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3.1 Ion implantation 

This work’s implanted ions were produced in an ion source by sputtering a solid target or 

by ionising a vapour. They are extracted from the source and accelerated by an electrostatic 

field to energies of a few thousand electron volt (keV). Subsequently, the ions are separated by 

mass, using an analyzing magnet. After passing through electrostatic or magnetic quadrupole 

for focusing, the ions become implanted in the near-surface region of the desired material. In 

SrTiO3 typical implanted layers have depths of about 200-300 Å if the energy of the ion beam 

ranges in between 40-60 keV. The ions come to rest by dissipating the kinetic energy through 

interactions (i.e, collisions) with nuclei and electrons in the solid. The cross sections for both 

scattering processes depend on the incident ion energy, its nuclear charge and mass and the 

mass of the solid atoms. The second process, called electronic stopping, is dominant if high ion 

energies and small atomic numbers Z are present. With decreasing kinetic energy of the ions or 

increasing atomic number Z, the first process, called nuclear stopping (at the Coulomb potential 

of the nuclei) becomes dominant. Nuclear stopping leads to the generation of defects in the solid 

crystalline lattice, if the energy transferred to the target atom is sufficient for a displacement. 

Both electronic stopping and nuclear stopping determine the implantation profile, i.e. the depth 

distribution of the implanted ions. The implantation depth and corresponding straggling (equal 

to the variance of the distribution) can be calculated with SRIM (the Stopping Power and Range 

of Ions in Matter) code, which is a Monte Carlo computer simulation program [1]. However, 

other methods revealed that for heavy ions the SRIM calculations may result in values that 

differ up to 20 % from experimentally determined depth profiles. Nevertheless, the difference 

can be neglected in the experiments presented within this thesis since the accuracy of these 

parameters is not crucial for the nuclear methods that were used to analyze the doped SrTiO3 

samples. Low radioactive probes fluence ( ∼1012-1015 at/cm2) was preferred in all studies in 
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order to keep implantation damage as low as possible, that might be removed by means of a 

thermal annealing that leads to the electrical, optical or magnetic activation of the dopants. The 

reconstruction of the SrTiO3 lattice with a melting point of about 2080 ºC requires annealing 

temperatures above 1000 ºC as will be discussed in chapter 4. 

3.1.1 Sample implantation at ITN 

The Danfysik implanter, model S1090, of ITN ion beam laboratory [2] was used to 

implant commercial SrTiO3 samples at RT with 56Fe+ ions of 60 keV energy, to fluences of 

1×1015 and 5×1015 at/cm2. 56Fe+ ions were produced in a CHORDIS (cold hot reflex discharge 

ion source) model 920, using a sputter target [3]. The beam was mass analyzed in order to 

separate 56Fe+ ions from the ions of other mass produced in the source. All samples were 

analyzed by RBS with the 3 MV Van de Graff accelerator, using 2 MeV 4He+ beams at ITN, 

before and after annealing. Further details on this topic are given in section 3.3.1 of this chapter. 

The operating principle of the Danfysik ion implanter may be described as follows: 

1. Ion beam generation by a gas and sputtering source: The ions are produced in an ion 

source of CHORDIS type and extracted from a negatively polarized metal disk placed 

inside a discharge chamber, which ionizes the metal atoms from the disk if a confined 

electrical gas discharge of Ar is produced in the source. In the ionization process, the Ar+ 

ions collide with the disk supplying to its atoms enough energy (greater or equal to the 

ionization potential) to eject an electron or themselves. The ejected atoms from the disk 

collide then with the free ions and electrons in order to keep the plasma confined in the ion 

source. Since the sputtered metal atoms from the disk stay mixed with other species in the 

discharged plasma, a large fraction of undesired metal ions will be extracted together with 

the positive sputtered ions and accelerated by means of an applied voltage (up to 50 kV).  
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2. Ion extraction and acceleration from the ion source: Once ionized, the ions and 

electrons form gas plasma with no space charge. Since the gas contains equal numbers of 

ions and electrons, it can be considered as field free. During the extraction beam at up to 

50 kV, the current between the cathode, anode and gas inlet should be adjusted to 

maintain stable gas discharge so that the positive ions can be extracted by electrode 

extraction. 

3. Ion mass separation at the extraction level and subsequent post-acceleration: The 

desired ion species (e.g. Fe) are separated from the other plasma different species by a 

double focusing 90º magnetic mass analyzer, which mass resolution is 

250to150MM ≈∆ . In this way, residual air, hydrocarbons from vacuum pumps and 

other impurities are also removed. After mass separation, the ions pass through an 

accelerating tube, which not only accelerate the ions passing through potential differences 

to gain kinetic energy, but at the same time subject ions to magnetic and electric fields that 

focus the ion beams. The overall acceleration voltage is distributed over 12 electrodes 

separated by insulators and may reach a maximum of 160 kV, which allow to implant 

single charge ions with a maximum energy of 210 keV. 

4. Beam focusing and large area beam sweeping: The beam may be focused by a 

quadrupole triplet magnet to a diameter of 10 to 20 mm on target, or it may be defocused 

to larger dimensions (e.g. 100 mm diameter) in order to minimize instantaneous power 

loading on the sample surface. With an electromagnetic two-dimensional beam deflector 

the ion beams may be swept for homogenous exposure over large areas. The samples are 

mounted on a two-axes target holder which can be rotated in two perpendicular directions. 

The target holder orientation with respect to the beam should be adjusted (e.g.  ∼10º tilt) in 

order to minimize ion beam channeling through principal crystalline axis. 
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Figure 3.1 shows the ITN ion implanter signing its major components in a sketch. 

 

Fig. 3.1 Sketch and 

photo of the Danfysik ion 

implanter installed at ITN 

ion beam laboratory, from 

[4]. 

3.1.2 Sample implantation at CERN-ISOLDE On-line separator 

Studies of implanted impurities in SrTiO3 were predominantly performed by PAC and EC 

nuclear methods making use of radioactive probes. These were incorporated in the crystal by 

means of ion implantation at the CERN Isotope Separation On-Line (ISOLDE) facility. The 

samples were implanted with the conditions described in table 3.1. 

Table 3.1: Experimental conditions of samples ion implantation. 

Sample Impurity Fluence Energy Subsequently 
SrTiO3 2.5×1013 40 EC 
SrTiO3 

89Sr 
7.9×1014 40 EC 

SrTiO3 
111Ag 1×1013 60 EC, PAC 

2%Nb:SrTiO3 
111mCd * 1.5×1012 60 PAC 

SrTiO3 111mCd  1.5×1012 60 PAC 

SrTiO3 
115Cd 1×1014 60 EC 

SrTiO3 
117mSn 4×1013 60 EC 

SrTiO3 
169Yb 1×1014 60 EC 

SrTiO3 2×1013 60 EC 

1×1015:56Fe:STO 1×1014 60 RBS, EC, PIXE 

5×1015:56Fe STO 

59Fe† 

1.9×1014 60 RBS, EC, PIXE 

ZnO 61Mn 3×1012 60 EC 

GaN 56Mn 2×1014 60 EC 

                                                 
* 2%Nb was introduced during crystal growth. 
† Three kinds of SrTiO3 samples were implanted with 59Fe to the referred fluence: (1) virgin, (2) virgin pre-implanted sample with 
56Fe 1×1015 at·cm-2 and (3) virgin pre-implanted sample with 56Fe 5×1015 at·cm-2. 
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The nuclear method that followed sample implantation determined the mounting procedure in 

the implantation chamber. That is, in the samples to be analyzed by: 

• PAC, the beam was swept to produce a homogenous implanted area (usually 5×5mm2), 

so as to effectively achieve fluences below 1013 at/cm2. 

• EC, the beam was forwarded to a 1mm collimator, placed in front of the sample holder 

few centimetres apart, in order to obtain a small beam spot needed for having angular 

resolution. The sample holder was tilted 7º-10º to minimize channeling of the ion beam, 

and avoid a deeper implantation profile than desired.  

 

Fig. 3.2 Sketch of radioactive 

nuclide production in a uranium 

target irradiated with protons. 

At ISOLDE, radioactive probe nuclei are produced via spallation, fission, or 

fragmentation reactions in a thick target (see fig. 3.2.), irradiated with 1 or 1.4 GeV proton 

beam, from the Proton Synchrotron Booster (PSB) in figure 3.3. The volatile nuclear reaction 

products are released from the high temperature target into an ion source via chemically 

selective process (e. g. laser ionization) and are extracted as a radioactive ion beam.  
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Fig. 3.3 Overview of CERN accelerators and ISOLDE hall with General Purpose Separator (GPS) 

with its three different beam lines (CBL, GLM and GHM). Implantation chambers in the end of the GLM 

and GHM beam lines, from [5]. 

In this work, 1 GeV proton beam was used either with UC2 (for Ag, Fe and Sr), Sn (for 

Cd) and Ta-foil (for rare earth production) targets. The production of some nuclei (e.g 117mSn, 

59Fe and 111Ag) required the use of a resonance ionization laser source (RILIS). Rare earth are 

usually based on surface ion sources, where atoms bouncing from a high temperature ( ∼ 2400 

ºC) metallic (e. g. W) surface [6], are ionized by electron transfer to the surface. Cd ions were 

obtained by simple electron induced plasma ion source. RILIS works by shining a combination 

of three laser beams into the cloud of nuclei released from the target, in order to improve 

ionization efficiency and chemical selectivity of the nuclei of interest. Those elements of 

interest are then extracted, accelerated to an energy up to 60 keV and mass separated by 

magnetic separators. ISOLDE has two isotope separators with independent target ion sources 

that deliver mass separated radioactive ion beams, namely general purpose separator (GPS) and 

high resolution separator (HRS) in figure 3.3. The General Purpose Separator (GPS) has one 

bending magnet and an electrostatic switchyard allowing the simultaneous extraction of three 

mass separated beams: high mass beam (GHM), central beam (GCM) and low mass beam 

(GLM). The High Resolution Separator (HRS) consists of two bending magnets with an 

GCM 
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elaborate ion-optical system for higher order corrections. Its mass resolving power exceeds 

5000. Both separators are connected to a common beam-line system and feed the major 

ISOLDE experimental installations. However, the radioactive ion beams that were used in the 

scope of this work off-line and on-line experiments were exclusively delivered by the GPS 

separator, which has, in general, better transmission and is more dedicated to solid state physics 

experiments. The implantations were performed in two distinct implantation chambers that are 

connected to the GLM and LA2 (GCM left sector beam line 2) beam lines. The first chamber is 

a general purpose solid state implantation chamber equipped with beam collimators, a 

secondary electron suppressor plate and a sample holder with nine positions for sample 

mounting, allowing thus multiple implantations with long-lived isotopes without breaking the 

vacuum. The suppressor plate placed in front of the sample holder minimizes the emission of 

secondary electrons from the sample which would otherwise interfere with the beam current 

readout (typically 1 to 100 pA) performed on the sample holder. The collimators and the sample 

holder are controlled by stepping-motors that are operated from the control room. The second 

implantation chamber is a new on-line EC chamber developed in 2006 and commissioned in 

2007 within the framework of this thesis, focusing, dedicated to EC lattice site location 

experiments with short-lived isotopes. Such experiments require the use of a new, fast silicon 

pad detector system and the possibility of implanting and measuring at the same time, which is 

the aim of the new on-line EC chamber. In this case, only one sample is mounted at a time and 

it is hold by a 2-axis goniometer placed on the top flange of the chamber. In the course of the 

implantation it is thus possible to measure the angular yields along several crystalline directions 

by means of the fast Si pad detector positioned in a chamber flange deviated 17º from the beam 

direction, and 319 mm distant from the sample. The basic layout of both chambers can be seen 

in the photos of figure 3.4. Details about the new on-line EC chamber can be found in section 

6.1 of chapter 6. 
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Fig. 3.4 Implantation 

chambers at GLM 

(left) and LA2 (right) 

ISOLDE beam lines. 

3.2 Implantation damage in solids 

The drawback of implantation is that, when ions strike a given substrate, they create zones 

of disorder exhibiting different damage configurations going from isolated point defects, point 

defect clusters, to stacking faults and continuous amorphous layers, as the fluence of implanted 

ions increases and the damage from the ions accumulates and overlaps. By a crystalline defect 

one means a region where the microscopic arrangement of atoms differs drastically from that of 

a perfect crystal. Defects are generally labelled surface, line or point defects, according to the 

dimensionality of the defect. Here, particular attention will be devoted to the simplest defects in 

solids, e. g., point defects. These can be vacancies, due to a missing atom A (VA), due to 

substitutional ions, which are impurity ions B replacing an atom A (BA) or interstitials, which 

are impurity ions or lattice atoms C occupying an interstitial site (IC). Moreover, various 

interstitial formations are possible according to the occupied lattice or non-regular site and to 

the number of atoms involved. Combinations of these three kinds of defects are also possible 

and among them Frenkel pairs, which are VA-IA (vacancy-interstitial) complexes formed by an 

atom displaced from a lattice site to a nearby interstitials site, are of most frequent occurrence 

during irradiation of solids. Frenkel pairs created during irradiation with particles above the 

threshold energy can either recombine spontaneously or become stable when the interstitial- 

-vacancy separation exceeds a critical distance, called the recombination or capture radius RC. 
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Hence, recombination occurs when interstitials and vacancies are within a sphere of volume 

4/3πR3
C. The recombination radius of such a VA-IA pair in a crystal, however, is often 

anisotropic and displays maxima along close-packed directions. Through the operation of 

replacement collision sequences, the separation of interstitial and vacancy is aligned 

predominantly along close-packed directions.  

The defect evolution is governed by the mobilities of interstitials and vacancies which 

depend on the temperature. Single point defects can disappear by annihilation with a point 

defect of opposite nature or form clusters by aggregation of defects of the same nature. The 

temperature dependence of the diffusivity D of a vacancy or an interstitial follows an Arrhenius 

law: TKE BmeDD /
0

−= where 0D is the pre-exponential factor (containing the migration entropy), 

mE is the migration energy, BK is Boltzmann's constant and T is the temperature. Generally, the 

mobility of interstitials is larger than the mobility of vacancies, which become mobile at higher 

temperatures. Therefore, the increase of defect mobility by sample heating facilitates the 

implantation induced damage removal. In this context, the optimum annealing temperature was 

investigated by means of PAC, RBS and EC techniques. All results are presented and discussed 

together to some extent in chapter 4 of this thesis. 

3.2.1 Post-implantation annealing 

The recovery of the SrTiO3 lattice after ion implantation was achieved by heating the 

sample to increase defect mobility and facilitate the damage removal. Impurity implanted 

SrTiO3 samples investigated by: 

• EC were annealed in situ and under vacuum from 23ºC to 900ºC in steps of   

∼100-200ºC during 10min each. Vacuum annealing (2-5×10-6 mbar) offers the easiest to 

avoid re-orienting the sample after each annealing stage but also can contribute to 
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oxygen losses of the material. So far, EC data only revealed sample degradation for 

samples annealed at 900 ºC for few minutes. Sample annealing at higher temperatures, 

up to 1200 ºC – 1300 ºC, was performed in a classical tubular furnace under air.  

• PAC and RBS/C were annealed under air at atmospheric pressure in a classical tubular 

furnace for 20 minutes at 720 ºC-1000 ºC and 1000 ºC-1300 ºC, respectively. Since 

recovery was found to start only above 900 ºC-1000 ºC, only this annealing step was 

performed in some PAC experiments. 

The temperature of the EC heater (W filament) and tubular furnaces is electronically controlled 

and heat treatments can be performed up to 900ºC and 1500 ºC, respectively. However, since 

the melting point of SrTiO3 is 2080ºC the required annealing temperature for full lattice 

recovery is below ∼1387 ºC to avoid structure crystal decomposition [7]. Nevertheless, 

optimum annealing temperature of implanted damage in SrTiO3 is strongly dependent of 

fluence. Fully lattice recovery was observed already following 900 ºC [8] for implanted SrTiO3 

with low fluences (≤ 1014 at/cm2), while with higher fluences (∼1015 at/cm2) that was only 

achieved for annealing temperatures of ∼1000-1250 ºC, see chapters 4 and 5 results. 

3.3 Characterization methods 

This section gives an overview of the characterization methods used to study the 

implantation damage recovery of SrTiO3 single crystals, either in crystals with the standard 

stoichiometric form ( 3;1 == SrOTiSr ) or in SrTiO3 crystals doped with 2%Nb during 

growth. A key issue in this study is to determine the optimum annealing temperature to remove 

defects (e. g. point defects) in the implanted region and place all dopants into regular positions. 

The issue was investigated through the combination of RBS/C, PAC, and EC and PIXE 

methods. The last method, PIXE, was used to investigate the presence of impurities that could 
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lead to specific electrical, optical and magnetic properties of the material (see chapter 5). 

Magnetic properties of Fe-implanted SrTiO3 were studied by means of a SQUID based 

characterization method, which principle is also briefly introduced in this chapter. Note that 

because EC was the most frequently used method in this thesis the respective scientific and 

technical work, it is here described in more detail. 

3.3.1 RBS: Composition and crystalline quality 

For the purpose of this work, the non-destructive character of Rutherford backscattering 

combined with channeling (RBS/C) was a powerful technique to determine composition, 

thickness and crystalline quality of SrTiO3 Fe- implanted layers. RBS is based on Rutherford's 

famous experiment from which he proposed a new atomic model [9]. The aim of this section is 

to overview the basic principles related to the RBS theory and experiment. This includes the 

explanation of how the physical properties referred above can be deduced from the 

experimental data presented in chapter 4. A detailed description of RBS/C spectroscopy can be 

found, e. g., in ref. [10]. 

Basic principles 

Charged particles (in this study, 4He+) are generated in an ion source, extracted, 

accelerated and focused to form a high energy beam (typically ∼2-3 MeV). The path of the 

beam is bent by a magnet in order to select the desired mass and charge of ions as explained in 

section 3.1.1. The remaining ions are electrostatically focused and steered into the sample. A 

fraction of the ions is backscattered and detected by a surface barrier detector. By determining 

the number of backscattered particles as a function of their energy, a backscattering spectrum is 

composed. This can give information on the target composition as a function of depth if the 
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energy scale is converted to a depth scale by means of the stopping power dxdE . Depth 

profiling capability is indeed an important feature of the RBS/C technique. This is achieved 

because the energy of backscattered particles is related to the depth in the sample where 

scattering occurred [11]. Indeed when the analyzing beam particles move through a solid, they 

gradually lose energy mainly via interactions with target electrons since collisions with nuclei 

are rare (the probability for a particle to be backscattered into the detector is  ∼10-2-10-6 for a 

typical geometry). A nuclear collision, i. e., the collision between the particle and a sample 

nucleus, can be described by the kinematic factor that is calculated as indicated in ref. [12]. 

Taking in to account the kinematic factor, K, ion stopping power, and the scattering geometry 

(determining the path which particles travel within the solid before and after backscattering 

events), a relation between the energy of backscattered particles and sample depth can be easily 

calculated as follows: 

[ ] xSE ⋅=∆  (3.1) 

where 10 EKEE −=∆ . The energy 0KE corresponds to the energy of the particles back scattered 

from atoms at the surface, while 1E is the measured energy of a particle scattered at a depth x . 

[ ]S is the appropriate stopping cross-section, given by: 
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(3.2) 

in which 1θ  and 2θ are respectively the incident and exit angles of the impinging ion with 

respect to the surface normal and K is the kinematic factor.  

When the particle beam is aligned with a major axis of a crystalline sample, the ions 

become channeled and the backscattering yield decreases drastically. The channeling analyses are 

very sensitive to the presence of the crystalline defects because they modify the periodic structure 

of the crystal and consequently alter the rate of backscattered ions with respect to a perfect crystal. 
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That is why channeling in backscattering experiments is often used to determine the crystalline 

quality of the investigated material. The ratio of the height of a channeled spectrum (i.e. a 

spectrum recorded with the ion beam incident along a major crystal axis) with that of a random 

spectrum (recorded with the ion beam tilted several degrees off main axis) gives a quantitative 

parameter, namely minimum yield, describing how well ions channel into a crystal. The lower the 

minimum yield is, the better the crystalline quality is. The ideal minimum yield is approximately 

1% for perfect SrTiO3 at room temperature. Among other things, channeling can be used in 

combination with RBS in order to obtain information regarding the extent and depth distribution 

of lattice disorder as well as the impurity lattice location in crystals lattice.  

Experimental details 

Four nominally undoped commercially available cubic SrTiO3 single crystals were 

implanted with 60 keV 56Fe+ ions at room temperature with the ion beam tilted 8-10º, i.e. 

“random” implantation, off the <100>  surface perpendicular axis. Two of the samples were 

implanted to a fluence of 1×1015 at/cmcm2 and the others two to a higher fluence of 5×1015 at/cm2. 

Crystalline quality, lattice site location and damage recovery were studied by RBS/C. Two 

implanted samples were annealed up to 900ºC under vacuum and subsequently measured by 

RBS/C. All sample measurements were performed using a 1 mm collimated 2 MeV 4He+ beam 

provided by a 3.0 MV Van de Graaf accelerator at ITN [13]. The samples were mounted in two 

available RBS/C chambers (I and II) equipped with computer controlled two-axis goniometers, 

having an angular accuracy of 0.01º, and surface barrier detectors placed in distinct geometries.  

Chamber I has two detectors placed in the CORNELL geometry at 160º and 180º scattering 

angles with solid angles of 1.7 msr and 15 msr and energy resolutions of 13 keV and 16 keV, 

respectively. These two detectors were used to analyze all the virgin and implanted samples after 

annealing. The rest of the samples (implanted samples in the as implanted state) were analyzed in 
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chamber II. In this chamber, the backscattered particles were detected by two surface barrier 

silicon detectors placed at 140º and close to 180º scattering angles in the IBM geometry with 

energy resolutions of 13 and 18 keV, and solid angles of 3.4 msr and 19 msr, respectively.  

In all samples detailed angular scans were performed along the <100>, <111> and <110> 

axes. The axis direction was located by adjusting the orientation of the sample in order to 

minimise the backscattered yield for a fixed incident number of particles. This was achieved by 

using a sample holder mounted on a three-axes goniometer. Further details about the ITN RBS/C 

experimental setups can be found in ref. [13]. 

3.3.2 PIXE: Elemental composition 

Proton induced X-ray emission (PIXE) is a rapid non-destructive multi-elemental 

technique, which general principle involves the detection of characteristic X-rays generated in 

the sample by an energetic incident ion beam of protons, as used in this work, or alpha particles. 

A detailed description of PIXE can be found in ref. [14]. 

Basic principles 

Sample bombardment with ions of sufficient energy (usually MeV protons) produced by 

an ion accelerator, will lead to sample electron excitation as a consequence of ion energy loss as 

they move through the sample. Ejection of electrons in the inner shells of the atom 

(predominantly the K and L shells) leaves the electron atomic configuration unstable. The 

excited sample atom seeks to regain a stable energy state by reverting to its original electronic 

configuration. In doing so, the inner shell vacancies created by sample atom ionization will be 

filled by outer shells electrons (in ∼10-17 s), releasing the extra energy in the form of X-ray 

quanta or pulling an (Auger) electron out of orbit as illustrated in figure 3.5. X-rays are usually 

detected by energy dispersive semiconductor detectors such as Si(Li), or High Purity 
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Germanium detectors. The X-ray energies are characteristic of the element and therefore can be 

used to identify elemental composition.  

 

Fig. 3.5 The basic principle of PIXE. 

The X-ray spectrum is determined by the energy levels of the electrons in the atoms 

present in the sample. In other words, the spectrum consists of the X-ray line caused by the de-

excitation of electrons falling from higher shells, together with a continuum bremsstrahlung 

background. This may contain discrete peaks arising from a nuclear reaction, of a type such as 

(p, γ) or (α, γ) between the ion beam and the sample elements. Because a MeV proton beam 

generates a very low continuum bremsstrahlung background, the PIXE spectra often exhibit 

fine details, such as escape and sum peaks, and low energy tailing for intense peaks. The 

intrinsically lower bremsstrahlung background generated with proton beams improves the PIXE 

analytical sensitivity of better than 0.1 ppm (part-per-million) for many elements in a low 

atomic number matrix. 

Spectrum PIXE analysis consists of two parts: 

1. To identify the atomic species in the sample from the energies of the characteristic peaks 

in the X-ray emission spectrum. 

2. To determine the concentration (typically down to 1ppm) of a particular element present 

in the sample from the intensity of its characteristic X-ray emission spectrum. Further 

details on this topic can be found in ref. [14].  
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The most common spectrum analysis approach in PIXE is to model the spectrum by an 

analytical function, which requires knowledge of the ionisation cross-sections, fluorescence 

yields and absorption coefficients. This analytical function includes modified Gaussians to 

describe the characteristic X-ray peaks and a polynomial to represent the underlying continuum 

background [15]. In this work, PIXE spectra were deconvoluted by Reis et al. using the AXIL 

code [16] and subsequently analysed by DATTPIXE package [17] in order to extract 

quantitative data, such as the elemental concentrations.  

Experimental details 

In the PIXE analysis of this work, a 2.4 MeV proton beam was provided by the ITN 

3MV Van de Graff accelerator [18] and guided to an evacuated PIXE chamber containing 

the SrTiO3 samples to be analyzed. A liquid nitrogen cooled Si(Li) detector was placed at 

110º to the beam direction and coupled to the PIXE chamber in order to measure the energy 

of the emitted X-rays from the SrTiO3 samples. An important feature of this detector is that 

it is simultaneously sensitive to a range of different X-ray energies with a typical energy 

resolution of better than 160 eV. However, its energy range (∼2-35 keV) is limited by: 

1. The detector is mounted to the chamber through a Perspex sleeve, which makes X-

ray below 2 keV to be strongly attenuated. 

2.  The efficiency detector degradation for X-rays with energies greater than 20 keV, 

due to incomplete X-ray absorption within the detector Si crystal. 

The first factor limits the detection of elements with atomic number lower than sodium by 

the Si(Li) detector. The second factor causes PIXE to be rarely used to measure X-ray 

energies greater than 35 keV. 
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3.3.3 SQUID: Magnetic characterization 

SQUID magnetometry method was applied to characterize the magnetic properties of 

SrTiO3 samples, previously studied by EC, RBS and PIXE methods in this study. In particular, 

it is the only method which allows to directly determining the overall magnetic moment of a 

sample in absolute units. The term SQUID is an abbreviation that stands for Superconducting 

Quantum Interference Devices. 

The magnetization measurements and data analysis were performed at Instituto de Física 

de Materiais da Universidade do Porto (IFIMUP) by Araújo et al. A selected overview of the 

obtained results is given in section 5.4 of chapter 5 in order to highlight the effective 

contribution that EC can give to material’s magnetism understanding. In this section only the 

magnetism fundamentals, basic principles of a SQUID magnometer and experimental details 

which are relevant to the results which follow will be reported. 

Magnetism fundamentals 

The magnetisation (either intrinsic or induced by an applied field) of a material can be 

measured by means of a SQUID magnetometer, whose output is the sample magnetic moment. 

This combines information about of the magnetic moments on the atoms within the sample, the 

type and level of magnetic ordering and the physical dimensions of the sample itself. The 

measured moment is also affected by external parameters such as temperature and applied 

magnetic field. 

The response of a material to a magnetic field is quantified by the magnetic susceptibility 

–  χ – and the permeability – µ. While the first quantity defines the ability of a material to 

become magnetized by an external magnetic, the second defines the ability of a material to 
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become magnetized by an electromagnetic field. This is the sum of the external magnetic field 

and that produced by the magnetic sample.  

Table 3.2 indicates how susceptibility and permeability vary with the type of material and 

magnetic ordering (if any) it displays. 

Table 3.2: Variation of susceptibility, χ, and permeability, µ, with 

material and magnetic ordering. 

Material/Ordering χ µ (µ0) 
Vacuum 0 = 1 
Diamagnetic Small and negative = 1 

Paramagnetic Small and positive = 1 

Antiferromagnetic Small and positive = 1 

Ferromagnetic Large and positive >> 1 

Ferromagnetic Large and positive >> 1 

The measured magnetic moment value of an implanted sample is, however, the sum the 

magnetic contributions from the implanted layer and from the non implanted-region (substrate). 

This was much greater in volume and mass than the Fe-implanted layer of the SrTiO3 samples 

analyzed in this thesis. 

The diamagnetic and paramagnetic nature of these samples substrate made the subtraction 

of the background contribution to the measured signal quite tricky.  

• Diamagnetic contribution has no influence on the measurement of magnetization under 

zero applied fields, since in this condition diamagnetic materials have no atomic magnetic 

moments. Under applied fields its contribution is linear with field and temperature 

independent. As shown in figure 3.6 (a) when a field is applied a small, negative moment 

is induced on the diamagnetic atoms proportional to the applied field strength. And figure 

3.6 (b) shows that susceptibility is independent of temperature. The diamagnetic 

contribution can be calculated from knowledge of the volume and properties of the 

substrate and subtracted as a constant linear term to the measured signal. The diamagnetic 



 CHAPTER 3 SAMPLE PREPARATION AND CHARACTERIZATION                                                                                           53 

background can also be seen clearly at high fields where the Fe implanted region of the 

sample has reached saturation: the Fe zone saturates but the linear background from the 

substrate continues to increase with field. 

 

Fig. 3.6 Field dependence 

of magnetization (a) and 

thermal variation of the 

magnetic susceptibility (b) 

for a diamagnetic material. 

• Paramagnetic contribution under zero applied fields has no influence in the 

measurement because the magnetization of a paramagnet is zero. That is, the atoms in a 

paramagnet have a net magnetic moment but atoms are oriented randomly throughout the 

sample due to thermal agitation, giving zero magnetisation. This is called paramagnetism 

of free atoms and is sketched in figure 3.7 (a). As a field is applied the moments tend 

towards alignment along the field, giving a net magnetisation which increases with 

applied field as the moments become more ordered, see figure 3.7-(b). This is what occurs 

at zero temperature. On the other hand, at non-zero. Temperature, thermal agitation works 

against parallelism, so that the magnetic moment alignment is partial, and thus the 

magnetization is lower the higher the temperature. Consequently, susceptibility decreases 

with temperature in accordance with the Curie law: TC=χ , C is called the Curie 

constant. This function describes spin only magnetism and is derived from the Brillouin 

function argument when it tends to zero, as will be next explained.  
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Fig. 3.7: (a) Paramagnetic free atoms under zero applied field. (b) Field dependence of 

magnetization and (c) thermal variation of magnetic susceptibility according Curie law for a 

paramagnet of non-interacting spins.  

The figure 3.7 (c) shows two limiting regions of the magnetization, M, vs. applied field, 

H, response: linear for  µH << kT and non linear up to a magnetization saturation point. 

This field dependence in paramagnetic materials follows the Brillouin function given by: 

( )xBSgNM SBµ=  (3.6) 

where ( )xBS  is the Brillouin function defined as  

( ) ( )
S
x

S
xS

S
S

xBS 2
coth

2
12

coth
2

12 ++
=  (3.7) 

and the dimensionless parameter x  is the ratio of the magnetic energy, which tends to 

align the magnetic moments, to the thermal energy which tends to keep the system 

randomly oriented: 

TK
HSg

x B 0µµ
=  (3.8) 

For a very large argument, 1coth →x  implying ( ) 1=∞±SB  and thus,  

SgNM Bµ= . (3.9) 

 Describing this equation the saturation magnetization ( SM ). This is the point 

where the thermal energy is overcome by the applied magnetic field and all magnetic 
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moments are aligned with the field. The saturation cannot be observed in most cases, 

because the available magnetic fields are not large enough to reach that region. 

In the other limiting region 0→x , the initial slope of the Brillouin function 

approaches 

( )
3
1 xs

BS
+

= . (3.10) 

The Brillouin function describes the magnetization of an ideal paramagnet without 

regard to the magnitude of KTH . In practice this function is used to determine the spin 

state of a paramagnet by varying applied magnetic field at constant temperature. The 

Brillouin function is plotted in figure 3.8 for various magnetic spin states. The function 

given in equation 3.6 was used to quantify the paramagnetic contribution arising from the 

substrate of SrTiO3 samples characterized in chapter 5. Besides, the diamagnetic 

contribution was subtracted in order to obtain the signal from the Fe-implanted layers 

alone.  

 

Fig. 3.8 Brillouin curves for 

ideal paramagnets with 

various S values are shown. 

Magnetization normalized to 

saturation magnetization is 

plotted against H/T. Systems 

with high S values saturate 

more quickly in response to 

increasing magnetic field than 

those with low values of S. 

Contrary to the case above, susceptibility in a ferromagnet becomes infinite not at zero, 

but at a characteristic temperature, called the Curie temperature TC. Below this temperature, 

interactions overcome thermal agitation, and a spontaneous magnetization, MS, appears in the 
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absence of a magnetic field. This spontaneous magnetization reaches its maximum value, M0, at 

0 K corresponding to a parallel arrangement of magnetic moments in neighbouring atoms. Note 

that local spontaneous magnetization may vary in orientation in such a way that the resulting 

moment of the whole sample is zero. The material is then said to be demagnetised. However, 

under the application of a magnetic field, the moments orientation is changed, giving rise to the 

magnetization curve shown in full line in figure 3.9, and called the initial magnetization curve. 

In large enough magnetic fields, magnetization tends to saturate. If the applied field is then 

continuously changed between to extreme values + H0, the magnetization process is not 

reversible, and it is described by a hysteresis loop. In addition to a strong magnetization, the 

initial magnetization curve as well as the hysteresis loop is characteristic of ferromagnetic 

substances. Most technological applications are based on the existence of this loop. 

 

Fig. 3.9 Magnetization curve of a demagnetised material 

or initial magnetisation curve (full line). Hysteresis loop 

(dashed line) of a ferromagnetic material showing the 

coercive field, HC, and remnant magnetisation, Mr. 

A hysteresis curve gives information about a magnetic system by varying the applied field 

but important information can also be gleaned by varying the temperature. The thermal 

variation of the reciprocal susceptibility of a ferromagnet is linear but, unlike the Curie law 

which pass through the origin, it cuts the temperature axis at T = TC, i. e. that corresponding to 

disappearance of the spontaneous magnetisation. Thus, the susceptibility of a ferromagnetic 

with temperature is described by a modified Curie law. This modification consists in 

introducing a simple correction factor, whose calculation is based on a molecular field theory. 

This consists in considering identical magnetic moments, coupled through a positive exchange 
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interaction leading to a molecular field ( )0MHm 〉= γγ , which was originally termed by 

Weiss. This molecular field has the same effect as an external field, and simply adds to the later 

in the Brillouin function associated with the considered magnetic ion, and in which one thus 

simply replaces H by MH γ+ . Subsequently, leading to the Curie Weiss law:
θ

χ
−

=
T

C
, 

where Cγθ = . The addition of this correction factor to the Curie law is called the Weiss 

constant, which is given by:  

( )
k

SSgN
C B

3
122 +

=
µ

 (3.17) 

In this equation, N is the Avogadro’s number ( 123100220.6 −× mol ), g is the Landé factor, Bµ  

is the Bohr magneton ( TJ /10274.9 24−× ). K is the Boltzman constant ( KJ /103807.1 23−× ) 

and S  is the electron spin ( 2/1=S  per electron). The Landé factor is the gyromagnetic ratio of 

the orbital magnetic moment which expresses the proportionality between angular and magnetic 

moments. When the total angular momentum is zero, g is equal to 0023.2 , however, the 

presence of an orbital contribution can change this value. 

Either the effective magnetic moment ( effµ ) or Tχ  of a material is often used to describe 

the magnetic properties. The effective magnetic moment can be diffused by the following 

equation: 

T
N

Tk
eff χ

χ
µ 83.2

3
==  (3.18) 

In a simple system of non-interacting spins where K0=θ , effµ  is temperature independent and 

can be described by the following equation: 

)1(2 += SSgBeff µµ  (3.19) 
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SQUID basic principle  

As shown in figure 3.10, the central element of a SQUID consists of two superconductors 

separated by thin insulating layers to form two parallel Josephson junctions on a 

superconducting loop and biased by a direct current. Maintaining constant the biasing current in 

the SQUID device, the measured voltage oscillates with the changes in phase at the two 

junctions, which depends upon the change in the magnetic flux (quantized in units of  φ0 = 

2.0678×10-15 T m2). Counting the oscillations allows evaluating the flux change which has 

occurred. Functionally, the device acts as a magnetic flux to voltage converter. This voltage is 

then amplified and read out by the magnetometer’s electronics. The SQUID is the most 

sensitive flux detector known today, which has the flux-quantum-limited sensitivity [20].  

 

Fig. 3.10 The basic principle of SQUIDE. 
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Experimental details 

The commercial SQUID magnetometer available for magnetic measurements on the 

SrTiO3 samples is shown in figure 3.11(a). This magnetometer has a 10-7 emu resolution and 

can perform magnetic measurements over a wide range of temperatures (4 - 380 K) and in 

applied fields up to 5.5 T. Samples are mounted within a plastic straw and connected to one end 

of a sample rod which is inserted into a dewar/probe filled with helium. The other end is 

attached to a step motor that is used to position the sample within the centre of the SQUID 

pickup coils. A Sketch illustrating sample mounting is shown in figure 3.11(b). In this work, 

two kind of magnetic measurements were performed with a virgin sample and two 900 ºC 

annealed Fe-implanted SrTiO3 samples to 1×1015 at/cm2 and 5×1015 at/cm2: 

1. Measurements of magnetization vs. temperature ( ( )Tµ curves) at 5.5 T. 

2. Measurements of hysteresis: magnetization vs. field ( ( )Hµ curves) at 10K and 100K. 

Data analysis details are presented together with discussion of results in section 5.4.2 of 

chapter 5. A detailed description of the experimental apparatus, technical specifications and 

measurement principles can be found in ref. [21]. 

 
Fig. 3.11 SQUID assembly (a) and sample rod (b) sketch illustrating sample mounting details. 
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3.3.4 Perturbed angular correlation spectroscopy 

In the perturbed angular correlation method, PAC, the hyperfine interaction between the 

nuclear moments at an excited nuclear state and the nuclear-external fields, due to the atomic 

and crystalline charge distribution are studied. The general theory of angular correlations and 

hyperfine interactions is well known and only a brief summary is presented in the following 

sections. 

Hyperfine interactions 

Nuclear hyperfine interactions (HI) are defined as the interaction between a certain 

(excited or ground state) nucleus magnetic dipole moment, µ, and/or electric quadrupole 

moment, Q, and the nuclear external magnetic field and/or electric field gradient, EFG. These 

electromagnetic fields interact with the nuclear moments that lead to the re-distribution of 

nuclear spin orientation. Therefore, the physics involved depends on two factors: the nuclear 

moments and of its interaction with the external fields that are due to the electronic properties of 

the media. In particular, HI measurements in solids directly give the corresponding 

electromagnetic coupling to the nucleus, namely electronic quadrupole interaction and the 

magnetic hyperfine interactions, which are the historical ground of the PAC technique, 

originally used to determine the nuclear moments of excited states. Then, if the moments of a 

certain nucleus were well known, that nucleus could be used as a probe to study the internal 

fields of a given material. Within this work, PAC was used looking forward to detect and when 

possible, to characterize, at an atomic scale, specific configurations like defects or trapped 

impurities in SrTiO3, where only electric quadrupole interactions are observable. 

A crystal defect produces an EFG in its vicinity that falls of with distance r quantitatively 

as r-3. The most significant and best resolved EFG’s will therefore be produced by defects in 
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neigborhoods of a few atomic shells around the PAC probes. A defect’s EFG interacts with the 

quadrupole moment of the nuclear PAC level. This HI causes the probe’s nuclear spin to 

precess over lifetime with a frequency characteristic of the defect type. The interaction is 

detected trough the time and angular correlation of gamma radiations emitted when the PAC 

level is formed and decays. One measures a lifetime decay curve for the PAC level that is 

modulated by a perturbation function G(t). The perturbation function contains all the 

information about the defects. Further information, on methods may be found in ref. [22]. 

Basic principles of the PAC technique 

The PAC method requires the incorporation of radioisotope probes that decay through γ-γ 

(or e--γ) cascades in the host material of interest. Measuring, the angular correlation of two 

consecutive emitted γ-ray from the same probe nucleus, PAC provides a mean of measuring the 

nuclear quadrupole interaction at the site of the nucleus. 

 

Fig. 3.12 Schematic illustration of 

the effect of the EFG on the 

intermediate energy level ( 25=I ) 

of the cascade. The EFG causes the 

energy to split into three (doubly 

degenerate) levels depending on 

the quantum number for the 

z component of the nuclear angular 

momentum, m . 

Figure 3.12 illustrates the γ-γ cascade from the radioactive probe most used in this work, 

111mCd. The PAC methodology starts with the detection of the first γ-ray in a specific direction 

that in this way selects an ensemble of nuclei with non-isotropic orientation of nuclear spin. Since 

probability of the emission of the second γ-ray in a certain direction depends on the orientation of 
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the nuclear spin. The second γ-ray will be emitted in a non-isotropic way relative to the first. If the 

nucleus does not interact with the surroundings in the time between the emission of two γ-rays, 

then the intrinsic probability of detecting the second γ-ray at an angle of 180º relative to the first γ-

ray is higher than at an angle of 90º for the particular case of 111mCd cascade. If, however, the 

nucleus is under the influence of an external field, of an EFG, caused by the charges surrounding 

the nucleus, during the time between the emission of the two γ-rays, the spin orientation changes 

with time and therefore, the angular correlation is perturbed. Since the emission direction of the 

second γ ray depends on the population distribution of the nuclear spin state “ m ”, when this 

interaction is static, i. e. the Hamiltonian is time independent, the observable angular correlation 

between the two γ-rays, has an oscillatory behavior with time. Quantum mechanically, this 

interaction causes an energy splitting of the intermediate state of the nucleus. This energy splitting 

is reflected in the probability density function of the emission of γ2 at an angle θ, with respect to γ1 

and at a time, t, after the emission of γ1. The probability density in the case of polycrystalline 

samples, where HI are considered to be randomly oriented, can be expressed as: 

( ) ( ) ( )∑=
K

KKKKK PtGAtP θθ cos,  (3.20) 

To this function, 

( ) ( )21 γγ KKKK AAA ×=  (3.21) 

where the ( )1γKA  and ( )2γKA  amplitudes are dependent on the nuclear spin states and on the 

gamma transition multipolarities. ( )tGKK  contains the information regarding the interaction 

between the nucleus and the surroundings leading to the energy splitting calculation. The KP  is 

the ordinary Legendre polynomial. Typically, the maximum value of K  is 4, since the observed 

interactions are usually dipolar or quadrupolar and the terms of higher order become negligible. 

Besides only the even values of K  appear due to parity conservation in the electromagnetic 
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transitions. Therefore, a convenient manner of expressing the function simplified to the relevant 

terms in the particular case of polycrystalline samples is: 

( ) ( ) ( )( )θ
πτ

θ
τ

cos1
4

, 222 PtGA
e

tP
N

t N

+=
−

 (3.22) 

Nτ  is the half life of the intermediate state and  

( ) ( )1cos3
2
1

cos 2
2 −= θθP . (3.23) 

 For the particular case of Cd with an intermediate level with spin 5/2 the energy splits into 

three levels, 25± , 23± , 21± , under the influence of the electric field gradient. Each energy 

difference results into three observable frequencies in ( )tG22 , which give rise to the time 

oscillation of the PAC spectrum.  

The usual notation defines the characteristic parameters: 

( )h124 −
=

II
eQVzz

Qω  and 
zz

yyxx

V
VV −

=η  (3.24) 

where e  is the electron charge, Q  the value of the nucleus quadrupole moment and I  is the 

nuclear spin. η  defines the axial symmetry parameter of the EFG tensor. Qω  defines in fact the 

energy scale of the interaction Hamiltonian in HI studies, i. e.: 

( ) ( ) ( )[ ]222 ˆˆ1ˆ3
124

ˆ
YXZ

ZZ
Q IIIII

II
eQV

H −++−
−

= η  (3.25) 

where the notation “^” denote an operator. For the particular case of an axial symmetric 

interaction, the Hamiltonian eigenvalues are given by: 

( )[ ]13 2 +−= IImE QQ ωh  (3.26) 

and the transition energies between sublevels m  and 1m are given by: 

[ ]22 '3 mmQEQ −=∆ ωh  (3.27) 
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Finally, the lowest transition frequency Qω  is found as: 

Qωω 60 =  (half integer I ) (3.28) 

Qωω 30 =  (integer I ) (3.29) 

0ω  is related to one more reduced quantity, the “fundamental” quadrupole frequency by: 

( )
K
II

h
eQV

Q
ZZ

Q π
ων

2
124 −

==  (3.30) 

3=K   (integer I ) 

6=K   (half integer I ) 

In the simple case of a polycrystalline interaction, the perturbation function ( )tG , for 25=I , 

is described by, 

( ) ( )tStG n
n

n ωcos
3

0
∑

=

=  (3.31) 

where nS  factors are the amplitudes of the observable frequencies, which depend on η . nω , 

depends on η  and 0ω  but can be simply described by 

Qn nωω = , (3.32) 
where 

2'22 mmn −=  for half integer I and 0=η . (3.33) 

Thus by measuring ( )tG2  it is possible to determine the EFG and the axial asymmetry 

parameter, η , very accurately. The Fourier transform of ( )tG2  gives the frequencies so that 

they can be seen directly. 
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PAC experimental function 

 

Fig. 3.13 Simplified schematic 

of the principle of the PAC 

experiment illustrated with a 

setup of 3 detectors but typical 

setups have 4 or 6 detectors. 

For each pair of detectors, the 

probability of detecting the 

second γ-ray at the angle θ is 

detected as a function of the 

time elapsed between the two 

γ-rays. 

The figure 3.13 illustrates a simplified sketch of typical setup used in a PAC experiment. 

Although only three detectors are shown in the picture, both four- and six- detector setup were 

used. In the first case, there are four BaF2 scintillation detectors arranged in a plane with 90º 

between adjacent detectors, which allow 12 coincidence spectra (4 combinations of 180º and 8 

combinations of 90º) to be recorded simultaneously. In the second case, the setup is composed 

by six detectors in an arrangement where 30 spectra (6 combinations of 180º and 24 

combinations of 90º) are achieved. For each pair of detectors, the coincidence spectrum, 

exponential decay, has the correlation function, ( )tP ,θ , superimposed to the life time of the 

intermediate nuclear state in the γ-γ cascade. The coincidence spectrum is given by: 

( ) ( ) BtPeddAtN Rt +ΩΩ= − ,, 2121 θεεθ τ  (3.35) 

A is the source activity, iε  and the idΩ are the detector efficiencies and solid angles, 

respectively, and B  is the random coincidence (background), where the first and second 

radiations come from different nuclei. For each spectrum the 0T offset (channel where the time = 

0 of two simultaneous γ-rays is registered) is estimated with a numerical fit that uses a 
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convolution function of the decay exponential with the time resolution function (Gaussian) of the 

coincidence setup. Once the values are found within a new fitting process of a simpler function 

( ) BAetW tt += −− )( 0, λθ  (3.36) 

is used to calculate the constant background, B , of each spectrum. After subtracting the 

background, the experimental time differential anisotropy, ( )tR , is formed for a 6 detector PAC 

spectrometer by: 

( ) ( ) ( )
( ) ( )tWtW

tWtW
tR

,º902,º180
,º90,º180

2
+
−

=  (3.37) 

where  

( ) ( )6
6

1
,º180,º180 tNtW iΠ=  (3.38) 

and 

( ) ( )24
24

1
,º90,º90 tNtW iΠ=  (3.39) 

The multiple products of the spectra taken on the same angles between detectors are needed to 

correct for different detection efficiencies of each coincidence γ1 and γ2 detector pairs. 

PAC fitting function 

For the case of a pure quadrupole or a pure dipole magnetic interaction the fitting 

perturbation function for polycrystalline samples is estimated with great accuracy by:  

( ) ( )

( ) ( )( ) ( )[ ] ( )
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=
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∑

= 2
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niiiniini2

N

i
i22

22

N

i
i22

ϖτδηϖη
 (3.40) 

where: 

• if - is the fraction of nuclei which are interacting with a different iEFG . 

• ( )θiSk  coefficients are the amplitudes of the periodic components. These amplitudes 

depend on the EFG orientation relatively to the detectors and on the η . In case of 
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polycrystals they only depend on the value of the axial asymmetry parameter, η . Both 

cases are properly considered on the fitting program [23] that uses a fit function 

exactly calculated from the diagonalisation of the interaction Hamiltonian, particularly 

useful for fitting single crystalline samples. 

• iδ  characterizes the width of a Lorentzian distribution function accounting for EFG 

variations that, for example, might be due to lattice imperfections  and defects, which 

are not specifically correlated with and the neighborhood of the probe atom. 

Fitting the experimental anisotropy ratio function ( )tR  with the theoretical perturbation 

function, the hyperfine parameters 1ϖ ; and η ; and site fractions f ; are obtained. Each local 

environment is revealed by a characteristic set of values of 1ϖ  and η . In practice one observes 

a superposition of perturbation functions for all environments, where each amplitude is 

proportional to the fraction f  of probes in that site. 

EFG distribution: Static attenuation iδ  

The presence of lattice defects (e. g. implantation defects or others) in the probe’s near 

vicinity can produce slightly different hyperfine fields from one probe site to the other. This 

implies that rather than one sharp value which characterizes the hyperfine field, a distribution of 

hyperfine fields is measured. Such distributions in the frequency space (usually represented by 

Gaussian or Lorentzian distributions - iδ ) induce the attenuation of the PAC time spectrum 

amplitude. The analyzing program considers this by multiplying the calculated perturbation 

function by the adequate attenuation functions in time space. For a Gaussian frequency 

distribution with 
2ln8

FWHM
=σ  the attenuation function, in time space, is defined as: 
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( ) 







−= 2

2

2ln16
exp, t

FWHM
tFWHMgaussianδ  (3.41) 

and for a Lorentzian distribution 

( ) 





−= t

FWHM
tFWHMlorentzian 2

exp,δ  (3.42) 

where the frequency FWHM stands for the distribution Full Width at Half Maximum. 

All fits within this thesis were done considering Lorentzians distributions. 

Time Resolution 

The finite time resolution of the spectrometer is taken into account by multiplying each 

cosine term by 

( ) 







−=

2ln16
exp,

2*2
* FWHM

FWHMP i
i

ω
ω  (3.43) 

a factor representing the attenuation in frequency space, due to the convolution of the ( )tR  

spectrum with the time resolution (prompt) function of the spectrometer, *FWHM , also 

assumed to be Gaussian-like. The value of *FWHM  is usually below 1 ns and depends on the 

spectrometer time trigger and on the energies of γ1 and γ2. In the case of 111Ag/111Cd and 

111mCd/111Cd 21 γγ −  cascade, both 4 and 6 detector spectrometers are characterized by a time 

resolution of ∼ ns9.0 .  

Experimental details and data analysis 

In this study, the selected PAC probe 111Cd was introduced into the crystalline samples by 

ion implantation of 111Ag and 111mCd to low fluences (∼1013 at/cmcm2). RT sample 

measurement was performed in the as implanted state and after 1000ºC annealing. 
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The 111Cd probes 

The decay scheme of both cases studied, 111Ag/111Cd and 111mCd/111Cd are shown in 

figure 3.14. The probe state of 245 keV in 111Cd was obtained by two different ways: from the 

decay of 111Ag to the 3/2 state of 111Cd (fig. 3.14(a)) or by decay of the metastable 11/2- state in 

111Cd (fig. 3.14(b)). This lead to different cascades and hence different γ1-γ2 anisotropies, but 

with the same intermediate state probing with spin 5/2 and quadrupole moment Q=0.83(13) 

barn. Therefore, the results obtained with two processes are directly comparable, apart from the 

anisotropy coefficients AKK’. Table 3.3 shows the anisotropy coefficients for the 111Ag/111Cd 

and 111mCd/111Cd cascades. The values presented take in to account the finite solid angle of the 

detectors, that leads to an integration of acceptance angles of the radiation, and hence to an 

attenuation of the anisotropy [24]. 

       

Fig.3.14 From left to right 

decay scheme of 111Ag and 
111mCd showing the cascades 

used in the perturbed angular 

correlation experiments. 

Table 3.3: Effective anisotropy coefficients for two Cd γ-γ cascades. 
 A22 A24 A42 A44 

111Ag/111Cd 0.1116 0.07130 -0.0012 -0.00080 
111mCd/111Cd 0.13320 0.10850 -0.0019 -0.00150 

Experimental setup 

The experimental setup for PAC experiments is basically formed by a set of detectors 

suitable for detecting the γ radiation used and an electronic system for signal processing and 

data collection. The later will be skipped since it is thoroughly described and discussed in ref. 
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[25]. The section is devoted to briefly present the spectrometers setup used to perform the 

referred experiments. Both setups are shown in figure 3.15 and are described in more detail in 

ref. [5]. Four- and six-detector spectrometers of standard design with BaF2 scintilators of 

conical fronts were used. In the first case, the four detectors are arranged in a plane forming 90º 

between adjacent detectors and in the second, the six detectors are arranged in a cube-like setup. 

Each detector sits in the middle of each face pointing to the centre of the cube, where the 

sample is mounted. The detector-sample distance is adjusted to achieve an optimal counting rate 

until the sample-detector distance reaches its minimum value. Although, only RT measurements 

were performed for this thesis, in vacuum measurements or with selected atmosphere could be 

done from 7K up to 1273.15 K using the refrigerator and furnace with which the system is 

equipped. 

�  

Fig. 3.15 Photo of the 4 

(a) and scheme of the 6 

(b) detectors γ-γ PAC 

spectrometers. The 6-

detector spectrometer is 

equipped with a 

refrigerator/furnace that 

can be mounted in the 

centre of the detectors 

as shown in the figure. 

3.3.5 Emission channeling: impurity lattice site location 

The different aspects of the electron EC technique are discussed: from the theoretical 

description via the experimental method to the quantitative data analysis procedures, which are 

achieved by fitting the simulated 2D-dimensional emission contributions for different lattice 

sites to the experimental patterns.  



 CHAPTER 3 SAMPLE PREPARATION AND CHARACTERIZATION                                                                                           71 

3.3.5.1 Channeling effects 

The influence of the crystal lattice on trajectories of charged particles is known as 

channeling – a term that visualizes the atomic rows and planes as guides that steer energetic 

particles along the major crystal axes and planes. For decades, the most straightforward method 

to locate impurity atoms within a lattice has been the ion beam channeling technique, where an 

external ion beam (e.g. a He beam with an energy of several MeV) is steered by small angle 

Rutherford scattering along atomic rows or planes of the 1018
 cm-3. The sensitivity of techniques 

based on the channeling effect can be increased up to four orders of magnitude using 

radioactive impurity atoms located in the crystal. The channeling or blocking effects of the 

emitted charged particles is then detected along different major lattice directions. For the case of 

electrons, an enhanced emission yield along a certain lattice direction (‘emission channeling’, 

EC) is observed if the emitting atom residing on or close to the respective lattice rows, which 

guide the electrons towards the surface. A reduced yield or the absence of an increased yield 

along a major axis (‘blocking’) hints at an interstitial site of the emitting atom. The situation for 

positively charged particles is exactly the opposite, with interstitial impurities giving rise to 

mixed channeling and blocking effects, and substitutional to blocking effects. In this manner, 

the particle intensity will be redistributed, generating anisotropic yield maps that uniquely 

depend on the lattice site of the emitter atom as well as on the charge of its decay products, and 

which are currently measured with position sensitive detectors. EC requires the introduction of 

radioactive atoms by implantation because the channeling effect is maintained only for a certain 

distance between the emitter and the surface. 

Figure 3.16 shows the basic principle of EC and shows a simplified scheme indicating 

channeling and blocking effects for negatively charged particles emitted at substitutional and 

interstitial impurities along different crystal directions. 
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Figure 3.16 Schematic illustration of the basic principle of the electron emission channeling 

technique. 

3.3.5.2 Electron channeling theoretical framework 

Electron emission channeling is described by a model based on the dynamic theory of 

electron diffraction for which a quantum approach is mandatory because electrons are low mass 

particles (i.e. lighter than protons). Because the electrons emitted during the nuclear probe 

decay, either from ß- decay or from converted γ transitions, have energies relatively high 

ranging from 10 keV to several MeV, they also have to be treated relativistically. The 

equivalence of electron emission channeling patterns in electron microscopy are the well-known 

Kikuchi patterns. The channeling patterns are quantitatively calculated in all details as 

explained in ref. [26], [27], [28] and [29]. In the following a brief introduction to the most 

relevant aspects of the dynamical theory for the analysis and calculation of electron emission 

channeling patterns is presented. The theoretical treatment of electron emission channeling has 

Determination of lattice 

Energy and angle resolved detection of decay 
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been greatly simplified by the use of Lindhard’s reciprocity theorem, which allows to formulate 

a correspondence between the channeling effects of a beam entering a single crystal from 

outside and channeling effects where the sources of charged particles are located inside the 

crystal. Lindhard’s reciprocity theorem states that the probability that a charged particle, which 

is emitted at position ( )1111 ,, zyxr =  inside a crystal, follows a trajectory which leads to the 

emission out of the crystal under angles ( )ϕθ ,  to the surface and hits point ( )2222 ,, zyxr = , at 

which e. g. a detector is placed, is equal to the probability that a charged particle of the same 

energy passing trough point ( )2222 ,, zyxr =  in direction ( )ϕθ ,− , and e. g. belonging to an ion 

beam, hits point ( )1111 ,, zyxr =  inside the crystal. An important consequence of the reciprocity 

theorem is that the theoretical calculations of emission channeling or blocking effects may be 

undertaken in such a way that one calculates the tracks of charged particles which enter a crystal 

from outside.  

Figure 3.17 illustrates the starting point of a theoretical model where an incoming plane 

wave impinges on a crystal under a very small angle. The channeling condition requires the 

incident electron angle with respect to the string of atoms in the case of axial channeling, or to 

the plane of atoms in the case of planar channeling to be smaller than a critical angle, that would 

allow the electrons to be separated from the string or plane of a given crystal type. That angle is 

the so called Lindhard’s critical angle, determined by equating the transverse kinetic energy to 

the maximum height of the electrostatic potential well seen by the particle due to the atoms in 

the lattice. As a result, equation 3.44 is obtained: 

( )maxrEU2=ψ  (3.44) 

U represents the well depth of an atomic row, E is the incident energy and maxr  is the maximum 

distance (i.e. the furthest distance) of separation between the penetrating energetic electron and 

the atomic row ensuring the steering effect. 
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Figure 3.17 The bottom half of the figure 

shows the starting point of the theoretical 

model, where an incoming plane wave 

impinges on a crystal. The upper half 

shows the approximations that have been 

made: the wave functions inside and 

outside the crystal are split up into a 

longitudinal and a transverse component. 

Due to the continuum and the small angle 

approximations, the transverse wave 

function inside the crystal can be expanded 

into 2D Bloch waves. (From [30]). 

Outside the crystal, the electron is treated as a relativistic plane wave described by the Klein-

Gordon equation (for spinless particles). Inside the crystal, the electron is a relativistic Bloch 

wave, i. e., a plane wave multiplied by a function, ξ, with the periodicity of the two-dimensional 

(2D) crystalline lattice. The longitudinal motion can be separated from the transverse and 

neglected within the continuum potential approximation. According to it, the interaction time 

dependent potential sensed by the electrons can be averaged along the z-direction, since many 

lattice atoms take part in the small angle scattering collisions at a time. The electron motion for 

the potential of an isolated atomic string is then described by the 2D stationary Schrödinger 

equation, 
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The full wave function, ψ , then becomes, 
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and r denotes the (x, y) coordinates, perpendicular to the channeling direction, z. The shape of the 

continuum potential ( )rU
r

 experienced by the electron better describing its motion inside a 

crystalline lattice is given by the Doyle Turner (DT) potential. This type of continuum potential 

energy incorporates thermal vibrations of the lattice atoms through the inclusion of the 2D root 

mean square thermal displacement, ρ , of the crystal atoms. For an atom row constituting of only 

one element, this thermally averaged potential energy, TU , consists of a sum of four Gaussians, 

( ) ∑ 
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a
d

ae
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Where ia and ( ) i
2

i B24b π= are coefficients tabulated by Doyle and Turner [31], and d  is the 

mean distance between atoms along the channel axis 0a  is the Bohr radius ( )Å5292.0= . These 

coefficients were determined by fitting the function to the results of atomic Hartree-Fock 

calculations. However, in order to study the influence of the considered potential in the 

observable channeling effects of some experiments, the ionic form of the DT potential was also 

used. Indeed the ionic form of the DT potential has been found to be most precise in cases 

where the crystal structure is composed by three elements and implanted to high fluences 

(∼1015). The ionic potential is given by an equation similar to 3.48 but is described by different 

ia  and ib  coefficients, which accounts for the charge core of the atoms (Zion) present in the 

crystal lattice, and also by an additional term, namely Coulomb term which is proportional to 

r1 . The Coulomb term for the ionic contribution (not averaged along z-direction, not thermally 

averaged is given by: 

r
eZ

)r(U
2

ion−=  3.49 

The theory here presented is based on the single string model, whose limitation is 

overcome by considering the entire lattice structure when introducing the input information (e.g. 
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atomic/ionic potentials and electron energy) needed to solve equation 3.45, which can be 

achieved by a computer program based on the manybeam formalism [32]. Then, all the relevant 

output information can be extracted and known: the wave functions inside and outside the 

crystal, the eigenvalues for the transverse electron motion, the emission intensities (yields) and 

its angular dependence (the so called theoretical EC patterns).  

Manybeam formalism 

Hofsäss and Lindner developed the manybeam code, which adapts the theoretical 

concepts described above to the electron yield calculation at a specific site in the crystal lattice. 

The code numerically solves the transverse Schrödinger equation via Fourier expansion of the 

wave function as well as of the continuum DT potential with respect to reciprocal lattice vectors 

g
r

 in the transverse plane. However, the potential here considered is 2D and arises from the 

superposition of all strings and thus the single string approach is abandoned. 

In complex crystalline structures with several elements in the unit cell (e.g SrTiO3) the 

code is also applicable but the continuum potential is quite different for different channeling 

axes, corresponding to the distinct 2D projected unit cells. Consequently, the EC pattern 

simulation of different axes from a same crystalline structure requires programming the 

corresponding potential independently. In this way, the continuum potential is simply given by 

entering the 2D coordinates for each string constituting the 2D unit cell, the respective Doyle 

Turner parameters, lattice vibration amplitude and occupancy of each element in each string [33]. 

The 2D transverse Schrödinger equation numerically solved by the manybeam code is 

derived by substituting into equation 3.45 both the continuum potential and the Bloch wave 

function expanded in Fourier series, 

( ) ( )rgiUrU nm
nm

nm
rrr

⋅= ∑ exp , (3.50) 
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( ) ( ) ( )∑ ⋅⋅= ⊥
nm

nm
j

nm
j rgiCrkir

rrrrr
expexpψ , (3.51) 

where ⊥k
r

is the (transverse) wave vector, r
r

 is the two dimensional position vector 

perpendicular to the string and banm gmgng
rrr

+=  and ag
r

; bg
r

 are the basis vectors of the 2D 

reciprocal lattice. As a result a secular equation for the transverse eigenstates j
tE  and the Bloch 

wave Fourier coefficients j
nmC is obtained, 
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This is an eigenvalue problem whose solution is the set of j eigenvectors in the form of 

complex matrices j
nmC . The term in square brackets is in fact the algebraic representation of the 

Hamilton operator as a Hermitean matrix. The manybeam formalism has thus transformed 

solving the analytical Schrödinger equation into finding the algebraic solution of a matrix 

eigenvalue problem. The algebraic eigenvalue problem is solved numerically by considering a 

finite number of Fourier components only, which are called the number of beams ( )nb . The 

sum indexes above, 'm  and 'n , will then range from nb−  to nb+ . 

The set of equations above is equivalent to finding the eigenvalues iE⊥  , and eigenvectors 

( )nmC  of a square ( ) ( )22 11 +×+ nbnb  dimensional matrix. 

Interaction potential for electrons 

In order to find the solutions to equation 3.52, the continuum potential, U , at a given 

location r
r

 inside the unit cell is given by a superposition of the potentials due to the N  

different atoms of type J  in the unit cell and is written as follows: 
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 where j  runs over all atoms within the 2D unit cell of area A . Using the parameterization of the 

atomic potential as suggested by Doyle and Turner, the atomic scattering factors in the expansion of 

the potential are written as a sum of four Gaussian functions. The 

Fourier components may be then written as follows for the axial 

potential: 

Note that only in those cases where the 2D unit cell shows point 

symmetry with respect to the chosen origin of the coordinate 

system, i.e. for ( ) ( )rUrU
rr

=− , all Fourier coefficients will be real 

numbers. This is the case for all possible crystal directions in an 

ideal cubic perovskite such as SrTiO3. In the general case, 

asymmetric unit cells will be characterized by complex 

coefficients nmU  [34]. Note that the ionic form of the thermally 

averaged continuum DT potential expanded in its Fourier 

components is similar to that of equation 3.54 (for a neutral atom) 

plus a coulomb term and is given by equation, 
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with 2
ii 4bB π= . The DT coefficients and lattice ions charge core (Zion) used in the many beam 

calculations are given in table 3.4. 

 

 

Table 3.4: DT coefficients and 

Zion used in the manybeam 

calculations 

 ai bi Zion 

Neutral 
Sr0 

5.231 
3.809 
2.760 
1.068 
0.220 

114.4 
26.66 
5.659 
0.870 
0.087 

0 

Neutral 
Ti0 

3.275 
2.836 
1.972 
0.554 
0.126 

86.82 
22.48 
4.435 
0.793 
0.085 

0 

Neutral 
O0 

0.455 
0.916 
0.452 
0.125 
0.033 

23.76 
7.631 
2.189 
0.481 
0.063 

0 

Ionic 
Sr2+ 

 

1.620 
1.603 
0.935 
0.475 
0. 

14.62 
5.557 
1.428 
0.244 
0. 

+2 

Ionic 
Ti4+ 

0.710 
0.803 
0.266 
0.063 
0. 

7.167 
2.545 
0.460 
0.053 
0. 

+4 

Ionic 
O2? 

1.302 
1.814 
0.790 
0.192 
0. 

35.346 
10.434 
2.5051 
0.3180 
0. 

-2 
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Scattering yield 

By solving the eigenvalue problem (eq. 3.51) numerically, ( )21+N  eigenvalues j
tE  and 

eigenfunctions ( )rjψ  are obtained. The actual transverse wave function inside the crystal is a 

superposition of the eigenfunctions ( )zrj ,
r

ξ  in equation 3.47.  
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Replacing this equation in 3.46, the general solution for the wave function then includes the 

linear combination of all eigenfunctions of the transverse Schrödinger equation 3.51 as follows 
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The complex coefficients αj have to be determined from the boundary conditions of the 

problem. In the case of an emission channeling experiment the proper boundary conditions 

would in principle be given by the fact that at 0=t  a radioactive atom located at the 

coordinates ( )000 , yxr =
r

 inside the crystal emits an electron with a wave vector of magnitude k
r

 

(and kinetic energy eE ). Accordingly we would have to determine the coefficients ja  so that the 

wave function matches an outgoing spherical wave 
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and its gradient for 0rr
rr

=  and 0=t , which amounts matching to a δ  function. The coefficients 

then satisfy the conditions 1
2

00

2

∑∑ ==
j

j
j j Cα  and j

j C00=α . 

The corresponding intensity is then given by, 

( ) ( ) ( ) ( ) ( )[ ]∑ ∑ ∑ ⋅−






 −
=== ⊥⊥

kl pq nm
pqnm

l
nm

k
pq

lk
*l

00
k
00

*2 RggiexpCCz
EE

iexpCCt,rt,rt,rz,rP
*

ν
ψψψ

h
, (3.59) 



 CHAPTER 3 SAMPLE PREPARATION AND CHARACTERIZATION                                                                                           80 

The z  imaginary exponential function in the equation above is responsible for depth 

oscillations due to interference of different states. This is particularly important for electron 

emission from low depths for which these depth oscillations are considerable. 

Finally the lattice vibrations of the emitter atoms will be taken into account by folding the 

position, r
r

, of the emitter atom with a Gaussian function. This leads to a Debye-Waller-like 

terms in the equation above: 

( ) 
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, (3.60) 

Here 2
iu  is the 1D mean vibration amplitude of the emitter atom which can be calculated in 

good approximation according to a simple Debye model [35] where the atomic displacement 1u  

is given by: 
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Such estimate for an impurity in a substitutional site is usually performed by numerically 

solving the equation above, calculating the Debye temperature, Hostθ , which corresponds to the 

lattice substituted ion and using the vibration amplitude 1u  reported in the literature. The Debye 

temperature, Emitterθ , which corresponds to the atomic displacement of a substitutional impurity 

at a certain site, can then be estimated by 

Host
Emitter

Host
Emitter M

M
θθ = , (3.62) 

This equivalent to an adjustment of the vibrational amplitude of the emitter atom to the one of 

the surrounding ligands, if it is assumed that the binding force between ligand and impurity 

atom is equal to the force between two host atoms.  
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Dechanneling 

So far the movement of the electron through the crystal lattice has been assumed to be 

undisturbed. There are, however, several effects that cause disturbance of the ideal movement. 

These perturbations are denoted as dechanneling and are be caused by three main scattering 

effects: 

1. Thermal incoherent scattering at vibrating lattice atoms: Thermal vibrations of the 

nuclei perturb the static lattice allowing disruption of the correlation between successive 

collisions, via large momentum transfer. The coherence length for dechanneling, thλ  

(average distance the electrons propagates before a large angle scattering event) due to 

thermal scattering is approximately given by 

( )
( ) ( )

th0

2
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2
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d1 rrr

h
−−=

νλ
, 

(3.63) 

where d is the periodicity along the string and the subscript th indicate a thermal average. 

2. Electronic scattering by atomic electrons: Electronic scattering denotes the interaction 

of an electron with the electron gas, the valence electrons. This effect can again be taken 

into account by introducing a mean free path length elλ , which was calculated by 

Lindhard: 
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Compared to the thermal incoherent scattering, the electronic scattering, λel, is usually less 

important (except for low Z materials like diamond).  

3. Scattering at lattice defects: Typical defects are the ones created during implantation, 

namely interstitials and vacancies. It is difficult to take these effects into account, but on 

the other hand the emission channeling method can be used to follow the annealing 

behaviour of such defects if they are caused by the implantation.  
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In this work the total dechanneling length  λtot for an eigenstate i then depends on the 

thermal and electronic coherence lengths through the relation: 

elithtot λλλ
111

,

+= , (3.65) 

Therefore, the final expression of the electron yield at a position 
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zr , inside the crystal 

produced by an incoming plane wave with transverse momentum k
r

⊥
 is given by: 
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(3.66) 

Note that the first term of the equation given above has been introduced in order to conserve the 

integral of the electron flux density over the unit cell as a function of depth and represents the 

flux density due to dechanneled electrons, which is increasing as a function of depth but 

constant with respect to r
r

, i.e. in planes perpendicular to the channeling direction. 

Angular dependent emission yield: Theoretical EC pattern 

Further modifications to equation 3.64 are necessary to account for experimental 

parameters, such as the implantation energy and the resolution of the setup. The first one 

determines the depth distribution of the implanted emitter atoms, which are spread in depth 

according to an almost Gaussian profile [36]. Consequently the calculated emission yield 

( )zrP ,
r

 needs to be folded with the emitter concentration profile, i.e. implantation profile 

determined from TRIM calculations [1]. 

By repeating this procedure for the angular range of 0º to +3º around the crystal axis in 

two orthogonal directions in steps of 0.05º, a rectangular mesh with 14884 angles is obtained. 

The angular range is limited by the sample-detector distance and detector size. That distance is 
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typically 30 cm and the 22×22 pad detector has an edge size of 30.8 mm2 so that an angular 

range of 5º is achieved. 

While conversion electron emitters lead to a discrete spectrum with sharp energy peaks, ß- 

emitters lead to a continuum spectrum that may also have more than one conversion electron 

lines superimposed to it. In these cases the emission yields calculated for a set of discrete 

energies iE  are weight averaged to reproduce the actual energy spectra. The final theoretical 

angle dependent emission yield for an emitter probe at position r
r

 is only obtained after 

introducing a second modification. It is the smoothing of the simulated spectra with a Gaussian 

that takes in to account the angular resolution of the setup arising from the 1 mm implantation 

spot in the crystal. The size of the pads is accounted for by averaging the calculated yield that 

falls within the angular range of each pad (0.26º×0.26º). This is done in a fitting program called 

FDD. 

Experimental details and data analysis 

This section gives an overview of the working principle of a typical emission channeling 

setup dedicated to the angular dependent emission yield of long-lived electron emitter isotopes. 

The radioactive sample is mounted on a two axis goniometer. Under vacuum conditions, the 

electrons emitted from the sample are detected by a spatially fixed electron detector, which is a 

silicon pad detector. Each of these setup components are described as well as the methods used 

to analyze the measured electron angular distributions. 

Standard off-line setup 

The simplest experimental approach to emission channeling consists in using a 2D-

electron detector in order to perform a matrix scan of (22×22) without moving the goniometer 
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where the radioactive sample sits. Previously it is oriented along a certain axis, perpendicular to 

the surface and aligned towards the detector. The goniometer sample holder includes a tungsten 

resistive heating device, which allows the in situ vacuum annealing of samples up to 900ºC, or 

the measurement of samples at elevated temperatures. 

Figure 3.18 shows the schema of an emission channeling experiment measurement 

geometry. 

 

Fig. 3.18 Schematics illustrating the sample mounted in a goniometer, in this case a 2-axis 

goniometer with two rotational degrees and one translational degree of freedom. It can be 

oriented with respect to the detector by changing the polar angle ϑ and the azimuthal angle 

ϕ  of rotation, and by moving it up and down along z . The square shaped detector of size 

ll ×  is positioned at a distance D from the sample, which determines the angular range θ of 

the measured pattern. 

 

Recently, modifications have been introduced in to detector chamber of an EC off-line 

setup in order to reduce the overall noise of the detection system and thus, to increase the 

accessible energy range at lower values. This has been achieved by building a dedicate heat sink 

to cool the detector via its readout chips, both working under vacuum [37]. The implementation 

of the heat sink required the development of a new chamber for the detector and of the tube 

connecting it to the sample chamber. A photo of the whole setup is shown in figure 3.19 (a) and 
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some technical details are illustrated in figure 3.19(b). The detector chamber has two removable 

square side flanges, a back flange and a large circular opening with a diameter of 100 mm 

facing the radioactive sample. The back flange has a 50-pin vacuum feed through for the 

electrical connections. The side flange supports a lateral plate holding the PCB board of the 

detector, allowing the passage of the water-cooling pipes. This flange enables the detector to be 

mounted so that either the pad or the thicker backplane side entrance window can face the 

sample. The length of the connection tube assures good space/angular resolution, around -/+3o. 

And the special seesaw profile of the tube inner walls reduces electron scattering from the walls 

onto the detector. There is still a valve in between the detector chamber and the connection tube 

that must be closed during sample annealing in order to avoid the detector exposure to light. 

 

Fig. 3.19 (a) Design of 

new detector chamber. 

(b): Photo of the whole 

setup. The goniometer 

that holds the sample 

is seen on top of the 

setup, placing the 

sample at the centre 

of the vacuum 

chamber. The new  

detector chamber is connected via the tube visible in the centre of the photograph. The detector can be 

sealed from the rest of the chamber, e. g. during sample annealing, by means of the vacuum valve.´ 

Figure 3.20 shows the system developed to cool the four readout chips with four Peltier 

elements mounted opposite to the chips and refrigerated by circulating water. Figure 3.20 (a) 

shows the cross section view of the cooling system and figure 3.20 (b) and (c) show its square-

shaped copper ring braised to the water pipe. This ring is pressed against the hot side of the 

Peltier elements, while the cold sides are in contact with the small ceramic plates that hold the 

detector (visible in Figure 3.20-(c)). A thin layer of vacuum grease is used to improve thermal 
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conductivity. The readout chips are thus cooled via the ceramic holders and the thin PCB layer 

on which they are mounted. A platinum resistance temperature sensor (Pt 100) has been glued 

on top of one readout chip (in between bonds) to provide reference temperature measurements. 

The measurement of the detector performance as a function of this parameter clearly shows its 

temperature to follow the readout chip temperature. A simple current supply was developed to 

stabilize the temperature at a pre-set value using feedback from the sensor.  

 

Fig. 3.20 Cross-section (a) 

and planar (b) schematic 

views of the cooling system. 

(c): Photo of the cooling 

system surrounding the 

backplane side of the 

detector. 

Position sensitive detector 

A silicon pad detector is a specialized application of a reversed semiconductor p-n diode. 

That is, a silicon pad detector can be visualized as a matrix of several p-n diodes. The detector is 

formed by a common n+ electrode, also called backplane side and, a p+ segmented electrode, the 

pad side. If an external voltage is applied, the depletion zone of each pad is enlarged and thus 

the sensitive volume for radiation detection is also enlarged. Consequently, the higher the 

external voltage, the wider the depletion zone and thus, a more efficient charge collection. The 

resistance of the semiconductor however, limits the maximum voltage, which can be applied. At 

some point, the junction will breakdown and become conducting. The Si EC detectors are 
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fabricated by the planar technology [38] that combines the techniques of ion implantation and 

photolithography to produce detectors with very low leakage currents and optimal 

characteristics. The EC detector is of square shape with an area of ∼32×32 mm2, and its pad side 

layout is shown in figure 3.21(a-b) while figure 3.21(c) details one corner of the detector clearly 

showing the guard ring structure and its bonding pad pointed by an arrow. The guard ring 

structure is composed by a set of rings surrounding the pad area and its role is of particular 

importance. It prevents the electric field of the sensitive area to reach the edges of the detector, 

which suffer damage of the crystalline structure by the cutting process. The innermost guard 

ring is set at 0 V while the outermost guard ring is ideally at the backplane potential. The 

decreasing potential through rings reduces high field regions and decouples current from the 

edge regions. 

Fig. 3.21 Photo of the SINTEF 

wafer containing Si pad detectors, 

(b) scheme of the EC pad 

detector layout and (c) corner of a 

pad detector showing the guard 

ring structure and its bonding pad. 

The most important requirements to silicon pad detectors for electron emission 

channeling technique are: (1) good energy resolution ( e.g = 10keV for conversion electrons) 

and special angular resolution, (2) thin and uniform entrance window (less than a few µm; to 

avoid excess energy loss and straggling), (3) fast readout technique used to read the pads and 

(4) high quality vacuum (typically < 1×10−5 mbar). The relative angular resolution θθ∆  of a 

detector with a given size, s , and applied to the EC technique is limited both by the position 

resolution of the detector, dσ , and the beam resolution, bσ , due to the size of the radioactive 

spot on the sample (which is usually produced by implantation). Approximately, 
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( )
ss

d bd
2

122 σσ
θ

θ
θ +

≈∆≈
∆ , (3.67) 

where θ  is the opening angle of the detector with respect to the sample, which is approximately 

given by ds , and d  is the distance towards the sample. The detector resolution is in any case 

limited by the size of the pads, and, for higher energy electrons, in addition by the lateral 

straggling of the electrons leading to events where the charge is shared among several pads. 

However, studies reveal that up to 400 keV this effect is less than 8% but, rising sharply at 

higher energies [39]. The size of the radioactive spot on the sample cannot be chosen much 

smaller than 1 mm without severe losses in efficiency during implantation (typically the 

radioactive beams at ISOLDE are not highly focused, so that only 30% of the intensity pass 

through a 1 mm collimator). Also this would for most cases of application include very high 

fluence losses with consequent severe implantation damage. From the fact that the pad detectors 

consist of 22×22 pads, it is immediately clear that, irrespective of their size, their relative 

position or angle resolution is of the order of magnitude %5.4221 = . In more detail, taking 

into account that the root mean square (rms), σ , of a constant probability distribution of width 

w  is given by w289.0=σ , the rms position resolutions of mmd 38.0=σ  mm due to the 1.3 

mm size of the pads, and mmb 29.0=σ  due to the 1 mm diameter of the beam spot are derived. 

Inserting these values and the detector size of mms 6.28=  into eq. (3.65) we therefore arrive at 

a relative angular resolution of 1.7%. In typical electron channeling experiments, an angular 

range of 6°×6° is sufficient in most cases, allowing to analyze the angle-dependent emission 

yield within ±3° in two dimensions around a channeling axis. Note that matching this angular 

range requires to place the pad detectors at a distance around mmd 285=  from the sample, in 

which case the absolute angle resolution is around º095.0=∆θ . 
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The existing off-line EC setup, are presently equipped with Si pad detectors readout by 

the so called backplane triggering readout technique [39]. This means that the 484 pads are 

coupled to 4 very-large-scale-integrated (VLSI) pre-amplifier chips of 128 channels each, 

which are read out by a digital signal processor (DSP) through an analog to digital converter 

(ADC) capable of a maximum sampling frequency of 1 MHz. The multiplexed readout of all 

pads is triggered if the signal on the detector backplane, which is common to all pads, exceeds 

an externally set lower threshold. This readout procedure (Fig. 3.22) limits the count rate of the 

device to a maximum of ∼200 events/s and the minimum energy range to around 40 keV. This 

is, however, sufficient for typical experiments with long-lived (t1/2 > 6 hours) radioactive 

isotopes, implanted at low to moderate fluences.  

Major technical developments have been undertaken in the scope of this thesis in order to 

overcome these limitations. This evolved, in particular, the implementation of self-triggering 

readout chips for the Si pad detectors and thus, a completely new readout procedure, which is 

described in chapter 6. This new readout system allows count rates of several kHz, sufficient to 

measure sample activities in the MBq range. 

 

Fig. 3.22 Schematic 

layout of the readout 

cycle on the position 

sensitive pad detector, 

from ref. [39]. 
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Measurement 

The emission channeling results presented in this work, were obtained after implanting 

SrTiO3 single-crystals with electron emitter radioisotopes at CERN’s on-line isotope separator 

facility, ISOLDE. Subsequently, by means of a position-sensitive detector the emission patterns 

around several crystalline axial directions were measured, in the as-implanted state and after in 

situ in 10 min isochronal annealing steps up to 900 °C in vacuum and then, up to 1300 ºC in air. 

After setting the proper energy window in the electron spectrum of the emitter isotope, the two-

dimensional detector allowed to record not only the intensity along the axis, but also of the 

surrounding planar channeling or blocking effects. By fitting these 2D-dimensional 

experimental patterns to theoretically calculated yields assuming the impurity on substitutional 

Sr, Ti and O and a variety of interstitial sites located along <100>, <100>, <110> or <111> in 

between the atomic positions, the lattice site of the impurities in SrTiO3 were accurately 

quantified. For instance, the <100>, <110> and <211> directions allowed discriminating 

between Sr and Ti sites while the <111> direction consists of mixed rows of Sr and Ti atoms. 

The theoretical EC patterns were calculated by means of the manybeam formalism for electron 

diffraction in single crystals [10]. The number of Fourier components considered in that 

calculation scaled with increasing electron energy and nuclear charge of the crystal atoms. For 

SrTiO3, it was found that 16-beam calculation is sufficient for electron energies lower than  

1 MeV. For higher energies a 20-beam calculation was used. To describe the SrTiO3 perovskite 

structure a lattice constant of 3.905 Å and isotropic root mean square (rms) displacements of 

u1(Sr)=0.0773 Å, u1(Ti)=0.0606 Å and u1(O)=0.0848 Å at 300 K were considered [40]. In the 

simulations, the angular range of 0º-3º around each of the investigated crystal directions was 

considered in small steps of ∆x = ∆y = 0.05º. By triangulation of the results obtained along all 
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considered crystal axes, one obtained an accurate lattice site determination of the radioactive 

probe atoms as explained in the next section. 

Data analysis: Fitting procedures 

A correct interpretation of the emission channeling patterns, to clearly identify the lattice 

positions occupied by the probe atoms and to derive the quantitative information on site 

fractions, is only possible when experimental patterns are compared to theoretical yields for a 

variety of different lattice sites by means of a fitting procedure. 

A fitting program (FDD) was developed by U. Wahl [Whal92] to perform quantitative 

analysis of the experimental 2D patterns, ( )φθχ ,ex , by fitting a linear combination of the 

calculated patterns, ( )φθχ ,theo . The fitting routines allow up to three site occupation per 

measured axis according to 

( ) ( ) ( ) ( )[ ]321
theo
33

theo
22

theo
11ex fff1,f,f,fS, −−−+++= φθχφθχφθχφθχ , (3.68) 

where S is a scaling factor common to all angles in one pattern, and f1, f2 and f3 denote the 

fractions of emitter atoms on up to different three different lattice sites. The random fraction,  

( )3211 ffffR ++−= , (3.69) 

accounts for emitter atoms which cause negligible anisotropies in emission yield, i.e., which are 

located on sites of very low crystal symmetry or in heavily damaged or amorphous 

surroundings. Up to seven fitting parameters S, f1, f2, f3, x0, y0 and φ0, may be simultaneously 

optimized using nonlinear least square fitting routines. While the parameters S, x0, y0 and φ0 are 

always allowed to vary in order to provide correct normalization of the experimental spectra and 

to achieve optimum translational and azimuthal orientation with respect to the detector, usually 

only one or two different site fractions f1 and f2, are considered. 



 CHAPTER 3 SAMPLE PREPARATION AND CHARACTERIZATION                                                                                           92 

Background correction 

So far electron scattering, occurring inside the sample by the host atoms, or outside the 

sample by the sample holder, or by other parts of the vacuum setup, has been neglected from the 

data analysis procedures described above. These electrons will give rise to an additional 

isotropic background in the measured channeling patterns. In fact, the fractions obtained from 

the fit are always underestimated and a correction factor must to be applied. This procedure is 

often named as Background Correction. 

In the case of conversion electrons that have well defined energies, it is possible, to a 

large extent, to distinguish channeled and scattered electrons: Since most scattered electrons 

will lose a significant amount of energy, in the spectrum they will show up as tails to the 

conversion peaks. It is possible to estimate the scattering background by integrating the counts 

in the tail. However, because of the continuous nature of ß- energy spectra, another approach is 

necessary for these experiments. The scattering background is quantified by means of a Monte 

Carlo computer code named Pad, which is based on the GEANT4 toolkit [41]. In these 

simulations, the composition and geometry of the sample, the sample holder, the detector, and 

the major parts of the vacuum setup are taken into account.  

The Pad program was used to calculate the background contribution in all the emission 

channeling experiments presented in chapters 4 and 5 of this thesis. From the simulated electron 

tracks, it is possible to calculate the number of scattered electrons, the number of electrons 

starting off in the direction of the detector (e.g. direct electrons), and the total number of 

electrons. A background correction factor B can then be calculated according to  

electronsdirect
electronstotal

electronsscatteredelectronstotal
electronstotal

B =
−

= . (3.70) 
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This factor can then be used to correct the normalized experimental emission yields χex(θ, φ) by 

subtracting the appropriate isotropic background contributions, or which is the same 

multiplying the anisotropy χex(θ, φ)-1 with B: 

( ) ( )[ ] .1,1, −×+= φθχφθχ exex
corr B  (3.71) 

All of the experimental data have been corrected in this way before fitting them to the 

theoretical angular yields with the FDD program. Table 3.4 gives an overview of the simulated 

correction factors B for all the isotopes used in this work. Note that each value was simulated 

for the specific vacuum chamber in which the actual experiment was conducted, so a direct 

comparison of these values is not possible.  

Table 3.5: The background correction factors B as deduced from simulations with the Pad code, 

corresponding to all the isotopes used in this work.  

Impurity Correction factor B Setup 

1.98 Pad1 

2.6 Pad2 
89Sr 

3.7 Pad4 
111Ag 2.1 Pad3 
115Cd 2.5 Pad2 

117mSn 2.1 Pad3 
169Yb 2.38 Pad1 

1.83 Pad1 

2.29 Pad2 
59Fe 

2.3 Pad4 
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