattice of the anti-ferromagnetic state.
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Figure 2.9.: N(k) of paramagnetic chromium (data taken from reference [KKN*91]). The
experimental data (circles) is compared to the calculated occupation number (solid line). The
data was obtained by three-dimension reconstruction of multiple 2D-ACAR measurements. The
predicted N-hole-pocket is too small to be resolved in the experiment.
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Figure 2.10.: With a state depen-
dent enhancement model the nest-
ing vector of the chromium Fermi
surface can be determined by a rigid-
band shift. The real (top) and
imaginary (bottom) parts of the
static susceptibility of paramagnetic
chromium, calculated for the raw
LMTO band calculations as well as
the results of the rigid-band fit to
the data within the IPM and using
the Jarlborg-Singh enhancement or
the state dependent models for the
enhancement. The dashed vertical
line represents the peak in the real
part of the susceptibility. The inset
shows a slice of the Fermi surface
through the [100] plane, with the ar-
row depicting the nesting that gives
rise to the peak in the imaginary
susceptibility between the N-hole
octahedron (red) and electron jack
(blue). Reprinted from [LHADI10]

with permission.

able to give precise estimates on the projected radius of the N-hole ellipsoid.

An alternative approach to calliper the Fermi surface of chromium was undertaken by Biasini
[Bia00]. Here a parametrisation of the Fermi surface in terms of polyhedra was applied. The
N-hole pockets are described as ellipsoids with the dimensions of semi axes as free parameters,
the I'-centred electron surface, the so-called electron-jack, was described as combination of a
distorted octahedron with spheres located a its corners and the H-hole surface was parametrised
by a single distorted octahedron. The free parameters, i.e. the geometric dimensions of the
polyhedra, of this simplified geometrical model are then fitted to the data and the dimensions
of the Fermi surface are obtained from the model. The results for the dimension of the N-hole
ellipsoid obtained by the geometrical model are found to be in agreement with the results
obtained by Fretwell et al. [FDH'98].

Much information on the Fermi surface of chromium could be gained by the geometrical
model [Bia00] or from filtered spectra, however discrepancies between the measured data and the
LDA predictions made a detailed evaluation of the chromium Fermi surface virtually impossible.
This could be resolved by the approach of Laverock et al. [LHAD10]. The authors compared
theoretically calculated spectra with the experimental data using the rigid band shift technique.
As the name implies in this technique the shape of the bands is conserved but the position
relative to the Fermi level is shifted. This results in small changes in the shape of the Fermi
surface depending on the slope of bands crossing the Fermi level. Also several different models
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for electron-positron correlations have been included and compared by the authors, e.g. the
Jarlborg-Singh enhancement and a state dependent enhancement model. It was found that
the state dependent enhancement, where each band is associated with an individual constant
enhancement factor describes the data best. Further quantitative results could be achieved
by rigidly shifting the bands in energy in order to improve the description of the data, with a
least-squares fitting procedure. From the improved theoretical band structure the susceptibility
was calculated (see figure 2.10) which can serve as measure for the number of coupling of
electrons from different k-states. Therefore, the position of the peak in the susceptibility
corresponds to the length of the nesting vector. The length of the nesting vector q was found
to be |q| = 0.950(2)2% which is in good agreement to the results from neutron scattering
experiments [Faw88]. However, since the origin of these effects remains an open question Cr
was experimentally measured within the present work (see chapter 5).

Nickel

Ferromagnetic nickel is a very interesting system due to its almost completely filled 3d band
which results in an almost balanced density of states in both spin channels. Compared to other
pure ferromagnetic systems like iron and cobalt, nickel shows a relative small magnetic moment
of 0.46 up per formula unit.

Nickel was and still is the subject of many 2D-ACAR studies including spin polarized 2D-
ACAR measurements. A study on the strength of the magnetic exchange coupling was performed
by Genould et al. [GMWP91] with spin polarized 2D-ACAR. The evolution of the magnetic
ACAR signal, i.e. the difference of two-ACAR spectra taken with the magnetisation of the
sample orientated parallel and anti-parallel to the positron emission direction, was investigated
for different temperatures below and above the Curie temperature T¢. The authors found
that the magnetic ACAR signal is independent of temperature below Tc. By comparison
with theoretical calculation it was found that the magnetic exchange coupling may however
decrease by ~ 28 % from the value at 4.2 K when approaching the T¢. Above T¢ the magnetic
ACAR signal diminishes but is still observable due to magnetic fluctuations. The observation of
the magnetic ACAR signal by Genould in ferromagnetic nickel hence motivated the study on
electron-electron correlations presented in this thesis.

Hamid et al. [HUO4] performed a three-dimensional reconstruction of several projection
taken for different orientations of the magnetisation. The authors claim to have identified five
different Fermi surface sheets by use a maximum gradient filtering of the LCW folded data and
compare their results to theoretical calculation, which are found to be in agreement. Although
the authors state that the Fermi surface breaks were identified by the maximum gradient the
complete opposite seems to be case. The results should also be treated with caution as it is
known from theoretical calculations [SM74] that due to positron wave function effects present
in nickel several Fermi surface sheets are difficult to observe with 2D-ACAR.

Cobalt

An experimental in-depth study of ferromagnetic cobalt was performed by Kondo et al.
[KKNT92] by means of spin-polarized 2D-ACAR. Seven projections were measured with the
magnetic field parallel and anti-parallel to the emission direction of the positrons. However, since
the authors did not have information on the positron polarisation they were unable to separate
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the contributions from the minority and majority channels. The difference in the magnetic
ACAR spectra was observed to be about 3% of the maximum value for the spin-averaged case.
For each field direction the three-dimensional density was reconstructed using an analytical
method based on the direct Fourier transform technique. Directional anisotropies were observed
for the magnetic signal which were most striking in the plane perpendicular to the c-axis
and almost not observable in the parallel planes. This lead the authors to the conclusion
that the magnetic electrons in cobalt behave in a two-dimensional manner, which means that
the magnetic coupling is strongest in the basal plane perpendicular to the c-axis and weak
out-of-plane.

Copper

Due to the relatively simple topology of the Fermi surface of copper, that can even be approxi-
mated by the tight-binding approach (see section2.2.1), this system is often used as benchmark
for three-dimensional reconstruction techniques (see for example [WCH" 14, KKN193, LWC15]).
A detailed discussion of the different reconstruction technique is beyond the scope of this thesis
therefore refer to Weber [WCH™ 14] and references therein.

A study of copper different to those above was presented by Nagai et al. [NCT*01] who
studied copper forming a bcc structure inside an iron matrix. Copper precipitates inside an
single crystalline iron matrix are found to crystallize in the bce structure coherent to the iron
host lattice. The copper precipitates have a higher positron affinity the the Fe matrix and
therefore the positrons are more likely to annihilate inside the precipitates than in the iron
matrix. By subtracting the contribution of bulk iron the 2D-ACAR signal from the copper
precipitates was recovered and compared with theoretical calculations. In contrast to the eight
necks of the FS of fcc copper the Fermi surface of bee copper has 12 necks. This study was the
first direct observation of the F'S of bce copper.

Molybdenum

According to Lomer [Lom62] all chromium group metal are expected to have similar Fermi
surface topologies. Therefore, molybdenum is readily used for comparison with chromium as its
non-magnetic counterpart. Hence, basically all 2D-ACAR investigation dealing with chromium
also consider molybdenum for comparison [Bia00, FDHT98, DFH98]. In general it is found
that the theoretically predicted 2D-ACAR spectra describe molybdenum better than chromium
what most authors ascribe to the different nature of electron-positron correlation in those two
metals. However, Biasini [Bia00] points out that when comparing quantitative measures of the
Fermi surface also in the case of molybdenum discrepancies between theory and experiment are
found.

Ytrrium

Dugdale et al. [DFAT97] obtained the Fermi surface of yttrium (see figure 2.11) by subsequent
maximum entropy filtering and three-dimensional reconstruction of multiple 2D-ACAR spectra
using Cormacks method. By identifying the zero-crossing contour on the KM LH Brillouin
zone face in the difference between the reconstruction of the raw data and the maximum
entropy filtered data the authors were able to determine the so-called "webbing" structure in
the Fermi surface of yttrium. This method is similar to edge-detection methods used for image
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Figure 2.11.: Reconstructed Fermi surface of yttrium reprinted from reference [DFAT97] with
permission. The three-dimensional density was reconstructed from five projections.

processing (for details see reference [DAF194]). In the analysis of this "webbing" feature possible
nesting vectors were identified. The magnitude of these nesting vectors was found to be in
good agreement with quantum oscillation measurements. A following analysis of the same data
by Kontym-Snzajd [GKS01] performed in p-space revealed two hole-like Fermi surface sheets.
These two sheets were found to almost coincide in k-space and could therefore not be separated
in the analysis of the LCW-folded k-space densities of Dugdale et al. [DFAT97].

Also based on the data of Dugdale et al. [DFA197] and combined with Compton scattering
data as well as theoretical calculation the work of Kontym-Sznajd et al. [KSSCP*02] resembles
one of the most important works from the last decade. In this work it was unambiguously shown
that electron-electron correlation effects are observable with 2D-ACAR. This fact has long been
disputed since in the Kahana formalism the high momentum tails that are associated with
electron-electron correlations are strongly suppressed. The authors used a full three dimensional
reconstructions of the 2D-ACAR and the Compton scattering data in p-space to compare the
effects of electron-electron correlations. It was found that the shape and the magnitude of the
high momentum tails is the same for both experimental techniques which is a direct disprove of
the presence of a Kahana-like enhancement.

2.3.2. Intermetallic compounds and alloys

Intermetallic compounds exhibit many different physical properties, like for example magnetism
in the class of Heusler alloys, shape memory effect or half-metalicity, that are not inherent to
their constituents. Therefore these materials are of high interest as constantly new functional
material are sought for technology application [OK02]. One example that has already found its
way to technical application, for example in medicine, are NiTi alloys which are used for their
super-elasticity and shape memory effect. Most of the properties of these materials are related
to their electronic structure and the shape of the Fermi surface. Hence, numerous investigations
applying 2D-ACAR to these systems have been undertaken. The most prominent works are
presented in this section starting with two examples of Heulser type materials.

NiMnSb

The intermetallic compound NiMnSb is part of a subgroup of Heulser materials. Heulser alloys
form a crystal lattice of L21-type which resemble four face centred sub-lattices. In the group of
half-Heuslers one sub-lattice remains unoccupied, resulting in a lattice of Clp-type. Theoretical
calculation of the electronic structure of NiMnSb reveal that this material is expected to be
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a half-metal which means that only the bands of one spin population cross the Fermi level
[CKGLO03]. By use of spin polarized 2D-ACAR Hanssen et al. [HM86, HMRBI0] studied the
half-metallic character of NiMnSb. Like the spin polarized ACAR measurements on nickel by
Genould the work by Hanssen is also based on alternating the sample magnetisation relative to
the positron spin. However, the authors determined the net polarisation of their positron source
which allowed them to extract the individual contributions from the spin-majority and the spin
minority channels. By comparison with LDA calculation for the individual spin channels the
authors concluded that a Fermi surface could be found only for the majority spin channel. The
authors assumed in their calculations a fully filled minority band with nine electrons and allowed
the occupation to slightly change by moving the bands in energy. The best agreement between
theory and experiment was reached for an occupation of the minority band of 8.995%00%
electron per formula unit which resembles the half-metallic state. Up to date this has been
the only study of a half-metal with spin polarized 2D-ACAR although the results impressively
demonstrate the capabilities of spin polarized 2D-ACAR.

Ni;MnGa

Haynes et al. [HWL"12] determined the Fermi surface of the ferromagnetic shape-memory alloy
of NisMnGa by means of 2D-ACAR. NisMnGa undergoes a martensitic phase transition in the
ferromagnetic phase and is therefore interesting for the application as magnetostrictive actuator
[OKO02]. Haynes determined the Fermi surface following the traditional recipe of the Bristol
group [DFAT97, LHAD10] by reconstruction of the three-dimensional density according to the
implementation of Cormacks method for positron data (see [KS08a] and references therein) from
six maximum entropy filtered 2D-ACAR projections then applying the LCW back folding into
k-space followed by the identification of the discontinuities which are associated with the Fermi
surface breaks. Two Fermi surface sheets could be identified, one of which was found to exhibit
strong nesting features that may stabilize the martensitic phase. The interpretation of the
experimental data is supported by LMTO-calculations of the TPMD using a state-dependent
enhancement model.

NisAl

The weak ferromagnet NigAl crystallizes in the L1y structure similar to the Heusler alloys but
with a simple cubic unit cell and is known to exhibit a behaviour consistent with proximity to the
quantum critical point [SBNLO03|. Hamid et al. [HUM*11] performed a 2D-ACAR investigation
of the electronic structure of NigAl in the ferromagnetic as well as in the paramagnetic state.
For both states a full three-dimensional reconstruction was performed using the Bristol recipe
(see above) and compared to theoretical LMTO calculations and FLAPW calculations. The mea-
surements of the paramagnetic state were performed by the Bristol group and the measurements
of the ferromagnetic state were carried out in Japan at the university of Tskuba. Therefore,
two different philosophies of 2D-ACAR spectroscopy are combined in this work. One is taking
more projections with less statistics the other recording less projections with better statistics.
For both states two Fermi surface sheets could be obtained, while for the ferromagnetic state
the resolution of the Tskuba spectrometer was insufficient to resolve the majority and minority
Fermi surface sheet separately. The theoretical data was further subjected to the rigid-band
shift procedure [LHAD10] in order to describe the experiment better. However, a third Fermi
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Figure 2.12.: Reconstructed Fermi surface of ZrZny reprinted from reference [MDW™04] with
permission. The three-dimensional density was reconstructed from six projections. Prior to
the reconstruction the experimental resolution was deconvolved from the spectra by maximum
entropy filtering.

surface sheet could not be observed and the authors conclude that it might be indeed absent
which is not predicted by the LMTO calculations.

ZrZn,

The heavy fermion system ZrZns is famous for the coexistence of superconductivity and
ferromagnetism [PUHT01]. Major et al. [MDW104] performed 2D-ACAR measurements in the
paramagnetic state of ZrZns and were able to obtain four Fermi surface sheets (see figure 2.12)
by the now well known Bristol recipe. One of these sheets (band 29) is associated with the
heavy fermion behaviour of ZrZns and could be resolved with 2D-ACAR while it is not observed
in quantum oscillation measurements. Also, on this Fermi surface sheet possible nesting sections
could be identified that might give rise to nesting driven spin fluctuations.

Cu;_,Pd,

The work of Wilkinson et al. [WHM™*01] on the Fermi surface nesting of disordered Cu;_,Pd,
alloys serves as an excellent example for the capability of 2D-ACAR to resolve the Fermi
surface in disordered systems. The authors investigated the theoretically predicted flattening
of the Fermi surface perpendicular to the [110] direction. The Fermi surface was obtained by
treating the data according to the Bristol recipe of maximum entropy filtering, three-dimensional
reconstruction according to Cormacks method, LCW back folding into k-space and followed by
the identification of the Fermi surface breaks by the discontinuities of the k-space density. The
authors found the predicted flattening of the Fermi surface with increasing Pd content and were
also able to determine the relative size of the nesting sections of the Fermi surface.
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2.3.3. Rare earth metals and compounds

The elements in the class of rare earth metals are known to have interesting electronic structures.
The f-electrons are strongly localized and are therefore screened by the outer s and p orbitals
from forming electron bands. Therefore, also the magnetic moments are localized in the case
of magnetic rare earth metals and give rise to interesting magnetic ordering phenomena like
helical-ordering for example in the case of Er, Dy, Tbh or Ho via the indirect Ruderman-Kittel-
Kasuya-Yosida interaction.

Gadolinium

In their study on the reconstruction of the Fermi surface of gadolinium Pylak et al. [PKSD11]
compared the performance of two different reconstruction methods: Cormacks methods ac-
cording to the implementation of Kontrym-Sznajd [KS08a] and a least-squares method using
a regularisation functional based on maximum entropy. The authors reconstruct the electron
momentum density of gadolinium from 16 resolution corrected 2D-ACAR spectra measured
perpendicular to the c-axis with a spacing of 2° obtained with the Bristol spectrometer. It is
found that the maximum entropy method produces smoother results and by construction avoids
negative values for the density which can occur for higher momenta when Cormacks method is
used. But in general the two method yield similar results.

Holmium

A spin dependent investigation of the electronic structure of Holmium was undertaken by
Hamid et al. [HUO04]. Using a discrete Fourier transform method for the reconstruction of the
three-dimensional density the authors were able to identify several Fermi surface sheets.

Celn3

The work on Celng resembles another 2D-ACAR study on a rare earth compound performed by
the Bologna group around Biasini et al. [BFC03]. The Bologna method of obtaining the Fermi
surface differs only in details from the method of the Bristol group. The Gerhard de-Citter
algorithm [GMSW98] is used to correct the experimental data for the finite resolution of the
spectrometer. This method is closely related to the maximum entropy filtering employed by the
Bristol group. From the corrected spectra the three-dimensional electron-positron momentum
density is reconstructed either by using Cormacks method or the filtered back-projection
technique. Then the three-dimensional LCW-transformation is used to fold the p-space density
back into k-space where the Fermi surface breaks are identified by the discontinuities in the
resulting distribution. The author applied this prescription to five 2D-ACAR projection of Celng
and were able to intensify two hole-like and one electron-like Fermi surface sheet of Celns. The
obtained experimental results are then compared to two different theoretical predictions of the
Fermi surface for itinerant or localized f-electrons. It was found that the so-called f-core model
with localized f-electrons describes the data best. Therefore, within this study the authors
were able to ascertain the localized behaviour of the f-electrons which has been disputed in
literature.




30 2D-ACAR spectroscopy

TmGas

Biasini et al. [BKSM*01] have undertaken a Fermi surface study on the rare earth compound
TmGas which shows anti-ferromagnetic ordering which is related to the topology of the Fermi
surface. It also shows a complex low temperature phase diagram (see for example reference
[PCGT99]) with different magnetically ordered states. Like NigAl this system crystallizes in the
cubic L1g structure. The authors used a Gerhard de-Citter algorithm [GMSW98] to correct
the raw spectra for the experimental resolution and used then two different methods for the
three-dimension reconstruction: Cormacks method and a filtered-back-projection. The authors
state that both reconstruction methods deliver comparable results. Different Fermi surface
sections capable of nesting could be identified and the values for the spanning vector obtained
from both reconstruction method agree within the error limits. The length of the spanning
vector is found to be compatible with commensurate anti-ferromagnetic ordering. The authors
proceed by obtaining the specific heat parameter of the electronic system by determining the
number of states at the Fermi surface. This way the specific heat parameter associated with
the hole-like and electron-like Fermi surface sheets could be estimated. However, since no
re-normalisation of the electron band mass can be obtained from 2D-ACAR data the values are
only in fair agreement with the theoretical predictions.

UGez

Like the transition metal compound ZrZns the rare earth compound UGe, shows a coexistence of
ferromagnetism and superconductivity [SAA100]. Biasini et al. [BT03] performed a 2D-ACAR
investigation in the paramagnetic phase of UGey. 2D-ACAR is the method of choice to investigate
this system since in the high fields used in quantum oscillation measurements the Fermi surface
is perturbed due to the Zeeman splitting or even magnetic breakdown. The 2D-ACAR spectra
were corrected for the resolution of the spectrometer using the Gerhard de-Citter algorithm
[GMSWO98] and analysed in terms of the radial anisotropy and LCW-folded two-dimensional
projections. The obtained k-space projections are compared with LDA calculations using the
so-called f-band model. It is found that the discrepancies between theory and experiment
can neither be attributed to positron probe effects nor to the consequence of an oversimplified
band-structure calculation. By comparison with results from dHvA measurements the authors
conclude that the f-electrons do not contribute to the superconductivity of UGes.

GdTeg

A study on rare earth compounds performed by the Bristol group was published by Laverorck et
al. [LDMT05]. The authors studied the class of rare earth tellurides by the example of GdTes.
Due to the high anisotropy in these system they are often considered as low-dimensional metals
and show a charge density wave ground state. The authors analysed the 2D-ACAR data by
comparison between the experimental LCW-folded data and LCW-folded projections of the
electron density from band structure calculations. This is sufficient to determine the Fermi
surface since it has a strong two-dimensional character. The Fermi surface was obtained using
the zero-crossing method of Dugdale [DAF194]. From the obtained Fermi surface a nesting
vector was determined which was found to be in agreement with the theoretical calculation as
well as with experimental results from angle resolved photo-emission spectroscopy. This nesting
feature is assumed to be the driving force for the charge density wave ground state.
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LUNiQBQC

Motivated by the fact that dHvA measurements were unable to determine the Fermi surface
topology of the rare earth nickel borocarbide LuNisBoC Dugdale et al. [DAWT99] performed
a 2D-ACAR investigation on this system and were able to recover its Fermi surface as well
as a nesting feature which is conjectured to be the driving mechanism of superconductivity
in LuNiysBsC. The authors applied the zero-crossing method to determine the contours of the
Fermi surface from two maximum entropy filtered 2D-ACAR projections. Due to the limited
number of projections a three-dimension reconstruction was not possible. However, the nesting
feature of the Fermi surface could be recovered from the projected data and was found to be in
good agreement with the Kohn-anomalies found in neutron scattering experiments.

2.3.4. Oxides and exotic materials

The class of oxide materials is of high interest mainly because of its wide range technological
applications which span from data storage to laser applications. 2D-ACAR was applied to
investigate the electronic structure of these materials either to benchmark theory predictions,
like in the case of CrOq, or to investigate the Fermi surface topology directly which was done
for the High-T superconductors.

CI’OQ

Chromium(IV)-oxide is well known for is usage for in magnetic tape data storage. Due to its
high magnetic anisotropy CrOg possesses a high coercivity which makes it ideal for magnetic
data storage. Theory predicts CrOs to exhibit half metallic character [TKSOO05]. From the
experimental perspective this system is interesting because different theory models (LDA+U or
LSDA) result in different Fermi surface topologies. Photo electron spectroscopy measurements
on CrOs show a high spin polarisation of up to 100 % below the Fermi level [DFK*02], but suffer
from a diminishing signal when the Fermi level is approached. Motivated by this Biasini and Rusz
undertook a theoretical assessment for a 2D-ACAR experiment on CrOy [BR06, RB07, BRO7].
In the course of this investigation the authors developed the idea of magnetic ACAR. It was
found that by taking the difference of two ACAR spectra with the sample differently magnetised
the probe effects associated with the positron are almost cancelled. Here the authors subsume
both electron-positron correlations and positron wave function effects under the term positron
probe effects. The key to the method of magnetic ACAR lies in taking the magnetic difference
followed by the application of the LCW-backfolding procedure. The authors found that this
way the effects of a non-uniform positron density over the Brilluin zone (i.e. the positron wave
function effects) can be avoided. It is concluded that information on the Fermi surface can be
obtained by 2D-ACAR which would be inaccessible in a conventional non-magnetic 2D-ACAR
measurement. Although the investigations of Biasini and Rusz were limited to half metals they
speculate that the scheme of magnetic ACAR could also be applied to generic ferromagnetic
systems. In the present work this investigated whether the claims of Biasini are more general in
nature by an analysis of the positron effects in ferromagnetic nickel (see chapter 6).
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YBaQCU3O77§

Once untwinned single crystalline samples became available the high-Tx superconductor
YBaysCu3zO7_s naturally attracted much interest from 2D-ACAR experiments since the su-
perconductivity is supposed to be driven by a nesting feature of the Fermi surface [HKR'91].
Several features of the Fermi surface could be identified by 2D-ACAR measurements (see
[HKR191, PBSM94, MSH"95]). However, these features were always related to the electronic
structure of the copper oxygen chains and not to the central two CuOs-planes. In between
those two planes the superconducting electron states are expected. A recent detailed theoretical
and experimental investigation by Reiner et al. [RGJ115] revealed that due to wave function
effects the positron is almost completely excluded from the central CuOs-planes and practically
exclusively samples the outer plane of the CuO-chains. Therefore, the 2D-ACAR studies on
this systems have to considered with a grain of salt.

Organics

Organic compounds have also been studied by means of 2D-ACAR. The most prominent example
is trans-stilbene, which is used, for example, as a scintillator material or as a gain medium
in dye lasers. Trans-stilbene is one of two isomers of the stilbene molecule the other being
cis-stilbene. The two isomers can be converted into the other by the absorption of light which
makes this compound interesting for the above mentioned optical applications. Due to the
aromatic character of the trans-stilbene molecule the delocalized electrons are expected to
effectively prevent positronium formation. Selvakumar et al. [SSS12] found experimental proof
for this in a 2D-ACAR experiment. The authors did not observe a narrow component in the
TPMD which would indicate para-positronium self-annihilation. The authors interpreted the
complete absence of the narrow component as missing free volume around the molecule. However,
this interpretation may lead to far, although the 2D-ACAR result was found in agreement with
positron lifetime measurements [BMS™95] the suppressed positronium formation observed can
be due to the chemistry of the sample even though open volume is present.




Chapter 3.

Experimental setup

3.1. Layout of the new 2D-ACAR spectrometer

In this chapter the technical aspects of the experimental setup of the Munich 2D-ACAR
spectrometer are presented. The focus is put on the technical design of the spectrometer and
its the performance is discussed in terms of resolution and positron transport efficiency.

3.1.1. Overview

The 2D-ACAR spectrometer consists of two main components, the source-sample chamber
including the sample environment, and the detector assembly consisting of two Anger-type
~-cameras [AD64], which were obtained from the positron group of Bristol university. A total
view of the spectrometer is given in figure 3.1 (A).

In the following the sections the individual components of the spectrometer are discussed in
detail. The data acquisition is touched only marginally as this was part of a different project by
Weber [Webl15].

3.1.2. Detector system

The Anger cameras consist of a large Nal: Tl scintillation crystal with a thickness of 10.5 mm
coupled to 61 photomultiplier tubes. The active area is collimated to a diameter of 41.5 cm by
a lead ring, in order to exclude the part of the detector where the position response becomes
non-linear due to the discontinuity in the light collection efficiency at the borders of the crystal.
The position information is obtained from the center of gravity of the light signal produced in
the scintillator.

The individual photomultiplier signals are summed up in an analogue weighting resistor
network in horizontal and vertical direction and are then divided by the integral signal of all
photomultiplier tubes. The resulting x- and y-signals are shaped and amplified before they are
fed into the data acquisition system. Parallel to the determination of the center of gravity a
logic analyser circuit checks if the integral signal, which corresponds to the energy of the event,
lies within a window of about £ 35keV around the 511keV photo peak. If this is the case a
logic signal is produced and is fed to an analogue coincidence unit. If both cameras produce an
appropriate analyser signal, the data acquisition is triggered by the coincidence unit.
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Figure 3.1.: Schematic overview of the 2D-ACAR spectrometer. (A) Total view of the
spectrometer, including detectors. The baseline of the Anger cameras is 16.5m in order to
achieve the desired angular resolution. (B) Cut view of the central assembly. The cold finger
of the cryostat is fed into the sample chamber from below. (C) Detailed cut view of the
source-sample chamber with the custom-built pole piece assembly. Sample and source are
positioned symmetrical with respect to the pole pieces.

The two Anger cameras are positioned symmetrically at a distance of 8.25m to the source-
sample chamber. As the typical angular deviation lies in the order of milliradians, a long baseline
is needed to resolve such small angles. The angular resolution is limited due to the finite spatial
resolution of ~ 3.9 mm of the Anger cameras. By increasing the baseline the angular resolution
could be improved at the expense of the count rate, which decreases quadratically with the
length of the baseline. An asymmetric spacing of the detectors relative to the sample chamber
would result in a momentum sampling function with flat center [Kru99], which can be beneficial
for the data treatment. However, the attainable resolution is always limited by the detector
with the shorter distance to the sample. Therefore, a symmetric spacing is chosen in order to
achieve the maximum resolution limited by the available space in the experimental hall.

To avoid errors by a transverse pitch and yaw of the Anger cameras their respective axes are
aligned collinear with an accuracy of +1 mm using a laser positioning system in combination
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Figure 3.2.: Simulation of the light distribution in an Anger camera for a 511keV event. On
the top and on the left the projection of the light distribution as it is seen by the Anger camera
is shown together with the enveloping projection of the full signal.

with a theodolite. Minor misalignment of the detectors can also be corrected offline in the data,
since the positions for each coincident event on the detectors are stored in list-mode. By this it
is also possible to correct the data for spatial distortions inherent to the Anger cameras position
response [LCW12]. Using this correction procedure the resolution for the 2D-ACAR can be
improved by & 10 %. All values in the context of the present study stem from uncorrected data
as this allows a better assessment of the spectrometer performance. Variations and drifts in the
gain of the electronics cannot be corrected that easily, therefore, in order to damp temperature
fluctuations in the experimental hall, the Anger cameras are housed inside acrylic glass boxes
insulated with Styrofoam.

There are certain limits to the achievable detector resolution due to physical and technical
reasons. The absolute limit for the detector resolution is given by the range of the photo-electron
that is created when a ~-ray interacts with the scintillator crystal. This so-called CSDA-range
[BCZCO5] is determined by the scintillator material. In the case of 511keV radiation the range
of a photo-electron is about ~ 0.62mm. A further physical limitation results from the fact
that also multiple Compton scattering followed by a subsequent photo effect of the Compton
scattered photon is indistinguishable in the summed up energy signal of the Anger camera from
a single photo effect interaction. In the case of Nal the probability for Compton scattering is
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Figure 3.3.: Illustration of the origin of the systematic error that is acquired by the discretisation
of a continuous distribution. Without loss of generality the originating light distribution in the
example is assumed to be Gaussian. The assumed center of gravity of any bin is always shifted
away from the maximum of the distribution.

about 4.5 times higher for 511keV radiation than for the photo effect. The probability for a
subsequent photo effect interaction of the Compton scattered photon is then determined by the
mean absorption length and the crystal geometry. For a back scattered photon with an energy
of 170keV the absorption length in Nal is about 6 mm which is the same range as the thickness
of the crystal. A double event from backscattering has however no detrimental effect on the
resolution as both events lie on the line-of-sight of the detector. The situation is different for
photons scattered to smaller angles. If one considers 90° scattering the scattered photon has
an energy of about 250keV and an abortion length of 10 mm, but due to the geometry of the
crystal the photon will almost always be interacting inside the crystal. Also at this energy the
probability for photo effect is about the same as that for Compton scattering. The effect on the
achievable resolution by multiple events can only be fully assessed by Monte-Carlo simulations
due to the influence of the crystal geometry, i.e the escape probability of the Compton scattered
photon. To give an estimate the transversal projection of the absorption length [sin ¢ as a
function of the scattering angle ¢ is averaged from tabulated values assuming that the differential
cross section for Compton scattering is constant:
™

5 = M/O snol(E(¢) with  E(6) — %
A value of ér = 0.64cm is found, which is comparable to the range of the photo electron.
Although in this crude approximation the energy dependence of the branching ratio between
Compton scattering and photo effect is not considered this serves a an estimate for the detrimental
effect of multiple events on the achievable detector resolution. These two effects discussed here
give the hard physical limit for the detector resolution.

Besides the physical limitation for the spatial resolution there are several technical limitation
to the operation principle of the Anger camera. The position information is acquired by the
center of gravity of the signal amplitudes of the photomultiplier matrix. This discretisation of
the light signal from the crystal is accompanied by a further limitation for the spatial resolution.
An illustration of the distribution of the light signal is shown in figure 3.2. The light output
from the Nal crystal after the absorption of a 511 keV photon via photo effect amounts to about

(3.1)
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19400 photons per event. The scintillation light is emitted isotropically but diffuse reflection on
the backside of the crystal and total reflection on the front broaden the light distribution. This
has also been taken into account for the simulation in figure 3.2. The resulting light distribution
is well described by a single Gaussian. The width is strongly dependent on the optical coupling
of the photomultiplier tubes to the scintillator. When an air gap between the PMTs and the
crystal is take into account according to the operation manual of the Anger cameras the width
of the distribution is about the same as the diameter of the photomultiplier tube. Therefore,
two aspects have to be considered: the error of the signal amplitude of each photomultiplier due
to photon counting statistics and the systematic error due to the finite size of the multiplier
which both factor into the accuracy of the position reconstruction. As stated above the position
x of the registered event is determined by the center of gravity of the individual photomultiplier
signals

o — i Tif () (3.2)

from the position of the photomultiplier tubes x; and the amplitude of the light signal f(z;).
The statistical error of the center of gravity is therefore given by:

T 2
Alstar = JZ (af(wi)A f(xi)> (3.3)
Ox oy fw) = Y wif (@)
of (@) ~ o f@)? (38.4)

The systematic error originates from the non-uniform light distribution. For the electronic
determination of the total center of gravity it is assumed that the light distribution over the
photomultiplier tube is uniform. But in reality this is not the case. Therefore the positions z;
of the photomultiplier tubes do not coincide with the center of gravity of the light signal for
each photomultiplier. This is illustrated in figure 3.3. The non-uniform light distribution leads
to a deviation of the assumed position z; from the actual center of gravity. For a reasonable
number of PMTs and a realistic light distribution this error is maximal when the events occurs
directly between two photomultiplier tubes.

Hence, both the statistical error as well as the systematic error depend on the position of the
event, the size and spacing of the photomultiplier tubes and on the form of the light distribution.
Since the errors can hardly be treated analytically they are estimated by a numerical simulation
of the problem. The total photon count in the light distribution is assumed as Gaussian with
a fixed integral of 19400 photons and the spacing of the photomultiplier tubes is set to zero.
Then the statistical error and the systematic error are calculated for different diameters of the
photomultiplier tubes. The width of the tubes (further referenced to as binwidth) is thereby
expressed in relative units of the width of the light signal distribution ¢. The calculated error
budget is shown in figure 3.4a). The statistical error increases as the binwidth decreases due to
the limited number of registered photons while at the same time the systematic error decreases
due to the fact that the distribution of the light across one bin becomes more and more uniform.
Therefore, a pronounced minimum is found in the total error budget shown in figure 3.4a). To
achieve the best spatial resolution an optimal detector based on the center of gravity method
should therefore feature a discretisation pattern of about half the width of the light distribution.
This is however not the case for the Anger cameras which have a binwidth of about 1. The
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Figure 3.4.: Illustration of the effect of non-linear position correction. Statistical and systematic
error as a function of the width of bin. The binwidth is given in relative units in terms of the
width o of the light distribution, e.g. a binwidth of 1 means that 66 % of the total light is
collected in one bin if the event takes place in the center of a bin.

reason for that is assumed to be mostly of technical and monetary nature as for the same active
area a much larger number of photomultiplier tubes and electronics would be necessary.

However, these shortcomings can be partially eluded when a non-linear amplification of the
light signal is used. This means, before the center of gravity is determined the individual signals
from the tubes f(x;) are treated by a non-linear amplification function g(f(x;)). Different
forms for g are shown in figure 3.5a). The effect of non-linear amplification on the shape of the
registered light distribution is shown in figure 3.5 b). It results in a broadening of the distribution
function associated with a decrease of the systematic error due to the non-uniformity of the
light distribution as shown in figure 3.4b).

For this study a non-linear amplification g(x) = /x is assumed but it was found that the
exact form of the non-linear amplification is not very important to achieve the desired effect.
Using this amplification function it was found that the total error in the position reconstruction
could be decreased by a factor of 1.9 (as can be seen in figure 3.4b)). Within the electronics of
the Anger camera the non-linear amplification is realised by a piecewise linear amplification (as
shown in figure 3.5a)).

In these considerations a linear chain of photomultiplier tube was assumed. The effect for
the realistic case of of a two-dimensional hexagonal matrix is studies in figure 3.6. Events
were distributed along a regular pattern over the photomultiplier matrix and the position
were determined according to equation 3.2. As can be seen in figure 3.6 b) the reconstructed
position are dragged towards the centers of the photomultiplier tubes. By using the non-linear
amplification for the diameter (2.5in) and the spacing (7mm) of the photomultiplier tubes
the obtained positions now resemble the initial pattern only with minimal distortions. The
compensation of the systematic distortions of the obtained positions is crucial. The error due the
discretisation of the light signal amounts to Azgys = 2.4mm and Az = 0.3 mm resulting in a
total error of Azgis = 2.5mm. In combination with the physical limitations of the ~-interaction
the total resolution of the Anger camera is limited to Azyy = Azqis + AZphys = 3.1mm.
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a. Amplification. b. Effect non-linear of amplification.

Figure 3.5.: a): Different amplification functions: linear (green), piece-wise linear (blue) and
x v/z (red). b) The effect of non-linear amplification on the shape of the light distribution. A
non-linear amplification function broadens the distribution at the expense of statical precession
(lower plot).

a. Without any correction. b. With non-linear correction.

Figure 3.6.: Illustration of the effect of non-linear position correction. The positions are
determined by the center of gravity in the x- and y-projections. The reconstructed positions
are dragged towards the center of a PMTs (red) the gaps (blue) between the PMTs are chosen
similar to the real setup of the Anger camera.




40 Experimental setup

1.0F — Fit 2FWHM=3.9Imm)
¢ data
08} : ;
2
@ 0.6
]
<
E o4l ,
5 ;
< :
0.2
NEBaRY
T
-15 -10 -5 0 5 10 15

position (mm)

Figure 3.7.: Cut through the detector image with parts of the detector covered by a 10 mm
thick WggCuseg absorber. The resulting edge in the detector image is fitted by an error function.
A value of 3.9 mm (FWHM) is found to describe the data best which is slightly bigger than the
value given by the manufacturer for the spatial resolution of 3.5 mm (FWHM).

This approximation is found to be in satisfactory agreement with the experimental value
AZerp = 3.9mm that was determined by covering parts of the detector with tungsten bricks
and fitting the recovered edge in the resulting detector image with an error function (see figure
3.7). The result also indicates that there is room for improvement which motivated a detailed
experimental study of the Anger camera resolution.

To study the detector resolution in more detail the entire detector was illuminated through a
steel grid with holes in a hexagonal pattern. The thickness of the absorber was 8 mm, which
amounts to an abortion of 41 % of the 511 keV radiation, the diameter of the holes was 3 mm
and the spacing of the holes was 5mm. A partial image of the resulting detector image is shown
in figure 3.8 corrected for low and high frequency noise by convolution of the grid with the
difference of two Gaussians the enhance the structure of the grid. This width of the narrow
Gaussian is chosen smaller than the hole size to smooth out statical variations from pixel to
pixel. The width of the broader Gaussian is chosen accordingly larger than the hole size to
compensate variations on larger scales than the grid structure. The positions of the holes are
then fitted in the detector image by a two-dimensional Gaussian. It is found that the recovered
positions do not follow the hexagonal pattern of the mask (as indicated in figure 3.8 b)). The
length scale of these distortions is found to be in the same range as the detector resolution and
gives therefore rise to a systematic error for the position reconstruction.

An elegant and computational efficient method to correct these distortions on an event
by event basis was developed by Leitner [LCW12] based on the data of this study. From the
knowledge of the actual hole pattern a look-up table is calculated in order to correct the measured
positions. For this it is necessary that the data is available (in the form of a list of events)
for each detector since for the histogrammed ACAR spectrum the event positions from both
detectors are required. The problem of finding the distortion vector field was solved by Leitner
by formulating a minimisation problem with a regularisation functional. The minimisation
problem consists in finding a field f that translates the positions of the hexagonal pattern x
to the obtained positions y which are only know to certain accuracy Ay so that the condition
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a. Grid. b. Peak positions.

Figure 3.8.: Sections of the detector image when the detector is illuminated through a steel
grid. a) Detector image corrected for high and low-frequency noise.b) Expected positions of the
holes (red) imaged onto the detector. Small scale distortions can be observed.

(f(z) — y)?/Ay? = min is fulfilled. An additional regularisation functional, which can be
though of as the potential energy of springs connecting the nearest neighbours, punishes strong
deviations from the hexagonal pattern and ensured that the resulting field is smooth (for details
see [LCW12]). In order to obtain the undistorted image x the inverse function of f(x) has to
be calculated, however the distortion field is only known on the positions of the hexagonal grid
which makes an interpolation between the grid points necessary. To avoid the Moiré-effect and
to preserve the poisson nature of the data a random number smaller than the bin size used
for the histogramming is added to the corrected positions. By use of this method the small
scale distortions in the detector image can be corrected. A comparison of the corrected and the
uncorrected image is shown in figure 3.9. Leitner et al. [LCW12] also showed that by correcting
this distortions the contribution of the detector resolution in an 2D-ACAR measurement could
be improved by a factor of 1.7. A detailed discussion on this is given section 3.2.

3.1.3. Data acquisition

In this section the readout of the detectors is discussed. During this thesis the electronic readout
of the detectors was fundamentally renewed and improved by Weber [Web15] in his thesis.
Details of the complete digital readout and the specifications of the electronics and software
are found in the thesis of Weber. However, the principle of the readout will be discussed here
and the focus is put on the unchanged parts of the detector electronics. Each detector features
a hexagonal matrix of 61 photomultiplier tubes. Each tube is fitted with a charge sensitive
pre-amplifier. The coarse gain of these pre-amplifiers is adjusted by the a reference voltage from
the MIAMI-board while the integral gain of the detector can be adjusted by a careful variation of
the high-voltage that supplies all photomultiplier tubes. The signal from the pre-amplifiers can
be checked with an oscilloscope at a test pin on the boards. These signals are individually fed
to the so-called PIG-boards that are located on the MIAMI-board. The non-linear amplification
of the signal discussed in the previous section occurs at this next step. From the pre-amplifier
four signals x1, x2, y1,y2 are created in the PIG-boards. The x; and y; signal are subjected to a
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a. Without correction. b. With correction.

Figure 3.9.: Effect of the correction on the obtained detector image. The corrected image
appears smoother and the distortion of the edge are compensated.

non-linear amplification. All x; from the same row and all y; signals from the same column are
fed to high impedance summing amplifiers. The signals from these summing amplifiers are fed
to a weightening resistor network with the values of the resistors increasing linear along the
rows and columns respectively. The output of the resistor network is then once more integrated
by a summing amplifier. A line driver produces the resulting Gaussian shaped weighted x and
1y signals.

The z2 and g9 signals are also summed up in rows and columns but the summed signals are
fed to resistor network with equal weightening. The integrated and weighted column and row
signals are then also summed up and a line driver produces the resulting Gaussian shaped z
signal. The z signal corresponds to the total energy of the event that has been registered by the
camera. Therefore, according to equation 3.2 the x and y signal have to be divided by the z
signal to to give a value that corresponds to the position of the event on the detector. In the
setup that was obtained from the Bristol group this division was done electronically on the so
called CANARD-board. Owed to the work of Weber this in not necessary any more. The z,y
and z signals from both detectors are connected to a 8-channel 16 bit sampling analogue digital
converter (Struck-SIS3302) that is connected to the PC via a optic glass fiber interface. Due
to the sampling nature of the ADC the entire Gaussian signals are recorded and the digital
value corresponding to the area under the pulse is stored in a digital memory. The advantage
compared to a pulse-height-analysis lies in the fact that the area can be determined with higher
statistical precision. The digital setup allows for the pile-up rejection and coincidence search in
the signals from both detectors and the correction of the z and y signals for the z signal to be
carried out online. The singles as well as the coincident events are stored on the hard drive in
the form of binary list mode data. The single events are saved with a 64 bit time-stamp from
the ADC clock followed by two 32 bit numbers corresponding to the actual z and y positions
on the detector and a 32 bit numbers corresponding to the energy of the event (z signal). The
coincident events are stored in the form of six 32 bit numbers corresponding to the actual x
and y position, the energy of detector one and the actual x and y position and the energy of
detector two. The form of these data allows to determine the energy windows for the 511 keV
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events in the offline analysis.

3.1.4. Data treatment

In this section the treatment of the data prior to the analysis is discussed. The data is available
in the form of lists for the single events on each detector and for the coincident events. The
single events are necessary to determine the so-called momentum sampling function that is used
to correct the ACAR data for the angle dependent detection efficiency. The coincident events
are of course used to calculate the ACAR spectrum.

Data preparation

Here the recipe for preparing the data for a later analysis is given:

e First, the data is corrected for the spatial distortions using the software package developed
by Leitner [LCW12]. The correction software is implemented in the form of a filter so it
can be applied directly to the list mode data preserving the list character.

e Second, the position of the energy windows for 511 keV photo peaks are determined from
the energy spectra for each detector. This can either be done for the single events or the
coincident data.

e Third, these energy windows are used as a filter to find the true events when the data is
histogramed. The histogramming of the singles is straight forward. The ACAR spectrum
is calculated from the coincident data according to equations 2.20. Therefore, the size of
the two-dimensional histogram for the ACAR data is twice that of the single data.

e Fourth, the ACAR spectrum is corrected for the momentum sampling function that is
given by the convolution of the two single spectra. One spectrum has to be flipped on the
vertical axis to account for the fact that the detectors are facing each other. Details on
the momentum sampling function are discussed below.

Correction for the momentum sampling function

The momentum sampling function describes the detection efficiency for a certain angle in the
ACAR spectrum. It is given by the number of positions or pixels on each detector that can be
connected under a given angle with respect to the sample position. With the position dependent
detection efficiency €1(z1) and ex(z2) of the detectors. The probability of detecting a coincident
event with the angular correlation 6 = xo9 — 1 given in the small-angle approximation (without
loss of generality x; and 2 are taken in units of the sample detector distance) is found to be

P(§) = /61(331) ea(0 — z1)dx1. (3.5)

Hence, the momentum sampling function is given by the convolution of the two individual
detector efficiencies. In the experiment the detector efficiency is given by the geometry (active
area), the local detection efficiency and the illumination, i.e. the homogeneity, of the detector
image, which is in fact inhomogeneous due to absorption in the sample. It can be easily
determined as the normalized single spectra resemble exactly this quantity. The momentum
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a. Momentum sampling function. b. Single detector image.

Figure 3.10.: a) The momentum sampling function obtained for a measurement of tungsten.
the asymmetry is due to the absorption inside the tungsten sample. b) One of the single detector
images used in the calculation of the momentum sampling function in 3.10a). The low count
rate in the lower half of the detector is due to absorption in the tungsten sample.

sampling function can therefore be acquired by the two-dimensional convolution of the two
single camera images €1 (6, 0,) and €2(0,,6,):

MSF(6,,0,) = / / e1(0, — 0,0, — 0) - ex(61,,61)d0.0), (3.6)
The correction of the ACAR spectrum for the momentum sampling is then done by dividing the
ACAR spectrum N(6,,6,) by the MSF. An extreme example for a measurement of a tungsten
sample is shown in figure 3.10. The momentum sampling function allows for the correction of

the partial shadowing of the detector. However, it can not account for the distortions discussed
in section 3.1.2.

Adjustment of the photomultiplier gain

The fine gain of the PMTs is set by face-side ten-turn potentiometer on the pre-amplifier boards.
An adjustment of the fine gain is usually necessary about once per year in order to ensure a
mostly homogeneous detector image. In order to adjust the fine gain all pre-amplifiers are
switched off by DIL-switches on the MIAMI-board except for the one to be adjusted. The
position compensation (non-linear amplification) is also turned off also by a DIL-switch on the
MIAMI-board. Then a ??Na point source is placed directly in front of the active PMT and the
resulting energy spectrum is recorded from the energy signal output of the detector. For this it
was found that no benefit was achieved by a simultaneous illumination of the entire detector
by the ?2Na source of the ACAR spectrometer. The fine gain is adjusted in a way that the
photo-peak appears at the same position for all photomultiplier tubes. This is done by choosing
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Figure 3.11.: Schematics of the different sample holders.

one reference tube from the center of the camera. This is a tedious work that requires two
persons to be carried out efficiently. Special care has to be taken when the gain of the tubes at
the corners and edges is adjusted. In order to do so the ?2Na, source is mounted on a thin metal
sheet and carefully moved under the lead ring that covers the the outer part of the detector.
Since at these positions usually no clear photo-peak can be observed in the energy signal. So
the high energy edge of the obscured photo-peak is used to adjust the gain. Afterwards all
pre-amplifiers and the position compensation are switched back on.

3.1.5. Sample environment

Within this thesis a closed-cycle cryostat was purchased and a sample mount was constructed.
Furthermore, a alternative heatable sample holder was constructed for measurements at elevated
temperatures so that the 2D-ACAR spectrometer features two interchangeable sample holders,
for both heating and cooling the sample. Temperatures between 10 K and 650 K can be achieved
depending on the sample and hence enable the study of temperature driven effects on the
electronic structure.

The sample holder can be cooled by a closed-cycle cryostat (SUMITOMO RDK-415D) with
an extended 22 cm long copper cold finger. The temperature is controlled with a PID-controller
via two 502 cartridge heaters and a Si diode which are directly coupled to the second stage
of the cryostat. Since the temperature at the sample position is slightly different, the sample
temperature is separately monitored with an additional temperature sensor which is mounted
close to the sample. The wirings for the heating and the temperature measurement are thermally
anchored on the first stage of the cryocooler to minimize the external heat flux to the sample.
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Figure 3.12.: a) Temperature of the sample and at the control point plotted versus time
together with the residual pressure in the experimental chamber during the cooldown process
and during the warmup process b).

The heatable sample holder is composed of a heating filament in form of a 8 {2 coaxial heating
wire, which is coiled on a copper spindle in order to increase the thermal inertia of the system.
The temperature is measured with a standard K-type thermo couple that is fastened to the
copper rod close to the sample and controlled with a standard PI-temperature-controller. To
minimize the necessary heating power the heater block is decoupled from the vacuum chamber
by stainless steel fittings with low thermal conductivity and insulated to the environment by an
aluminium heat shield. Sketches of the two sample holder are shown in figure 3.11.

The performance of the coolable sample holder is illustrated in figure 3.12. The cooldown
from ambient temperature to about 10K at the second stage takes about 70 minutes. The
offset of about 5K in the measured temperatures at the second stage of the cryocooler and the
sample position is also present at room temperature. It was found that this offset increases over
time and was not present when the system was cooled for the first time. This is speculated to
be due to radiation damage in the Si-diode due to the irradiation with high energy positrons
and 7-radiation from the ?2Na source. Therefore the sample temperature is corrected for this
offset. As can be seen in figure 3.12a) the cooling speed increases rapidly below 70 K which is
owed to the temperature dependence of the heat capacitance of the copper coldfinger. Also the
residual pressure inside the experimental chamber decreases when the cooling is started due to
condensation of residual gas on the coldfinger. During the warmup procedure (shown in figure
3.12Db)) the evaporation of atmospheric gases can be observed as peaks in the residual pressure.
First argon then nitrogen and oxygen and finally water evaporate from the cold finger. The
peak from the water evaporation is strongly pronounced due to the fact that water is pumped
very inefficiently by the turbo-molecular pump used in the setup.

3.1.6. Design of the source-sample chamber

The challenges for ACAR lie on the one hand in the maximization of the count rate, and on the
other hand in the optimization of the achievable angular resolution, which is given by the spatial
resolution of the detectors, their distance, the sample temperature and the positron spot size on
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pole-piece

experimental chamber

vacuum seal

into chamber

Figure 3.13.: Optical image of the experimental chamber. The tips of the pole-pieces can
be seen extending into the chamber. The cold finger mount with sample on top is protruding
through the axial bore of the lower pole-piece. The source rod made of elkonite juts through
the axial bore of the upper pole-piece. The source rod is fitted with two elastomer caskets to
separate the high-vacuum region in the experimental chamber from the fore vacuum section in
the source storage.

the sample. In order to improve the resolution the first concern is to minimize the positron spot
on the sample. In addition, the sample should be easily accessible, and the spectrometer should
enable the study of temperature dependent effects on the electronic structure, such as phase
transitions.

All these considerations were taken into account when designing the setup presented in figure
3.1 (B) and (C). The positrons are emitted from a *?Na source deposited on a Ta reflector
inside a standard source capsule, which was developed in the positron group of Martin-Luther-
Universitét in Halle (see figure 2.1). The Ta reflector is used to increase the emission of positrons
into the lower half-space.

The source capsule is held inside an WgyCuyg (elkonite) rod, which is connected to a motorized
linear manipulator. The source can be moved into a heavily shielded storage position, for example
when the sample is changed. The position of the source capsule and the sample are symmetric
with respect to the pole pieces of the electromagnet. The source rod is fitted with two elastomer
seals and, when positioned in the measurement position, separates the fore vacuum source
storage position from the high-vacuum experimental chamber. This reduces the volume that
needs to be pumped by the turbo-molecular pump and allows for lower residual pressures to be
reached.

For all considerations presented below a distance between source and sample of 20 mm was
chosen (see figure 3.13), as this value turned out to be optimal with regard to the background
produced by the source itself and the positron transport from the source to the sample. A larger
distance between source and sample would result only in a minor decrease in the background in
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the ACAR spectrum, but puts higher requirements to the magnetic guiding field. To produce
the guiding field two custom built soft-iron pole pieces are used. The pole pieces have a central
bore which allows for the retraction of the source from the sample chamber and for feeding the
cold finger of a 4 K closed-cycle cryocooler into the sample chamber. The bore in the base of the
lower pole piece is widened so that it can accommodate the heat shield of the cryocooler. The
central sample chamber connects the two pole pieces at a fixed distance and also makes them
part of the vacuum system. The two pole pieces are therefore an integral part of the sample
chamber, which is pumped by a turbo molecular pump from below. This layout frees up space in
the central part between the field coils and hence allows the lead shielding to be more compact.
The pole piece assembly is placed inside a commercially available electro magnet with a soft
iron yoke (GMW model 3473-70). A 5kW high current power supply (Imax = 75A) is used to
generate the magnetic field of up to 1.1 T. The normal conducting copper coils are water cooled.
The magnet cooling circuit is separated by the lab cooling water supply for a water-water heat
exchanger. This protects the delicate magnet piping from pressure surges of the cooling water
supply of the lab and allows to use deionized water in the magnet cooling circuit to protect it
from corrosion. The magnet temperature and resistance as well as the cooling water flux are
constantly monitored and connected to an interlock system that safely shuts down the magnet
in case of for example the loss of cooling water.

The cryocooler is attached to the vacuum system by a motorized differentially pumped rotary
platform. This way the orientation of the sample can be changed by £90° with respect to the
detector axis without breaking the vacuum or cooling to an accuracy of +0.1°. The entire lower
section of the spectrometer can be disconnected from the sample chamber and lowered by a
hand driven worm gear unit in order to facilitate the change of the sample holder from the
coolable option to the heatable.

The annihilation radiation produced in the sample leaves the sample chamber through 1 mm
thin aluminium windows. The transmission of these windows is 97.7 % for 511 keV quanta. In
order to screen the background contribution in particular the 1275keV v-radiation from the
source, the sample chamber is enclosed by 25cm of lead shielding with a 16 mm bore along
the line of sight from the sample to the detectors. Hence, apart from the line of sight of the
detectors the radiation exposure in the lab is minimized.

3.1.7. Magnetic field configuration

Particular care was taken when designing the pole pieces of the electromagnet. The magnetic
field is necessary to transport the positron from the source to the sample otherwise the positron
flux on the sample would only be given by the solid angle of the sample as seen by the source. In
addition, as mentioned above the positron spot size on the sample also influences the resolution
of the ACAR spectrometer.

In the literature [WMW81, BDD'82, Kru99, Eck90] several examples of magnet arrangements
used for 2D-ACAR spectrometers using ?Na source are found. The apparatus developed by
West et al [WMW81] features a normal conduction electromagnet with the source in a fixed
pole piece geometry. The source is mounted on the face of one pole piece and the sample is
introduced on a coldfinger in radial direction. This makes it difficult to change the sample
orientation relative to the detectors without removing the sample from the spectrometer. The
setup presented by Kruseman [Kru99] uses also a radial positioning of the sample but the sample
holder if fitted with gear drive that allows for the sample orientation to be changed. However, the
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positioning accuracy is limited by the complex mechanics. The magnet configuration developed
by Eckert [Eck90] is comprised of s split-pair superconducting magnet with an axial bore. Source
and sample are positioned asymmetrically inside the magnetic field with a gradient of gﬁr‘:ﬁ of
up to 5 : 1 in order to focus the positrons onto the sample. However, the focus effect is limited by
the isotropic emission of the the e™ source. Another apparatus using a superconducting magnet
was developed by Bisson et al. [BDD'82]. Here the source and the sample are positioned
symmetrically at a distance of 5.9 mm through the axial bores inside a cryogenic 2T magnet.
The sample can be cooled via the bath cryostat and the temperature is controlled with an
electric heater. The source is mounted at a fixed position inside the magnet and the orientation
of the sample can be changed by rotating the sample holder. This symmetrical axial design was
partially adopted for the design of the Munich spectrometer. However, as a superconducting
split pair magnet was out of the question due to monetary reasons a design based a normal
conducting magnet using soft magnetic pole pieces was devised.

Before designing the pole pieces theoretical calculation of the required field geometry were
undertaken. A charged particle like the positron performs a gyration motion due to the Lorentz
force when its momentum has a transversal component relative to the magnetic field. The
radius of the gyration is given by the strength of the magnetic field B, the positron mass m,
and the transversal component of the positron velocity vy as

mevUT
r= .
eB

(3.7)

In figure 3.14 a) the gyration radius is plotted as function of the positron energy for different
magnetic fields and in 3.14b) as function of the field strength for different positron energies (in
this case the "transversal" energy). In principle a positron is transported from the source to the
sample when the sum of the gyration radius and the radius of the source (2.0 mm) is smaller
than the radius of the sample. For a typical sample radius of 2.0 mm a field strength of ~ 1.2T
is required to transport all positrons from the ??Na spectrum to the sample. This sets the goal
for the required field strength.

Also, to ensure a high count rate the magnetic mirror effect due to a gradient in the magnetic
field has to be avoided. This effect can be easily derived from the adiabatic invariance of the
magnetic flux through the loop of the positron gyration motion

2
PL _ const (3.8)
which leads to ) )
L Yol (3.9)
B(Z) BO

and couples the longitudinal and the transversal motion

B(z
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0

Therefore the longitudinal direction will be reversed when the condition
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Figure 3.14.: a) Positron gyration radius as a function of positron energy. b) Positron gyration
radius as a function of magnetic flux density.

is fulfilled. From this the acceptance angle § = arctan ?Tl, i.e. the emission angle relative to

the z-axis, for which positron are not reflected is determined to

1
8 = arctan ————. (3.12)
B(Z) -1

Bg

Note that the reflection condition is independent on the particle energy and only depends on
the injection angle into the magnetic field. For a homogeneous field the acceptance angle is 90°
and for a gradient of %g) = 2 it is reduced to 45° with an according loss of 50 % of positrons
emitted into the lower half space. A loss < 10 % corresponding to an acceptance angle of 84°
appears acceptable which limits the acceptable gradient in the magnetic field to BB((Z)) =1.01
and sets the design goal for the inhomogeneity of the magnetic field configuration.

A series of FEM simulations was performed in order to determine layout of the ideal pole
piece geometry using the FEM physics simulation toolkit COMSOL [FEM10] before arriving

at the final design shown in figure 3.15a) and in more detail in figure 3.1. Diameter, opening

angle and height of the truncated cone shaped pole pieces were optimized in a way that a region
with a homogeneous (< 1% in the direction transverse to the axis between source and sample)
flux density is created around the sample and the source (see figure 3.15a)). The behaviour of
the pole piece geometry was tested under realistic conditions in the lab with a 1:7 scale model
supporting the results from the FEM simulation.

The simulations and the test measurements revealed that the axial gradient is smaller than
< 1% as desired whereas a radial gradient occurs close to the top of the pole pieces which is due
to the central bore in the pole pieces. However, this bore in necessary in order to position the
source and the sample. To study the influence of this radial gradient simulations of the positron
transport were performed using the results from the FEM simulation. As the positrons are
emitted isotropically from the #2Na source with a continuous energy distribution up to the end
point energy of 545keV the entire spectrum and all emission angles have to be considered. The
results of this simulation are shown in figure 3.16. The energy spectrum of positrons hitting the
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Figure 3.15.: a) FEM Simulation of the magnetic flux density inside the sample chamber.
Between the two pole pieces a region with a homogeneous field is created. Sample and source are
placed inside this region for optimal positron transport. b) Measured flux density in three planes
inside the magnet. The z-position corresponds to the distance to the center of the magnet. The
sample is located in the z = 10 mm plane.

sample was determined for different nominal magnetic flux densities on the central axis. It was
found that for a nominal flux density of 1.0 T almost the complete (98 %) positron spectrum can
be mapped onto the sample. For this simulation a source-sample distance of 20 mm, a source
diameter of 4 mm and a sample diameter of 10 mm were used. This shows that the magnetic
field configuration determined by the pole piece geometry fulfils the design requirements on the
basis of the simulations.

The pole pieces were manufactured according to the obtained design parameters from a special
sulphur-free magnetic steel (ISO 1.2312). The final magnet assembly of H-frame, pole pieces
and coils was rigorously tested in the lab. The field configuration was measured with a Hall
probe mounted on a 3-axes stepper motor driven manipulator. In this way, the field throughout
the entire sample chamber was mapped out and compared to the FEM simulation shown in
figure 3.17b). Excellent agreement is found concerning the shape of the field distribution. The
strength of the magnetic stray field drops rapidly outside the magnetic yoke of the H-frame to
values < 1mT at a distance of more than 40 cm [CWLT13].

The field strength was also measured in three planes perpendicular to the z axis: in the plane
of the source at z = 10 mm, in the central plane of the mirror symmetry at z = 0 mm and in
between at z = 5mm. The results of these two-dimensional scans are shown in figure 3.15b)
and are found to be in excellent agreement with the simulation shown in figure 3.17b). The
plateau is centred around the sample position and has a diameter (at 1.02- Beepger) of &~ 20 mm,
which is well above the typical sample diameter of 6 — 12mm. This demonstrated that the
design criteria regarding the nominal field strength and the homogeneity have been met. A
detailed discussion on the performance under operation conditions of the experiment is given in
the next section.

The maximum achievable flux density in the setup is limited by the current through the coils,
since the distance of the pole pieces is fixed. Using water cooled copper coils a flux density of
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Figure 3.16.: Calculated positron spectrum distribution on the sample, obtained by a Monte-
Carlo simulation. For high flux densities almost the full spectrum is mapped onto the sample.
The calculations are carried out using the momentum representation N(p) of the positron
spectrum, therefore, the binning in the energy representation is not equidistant.

maximal to 1.2 T can be achieved at the central position. However, during routine operation a
value of 1.0 T is chosen, as this greatly reduces the heat dissipation in the coils. Also, the soft
iron is already beginning to saturate at such high fields (see figure 3.17a)).

3.2. Performance

As mentioned, a larger distance of the detectors would yield a higher resolution at the expense
of count rate. However, the overall performance of a 2D-ACAR spectrometer can be judged by
two figures of merit: count rate and resolution. In order to minimize statistical uncertainties,
typically 10% events are collected in a typical 2D-ACAR spectrum. Therefore, the measurement
time is determined by the achieved count rate, which is correlated to the activity of the source
and the positron transport efficiency from the source to the sample. The resolution of the
spectrometer is, among other contributions, also limited by the spot size on the sample.
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Figure 3.17.: a) Dependence of the magnetic flux density at the sample position on the
electric current through the coils. At a current of I.o; & 45 A the soft iron starts to saturate.b)
Three-dimensional representation of the iso-contours of the absolute magnetic flux density. The
spacing between the contours is 0.1T with the central contour at 1.0 T. The lower pole piece is
shown as well to illustrate the geometry.

3.2.1. Positron transport efficiency

The coincident count rate C.. in the detectors is given by the source activity A, the branching
ratio B, for fT-decay of the source nuclide, the detector efficiencies €1 and e, the solid angle
of the detector with respect to the source, the transmission for 511 keV ~-radiation n and the
positron transport efficiency 5:

Ch,=2-A-B-B,-n* € -e-Qfdr.

The factor of two accounts for the emission of two y-quanta per annihilation event. The source
activity at the time of this study was A = (1.56 4= 0.05) GBq. The branching ratio for 3"-decay
of 22Na is 90.3% [Fir05]. The positron transport efficiency 8 accounts for the probability of a
positron produced in the source to hit the sample . Also the absorption 1 —7n = 18.6 % of 511 keV
quanta in the chamber windows (5 mm in this case) and in the air between the chamber and
the detectors has to be taken into account. The individual efficiencies €; and €5 of the detectors
can be easily determined by the ratio of the individual single count rates and the coincident
count rate. The values are found to be € = (7.4 £ 0.1)% and e2 = (6.6 £ 0.1)%. Finally the
solid angle is given by the distance between the detectors and the sample and the active area
of the detectors Q = 1.58 - 10~* - 47. For this estimation the deviation from collinearity of the
annihilation quanta is not considered, as only the edge region of the detectors is affected.

For the determination of the count rate a low-Z-material was chosen as target to minimize
the effect of positron reflection, in this case a polycrystalline aluminium disc with a diameter of
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Figure 3.18.: Measured beta efficiency in comparison with the expectation derived from the
Monte Carlo simulation. The measured values exceed the expectation indicating that positrons
which are emitted into the upper half-space are effectively reflected downwards onto the sample
by the Ta reflector.

d = 10 mm. With a magnetic flux density of about 1T a coincident rate of C, = 1.0-10%s~! was
achieved. Therefore, the positron transport efficiency can be calculated to be 8 = 69% =+ 4%.

This value, meaning that essentially two of three produced positrons hit the sample, appears
surprisingly high, as the positron emission from ?2Na is isotropic. Only positrons which are
emitted into the lower half space can be guided onto the sample, and self absorption inside the
source would lead to a reduced positron yield at the sample.

In order to compare the measured positron intensities with calculated ones Monte-Carlo
simulations were performed for various magnetic guide fields. The spectra of positrons hitting
the sample are shown in figure 3.16 together with the full spectrum from the source.

In figure 3.18 the measured count rate on an aluminium disc with a diameter of d = 10 mm is
compared with the expected count rate if only emission of positrons into the lower half space is
considered. As can be seen, the measured count rate exceeds the expectation for magnetic flux
densities higher than 0.1T. This can be understood in terms of the Ta backening of the source,
leading to back reflection of positrons that increases the positron emission into the lower half
space.

3.2.2. Determination of the positron spot size

The size of the positron spot on the sample has been measured by moving a guillotine-shaped
aluminium target sheet with a thickness of 0.5 mm, which was mounted on a linear translation
stage, through the opened sample chamber (see figure 3.19a)). In this way two orthogonal
cuts through the spot profile could be measured simply by flipping the guillotine-shaped target,
without having to change the direction of the translation stage [HKR02]. The annihilation
radiation of the positron hitting the target was measured with a bismuth-germanate scintillation
detector that was collimated to the target. An additional lead collimator was used to block
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the radiation from the source. The detector was mounted opposite to the translation stage at
a distance of ~ 1m to the target. A single channel analyser (ORTEC 551) was used so that
only events originating from the 511keV photo peak are registered. The SCA logic pulses are
counted by a standard rate meter read out by a personal computer. The counting time per
position 1 mm step was set to 2s which is sufficient due to the high count rate. By recording the
count rate as a function of the target position (see figure 3.19b)) the beam spot profile can be
determined by taking the numerical derivative of the measured integral distribution (see figure
3.19¢)). The measurement was performed for different magnetic fields. The profiles are found
to have a shape that can be described by a single Gaussian. An absolute error of +£0.35 mm
is assumed for the limited positioning accuracy of the translation stage corresponding to a
translation achieved by 20 steps. This was found to be the typical difference between applied
steps and moved steps for moving the stage over the the entire travel range. In combination
with the statistical error from the fitting procedure a total error of 0.5 mm appears reasonable.
Within the estimated error the values for the FWHM in the two directions are compatible (see
figure 3.19d)). The resulting spot diameter (FWHM) at typical operation conditions (1 T) is
found to be (5.4 & 0.5) mm. Hence, the contribution to the angular resolution in z-direction is
given by (0.65 £ 0.06) mrad FWHM for a sample-detector distance of 8.25 m.

3.2.3. Determination of the angular resolution

The ultimate design goal of any spectrometer is that the measurement accuracy or the total
error Agor=Agsys + Astat 0f the measurements is dominated by the statistical error and not by
the systematic error which has to be carefully assessed. In the case of 2D-ACAR the systematic
uncertainty is given by the angular resolution of the spectrometer. It is given by the positron
beam spot size, the thermal motion of the positrons and the finite spatial resolution of the
detector and the distance between the detectors.

The contribution of the positron spot size can be understood with regard to equation 2.20 if
one allows for the annihilation site to differ from (0|0|0) sample position. The y-axis connects
the sample and the source and the z-axis connects the sample and the center of the detectors.
For a flat sample the positron distribution on the sample is given by the intersection of the
emission cone of the positrons with the sample surface plane. By careful alignment of the sample
with the sample surface adjusted parallel to the integration direction the positron distribution
as seen by the detectors is given by the positron implantation depth along the y-axis and by
the projection of the lateral distribution on the z-axis. Therefore, the resolution is always
anisotropic. As mentioned the condition is almost completely fulfilled that at the moment of
annihilation the positron is in the ground state at p = 0. However, the positron is in thermal
equilibrium with the sample which means that that the positron momentum is given by the
Maxwell Boltzman distribution:

F(p) = 2rm*kpT)® exp P’/ Cm"knT) (3.13)

with the positron band mass m*, the temperature 7" and the Boltzmann constant kg. The
positron band has thereby typical values of m* =1 — 1.6 me [Kru99]. The contribution of the
thermal smearing is then given by the width of the momentum distribution 3.13 to

Atherm = 2v/2In2m*kpT. (3.14)
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Figure 3.19.: a) Schematics of measurement principle using the the guillotine shaped target.
b) Measured profiles of the positron beam at the sample position obtained with guillotine-shaped
target that was moved through the experimental chamber for different magnetic flux densities.
By flipping the guillotine the intensity profile can be obtained along two independent axis. ¢)
Beam profile along axis 1 obtained by fitting the intensity profiles in b) with an error function.
d) Dependence of the spot diameter on the magnetic flux density at the sample position for two
arbitrary orthogonal axis.
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This results in a value of A¢perm = 0.53 mrad for m* = m, and T = 300 K A further contribution
to the angular resolution originates from the limited spatial resolution of the detectors which
is discussed in section 3.1.2. The value obtained for the spatial resolution of one detector is
A, = 3.9mm which results in angular resolution of 0.46 mrad. This value has to be multiplied
by v/2 since both detectors factor independently into the ACAR measurement:

3.9mm
Aget = V2——— = 0.65 d. 3.15
et = V2 e (3.15)
Since all contributions to the angular resolution (thermal smearing, spot size, detector resolution)
are independent, the total angular resolution is given by the sum in quadrature over the individual
contributions.

AS}’S = \/Ag(,y + Aﬁet + A%herm (316)
A way to directly determine the total angular resolution Agyg is the 2D-ACAR measurement
of thermalized para positronium [WMW81, DWM91, BHM77]. The angular correlation of
its annihilation radiation is only influenced by the thermal momentum of the positronium
itself [Ika79, KS75]. For this study a-quartz is used as sample material, because it shows
significant formation of positronium, which is thermalized inside the crystal lattice. According
to the periodicity of the lattice the positronium wave function is therefore represented as a
delocalized Bloch-state [GMTB70]. This can be confirmed in the ACAR measurement since in
the momentum domain the higher order momentum components are observable at the positions
of the reciprocal lattice vectors (see figure 3.20c)). The thermal motion of the positronium
atom inside the material leads to a smearing of the momentum distribution. To asses this effect
equation 3.14 can be used by replacing m* with the positronium band mass. It was found by
Ikari et al. [IF79] that the band mass of positronium in a-quartz is about 1.6 - 2m.. This results
in a value of the contribution from thermal smearing of AFhSerm = 0.95 mrad.

In the perpendicular cross-sections (shown in figure 3.20a) and figure 3.20b)) of the 2D-
ACAR spectrum (figure 3.20¢)) two features can be distinguished. The narrow component
accounts for the para-positronium signal, while the wide component stems from direct positron
annihilation and ortho-positronium pick-off annihilation. A superposition of two Gaussians is
used to interpret the data.

The width of the narrow component is determined by the angular resolution, which is different
for horizontal (x) and vertical (y) direction, since the spot size only contributes to the resolution
broadening in the z-direction (see fig. 3.20a)). The spot size in z-direction is given by the
lateral distribution of the positrons on the sample, while the lateral extension in the y-direction
(see fig. 3.20Db)) is determined by the implantation depth of the positrons into the sample, which
is of the order of 200 ym for quartz and therefore can be safely omitted.

A value of (1.53 x 1.64) mrad? FWHM was achieved at room temperature. Hence, the
contribution of the spot size can be extracted, as it is only present in the horizontal component.
By taking the values given in figure 3.20a) and figure 3.20b) the contribution of the spot size
is estimated to be (0.61 + 0.13) mrad FWHM, which is within the error compatible with the
contribution to the resolution that was inferred from the directly measured spot size presented
in the previous section. The error of this approximation stems from the statistical accuracy of
the fitting procedure.

By correction the values obtained for positronium for the different mass mp, = 3.2m, one
obtains for the resolution of the spectrometer a value of (1.19 x 1.34) mrad? FWHM without the
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a. Horizontal (p, = 0). b. Vertical cut (px = 0).

c. Surface plot of the 2D-ACAR spectrum for
a-quartz.

Figure 3.20.: a) and b) Cuts through the 2D-ACAR spectrum of positron annihilation in
single crystalline quartz. ¢) Surface plot of the 2D-ACAR spectrum single crystalline quartz.
The narrow component at p = 0 originates from the self annihilation of para positronium.
The higher Umplapp components of the positronium momentum density appear as six-fold

symmetric satellite peaks around the central peak.
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A©, (mrad) A©, (mrad)

spacial 1.11 1.11
spot size 0.65 0.0
total (expected) 1.28 1.11
total (measured) 1.34 1.19
positron motion (300 K,m* = m,) 0.53 0.53
positron motion (10 K,m* = m,) 0.09 0.09

Table 3.1.: Contribution to the angular resolution.

influence of the positron or positronium motion. This value can be compared to expected value
for contributions from the spatial resolution of the detectors and the positron spot size according
to equation 3.16. Also, the distortions of the detector image have to be considered (see section
3.1.2). So the contribution of the detectors of 0.65 mrad has to be multiplied by a factor of
1.7 to account for the distortions resulting in a value of Aget = 1.11 mrad. Together with the
contribution of the positron spot size in = direction this yields value for the expected resolution
of (1.11 x 1.28) mrad?. This is in reasonable agreement with the experimental value. As
argued by West [WMW81] the slight discrepancy may be be due to the fact that the coincident
measurement of two photons on the two detectors cannot be considered as two independent
measurements and that therefore the factor of v/2 in equation 3.15 is not justified. However, if
a factor of two was considered in 3.15 the resulting value for the spacial resolution would be to
high. Another possible explanation could be a slightly different band mass for the positronium.
To sum up the resulting contributions to the achieved angular resolution a summarized in table
3.1. The expected resolution is in good agreement with the experimentally observed values
which leads to the conclusion that the behaviour of the spectrometer is well understood. When
different 2D-ACAR spectrometer are compared in literature usually the values for the para
positronium peak are given as this value resembles a universal standard and a true lower limit
for the actual resolution.

In order to improve the resolution the most easy way is to increase the baseline of the detectors
at the expense of count rate. The most favourable way is to improve the detector resolution.
This may be possible with the Anger cameras by an advanced single multiplier readout used
by Morozov et al. [MDE"12] or by using a different detector technology like High Density
Avalanche Chambers (HIDAC) that are used by the Bristol group [DLU13].







Chapter 4.

Determination of the positron
polarisation

The polarisation of the position beam impinging the sample was determined by the magnetic
quenching of ortho-positronium in a single crystalline quartz sample. This technique was
first used by Nagashima et al. [NCT'01] for ACAR and is based in the observation of the
magnetic quenching of orhto-positronium in magnetic field in a high pressure argon atmosphere
by Obershain et al. [OP62]. The theoretical foundations accordingly have been worked out
by Bisi et al. [BFGZ62] and are also presented in this chapter. First the properties and decay
modes of free positronium are presented. Then the discussion is extended to positronium in
matter and finally the combination of all this is used for the determination of the positron beam
polarisation.

4.1. Positronium

Positronium is an exotic hydrogen-like particle consisting of a positron and an electron. It is
therefore an ideal model system for theory and attracted much interest from both theoretical
and experimental physics. A seminal review on positronium theory was presented by Stroscico
[Str74] and a detailed review on positronium physics in general and positronium spectroscopy is
given by Berko [BP80]. In this section the fundamental properties of positronium are presented
to support the discussion of the more complex phenomena of positronium in matter in the
following sections.

4.1.1. Properties

One difference to the hydrogen atom lies in the reduced mass of positronium pps = %5¢ compared

to ug = me for hydrogen. Therefore, the energy levels of positronium are scaled by a factor of

two compared to hydrogen. Also the binding length of the positronium atom is twice that of the
hydrogen atom but due to the equal mass the atomic radius is same since the center of gravity
is exactly in the middle between electron and positron. A further consequence of the equal
mass of positron and electron is that the spin-orbit coupling has about the same strength as the
spin-spin coupling. In the hydrogen atom the spin-spin coupling i.e. the hyper-fine interaction
is reduced by the mass fraction of electron and proton and by the different gyro-magnetic ratios
of electron and proton of v, = —2.002 and ~, = 5.585 respectively leading to a factor of about
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Figure 4.1.: Comparision between the energy levels for the two positronium states: ortho and
para-positronium (taken from reference [BP80]).

(me ge)/(mp gp) = 1/650 for the relative strength compared to the positronium atom. Hence the
clear hierarchy of the energy levels in the hydrogen atom is not found in the positronium atom.
This can be nicely seen in term scheme shown in figure 4.1. In contrast to the hydrogen atom
the spectrographic state of the positronim is therefore denoted as n?$*1l,,, with the total spin
S, the primary quantum number n and the magnetic quantum number m. Two ground states
are found for positronium. The singlet state 1'Sy is called para-positronium and the triplett
state 135 is called ortho-positronium. Due to the selection rules for electromagnetic transitions
Al = *1 the two ground states of positronium can not be translated into each other by an
electro-magnetic transition. As the two states do not mix the formation probability from a
population of electron and positron with randomly aligned spins is given by the spin multiplicity
of the sates to Npara/Northo = 1/3.

4.1.2. Decay modes

The positronium is unstable against the electron positron annihilation via the electro-weak
interaction due to the non-zero overlap of the positron and electron wave functions. Ortho-
and para-positronium are different eigenstates of the combined charge-parity operator CP
and therefore have to annihilate into a different number of photons. For the decay of ortho-
positronium an odd number of photons > 3 is necessary to conserve energy, momentum and
angular momentum while para-positronium can decay into any even number of photons > 2
so that the conversation laws are preserved in the decay. Due to this fact the life time of free
ortho-positronium is longer compared to the para-positronium lifetime since an additional vertex
is necessary in the annihilation to couple to the third photon as shown in figure 4.2. This
additional vertex is associated with an additional factor of o in the Feynman graph.

The total decay rate A, which is the inverse of the lifetime, is given according to Fermi’s
Golden Rule by the number initial and final states and by the transition matrix element. The
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a. Ortho-positronium b. Para-positronium

Figure 4.2.: Decay modes of positronium in the lowest order.

matrix element is proportional to the probability of finding both particles at the same position

(see [OP49)]): 1 ,
| U (r,7) = - (amec> (4.1)

2h

Including all higher order corrections the theoretical value for the day rate of para-positronium
(see [CK99]) is found to be

M1y — v) = 7989.50(2) s~ (4.2)
which results in a para-positronium lifetime of
Tp—ps = 125.164(3) ps. (4.3)

The calculation of the ortho-positronium decay rate is more complicated, due to the additional
vertex in the in Feyman graph. A theoretical value including all corrections up to O(a?) is
given by Adkins et al. [AFS00] to

M138) = yyy) = 7.03993(1) s~ (4.4)
which results in a ortho-positronium lifetime of
To—ps = 142.047(1) ns. (4.5)
Both theoretical values for free positronium are found to be in excellent agreement with the
experiment [SAK03, VZG03, ARD94].
4.2. Positronium in matter

For positronium in matter the situation is different to that of free positronium discussed in the
previous section. Due to the interaction with the crystal lattice the positronium wave function is
modified and due to the presence of electrons in the material the positronium lifetime is reduced
by the so-called pick-off process (see figure 4.3). Positronium formation in matter is complex
process (a detailed discussion of this effect can be found in [SJ88, BW75, Mog74]) and depends
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Figure 4.3.: Flowchart illustrating the annihilation channels of a positron in matter. The
majority of all positron will undergo two-v annihilation in the bulk material. In an insulator
positronium can be formed in the material. In contrast to free positronium most of the
positronium atoms will annihilate under emission of two  rays either by para-positronium self
annihilation or by ortho-positronium pick-off annihilation.

strongly on the electron density in the interstitial volume. Therefore, positronium formation
is not observed in metals, since for metals the Wigner Seitz radius, i.e. the radius of a sphere
containing one electron at the position of the positron is smaller than the atomic radius of the
positronium atom. For insulators the positronium formation is possible inside the crystal lattice
if the chemical potential of the electrons is smaller than the binding energy of the positronium
atom.

After formation of the positronium atom is thermalized inside the material by inelastic
scattering with the atoms. It therefore assumes its ground state in the crystal lattice. The
positronium atom is neutral but is easily polarized, hence the interaction potential between the
positronium and the crystal atoms can be described by a Yukawa-like potential. Usually this is
approximated by a infinite wall potential in order to simplify the calculation of the positronium
wave function. For a positronium atom in a spherical well the wave function can be obtained by
solving the radial Schrodinger equation [Kru99]

{n ( d 11+

am\a? =

) +V(r)+ En] Ups =0 (4.6)

for the energy FE, of the state given by the quantum numbers n and [ with the potential

o tr<a/2
Vir) = { oo : elsewhere (4.7)

for the radius of the potential well 5. The ground state solution for n =1 =0

Upg = - sinT 0(= —r) (4.8)

with the heaviside function 6 can be used as basis for the solution of a three-dimensional
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Figure 4.4.: Two-dimensional projection of the positronium momentum density for calculated
for hexagonal closed packed array of spherical infinite wall potentials.

hexagonal closed packed arrangement of infinite wall potentials that serves as model for the
interstitial volume of a hexagonal lattice. It can be shown that the periodic superposition of
the ground state wave function solves the periodic problem by use of the Bloch theorem. The
lattice periodic function ¥(r) = ¥(r + a) for any lattice vector a given by the Fourier series

U(r) = Z Cg expTiCr (4.9)
G

with the coefficients Cq given by the Fourier transform of the wave function over the volume V'
of the primitive cell

1 ,
Ce = —/ W(r) exp 1CT . (4.10)
Vv

In principle one has to consider that the periodic wave function does not extend to infinity due
to the finite lifetime of the positronium. This can only be accounted for by a more complex time
dependent calculation of the transition matrix element. In the static picture it is assumed that
the wave function extends only so far that every combination of two points can be connected by
a light signal within the lifetime of the para-positronium. The extension of the wave function can
hence be approximated by %TPSC which is in the order of centimetres. Therefore, the positronium
wave function in the crystal lattice can be safely assumed as a plane wave. The momentum
representation of the delocalized positronium wave function inside the periodic potential is then
given by the Fourier transform of equation 4.9:

3
U(p) = <1>2 /\I/(r) exp /R (4.11)
2mh
Then the momentum density is given by

N(p)=¥(p)¥(p)" (4.12)

The numerical result for N(p) integrated along one momentum direction (similar to a 2D-ACAR
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spectrum) is shown in figure 4.4. In the momentum space representation besides the central
peak, which one would obtain when the positronium atom was trapped in a single potential
well additional peaks at positions of the reciprocal lattice appear. In the literature these peaks
are often referenced as Umklapp or Coussot peaks [BCP69] and are a direct consequence of
periodicity of the wave function in real space. The example on a hexagonal lattice was chosen
as the interstitial volume of single crystalline quartz resembles this structure. Therefore, self-
annihilating para-positronium delocalized in a quartz crystal will exhibit a similar momentum
density in the 2D-ACAR experiment. The width of the peaks it determined by the shape of the
potential well [Kru99] and by the thermal motion of the positronium. For a well diameter smaller
than the lattice spacing the dominating contribution originates from the thermal motion[Kru99].
This discussion applies to ortho- and to para-positronium equally but due the 3 self-annihilation
of ortho-positronium only para-positronium can be observed in a 2D-ACAR experiment directly.
Besides self-annihilation positronium in matter can undergo the so-called pick-off annihilation.
In a real crystal the interstitial volume is not bounded by a infinite wall potential. Hence, the
positronium wave function will have a non-zero overlap with the electron clouds of the crystal
atoms. So the positron is not limited to its binding partner to undergo annihilation. This
increases the annihilation rate of ortho-positronium in matter drastically which is described
within the Tao-Eldrup [Tao72, ELS81] model as a function of the void radius R:

Ap—Ps Ao—Ps 1 2
)\rlr%atter_ ( p—P +3 P) 1 R ( m it >:| (413)

A " RrAR T\ RrAR

with the empirically determined parameter AR = 0.165nm and the the spin-averaged an-
nihilation rate A,_ps + 3Ao—ps. This reduces the lifetime for ortho-positronium in matter
to typical values between 0.5ns and 10ns [JMS03] and consequently the self-annihilation of

ortho-positronium by %. In the annihilation by the pick-off process the branching ratio

between 3+ and 27 can be expected to be the same as for a positron immersed in an electron
gas of 1/373. For this reason the pick-off process is observable in 2D-ACAR measurement. The
resulting momentum distribution is broader than that for para-positronium self annihilation
since the momentum distribution of the electron that participates in the pick-off process is
determined by the Fermi distribution and not by the thermal momentum of the positronium
atom. Summarizing the most important facts:

e The momentum distribution of self-annihilating para-positronium in matter is determined
by the thermal motion of the positronium atom and the lattice effects (as shown in figure
4.4).

e 3~ self-annihilation of ortho-positronium can not be observed in a 2D-ACAR experiment.
e In matter the pick-off annihilation process reduces the ortho-positronium lifetime.

e Pick-off annihilation of ortho-positronium can be observed in a 2D-ACAR experiment and
gives rise to a broad component in the momentum distribution.

4.3. Positronium in an external magnetic field

The effect of a magnetic field on the positronium atom was extensively discussed in the seminal
work by Major (see reference [CT00]). In this section a brief overview is given and the main
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focus is put on the discussion of the formation of mixed para-positronium and ortho-positronium
states in a magnetic field, which is necessary to the understanding of the magnetic quenching of
positronium presented in the next section. For a positroium atom in a magnetic field the free
Hamilton operator

<2

A h

g P _anc (4.14)
Me r

is modified by the so-called hyper-fine Hamiltonian (see Major in [C*00] )
3 1 .1 .1
Hyr = §h7eBextUe+ - ih'YeBextUeJr + ZAEO*I)UE‘U@‘ (4.15)

which is used to treats the influence of the external magnetic field B, as a small perturbation to
the Hamilton operator in equation 4.14 with the Pauli spin matrices o, the gyro-magnetic ratio
~e and the hyper-fine splitting energy between the ground states of ortho and para-positronium
AE,_, =0.8412meV. In an external magnetic field the eigenstates |\S,m) with the total spin
quantum number S and the magnetic quantum number m of the perturbed Hamilton operator

If]pert. = ﬁ + IfIHF (416)

can be found in the base of the unperturbed eigenstates | 11) and | }1) of the Hamilton operator
in equation 4.14. Note, for the unperturbed Hamilton operator the states | 1)) and | [1) are
degenerate. For a zero external field the eigenstates of 4.16 are

1
NG

for the 'Sy singlet state of para-positronium and

10,0) = —= (I 1} = [{1)

1

1.0) = (It +14)
LY = |1
L,-1) = |4

for the 3S; triplet states of ortho-positronium. When the external field is non-zero (Beg; > 0)
the first two terms in 4.15 have also to be considered. The eigenstates of the full Hamiltonian
are then expressed in the product base of the ortho and para-positronium states

= +/sechy (— Sinh%|0,0> + coshg|1,0>)

)
) = L)
) = -1
)

= +/sechy (cosh;/|0,0> + sinhg|1,0)>

with the dimensionless parameter

= arsinh M —arsinh( Beat >
TEASTAE, ., | T k36T
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. The so-called electron-positron contact density in the material x defined as the ratio of the
the electron-positron overlap in matter to that of free positronium:

[T (0)]

" w00)P

. As can be seen the m = 0 states mix in the para-like state |1) and in the ortho-like state |4)
dependent on the strength of the external magnetic field. Consequently the ortho-like state
can undergo 2+ annihilation when it oscillated into the para state which has a much higher
annihilation rate. Therefore, depending on the oscillation amplitude, i.e. the probability of
finding ortho-like positronium in the para-positronium state, the annihilation rate of the ortho-
like positronium in increased. This effect is called magnetic quenching of ortho-positronium
[Mil75] and can be used to determine the polarisation of a positron beam as discussed in the
next section.

4.4. Magnetic quenching of ortho-Positronium

For a random orientation of the positron spin the occupation of the positronium states in a
magnetic field is equal to (i|i) = i. If one considers now a polarisation P of the positron beam
defined as the projections of the positron spins s; on the direction of the magnetic field:

P = i ol s_l;:gext
N k |Bext|

(4.17)

Mills [Mil75] found that the occupation is given by

W) = g [0+ =P+ (1= 21+ P)
2P = [0+P)
B3 = 0P
) = g (1= -P)+ a0+ P).

The states |2) and |3) do not oscillate into a state that is subjected to two-photon-decay and
therefore do not have to be considered in the calculation of the two-photon-annihilation intensity
from positronium self-annihilation. The |1) resembles the para-like states and |4) the ortho-like
state.

The intensity of the two photon self-annihilation signal I is determined by the branching ratio
for two photon decay Bry, for each state multiplied by the occupation. The branching ratio for
two photon decay is given by the ratio between the two photon annihilation rate Agy = Apps,
which is given by the para-positronium annihilation rate, and the total annihilation rate of the
state. The total annihilation rates A\ for the para-like state |1)

’72 )\oPs + )\pPs
Pl

A\ =
1 142

(4.18)
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and the total annihilation rate A4 for the ortho-like state |4)

K )\oPs + ’YQ )\pPs

My =
* 142

(4.19)

were evaluated by Nagashima et al. [NH90]. Using these annihilation rates to calculate Bra,
one obtains for the two photon intensity of the para-like positronium state
_ Apps 1
)\1 1+ ’)/2
—_———

Bra,

-(1]1) (4.20)

and for the two photon intensity of the para-like positronium state

>\Ps 72
I,==2 (44). 4.21
1= 3T ) (4.21)
N————’

Bro~

The total intensity of the two-photon-annihilation signal from the self annihilation of positronium
is therefore dependent on the magnetic field, the positron polarisation and the electron positron
contact density:

LYY(B) < I + Iy (4.22)

As shown in section 4.3 the signal from positronium self-annihilation can be clearly distinguished
from the from the pick-off annihilation signal by the shape of the associated momentum
distribution in the 2D-ACAR spectrum. However, as can be seen in figure 4.5a) the total
Intensity of the two photon annihilation from the self annihilation of positronium as a function
of the magnetic field is symmetric. This is due to the fact the sum of the occupations of the
ortho-like and the para-like positronium is conserved, since in vacuum all terms linear in ~ are
cancelled. For positronium in matter the pick-off annihilation rate has to be included as an
additive term Apick—oft in equations 4.18 and 4.19. The pick-off process act as a additional loss
term and mainly reduces the contribution of I; as can be seen from equation 4.21 due to the
lower self-annihilation rate from the ortho-like state. The resulting signal from positronium
self-annihilation shows then an asymmetry upon reversal of the magnetic field (see figure 4.5b)).

Hence, the positron polarisation can be determined by measuring the intensity of the self-
annihilation signal of positronium as a function of the magnetic field. The only additional
free parameter in the analysis is the electron positron contact density x when the pick-off
annihilation rate is determined in a separate positron lifetime experiment.

Even without the possibility to directly distinguish between self-annihilation and pick-off
annihilation as it is the case for DBAR the determination of the polarisation is possible. This
was successfully demonstrated by Nagai et al. [NNK'00]. In this case the total two-photon
annihilation rate. The ratio of positronium self-annihilation to total two-photon annihilation is
then found to be proportional to the so-called S-Parameter (for a definition of the S-Parameter
see section 7.2).
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Figure 4.5.: a) Plot of the calculated partial and total two photon annihilation intensities for
a positron polarisation of P = 0.3 versus the magnetic field. The total intensity is symmetric
upon reversal of the magnetic field. b) The effect of pick-off annihilation studied on the total
two-photon-annihilation intensity for a positron polarisation of P = 0.5 for different pick-off
annihilation rates. Due to the higher relative probability for pick-off annihilation from the
ortho-like state an asymmetry of the intensity upon reversal of the magnetic field is expected.

4.5. Experimental determination of the positron polarisation

This section deals with the experimental procedure and data evaluation for the determination
of the positron polarisation by measuring the asymmetry in the signal of positronium self-
annihilation upon reversal of the external magnetic field.

4.5.1. Experimental procedure

A 1.2 x 0.8 cm? single-crystalline a-quartz sample with a high positronium yield is used as a
production target. In order to avoid systematic errors in the determination of the polarisation
one has to make sure that the transport efficiency is uniform. Therefore, a large sample is
chosen and a detailed study of the transport field was performed (see the results of the FEM
simulations shown in figure 3.17b)). The transport is considered to be uniform when it shows
no field dependence. In a first approximation this is the case when the sum of the source size
and the positron gyration radius is smaller than the sample dimensions. This is safely the case
when the field exceeds B = 0.4T and therefore that data was taken only at higher fields.

The degree of polarisation of positrons emitted from a 31 source in the direction of emission
is given by the momentum in forward direction ¥, which is a measure of how many reference
frames can be found in which the helicity of the positron, the projection of the positron spin on
the momentum, is conserved. The overall polarisation P of positrons emitted in a cone with
opening angle 1 relative to the emission direction is then given by P = %%(1 + cos ). In zero
magnetic field 9 is given by the solid angle Q as Q = 27(1 — cos ). However, in a 2D-ACAR
experiment a magnetic field is applied in order to deliver more positrons from the source to the
sample [CWLT13]. This means that the net polarisation of the positrons hitting the sample
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Figure 4.6.: a) Positron lifetime spectrum of the a-quartz sample. Three lifetime components
according to annihilation in the source, as free positron annihilation and positronium pick-off
annihilation can be identified. b) Experimental resolution of the lifetime spectrometer at the
time of the measurement fitted with a single Gaussian from the prompt coincidence. The
FWHM of the distribution is ~ 0.40 ns.

cannot be calculated from simple geometric considerations. In addition, the source-capsule that
is used in the experiment is equipped with a tantalum backing on which the ??Na is deposited.
For this reason the positron polarisation is lowered by positron back-reflection and has to be
determined in a dedicated experiment.

The sample is orientated with the integration direction chosen along the c-axis. Therefore, the
resulting 2D-ACAR spectrum exhibits the six-fold symmetry of the quartz lattice. A 2D-ACAR
spectrum of single crystalline quartz is shown in figure 3.20 ¢) together with horizontal and
vertical cuts through the distribution if figures 3.20a) and 3.20. The narrow component is due
to positronium self-annihilation and the broad component originates from pick-off annihilation
and annihilation of free positrons inside the quartz sample.

As discussed in the previous section the intensity of the self annihilation signal is necessary
to determine the polarisation. Therefore the spectra are modelled by the super-position of two
two-dimensional Gaussian distributions and a constant background:

N,B
fi(z,y) = ZIiexp <—(w _2$0)2 + W —2y0)2> + const. (4.23)

201-@ 2‘7i,y

The values obtained by the fits of the individual spectra are presented in table 4.1. As can
be seen the width of the broad component is symmetric while the narrow component has an
elliptical profile due to the anisotropic resolution function. The variation of the observed widths
for the narrow as well as for the broad component is the same range as the statistical precision.
Hence, no dependence of the width on the magnetic field is observed. The relative intensity of
the self-annihilation signal is determined by the ratio of the volume of the narrow Gaussian to

the volume of the broad Gaussian distribution.

The pick-off annihilation rate was determined to Apick—off = 0.69(1)ns_1 in a dedicated

positron lifetime experiment. The resolution of the lifetime spectrometer was determined by
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Table 4.1.: Table of the values obtained from fitting the individual spectra.

Bext Niot oB af Ip oy aév In “%’
(T)  10° counts (mrad) (mrad) 10 (mrad) (mrad) 103

1.073 650  5.56(2) 5.59(2) 20.0 0.79(4) 0.71(4) 22.8 0.0206
0.834 781  558(2) 5.60(2) 24.3 0.80(4) 0.70(4) 26.0 0.0194
0.67 767 5.69(2) 5.60(2) 23.9 0.83(4) 0.70(4) 242 0.0183
0.455 194.1 5.60(1) 5.61(1) 60.8 0.90(2) 0.69(2) 55.9 0.0166
0455  67.8  5.60(2) 5.61(2) 214 0.88(4) 0.68(4) 17.8 0.0151
-0.67 152.4 5.59(1) 5.61(1) 49.4 0.82(2) 0.69(2) 43.8 0.0161
1073 937 557(2) 5.61(2) 314 0.77(3) 0.70(3) 29.6 0.0171
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Figure 4.7.: Relative strength of the para-like positronium signal as a function of the magnetic
flux density. The asymmetry is a result of the positron polarisation.

the width of the prompt coincidence to =~ 400 ps (FWHM)(see figure 4.6b)). This is sufficient
to obtain three lifetime components from the spectrum: the pick-off lifetime, lifetime for free
positron annihilation and the source component together with the lifetime for para-positronium
self-annihilation. The latter two are not separated in the analysis. The lifetime spectrum
together with the fit of the lifetime components is shown in figure 4.6.

4.5.2. Results and discussion

For the analysis the scheme proposed by Nagashima et al. [NH90] was adopted by fitting
equation 4.22 with a free scale factor to the data of table 4.1. Hence, the fit has three free
parameter: the positron polarisation, the electron positron contact density and a scale parameter.
The MINUIT-package [JR75] was used to perform a x? fit of the theoretical function to the
data. A value of

P=0.31+£0.04
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for the positron polarisation was found to describe the data best. This values agrees with the
results from other groups for similarly constructed source capsules [KMFT11]. The best-fit
value for the electron positron contact was found to be

k= 0.68 £0.07

and in fair agreement with value obtained by Nagai et al [NNK*00] also obtained for signal
crystalline quartz (the error is given by the statistics). The statistical error of the data points
in figure 4.7 are small compared to the symbols. This is due to the high statical precision in the
determination of the self-annihilation intensity. The uncertainty in the final value results from
the limited amount of available data points for different magnetic fields. However, the precision
of the value for the polarisation is sufficient for the analysis of spin-polarized ACAR spectra.







Chapter 5.

The electronic structure of chromium

studied by temperature-dependent
2D-ACAR

Of the three metals in the chromium group: chromium, molybdenum and tungsten which all
crystallize in the body centred structure chromium exhibits the most interesting properties.
In contrast to molybdenum and tungsten, which are both paramagnetic in the ground state,
chromium shows an incommensurate spin density wave ground state with a Néel temperature
of Ty = 311 K [Faw88]. The phase diagram of chromium is shown in figure 5.1. Below T
chromium shows a transversal polarized spin density wave. At T = 121 K a spin-flip transition
occurs and the spin density wave changes to a longitudinally polarized form. The periodicity of
the spin density wave is found to be incommensurate with a reciprocal lattice vector. Therefore,
theoretical prediction of the Fermi surface in the spin density wave state are difficult due to the
non-local nature of the electronic correlations which give rise to this effect. The Fermi surface
of paramagnetic chromium however can be calculated. A three-dimensional illustration is given
in figure 5.2. The Fermi surface of chromium is comprised of four sheets, two electron-like
and two hole-like sheets. The electron sheets are centred at the I'-point on the Brillouin zone
and form an octahedral structure with almost spherical nobs at the corners, the so-called
electron jack. The second electron sheet in the form of ellipsoidal lenses is located inside the
electron jack. One hole-like sheet is centred at the H-point, the so-called hole-octahedron. The
second hole-like sheet of ellipsoidal form and is situated at the N-point. Parallel sections of
the H-hole octahedron and the I'-electron jack can be connected by a common spanning vector
which gives rise to Fermi surface nesting. Below T this nesting results in an instability of the
system, due to the high number of electron and hole states that can be coupled leading to the
opening an energy gap as shown in figure 2.8. Due to the fact that the electron surface at T is
slightly smaller than the H-hole sheet the nesting vector is not commensurate to the reciprocal
lattice. This results in an effective cancellation of the H-hole and parts of the I'-electron
Fermi surface sheets leaving the electron nobs and the N-hole ellipsoids to form the Fermi
surface of the spin density wave state as illustrated in figure 5.9. The nesting vector defines
the propagation direction of the spin density wave along the [100]-direction. By cooling the
sample in a high magnetic field from the paramagnetic state a single domain (single-q) state
can be achieved. The traditional experimental method for studying the Fermi surface by the de
Haas-van Alphen effect is limited to low temperatures, and therefore cannot be utilized for the
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Figure 5.1.: Magnetic neutron scattering intensity as a function of temperature (adapted
from [Faw88]) illustrating the magnetic phases of Cr. The transition to the paramagnetic state
is found at the Néel temperature Ty = 311 K. Chromium undergoes a spin flip transition at
Ts = 121K form a transversal polarised (AF;) to the longitudinal polarized (AF3) SDW state.

H-hole pocket

clectron lens
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Figure 5.2.: Three dimensional illustration of the Fermi surface of chromium (rendered from
calculated data taken from [CNC100]). The central structure (pink) is called the electron jack.
Inside the electron jack an additional electron surface the so-called electron lens is found. The
electron lens is usually considered to be to small to be resolved by 2D-ACAR. There are two
hole-like sheets (yellow) present the H-hole octahedra and the N-hole ellipsoids
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study of the paramagnetic phase of chromium. For this reason, several ACAR investigations,
both experimental [SOST77, SMW88, FDH'98] and theoretical [SS83, SKS92, RST02] have
been performed on paramagnetic chromium. A summary and discussion of these investigations
is given in section 2.3.1. Studying the fermiology of the paramagnetic phase of chromium
allows to gain insight to the driving mechanism of the anti-ferromagnetic ordering below 311 K,
since a nesting feature of the Fermi surface is expected to be strongly related to the magnetic
phase transition. However, several 2D-ACAR investigations performed in the paramagnetic
[DFH'98, Bia00] phase of chromium revealed significant discrepancies between the measured
and the calculated two-photon-momentum distribution which cannot be explained in terms of the
topology of the Fermi surface. These discrepancies are most probably due to electron-positron
correlations and/or many-body effects not accounted for by theory. Recently, an experimental
approach to this problem, the utilisation of a state-dependent enhancement has been presented
in [LHAD10]. With this method the enhancement is directly obtained by fitting the contribution
of the individual bands to the data. This way, the Fermi surface nesting vector was deduced via
the computation of the static susceptibility from the fitted LMTO calculations. In this study
the focus is put on the differences in the Fermi surface topology between paramagnetic and
anti-ferromagnetic chromium.

Two related investigations of the electronic respective magnetic structure of chromium have
been performed. In a first approach the differences in the electronic structure of chromium in
the paramagnetic and a anti-ferromagnetic multi-g spin density wave state are investigated.
The obtained ACAR spectra are compared with different theory calculations performed with
the DMFT and in the LSDA. Based on that an investigation of the single-q state is performed
with the focus on the identification of the symmetry breaking of the electronic structure from
the cubic symmetry of the paramagnetic state to a orthorhombic and respectively a tetragonal
symmetry in the spin density wave state.

5.1. Study of the magnetic phase transition of multi-¢ chromium

5.1.1. Temperature-dependent measurements

A disc 10 mm in diameter with a thickness of 2 mm was cut from a single crystalline Cr rod used in
neutron scattering experiments by spark erosion. The sample surface is orientated perpendicular
to the [100] direction with an accuracy better than 0.5°, which was checked by means of Laue
diffraction. The sample surface was polished in order to remove surface defects which may trap
positrons. Positron lifetime measurements on the sample were performed and revealed a single
lifetime component. However, it shall be noted that due to the strong source component the
identification of the bulk lifetime was not possible. For the measurements of the spin density
wave state the sample was mounted on the coolable sample holder and two measurements were
performed: at 10K and at room temperature, respectively 2D-ACAR spectra were recorded
with the integration direction along [001]. Afterwards the sample holder was changed for the
heatable option and two measurements were performed: one at room temperature and one
at 45°C. An excess of 10% counts was collected in each spectrum. Additional single spectra
with about 50 - 10° counts were recorded for each measurement for the determination of the
momentum sampling function. At the time this measurements were performed the distortion
correction was not available, therefore the resolution is about 10 % worse than for the single-g
spectra [CWHT13]. Two of the four measurements were performed at room temperature in
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a. LCW distribution for anti- b. LCW distribution for paramagnetic Cr
ferromagnetic Cr [100] at room [100] at 318 K. Slightly above the Néel
temperature. temperature for Cr of 311 K.

c. LCW distribution for paramagnetic Cr d. Cut through the LCW-folded projec-
[100] obtained from first principle calcula- tions along T-N-T' (ppop1 =po10) for the
tions within the LSDA. paramagnetic and the anti-ferromagnetic

phase. The initial LCW-projections were
normalized to the same amount of counts.

Figure 5.3.: Analysis of the Cr LCW-distribution and comparison with theory.

order to check if the ACAR spectra are consistent before and after the change of the sample
holder. Since both spectra are compatible within the statistical limits only the spectrum with
the higher statistics is presented here (see figure 5.3a)). The comparison of the low temperature
and the room temperature spectra shows the effect of decreasing resolution with increasing
temperature. However, besides the lower resolution in the room temperature measurement both
spectra are similar and hence only one is shown.

5.1.2. Results from the LCW analysis and comparison to theory

The features at the N-points appear to be occupied in the SDW phase (High symmetry
points of the Brillouin zones of both phases, simple cubic for the SDW phase and bcc for
the paramagnetic phase are indicated in figures 5.3). This picture changes when the sample
temperature is increased above the Néel temperature (see figure 5.3b)). A small difference
in temperature drives the sample into the paramagnetic state and yields a drastic change
in the LCW-folded data. The N-hole pockets become more pronounced, which can be seen
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comparing cuts along I'- N-T" for both phases (see figure 5.3d)). Furthermore, the electron pocket
structure at the X-points connecting the N-points is smaller than in the anti-ferromagnetic
phase. Generally, the agreement with previous 2D-ACAR results (see reference [DFHT98]) on
paramagnetic chromium is considerable. However, the discrepancies between the present data
and the SPRKKR [EKM11] calculations are quite substantial. This has also been reported
from different laboratories [DFHT98, Bia00]. The relative intensities in the calculation for the
occupied and the unoccupied states can not be reproduced in the LCW-folded data (see figure
5.3¢)).

The experimental resolution of our spectrometer lies between 1.54 mrad and 1.64 mrad
[CWL*13], which is only slightly less than the extent of the N-point features in the data.
However, the changes in the LCW-folded data when the sample is driven over the magnetic
phase transition cannot be attributed to resolution effects, since a temperature increase of 20 K
results in a degradation of the overall resolution of less than 0.01 mrad.

Figure 5.4.: Cut through the LCW-folded data along XT'X (pgo1 = 0) in comparison with the
same cut for a LCW-folding of the isotropic data. The position of high symmetry points is
indicated.

The LCW-folding was applied to the isotropic data, which was obtained by azimuthal averaging
of the original data. The isotropic data does not contain the full information on the Fermi surface
topology. With the isotropic data alone features at the X-point, similar to those described
above, can be produced by the LCW-folding, as can be seen in figure 5.4.

A possible explanation would be that the positron annihilation with electrons of a flat band
close to the Fermi energy is strongly enhanced as discussed in literature, but this was not found
to be the case in the study of Laverock et al. [LHAD10]. It has to be considered that the
application of the LCW-theorem is only valid if the positron wave function can be characterized
as a plane wave, which is, however, not true if strong electron-positron correlation effects are
present, as it is the case for chromium [RM84]. If this is the case, the strong lattice effects of
the electron-positron correlations would also obscure the Kahana-like momentum dependence of
the enhancement which is consistent with the fact that the Jarlborg-Singh enhancement model
also used by Laverock et al. gives an inferior description of the data than the state-dependent
enhancement [LHAD10].
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Figure 5.5.: Comparison of the experimental LCW folded data for the paramagnetic phase
with calculations obtained in the LSDA for the chromium group metals chromium, molybdenum
and tungsten. According to the Lomer [Lom62] picture the Fermi surfaces of these three elements
are similar. It can be seen that the agreement with theory is satisfactory for molybdenum and
excellent for tungsten while there are distinct discrepancies for chromium. This indicates that
the theory model is in principle capable of describing the data but fails for chromium. the
reason for that are most probably non-local effects introduced either by electron-electron and/or
positron-electron correlations that are present in chromium.

5.1.3. Comparison with Mo and W

In order to check the validity of the calculation scheme discussed above additional measurements
on the chromium group metals molybdenum and tungsten are performed and compared. This
way it is possible to assess the predictive power of the theory calculations.

The tungsten crystal was obtained from a commercial vendor (Mateck) and the molybdenum
crystal was supplied by the Bristol group. Both measurements on tungsten and molybdenum
were performed at 10K in order to benefit from the improved resolution at lower temperatures.
Both crystals are orientated with the [110] plane perpendicular to the sample surface. The
accuracy of the orientation for the tungsten crystal is given by the manufacturer to be better
than 0.1°. The orientation of the molybdenum crystal was checked by Laue diffraction and
confirmed to be better than 0.5°. In both measurements the integration direction is chosen along
[110] similar to the chromium measurement. The measurement on molybdenum was straight
forward. In the case of tungsten however the strong absorption of the annihilation radiation in
the sample lead to a highly non-symmetric momentum sampling function as shown in figure
3.10a). This required great care for the correction initial spectra.

The calculations are carried out with the SPRKKR package [EKM11] with the same general
input parameters besides the lattice parameter as have been used in the calculation of the
chromium spectra. The calculated spectra and the experimental data are compared in terms
of the LCW folded projections similar to the chromium study. As can be seen the agreement
between theory and experiment is satisfactory in the case of molybdenum (see figure 5.5b) )
and excellent in the case of tungsten (see figure 5.5¢) ). This leads to the conclusion that the
strong electron-electron correlations present in the chromium system are not accounted for by
the LSDA calculations (see figure 5.5a) ). In all cases the calculations were carried out in the
independent particle model, i.e. no electron-positron correlation was considered. The tungsten
and the molybdenum data suggest that these electron-positron play a minor role but it was
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Figure 5.6.: Comparison between the LCW-folded experimental data and the calculations
obtained within the DMFT for paramagnetic chromium projected along [001]. The discrepancies
of the LSDA can be partially resolved.

found by Jensen et al. [JW90] that the behaviour of the positron in chromium is fundamentally
different than in the other elements of this group.

5.1.4. Discussion

The results from previous measurements on paramagnetic chromium were successfully reproduced.
It was found that the 2D-ACAR spectrum is drastically different in the anti-ferromagnetic and
in the paramagnetic phase [DFH'98]. However, the interpretation of the data with respect to
the calculations within the LSDA remains unsatisfactory. This is partially resolved by recent
calculations performed within the DMFT by the theory group from Augsburg [Chil4]. The
comparison with the data is shown in figure 5.6. In this case the electron-electron correlation
were included which results in a much better description of the data. However, several features
present in the experimental data cannot be accounted for by the calculations. The most striking
difference is found at the N-point similar to the LSDA calculations. Here a low density is
found in the experiment while the theory predicts a significant electron like structure. Since the
inclusion of electron-electron correlations does not resolve this issue it can be concluded that
this effect is due to strong electron-positron correlations. Apart from the k-space analysis in
terms of the LCW folded data a comparison of the anisotropies of the experimental data and
the theoretical calculations is shown in figure 5.7. The DMFT calculation describe the details
found in the experiment well especially in the low momentum region.

Since at present it is not possible to include these effects into the calculations one has to
resort to the investigation of properties of the electronic structure that can be accessed without
the backup of theoretical calculations for the study of chromium. Therefore, this study was
extended to the investigation of the symmetry breaking of the electronic structure in the spin
density wave state of single-g chromium.
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Figure 5.7.: Comparison of the anisotropy in the 2D-ACAR spectrum for the paramagnetic
state with the calculations obtained within the LSDA (a) and the DMFT (b). As can be seen
the DMFT calculation describes the data well. This gives further credit to the presence of strong
electronic correlations in chromium, as these are accounted for by the DMFT calculations.

5.2. Investigation of the symmetry breaking in single-¢ chromium

It is known from quantum oscillation measurements [FAG194, SSM*69, SFB*72] that the
electronic structure of single-¢ chromium in the spin density wave state exhibits not the same
space group symmetry as the bee crystal lattice. This is illustrated in figure 5.8. The transversal
polarised state (AF;) shows an orthorhombic symmetry whereas the longitudinal state (AF3)
shows tetragonal symmetry. In dHvA measurements [FAGT94] the tetragonal symmetry was
directly observed as the planes perpendicular to the g-vector were found to be no mirror planes
to the electronic structure. This means that the only four-fold axis is along the g-vector.

5.2.1. Experimental procedure

The aim of this study is to identify this symmetry breaking in the electronic structure due to
the magnetic interactions in the AF; and AF5 state by means of 2D-ACAR. Therefore, the
sample was field cooled in a magnetic field of 14T [Bral3]. The magnetisation direction was
chosen in-plane along the [100] direction. In the notation of this study the [010] denoted the
out-of-plane axis. During transport and storage the sample was kept at temperatures around
0°C in order to preserve the single-¢ SDW state. The mounting of the sample onto the sample
holder was also performed in the freezer. In order to facilitate the orientation of the sample
a marking of the [100] direction was engraved on the side face before it was magnetized. The
sample was mounted in the spectrometer on the pre-cooled cryostat to ensure no loss of the
single-q state during the orientation of the sample in the spectrometer.

As illustrated in figure 5.10 two measurements were performed in each state (AF; and AF5)
with the g-vector aligned parallel, denoted as g and perpendicular, denoted as ¢q; to the
ingratiation direction. The measurement in the AF; state was performed at 150 K and the
measurement in the AFs state was performed at the lowest achievable temperature of 10 K.
In each spectrum an excess of 108 counts were collected and single spectra for the calculation
of the momentum sampling functions with 50 - 10° were recorded. Both, the ACAR data as
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Figure 5.8.: Spin polarisation of the different spin density wave states to illustrate the different
symmetries of the electronic structure. The transversal state AF; shows an orthorhombic
symmetry whereas the longitudinal state AF5 exhibits tetragonal symmetry.

well as the single spectra were corrected for the distortions of the detector according to the
scheme discussed in section 3.1.2 which improves the resolution by ~ 10 % compared to the
multi-¢g study. The draw back of having the g-vector in-plane is the fact that the resolution in
the in-plane direction is lower than perpendicular to the sample surface due to the anisotropic
contribution to the resolution from the positron beam spot. Therefore, great care was taken
in order to align the sample surface perpendicular to the integration direction. One measure
was to mount the sample on the sample holder using a special yoke in order to compensate
a slight miss cut of the sample backside during the glueing process. A misalignment of the
sample surface results in different lateral dimensions of the projection of the positron spot on
the sample and therefore in a different resolution function for the different alignments of the
g-vector. This effect was directly assessed from that data and discussed in detail below.

5.2.2. Results

The anisotropies of the data for the measurement in the AF; phase are shown in figures 5.11a)
and 5.11b). By naked eye no significant differences in the spectra can be observed. The same
is true for the measurements of the AFy phase shown in figures 5.11¢) and 5.11d). Due to
the lower sample temperature of the AFs phase measurement the resolution is slightly better
and from the consideration of section 3.2.3 an improvement of the resolution by ~ 0.14 mrad is
expected.

In principle the measurement with the g-vector aligned perpendicular to the integration
direction should slightly deviate from the four-fold symmetry of the [100] plane. However, as
stated above due to the anisotropic resolution function the four-fold symmetry is always broken
down to a two-fold symmetry.

In order to reveal the any systematic change in the spectra the difference spectra of the full
data of the g-vector parallel and perpendicular are analysed as shown in figure 5.13a) and 5.12a)
for the AF; phase and for the AF5 phase respectively. As can be seen no distinct anisotropy
only a strong isotropic contribution is observed. This means that in fact the resolution function
is different for both measurements. This is can be well described by the difference of two
Gaussians as shown in figures 5.13b) and 5.12b). From the fit values it is found that the
resolution changed by 2.18(2) % in the two measurements for the AF; phase and by 2.20(2) %
for the AFy phase measurements between ¢ and g, . Both values are consistent within the
error which confirms the repetition accuracy of the rotation stage of the spectrometer. With
the considerations presented in section 3.2.3 this can be converted to a change in the alignment
of the sample surface of 1.26(6)° between the measurements. An illustration of the origin of the
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a. Paramagnetic b. Spin density wave

Figure 5.9.: a) Cuts through the Fermi surface of chromium in the basal plane (inspired by
[KS08b]) to illustrate the formation of the spin density wave. Fermi surface sheets on the H-hole
octahedron can be connected to the octahedral structure of the I'-centred electron jack by a
spanning vector g. The I'-octahedron is slightly smaller than the H-hole octahedron therefore
the length of the spanning vector differs by a small fraction § from a reciprocal lattice vector.
b) This results in the formation of an incommensurate spin density wave ground state where
the H-hole and the I'-electron sheets cancel each other by the opening of an energy gap.

changes resolution function due to the apparent change of the projected lateral dimensions of
the positron spot on the sample is given in figure 5.14. This effect is considered as a systematic
error of the determination of the symmetry breaking.

In order to assess the effect of the symmetry breaking, i.e the transition from cubic to
tetragonal respective orthorhombic symmetry, two approaches are undertaken. In the first
approach the p-space data in the extended zone scheme is considered as it appears in the
2D-ACAR spectra. In the second approach the data is folded back into k-space using the LCW
transform and analysed for the symmetry breaking.

For the p-space data the anisotropies of the individual measurements are compared using
a affine transformation in the form form of the linear transformation tensor e. The general
assumption behind this is that the symmetry breaking is small and can be described as shear
along the direction of the g-vector. In the case of two-dimensional data X , where X denotes
the positions of the data points ¢ has the form of:

The sheared positions are then given by e ® X. In order to avoid a rotated shear the off-diagonal
elements are set to zero and in order to compare the sheared density of the measurement with
the g-vector parallel to the integration to the one with the g-vector perpendicular the data
has to be evaluated on a regular grid. This makes an interpolation between the sheared grid
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Figure 5.10.: Principle of the 2D-ACAR measurement for the investigation of the symmetry
breaking in the electronic structure in the single-¢ SDW state. Two measurements are performed
in the AF; and the AF5 state with the ¢g-vector aligned parallel and anti-parallel to the integration
direction given by the line of sight of the detectors

points and regular grid necessary. Therefore, the discretisation of the data is performed on a
grid with 2048 x 2048 pixels and the position are linearly interpolated. The components of the
deformation tensor are determined by a least-squares fit by minimizing the difference between
the sheared anisotropy spectrum with the g-vector parallel and the anisotropy spectrum with
the g-vector perpendicular. The origin of X is chosen to coincide with the rotational center on
the data. For the measurement in the AF; phase the following deformation tensor was obtained:

o (r0137(1) 0
A 0 1.0012(1) )

and for the measurement in the AFy phase:

_ (ro139(1) 0
Al2 = 0 1.0008(1) ) °

. The components €., denote the distortion in-plane parallel to the g-vector and €,, out of plane.
The values are found to be in reasonable agreement for both measurements. The errors are
given by the statistical accuracy. The systematic error due to the tilt of the sample determined
above add an additional value of +0.0104 to the error budget. Hence, both diagonal components
of the deformation tensor are compatible with unity. The deviation from unity of the in-plane
component of 0.32 ¢ cannot be considered to be significant.

A method to circumvent the shortcomings of the direct analysis presented above is the analysis
of the k-space data by using an geometrical model to describe the observed densities. This
analysis focuses on the structure obtained at the N-points of the LCW-folded data (shown in
figure 5.15). As can be seen in figure 5.2 the N-hole ellipsoids located on the basal plane of the
Brillouin zone are stacked onto each other and rotated by 90° in the 2D-ACAR measurement
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Figure 5.11.: Anisotropy of the 2D-ACAR spectra for the longitudinal AF; state obtained
at 150 K with the g-vector aligned parallel (a) and perpendicular to the integration direction
(b) Anisotropy of the 2D-ACAR spectra for the longitudinal AFs state obtained at 10 K with
the g-vector aligned parallel (¢) and perpendicular to the integration direction (d). In all
cases the spectra shows a deviation from the four-fold symmetry of the [100]-plane due to the
anisotropic resolution function. Compare for example the hole-like structures at (0| = 5mrad)
and (£+5mrad|0)

with the integration direction chosen along [110]. Using a geometrical model similar to Biasini
et al. [Bia00] the expected LCW density can be calculated. Here the N-hole ellipsoids are
modelled according to Ketterson et al. [KKSW75] with a diameter of 0.35 mrad and a semi-axis
of 0.54mrad. The modelled ellipsoids are than stacked according to the reciprocal lattice and
the density is projected onto the [100]-plane. In the spin density wave state the incommensurate
g-vectors lead to the formation of infinite chains of ellipsoids along ¢. This was found in de
dHvA measurements (for details see [Faw88] and references therein). An illustration of this
infinite chain Fermi surface is given in figure 5.16a). It is a direct result of the Fermi surface
nesting shown in figure 5.9.

For the measurements parallel and perpendicular to the g-vector the density is either integrated
along ¢ which makes is indistinguishable from the stack of the ellipsoids or perpendicular to ¢
which results in a modified LCW density. The expected densities from this geometrical model
are shown in5.16 ¢) together with the same densities convoluted with the experimental resolution.
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Figure 5.12.: a) Difference of the two measurements with the g-vector aligned parallel and
perpendicular to the integration direction for the AF5 state. No distinct anisotropic contribution
can be observed in the spectrum. b) Cut through the difference spectrum fitted with the
difference of two Gaussians in order to asses the effects of a systematic error due to a slight
misalignment of the sample. The resulting spectrum is well described by the Fit.

Even with the effect of the resolution the expected densities can be distinguished. By comparing
the expected densities obtained from the simplified geometrical model to the LCW densities
from the measurements shown exemplary in figure 5.16b) the effect of the symmetry breaking
can be estimated. Here the expected densities are described by a two-dimensional Gaussian with
different widths along each axis as the effect of the resolution function obscures the details in the
initial densities. A ratio of the widths for the measurements with ¢ perpendicular and parallel to
the integration direction that differs from unity would be a direct hint for the symmetry breaking.
In the AF; phase ratios of 1.0(1) in plane and 1.04(17) out-of-plane were found. For the AF»
phase value ratios of 0.96(12) in plane and 1.11(10) out-of-plane were obtained, respectively.
Hence, high statistical error makes an assessment of the symmetry breaking impossible. It is
concluded that the loss of information in the LCW transformed data cannot be compensated by
using this geometrical model to describe the expected density.

5.2.3. Conclusion

The observation of the symmetry breaking in the electronic structure of chromium in the spin
density wave state turned out to be a difficult task. The analysis of the p-space data however
represents the most promising approach as the information content in the k-space data is
insufficient given the current resolution of the spectrometer in order to determine the structure
of the N-hole ellipsoid with the required precision.
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Figure 5.13.: a) Difference of the two measurements with the g-vector aligned parallel and
perpendicular to the integration direction for the AF; state. An anisotropy is found in the
difference which cannot be accounted for by a change in the resolution function. However, due
the absence of inversion symmetry this cannot be due to a symmetry breaking n the electronic
structure. A possible explanation can be layer of frozen residual gas on the sample which may
lead to positronium formation. b) Cut through the difference spectrum fitted with the difference
of two Gaussians in order to asses the effects of a systematic error due to a slight misalignment

of the sample. The value obtained by the fitting coincide with those obtained for the AF, state
measurement.

-
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Figure 5.14.: [Illustration of a source for a systematic error in the determination of the
symmetry breaking in the electronic structure. The sample has to be turned by 90°, therefore
a slight misalignment of the sample in the spectrometer changes the apparent shape of the
positron spot size on the sample which results in a modified resolution function.
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Figure 5.15.: LCW folded data for the transversal (AF;) and the longitudinal (AF3) with
the g-vector aligned parallel and perpendicular to the integration direction.

89



90 The electronic structure of chromium studied by temperature-dependent 2D-ACAR

a. The infinite chain of N-hole ellipsoids that
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for this symmetry breaking.
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Figure 5.16.: a) Illustration of the infinite chain structure of the N-hole ellipsoids. b)
Experimentally determined projection of the momentum density obtained by LCW-folding of
the data. c¢) Calculated projection of the momentum density obtained from the geometrical
model before and after convolution with the resolution function. The symmetry breaking can
still be observed from the different widths of the distributions.




Chapter 6.

Spin-polarized 2D-ACAR measurements
on Nickel

Nickel is one of the most prototypical d electron system and therefore attracted great interest
from both theory and experiment. Electronic properties of narrow-band materials, such as
the d-shell transition-metal series and their compounds, cannot be entirely explained within a
one-electron picture, because of the presence of significant local correlations between electrons
in the partially filled d band [IFT98]. From a theoretical point of view the realistic description
of the band structure has to contain an accurate treatment of many-body electron-electron
interactions to account for the mixed itinerant and localized behaviour of the valence states
[IFT98, GKKR96, KSHT06].

From an experimental point of view high resolution techniques are needed to identify many-
body effects of the electronic excitations. The classical approach using quantum oscillation
techniques is very challenging in ferromagnetic systems [Tsu67], since the variation of the
magnetisation of the Landau-levels is superimposed with the magnetisation of the material
itself. Hence, most investigations on the electronic structure and correlations in nickel relied on
photo-electron emission spectroscopy [AKO196, SPKT96]. Braun et al. [BME*12] could show
the importance of local correlations in nickel using the magnetic dichroism in photo-emission
for a spin-resolving measurement. The importance of local electron-electron correlations on the
correct description of the band structure of nickel was recognized by Wang and Callaway [WCT77].
However, it was found in different photo emission studies (see for example [EHK78, HKET79,
EP80, HCS109, BME™12]) that the correct prediction of the exchange splitting and the width
of the d-band are beyond the capabilities of the LSDA approach. In fact, it was found in the
experiment that the 3d-band width is about 30% narrower than that obtained from local spin
density approximation calculations. In addition, the magnetic exchange-splitting is overestimated
by LSDA calculations compared with the experimental data.

Besides the apparent discrepancies in the predicted band widths the dominant correlation
effect in nickel predicted by LSDA+DMFT is the well known satellite situated at 6 eV below
the Fermi level which is also found in the photo-emission data [HKE79, BME*12], and which
however, can also not be explained by pure LSDA calculations. An improved description of
correlation effects for the 3d electrons via the LSDA+DMFT gives the width of the occupied 3d
bands of nickel properly reproduces the exchange splitting and the 6 eV satellite structure in
the valence band [LKKO1].

In this study the influence of the local correlations calculated within the LSDA+DMFT
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Figure 6.1.: Schematic view of the principle of spin polarized 2D-ACAR. By magnetizing the
sample the singlet electron positron annihilation is preferred either for electrons spin minority or
majority direction, depending on if the magnetisation is parallel or anti-parallel to the emission
direction of the positrons. For clarity the positron polarisation is set to 1.

framework on the electronic structure is assessed by spin polarized 2D-ACAR. In the calculation
the value for the local electron-electron repulsion, the so-called Hubbard U, is varied and the
resulting 2D-ACAR spectra are compared to the experimental data. In the analysis the effects
of the positron wave function and the the electron-positron correlations (enhancement) are
investigated.

6.1. Introduction to spin-polarized 2D-ACAR

Two-dimensional projections of the TPMD are measured for different external magnetic fields
at room temperature. The sample is 10 mm in diameter and 0.5 mm high. It was obtained from
Mateck GmbH with the [110] direction out of plane. In the case of Ni the [110] direction coincides
with the magnetic easy axis. The accuracy of the orientation was chosen better than 0.1°. The
sample surface is polished to 50 nm surface roughness. An external magnetic field using the
electromagnet of the spectrometer (flux density of ~ 1.1 T) was applied parallel (anti-parallel)
with respect to the crystallographic [110] direction of the sample which coincides with the
emission direction of the positrons, i.e. the polarisation direction of the positron beam. The 3
spectrum of ?2Na, which served as positron source, has an end-point energy of 545keV with a
mean energy of about 210keV. This corresponds to a beam polarisation of 71 % for forward
emission. The geometry of the source and the magnetic transport field (higher acceptance angle)
leads to a lower net polarisation of the beam. Still a significant, non-zero polarisation of the
beam is expected, which was determined to 31(4) % in a dedicated experiment (see section 4.5).
Spin polarized ACAR is one of the few experimental methods that can probe the momentum
distribution of the electron in the bulk with respect to the spin direction. It was successfully
applied to pure [GMWPI1] as well as compound systems [HM86, HMRB90] and implicitly by
Haynes et al. [HWLT12]. Tt relies on two facts, the non-zero net polarisation of positrons emitted
from a radioactive source and the preferred singlet annihilation of electrons and positrons.
Due to the conservation of angular momentum the two-photon annihilation of an electron
and a positron is only allowed when the annihilation pair is in a singlet configuration with
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Figure 6.2.: Experimental spin-averaged LCW-folded momentum density of nickel with the
integration direction chosen along [001]. The extent of the Brillouin zone are indicated by the
solid lines.

their spins orientated anti-parallel. Furthermore, positrons emitted from a 37 source such as
22Na are longitudinally polarized due to parity violation in the weak interaction. The degree
of polarisation in the direction of emission is given by the momentum in forward direction
=, which is a measure of how many reference frames can be found in which the helicity of
the positron, the projection of the positron spin on the momentum, is conserved [ZVHRGT79].
The overall polarisation P of positrons emitted in a cone with opening angle ¥ relative to the
emission direction is then given by P = %%(1 + cos®). In an experiment the emission direction
is defined by the line-of-sight between source and sample. It was shown experimentally that the
positron polarisation is to a high degree conserved until the moment of annihilation, although
the positron undergoes multiple scattering during thermalisation [KS75, SMB8&7].

In ferromagnetic materials the degeneracy between the two spin states is relieved and the
densities in the individual spin channels are different, resulting in the formation of a majority and
a minority spin population. When an external magnetic field is applied parallel or anti-parallel
to the emission direction, i.e. the direction of the positron spin, the positrons will predominantly
annihilate either with electrons from the majority spin direction or the minority spin direction.

A sketch of this concept is shown in figure 6.1.

The momentum distribution of the annihilating pair is conserved in the two-photon momentum
distribution of the annihilation quanta and is given by:

P ) = | [P 0w ) o)

2

(6.1)

with W, the positron wave function, \Ili-v[(m) the electron wave function in the ¢th majority
(M) or minority (m) band and the momentum dependent enhancement factor v. As shown in
figure 6.1 the direction of the electron spins in the majority band is anti-parallel to the external
magnetic field, i.e. the magnetisation while the direction of the positron spins is fixed.

By contrast to Compton scattering, where all electrons have a more or less equal weight, a

2D-ACAR spectrum is no simple summation over all i electron states NiM (m) (pz, py) [KMF*11,
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KMF*12, KFM*13]. Instead, in any positron annihilation experiment in general and in a
2D-ACAR experiment in particular the electron states are weighted with the overlap of the
positron and the electron wave functions.

Therefore, the contribution NZ-M (m) (pz, py) of each electron from the majority (minority) band
to the 2D-ACAR spectrum is given by integrating equation 6.1 along one momentum direction.
The experimental 2D-ACAR spectrum for the magnetisation aligned anti-parallel (+) or parallel
(—) to the positron polarisation is then given by

(6.2)

A X[ (1£ P)NM(py,p 1 ¥ P)N™(ps, p
Ni(Pz,py):*sz ( ))\u(x Wy | /\m<z 2

445
with the singlet annihilation rate \s = 47r2c, 7. the classical electron radius and the net
longitudinal polarisation of the positrons P. The terms A denote the total positron
annihilation rate for positrons with spins aligned parallel () to the magnetisation direction of
the sample and for positrons with spins aligned anti-parallel (1)) to the magnetisation direction
of the sample (the first arrow indicates the magnetisation direction and the second arrow the

direction of the positron spins).

1 occ
RO = 237 (e ™ 4 Al ™ + 27 (6.3)
i
with the triplet annihilation rate Ay = A\s(4a/97)[7% — 9] ~ 1/1115)s and the overlap wiv[(m) of
positron and the electron from the ith majority (minority) band:

1 — [ oM (p) dp. (64)

From above equations it can be seen that, unless the positrons are completely polarized an
2D-ACAR spectrum will contain contributions of both, the majority and the minority bands.
In the analysis of a spin polarized ACAR measurement the difference of the two ACAR spectra
AN (pz, py) is taken, which is given by

AN(pmpy) = N+(p;t7py)_N—(p:v7py> (6'5)
AP & | NM Nm
> 2 [w - w] (66)

It was found possible by Berko [BM71] and co-workers to relate the physically interesting
property NM — N™ connected to spin dependent momentum density of the material to the
above mentioned difference AN of two 2D-ACAR spectra measured with the magnetisation
vector parallel and anti-parallel to the positron polarisation:

occ

> {NZM(px,py) — N{"(pa: py)] o
AH -\ (6.7)

~ AN (pg, py) + SE Z Ny
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Figure 6.3.: Difference between two ACAR spectra when the magnetic field is reversed: (a)
2D spectrum with the integration direction along the [001], and (b) cut through the momentum
density along high symmetry directions for pjgo = 0 and p119 = 0.

the fraction of 3-y annihilation 6 F37 is on the order of (1 — P)/1115 and therefore can be safely
neglected in a first order approximation in most cases. Therefore, the difference of the ACAR
spectra AN (pz, py) (magnetic ACAR) is directly related to the difference in the occupation of
the spin majority and minority bands and is only linked by a proportionally constant.

6.2. Fundamentals of the theoretical calculations

Amongst the basic methods to measure momentum densities are 1D and 2D-ACAR and
Compton scattering experiments. These spectroscopic quantities are routinely computed within
the Density Functional Theory (DFT) [HK64, KS65, Koh99]. Within the present project
collaborators from Univertdt Augsburg and Ludwig Maximilians Universitdt have computed
the electronic structure and the 2D-ACAR for the perfect Ni bulk lattice using the LSDA
of DFT for the electron exchange and correlation effects [CWB*15]. Electronic correlations
beyond the LSDA were included using the DMFT [MV89, KV04]. The electronic Green’s
function G (r,r’, E.) is obtained within the standard multiple scattering formalism [Gon92] of
the Korringa-Kohn-Rostoker method [EKM11]. The positions r,r’ are sites within the unit cell
and F, is a specific energy contour integration variable; X denotes the calculation procedure:
LSDA or LSDA+DMEFT. The ground state properties of the positron are obtained from the
two-component DFT. In practice the Schrodinger equation is solved in real space and the lowest
lying positron band is used to obtain the positronic Green’s function Gp4 (r,r’, E,). Details on
the implementation can be found in the thesis of D. Benea [Ben04].

1
G Doy B By) = gy [ @' [ 05, (0) Im G (v, E.) 65,8

. (6.8)
QSZPJ’ (r)Im Gp+ (I', I‘/7 Ep) ¢I;pa-/ (I‘ /) ’

(Pe, o), and (pp, 0’) are the momenta and spin of electron and positron, respectively. Here G2 ,

is computed for each energy point on the complex energy contour, providing the electron-positron

momentum density:

1
pX(p) = —— [ AEGY(Pep Eer By). (69)
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Since the positron is considered to be in the ground state the integration over the positron
energies F, is not required and ¢’ = —¢ at the annihilation. The momentum carried off by
the annihilation quanta is equal to that of the two particles up to a reciprocal lattice vector,
accounting for the fact that the annihilation takes place in a crystal. Hence an electron with
wave vector k contributes to pX (p) not only at p = k but also at p = k+ K, with K a vector of
the reciprocal lattice. The spin resolved integrated momentum density N.X (p,, py) = [ px (p)dp.
enters in the formula for computing the 2D-ACAR spectra — the integral of the total momentum
density along a given p, direction:

N3b-acar(Pe:py) = / o (P) + P2t (P)] dp- = Tro N;¥(p2,py) (6.10)

In order to asses the influence of the presence of the positron, the electronic momentum
density has been computed from the Green’s function in the momentum representation, as used
in the calculations of the Compton profiles [CWB™15]:

G (pes pe, E.) NQ/d3 /dSer) (1) Im GX (r,v' E) 6, (), (6.11)

which formally corresponds to equation 6.8 from which the positronic Green’s function is
removed. The spin projected momentum density is obtained according to the formula:

- 1
Pf(p) = _;/dEch)r(g'(p&peaEe)' (6.12)

The electron positron correlations are explicitly included in the calculation in form of the
Boronski-Nieminen (BN) functional [BN86] parametrized for vanishing positron density and
for electron densities in the typical range of transition metals 75 ~ 2 as described in section
2.2.2. As shown the BN parametrisation does not include any explicit momentum dependence.
The advantage of this functional is that it can be directly included in KKR formalism as the
functional is parametrized in term of the local density in real space. It was found that in the
case of Doppler or ACAR spectra the shape of the of the momentum densities is only slightly
changed compared to the IPM when the BN functional is employed. However, the agreement
between theory end experiment is improved and similar to that of different parametrisations of
7 like the LDA(E) (see [KSS14a, KSS14b] for on extensive discussion).

6.3. Experimental results

The measurement is performed in the p-space, however to proceed in the natural way when
comparing with Fermi surface structures, the transformation into the k-space is required. This
is done by use of the LCW-procedure [LCW73]. The LCW folded distribution is shown in figure
6.2. In the LCW folded momentum distribution the contribution from completely filled bands is
cancelled out to a good approximation and the Fermi surface information is enhanced. Therefore,
the characteristics of the Fermi surface (in this case spin averaged) can be conjectured.

The LCW-folded projections already contain much valuable information on the Fermi surface.
However, by taking advantage of the positron polarisation additional information on the
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