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Abstract
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Positrons are antiparticles of electrons that can serve as ultrasensitive
probes of atomic-level structural detail in materials. When positrons
annihilate with electrons, characteristic y-rays are produced.

Positron annihilation spectroscopy is based on the detection of the
y-photons emitted in the positron-electron annihilation process,

and experimental methods analyse the time, energy and angular
distributions of these y-photons. In crystalline solids, the selective
sensitivity of positrons to vacancy defects allows one to identify

their structure and to determine their concentrations and physical
properties in awide range of materials. This Primer presents techniques
in positron annihilation spectroscopy, evaluates the typical results
obtained and highlights recent advances across various fields, ranging
from point defects and porosity in solids to material surfaces and
interfaces.
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Introduction

The positron is a fundamental particle — the antiparticle of the
electron — with equal mass and opposite charge (where the charge, g,
isequalto+1e,one elementary charge). The discovery of the positron
coincided withthe development of quantum mechanics, with seminal
papers by P. A. M. Dirac, J. R. Oppenheimer and C. D. Anderson from
the late 1920s and early 1930s' " (Box 1). Although the positronis a
stable particle, upon interaction with an electron, the two particles
will annihilate each other and release electromagnetic radiation
in the form of y-photons with total energy, E, equivalent to
E=~2m.c?=1.022 MeV (where m, is the electron mass and c the speed
oflightinvacuum). Positron-electron annihilation was eagerly studied
throughout the 1940s and 1950s, and several experimental methods
were developed for this purpose’™.

The positronand electron can annihilate in astate where they are
notboundto each other (called free positron annihilation) or, depend-
ing ontheir environment, canformabound hydrogen-like state called
positronium (Ps). para-Positronium (p-Ps) is a singlet spin state ('S,)
with antiparallel electron and positron spins, whereas ortho-
positronium (o-Ps) is a triplet (3S,) state with parallel electron and
positronspins (Fig.1a). p-Ps annihilates predominantly via the emission
oftwoy-photons of equal energy (511 keV each) atarate of =8 x 10°s ™
correspondingtoalifetimeof 7= At=125 ps.o-Psannihilationrequires
the emission of at least three y-photons to conserve angular

momentumand hence the annihilationrateis much slower correspond-
ing to a lifetime of T~ 142 ns. As a consequence, the dominant o-Ps
annihilation channelin matter is a pick-off process where the positron
annihilates with an electron from the surroundings, resulting in life-
times in the nanoseconds to tens of nanoseconds regime. Ps can bind
anadditional electronto form anegativeion Ps”, which annihilates with
alifetime7=500 ps. The annihilation process of the free electron and
positron is dependent on the structure of the positron-electron
many-body system, and the corresponding lifetimes in solids are typi-
cally in the range 7 =100-500 ps. Similarly to the self-annihilation of
p-Ps, the free positron annihilation results in the emission of two
y-photons, each carrying the energy equivalent to the rest mass of one
of the two particles (that s, 511 keV; Fig. 1b).

Low-energy positron interactions with atoms and molecules are
characterized by strong correlations, including polarization of the
molecular electron cloud, screening of the electron-positron Cou-
lomb interaction and virtual-Ps formation (that is, back-and-forth
tunnelling of an electron between the atomic ion and the positron).
These interactions lead to binding of positrons to many atoms and
molecules, enhancement of positron annihilation rates, and modifica-
tionof the scattering properties and energy spectra of the annihilation
photons. Energetic positrons entering gaseous, liquid or solid matter
(oraplasma)rapidly lose their kinetic energy and eventually thermalize
viacollisions and electronic excitations, or through phonon emission

Box 1| Historical developments in positron annihilation spectroscopy

1928: P. A. M. Dirac publishes The Quantum Theory of the Electron
noting that the negative energy solutions are challenging to interpret’.

1930: in a follow-up paper, Dirac suggests that the holes in the
distribution of negative-energy electrons could represent protons?.

1930: J. R. Oppenheimer publishes On the Theory of Electrons and
Protons and concludes: “There are several grave difficulties which
arise when one tries to maintain the suggestion that the protons are
the gaps of negative energy, ...

1931: in a subsequent paper, Dirac concludes: “A hole, if there
were one, would be a new kind of particle, unknown to experimental
physics, having the same mass and opposite charge to an electron.
We may call such a particle an anti-electron.”.

1932: C. D. Anderson publishes his unusual findings in
cloud-chamber observations of cosmic rays: “For the interpretation
of these effects it seems necessary to call upon a positively charged
particle having a mass comparable with that of an electron...”.

1933: in a follow-up paper, Anderson names the newly found
particle a positron: “It is concluded, therefore, that the magnitude
of the charge of the positive electron which we shall henceforth
contract to positron is very probably equal to that of a free negative
electron which from symmetry considerations would naturally then
be called a negatron.”®.

1934: theory suggests the existence of a bound positron-electron
state®.

1942: the first angular correlation experiments of annihilation
quanta are published’.

1945: the bound positron-electron state is named positronium?®'.

1946: the theory of positron-electron bound states is extended to
polyelectrons, known as Ps™and Ps" three-particle bound states®®’.

1949: the theory of positrons leads to the development of
quantum electrodynamics®.

1949: the first measurement of deviation from collinear angular
distribution of annihilation quanta is published®.

1949: the first positron lifetime measurement is published®.

1951: experiments prove the existence of positronium through
three-quantum decay, which leads to the discovery of strong positron
attachment to certain polyatomic molecules?®®?%*,

1953: positron emission tomography is developed and the first
clinical positron image of a patient with a recurring brain tumour is
published?°.

1957: the results of the first spin-resolved positron annihilation
experiment are published™.

1958: S. Berko and J. S. Blaskett give a theoretical description of
the wavefunction of a delocalized positron in a crystal lattice®®®.

1967: positron trapping at defects is discovered in experiments®.

1968: the first measurements of Doppler broadening of
positron-electron annihilation radiation are published®®.

1970: C. H. Hodges gives a theoretical description of positron
trapping and the trapped state in a solid®®’.

1976: the first coincidence Doppler broadening measurements are
published®®.

1988: the first measurements of positron-induced Auger electrons
are published?.

1990s and beyond: expansion of the use of positron annihilation
spectroscopy with widespread foundational developments of
experimental methods and instrumentation, theoretical models and
computational approaches.
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Fig.1| Overview of positron annihilation processes. a, A schematic
representation of para-positronium (p-Ps) with total spin S = 0, ortho-
positronium (o-Ps) with total spin § =1, and associated y-ray emission in the
annihilation process. b, A schematic of free positron annihilation ina sample
with associated measurables including positron lifetime, Doppler broadening
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and angular correlation, where E is the total energy. ¢, A schematic of positron
annihilation-induced Auger emission where yis the annihilation y-photon,
Egc is the energy of the Auger electrons, E,, E,and E, are the energy levels of
the electrons participating in the Auger process, and ¢ is the electron work

function. T, positron lifetime.

insolids. The thermalized positrons easily form Ps with the electronsif
the surrounding system contains alarge concentration of voids, such
as molecular and porous matter, making p-Ps and o-Ps annihilation
importantinthese cases. Inthe periodiclattice of a perfect crystalline
solid, the ground state of a thermalized positron is a Bloch-like state
delocalized intheinterstitial space owing to strong Coulombic repul-
sionbetween the positron and the atomic nuclei. Most experiments are
set up in a way that at any given time only a single positron interacts
with matter. Interruptionsinthe periodicity (such as defects) canlead
tothelocalization of the positron, andin particular vacantlattice sites
are efficient traps with typical binding energy of the order of 1 eV. The
positron state as well asthe atomic and electronic structures determine
theannihilationrate, the energy and the angular spectra of the annihila-
tionradiation, making them key spectroscopicsignals. The annihilation
process corresponds to the annihilation of afree positronand electron,
but the characteristics are strongly modified by the environment. At
thesurface of asolid (such as the solid-vacuum interface), the positron
may bere-emitted tothe vacuum, trappedinasurface state or formPs.

The purpose of thisarticleis tointroduce the set of methods collec-
tively called positron annihilation spectroscopy (PAS)"", with afocus
onapplicationsin crystalline solids™ . The experimental methods are
based on detecting the y-photons emitted in the positron-electron
annihilation process, and analysing their time, energy and angu-
lar distributions. Importantly, the positron state in a solid and the
positron-electron annihilation characteristics can be also modelled
with first principles approaches, and the results can be compared
with experimental data. An accurate theoretical description of the
positron—-matter system is, however, a challenging many-body prob-
lem, and theory has typically lagged behind experiments. The selec-
tive sensitivity of positron-related methods to vacancy defects allows
for determination of vacancy structure and concentrations within
awide range (10 ppb to 100 ppm). As a general rule, positron trap-
ping at vacancy defects leads to a reduced overall annihilation rate
(increased lifetime) and a narrower energy and angular distribution
ofannihilation radiation. PAS can be applied to bulk samples as well as
thinfilms, and there are no restrictions on the physical characteristics

such as electrical conductivity or optical properties of the studied
material. In semiconductors, the sensitivity to the charge states of
the defects allows one to combine functional and structural informa-
tion. Positron annihilation can also be used to monitor atomic-scale
structures on surfaces, innanostructured and porous systems, and in
biomatter**. Although polymers and liquids can be studied with PAS*,
this Primer focuses on its application to solids. In this Primer, we give
anoverview of the various PAS techniques. We start with examples of
applicationsin crystalline semiconductors, metals and ceramics, dis-
cussing radiation damage and spin-related phenomena. We continue
with materials with more complex atomic structures, such as hybrid
perovskites and metal-organic frameworks. We also discuss positron
annihilation-based methods applied to surface phenomena (positron
annihilation-induced Auger-electron spectroscopy; Fig. 1c) and to
medical imaging (positron emission tomography). Finally, we give a
brief overview of the anticipated future developments in PAS.

Experimentation

This section provides a brief overview of the experimental set-ups
using positrons either fromisotope sources or produced at large-scale
facilities. Safety considerations and sample preparation are also dis-
cussed. The mainmeasured quantities include positron lifetime, Dop-
pler broadening and angular correlation of the annihilation radiation,
and positron annihilation-induced Auger electrons are described.

Facilities

Table top. Positrons can be generated by using radioisotopes that
undergo (3" decay. Inthese radioisotopes, the emitted positrons exhibit
a continuous energy spectrum owing to the distribution of energy
between the positron and the co-emitted neutrino, typically ranging
in mean energy up to hundreds of kiloelectronvolts. In some radio-
isotopes, the daughter nucleus is left in an excited state and emits a
de-excitation y-ray, known as the ‘start photon’, almost simultane-
ously with the positron. The most commonly used ' radioisotope
for positron annihilation experiments is 2Na, which has a half-life of
2.6 years and decays into ?Ne* that subsequently decays into *Ne in
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only=3.7 psby emitting al,274-keV y-ray. To create a positron source, a
smallamount of " radioisotope (=1 MBq activity) is sealed between two
thin (afew micrometres) metal or polymer foils*. This source is placed
between two sample pieces during measurements, allowing emitted
positrons to penetrate the sample up to 1 mm depth, with the extent
of the exponential stopping profile depending on the mass density of
the material (Fig. 2a). Asmall fraction of positrons annihilate within the
source and covering foil, which is known as the ‘source contribution’
and must be accounted for in data analysis®.

Isotope-based beams. For studying near-surface phenomena in
materials, the positrons emitted by a radioisotope can be moderated
by using solid noble gases (such as neon) or heavy metal elements
(suchas tungsten) that have a negative work function for positrons™?*.
Inthese slow positron beams (also known as variable-energy positron
beams), the mono-energetic positrons emitted by the moderator are
re-accelerated to energiesinatypical range of 0.1-50 keV and electro-
magnetically or electrostatically guided to the studied sample. This
allows tuning the positron implantation depth from nanometres to
micrometres (Fig. 2b). As the moderation process has relatively poor
efficiency, the radioisotope activity required in such beams is typi-
cally of the order of 1 GBq. The time information carried by the ‘start
photon’islost owing to the low moderation efficiency, but timing can
be re-introduced, for example, through electromagnetic chopping
and bunching of the otherwise continuous beam.

High-intensity sources. High-intensity positron beams are generated
by pair production using intense y sources at large-scale facilities,

Intensity (a.u.)

suchaslinearaccelerators (using bremsstrahlung) or nuclear reactors
(with nuclear y radiation). Efficient positron-electron pair creation
requires high y energy, typically in the range of 1-35 MeV (refs. 26,27)
as the pair production cross section increases roughly with In(E) and
scales as Z* (square of the atomic number of the target). Therefore,
dense high-Zmaterials such as tantalum, tungsten or platinumare pre-
ferred as converters. At the NEutron induced POsitron source MUniCh
(NEPOMUC), after thermal neutron capture in cadmium, high-energy
promptyraysare converted into positron-electron pairsin platinum,
whichserves to moderate the emitted positrons®. Tungstenis used at
the ELBE electron linac-based MePS and GiPS high-intensity positron
beams and at the TU Delft Reactor Institute POSH-beam to convert
high-energy y-rays into electron-positron pairs and subsequently
moderated emitted positrons®?.

Safety considerations. Dealing with radioisotopes such as*?Na, as well
as operating high-intensity sources at nuclear reactor or accelerator
facilities, requires radiation protection measures adapted to each
situation. For example, in table-top experiments, the source activity
is typically very close to or even below the exemption limit (1 MBq
for 2Na) and hence the required radiation protection measures are
relatively modest. Handling of radioactive sources nevertheless must
follow the detailed radiation protection regulations of each country
where the experiments are performed. Isotope-based beams that use
radioactive sources of 1,000-fold activity require shielding — usually
a‘castle’ constructed of lead bricks — at the source end of the beam.
However, these sources are handled only every 5-10 years when replac-
ing the source. At the sample end, the positron flux and the emission
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Fig.2|Positron and electron kinetic energies. a, The exponential stopping
profile of positrons emitted by a ?Na source in materials with different mass
densities. b, Implantation profiles of mono-energetic positrons implanted at
different energies into a material with -6 g cm™ mass density. ¢, A schematic of
the electron-momentum-dominated Doppler effect and angular deviationin the

two-y annihilation process. The momentum (p,) of the centre of mass of the
annihilating positron-electron pair causes a Doppler shiftin the y-energies
(E,y2) throughits component parallel to the measurement direction (p ). The
perpendicular component of the momentum (p,) is responsible for the angular
deviation. a.u., arbitrary units; ¢, speed of light; m,, electron mass.
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of annihilation-induced y rays is low and does not require shielding.
With high-intensity sources, safety measures depend on the type of
the host facility.

Sample preparation

A key benefit of positron annihilation methods is that a positron
injected to a material — solid, liquid or even gaseous — will eventu-
ally annihilate with an electron and produce a measurable signal. For
solid samples measured with table-top set-ups, typically two sample
pieces each with aminimum 5-10-mm diameter (exact shape does not
matter) and aflatsurface are required for making the sample-source-
sample ‘sandwich’. The thickness of the sample depends on the mass
density of the material and needs to be sufficient enough to stop all
the positrons emitted by the sample. Samples are typically 0.5 mm
or thicker. Although there is no theoretical maximum to the allowed
sample thickness, in set-ups with temperature control the size of the
vacuum chamber surrounding the sampleis often minimized, setting
apractical limit of typically 1-2 mm. The flatness of the surface facing
the source is important only from a mechanical perspective to avoid
any air pockets between the source and the sample, hence an optically
flat surface is usually sufficient. There are no restrictions on the elec-
trical, optical, magnetic, thermal or mechanical characteristics of the
samples. When using variable-energy beams for studying near-surface
or surface phenomena in thin films, for example, the quality of the
surface is more important than in table-top set-ups. A minimum film
thickness of a few hundred nanometres is often required to avoid
issues caused by diffusion of thermalized positrons to the surface or
the film-substrate interface. In specific cases where the positron dif-
fusion length is strongly reduced, much thinner films, down to a few
nanometres, can be studied.

Measured quantities

Lifetime. The time between the positronimplantationinto the sample
andits annihilation determines the lifetime of the individual positron
(Fig.2c). Thislifetime can be experimentally determined by measuring
the time difference between the start y-ray (indicating positron emis-
sion) and one or both of the annihilation y-rays (indicating positron
annihilation) with fast scintillation detectors. Positron annihilation is
astochastic process. If thereis only asingle positronstate in the sample,
the probability, n(t), that a positron is still alive at a certain time, ¢
(measured from its implantation time), decays exponentially over
time, as described by the equation n(t) = noe'[/’, where Tis the decay
parameter known as the positron lifetime — the reciprocal of the anni-
hilation rate, A — and n, is the probability at £ = 0. The measured time
differences between the start and annihilation signals will follow
:7(1 -n(t)) = —:—tn(t) . In cases where positrons can occupy multiple
states within the samples — such as delocalized positrons and those
trapped at various defects — there will be multiple exponential com-
ponents, each characterized by aunique decay parameter representing
the positron lifetime in the corresponding state.

Doppler broadening and angular correlation of annihilation radia-
tion. The non-zero centre-of-mass momentum of the annihilating
positron-electron pair leads — through momentum conservation —
to a slight deviation from the 180° angle between the two emitted
511 keV annihilation y-rays. This deviation is given by the angle
0=~ p, /(myc), where p, is the component of the centre-of-mass momen-
tum perpendicular to the direction set by one of the emitted y-rays,
and m, and c are the electron (positron) mass and speed of light,

respectively. In practice, these deviations extend up to 100 mrad
(about 6°) and can be measured with position-sensitive detectors
(such as a scintillator array) in one or two dimensions through a
technique known as angular correlation of annihilation radiation
(ACAR and 2D-ACAR, respectively)”. Similarly, owing to the Doppler
effect, there is a slight deviation of the annihilation y-ray energies
from 511 keV given by AF = J_rpHc/Z, where p, is the component of the
centre-of-mass momentumalong the direction of the emitted y-rays.
The electron-momentum distribution results in Doppler broadening
of the 511 keV annihilation line that can be measured by high-purity
germanium detectors that offer sufficient energy resolution. Measur-
able Doppler broadening extends up to about +15 keV. The Doppler
broadening values are typically expressed inmomentum units of 107
myc that corresponds to 1 mrad in ACAR experiments, or in atomic
units (1 keV ~ 0.54 a.u.~3.9 x10>mc ~ 3.9 mrad).

Positron annihilation-induced Auger electrons. Positron
annihilation-induced Auger electron spectroscopy (PAES) is an
advanced surface-sensitive technique in which low-energy posi-
trons annihilate with core-level electrons in the outermost atomic
layer of a material. It produces Auger electrons (Fig. 1c) without
the high secondary-electron background inherent to conventional
electron-induced Auger spectroscopy, in which core electrons are
removed by photo-ionization or electron-impact ionization. This
results in spectra without secondary electron background at higher
Auger energies®*. Furthermore, the Auger-electron emission is decou-
pled from the positron impact position, so the probed atoms remain
unperturbed by the primary particle. The main limitation of PAES is
the need of high positron beamintensity to compensate for inherently
long measurement times®'. Data analysis follows the principles of Auger
electron spectroscopy.

Results

This section gives abrief overview of the dataanalysis associated with
positronlifetime and Doppler broadening experiments. The basics of ab
initio theoretical calculations that are used to predict the annihilation
parameters associated with various positron states are also described.
Forin-depth treatments, we refer the reader to refs. 17,18.

Data analysis

Lifetime. To gather sufficient statistics of positron annihilation events,
millions of occurrences are measured. The resulting histogram (Fig. 3a)
isknown as the positron lifetime spectrum (the experimental method
issometimesreferred to as positronannihilation lifetime spectroscopy,
or PALS) and consists of a sum of exponential components, }; I,-e‘f/ri,
convoluted with the resolution function of the spectrometer that can
befitted to the experimental data, and includes a constant background
fromrandom coincidences. Fromthe lifetimes, 7, and relative intensi-
ties, [, of the resolved components, the trapping rates of positrons at
the defectsin the sample can be estimated using an appropriate trap-
ping model (set of rate equations) that describes the kinetics of posi-
tron trapping in the sample. The defect concentrations (or densities)
are obtained from these trapping rates through trapping coefficients
that represent the cross—sections for positron trapping per unit con-
centration of defects. For anin-depth description of positron trapping
and associated models, we direct thereader torefs.17,18. The order of
magnitude of the positron trapping coefficient for various types of
defects (such as vacancies, dislocations and vacancy clusters) is gener-
ally similar across different materials, allowing to make reasonable
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Fig. 3 | Positron lifetime, Doppler broadening and the positron stateina
lattice. a, An example of ameasured positron lifetime spectrum with three fitted
components shown, interpreted to originate from the annihilations of free
positrons, trapped positrons and the source. b, An example of ameasured
Doppler broadening spectrum showing the definition areas of the integrated S
and Wparameters. p, is the component of the centre-of-mass momentum along
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and speed of light, respectively. ¢, The positron density isosurface (red) ofa
delocalized positronin the crystal lattice of GaN (left) and of a trapped positron
inagalliumvacancy defectin GaN (right) obtained by ab initio theoretical
calculations. Blue and pink balls represent gallium and nitrogen atoms,
respectively. ch, channel. Part aadapted with permission fromref. 19, Elsevier.

concentration estimates even in cases where the positron trapping
coefficient has not been determined accurately.

An important parameter is the average positron lifetime,
T,ve= 2; [T, that coincides with the centre of mass of the annihilation
spectrum, asit can be determined with very high accuracy even when
resolving the lifetime components is challenging. An elevated 7,,.
means that positrons annihilate as trapped at open volume defects.
Positron lifetimes exceeding -1 nsindicate the formation of Ps and the
presence of large (0.5-50-nm diameter) free volumes.

Doppler broadening and ACAR. The typical energy resolution of a
high-purity germanium detectoris relatively broad compared with the
full width of the Doppler-broadened peak (the experimental method
issometimes referred to DBS for Doppler broadening spectroscopy),
and the peak-to-background ratio in a conventional experiment with
asingle detector is rather low, only about 102 Integrated shape param-
eters, S and W, represent fractions of counts in various areas under
the Doppler broadened peak and are used to characterize the 511-keV
annihilation line (Fig.3b). The S parameter is defined as the ratio of the
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counts in the central region of the annihilation line to the total num-
ber of the countsinthe line and represents annihilations of positrons
with low-momentum electrons. The Wparameteristhe fractionof the
countsinthe wingregions of theline. Valence electrons mostly contrib-
ute to the S parameter, owing to their diffuse spatial extent and thus a
correspondingly relatively narrow momentum distribution, whereas
only core electrons have momentum values high enough to contrib-
ute tothe Wparameter. S and Ware sometimes called the valence and
core annihilation parameters, respectively. The S parameter can be
described as carrying information about the (excess) open volume,
while the Wparameter carries information on the chemical identities
of atoms surrounding the annihilationsite. Itisimportant to know that
the absolute values of the S and W parameters do not have a physical
meaning, they only describe the shape of the 511-keV peak. Examples of
analysing Sand Wparameters are provided in the ‘Applications’ section.

The resolution and peak-to-background ratio of the Doppler
broadening measurement can be improved by measuring the annihila-
tion radiation with two (collinear) detectors and imposing coincidence
conditions in an experiment called coincidence Doppler broadening
(CDB). The shapes of the annihilation lines obtained in this way can be
analysed in more detail, typically in the form of ‘ratio curves’,in which
the annihilation line of interest is point-by-point normalized by a ref-
erence spectrum'®*2, ACAR experiments exhibit inherently narrower
resolution than Doppler broadening experiments (including CDB)
and can be analysed with similar ‘ratio curve’ approaches, including
comparison to ab initio calculations®. The 2D-ACAR experiments
provide mapping of the symmetry of the electronic structure with high
resolution, a property that is particularly useful for studying fermiol-
ogy. When studying defects, Doppler experiments are more common
owing to their shorter measurement times and simpler instrumenta-
tion. In atomic and molecular gases, time-dependent measurements
of Doppler broadening, known as age-momentum correlation spectra,
can probe positron temperature and cooling dynamics™.

Theoretical calculations
Theoretical calculations can be used for experimental interpreta-
tion and design, as well as to understand fundamental processes'®.
For example, measured lifetime components and Doppler lineshapes
canbe connected to the microscopic structures of defects and defect
complexes that trap positrons. The accurate theoretical descrip-
tion requires proper treatment, or at least approximation, of the
positron-electron many-body correlations. For solid-state matter
and defects, the standard affordable method is the two-component
electron-positron density functional theory (DFT)*, in which the fun-
damental variablesinclude the total energy, £, and the average electron
and positron densities, n_(r) and n,(r), respectively. Figure 3c shows
an example of the calculated positron density in a defect-free lattice
(here, a fully delocalized positron in GaN) and of a positron trapped
atavacancy defect (here, a gallium vacancy in GaN). The solutions
of the positron and electron densities and wavefunctions are used
to extract the annihilation rates and momentum densities (such as
Doppler broadening and ACAR) as described below. In addition to
the electron-electron exchange and correlation energy functional
of the traditional one-component DFT, one has to parametrize an
electron-positron correlation energy functional and an enhancement
factor that describes theincreasein the annihilationrate owingto the
screening of the positron by electrons.

Most practical calculations are done in the limit of zero posi-
tron density, and the electronic structure and density are solved first

without the effect of the positron’®. Standard electronic structure meth-
odssuch as plane-wave pseudopotential codes can be used for this. The
potential of the positronis solved with the Schrédinger-like equation

n,
r-

VD) =~ A = V) + Vo) <1>

whereristhe position, r’is the source positionand n_(r’)is the average
electron density. The first term describes the average electrostatic
potential from electrons, V,,, describes the external potential of the
nuclei, and V,,,, is the electron-positron correlation potential. The
annihilationrate, A, is approximated by

A= % =nrlc f drn,(Hn_(0)y(n_(r)), )

where tis the positronlifetime, r.is the classical radius of the electron,
cisthe speed of light and y(n_(r)) is the parametrized enhancement
factor. The y(n_(r)) is the most crucial approximation in DFT-based
lifetime calculations and the choice of the model used for its parametri-
zation essentially determines the lifetime. The momentum density of
annihilating pairs measured in Doppler broadening spectroscopy can-
notbe formulated exactly in DFT. The modelsinclude various kinds of
enhancement factors'® as well as density functionals that may involve
dependence on position (and hence momentum) or electron states.
The following probability sums over occupied electron states, j

p(p) =ﬂre26§ | f drexp(=ip - NP1 M, 3

where pis momentum, ¢, is the positron wavefunction,(,l)jis theelectron
wavefunction corresponding to statej, and g;is the state-dependent
enhancement factor. Before comparing the theoretical result with
experiments, the three-dimensional momentum density of annihilat-
ing pairs, p(p), is projected on the longitudinal direction (p,) of the
Doppler experiment

p(p)= [dp, [dp,p) @)

and convoluted with the experimental resolution function, which is
typically a Gaussian function with a full width at half maximumonthe
order of 1 keV. Other many-body theory-based approaches including
quantum Monte Carlo and diagrammatic many-body theory offer a
route to fully ab initio calculation of momentum distributions and
annihilation rates without any reliance on approximations from
electron gas.

Applications

This section presents applications of PAS using different modalitiesina
variety of materials. Examples in semiconductors, metals and ceramics,
aswellasradiation damage, cover the use of positron lifetime and Dop-
plerbroadening approachesin crystalline solids. Spin-polarized beams
are used to study magnetic phenomena. The hybrid organic-inorganic
character of solar cell perovskites results in large differences in the
sizes of vacancy defects as well as in the associated positron lifetimes.
Inmaterials with larger open volume structures such as metal-organic
frameworks positronium formation and longlifetimes areimportant.
Positron annihilation-induced Auger electron emission can also be
used to study surface phenomena.
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Positron trapping at defects in semiconductors is charge-state sensi-
tive owing to the lack of efficient screening of Coulomb attraction and
repulsion. The trapping coefficient for negatively charged vacancies
is proportional to T2, where T is the sample temperature. At room
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temperature, the trapping coefficient for negatively charged vacanciesis
approximately twice that for neutral vacancy defects. Positrons can also
gettrappedin Rydbergstates of negatively charged defects, evenifthey
donothaveany openvolume, suchasacceptorimpurities. However, the
lowbinding energy (typically,30-100 meV) of these shallow states leads
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Fig. 4 | Examples of positron lifetime and Doppler broadening datain
semiconductors, metals and ceramics. a, The S parameter for selected

AlGaN samples (H with high carbon content, L with low carbon content) as a
function of positron implantation energy. The inset shows the temperature
dependence of the S parameter measured at around 7 keV.b, A (S, W) plot

of relative parameters, referenced to GaN, in a large set of Si-doped AlIGaN
samples. Vindicates the vacancy type. ¢, Example positron lifetime spectra for
ironannealed at 900 °C for1 hin avacuum and iron subjected to severe plastic
deformation using high-pressure torsion (HPT). The curves show the fitted sum

of exponential decay components convoluted with the resolution function of
the spectrometer d, The calculated positron lifetimes, 7, for the bulk (shown
with the dashed line), vacancy complexes (V) with hydrogen (H), oxygen (O) and
nitrogen (N) impurities in niobium. e, Coincidence Doppler broadening ratio
curves (normalized to pure aluminium) for SrTiO;and Sr,_, La, TiO; ceramics
and for pure Tiand Al,O;, where x is the stoichiometric amount. Part aadapted
with permission from ref. 46, AIP. Part b adapted fromref. 49, CC BY 4.0. Partd
adapted fromref. 259, CC BY 4.0. Part e adapted with permission from ref. 84,
Elsevier.

to efficient escape of the trapped positrons at elevated temperatures.
Therefore, these negative ion-like defects are efficient positron traps
below room temperature. As the Bohr radius of suchastateis large com-
pared with the inter-atomic distance in the lattice, a positron trapped
at anegative ion will exhibit identical annihilation characteristics with
the delocalized state in the lattice. As the defect charge states can be
manipulated by illumination of the samples®*?, or by applying an elec-
trical bias during experiments, the functional character of the defects
can be analysed simultaneously with their structural identification.

Positronannihilation has beenused withgreat success to make con-
tributions to the understanding of vacancy defectsin awide variety of
semiconductors'®'®?, For example, the family of lll-nitride binary com-
pound semiconductors GaN, AINand InN has been studied extensively.
PAS hasidentified that the main native acceptor defect in n-type GaN
and InNis the metal vacancy®**. However, in AIN, positron experiments
have shown that it is not the aluminium vacancy*° but might be the
nitrogenvacancy*. PAS can also be used for the identification and moni-
toring of defects created in ion implantation processing of GaN with
magnesium as well as the subsequent ultrahigh-pressure-annealing
for obtaining p-type material®*>**,

Recently, PAS hasbeenincreasingly used to study (In,Ga)N, (In,Al)
N and (Al,Ga)N alloys as well as opto-electronic and power electronic
devices of these materials**~*.In particular, the compensation of n-type
doping is an unresolved issue in ultrawide bandgap high-aluminium
(Al,Ga)N alloys. Figure 4a shows Doppler broadening data measured
in thin-film Al,4,Ga, ;0N samples (labelled H1, H3, H5, L1, L3 and L5)
doped tovarious degrees with Si*’, where the S parameter is monitored
as a function of positron implantation energy and the corresponding
meanimplantation depthinselected samples measured at room tem-
perature. In the sample labels, H stands for high carbon content and
L for low carbon content, corresponding to carbon concentrations of
2 x10"® cm~and 2 x 107 cm™, respectively, with silicon concentration
ranging from 1x10®cm™to 1.2 x 10” cm™. The S parameter depth
profiles canbe analysed by comparing with solutions of the stationary
positron diffusion equation and corresponding best-fit analysis™. The
Sparameter measured ina GaN reference sample where positrons only
annihilate in the free state in the lattice is marked with a dashed line.
For the alloy samples, the S parameter decreases fromitsinitial surface
value at low energies of 0-4 keV with increasing energy to the value
of the 600-800-nm-thick (Al,Ga)N layers, where it is almost constant
in the range of 6-15 keV. At energies above 15 keV, the S parameter
gradually approaches the values characterizing the substrate. The
inset shows the effect of measurement temperature on the S param-
eter characterizing the (Al,Ga)N layers (6-15-keV implantation energy
range), demonstrating the effect of ionized carbon acceptor shallow
traps unintentionally present in the samples.

Figure 4b shows the layer-specific S and W parameters meas-
uredinalargeset of Si-doped Al, ,,Ga, 0N samplesas (S, W) data. The

parameters are shown as normalized to those measured in the GaN
reference sample and called relative parameters. The green markers
connected by the dashed lines denote parameters determined in
earlier studies for ‘defect-free’ AIN as well as the parameters character-
istic of in-grown V;, defects (V,-X) in GaN and V,,in AIN. V¢, denotes
vacancy defects on the Ga sublattice of the GaN compound, while
Vg,—Xis acomplex of Vg, and an unknown defect that can be intrinsic
orextrinsic. For example, V;,-Oy would constitute of V;, and an oxygen
impurity substituting for an adjacent nitrogen atom. The plotindicates
thatinthe case of an AIN sample where all positrons would annihilate
as trapped at V,, the experimental S and W parameters will be found
at the 'V, in AIN’ point. If the experimental data are found on the line
connecting the ‘AIN" and ‘V,, in AIN’ points, the sample contains V,,
defects at a concentration determined by the position on the line. In
the absence of other defects, half-way between the two end points
corresponds to low-10” cm™ in vacancy concentration. In the case
of the Aly,Gag 0N samples in question, all the measured (S, W) data
fall inside the area defined by the above-mentioned four points, as
expected for an alloy. The data form a straight line, indicating that
these samples contain two (and only two) distinct states in which the
positrons annihilate. At the left end, the (S, W) datafall close to theline
connecting GaN and AN lattice values and represent the ‘defect-free’
AlGaN alloy. At the right end of the line, with increasing silicon con-
centration, the data points converge at the line connecting Vg,-X in
GaNandV,;in AIN. The trend-like shift of the (S, W) parameters shown
with red markers towards the vacancy-like datain these samples indi-
catesanincreasein the cation vacancy concentration withincreasing
silicon doping. Further increase in the silicon content, as shown by
the behaviour of the (S, W) data with blue markers, results in a very
different behaviour, with the data shifting strongly to AIN-like values,
possibly related to Si-DX centre formation*’. These datademonstrate
the sensitivity of the positron annihilation parameters to the atomic
identities of the surroundings, in particular, the (S, W) parameters of
the vacancy defects found in these samples are found in regions with
more galliumin their surroundings than on average in the lattice. On
the other hand, the Si-DX behaviour exhibits almost purely AIN-like
values, strongly suggesting that these centres have no Gaatomsin the
immediate vicinity.

Metals and alloys

Vacanciesin metals are always electrically neutral owing to the screen-
ing effect of conductive electrons making positron annihilation studies
of'vacanciesin metals simpler as compared with those in semiconduc-
tors. PAS provides an accurate determination of the concentration of
thermal vacancies in metals® . By analysing the thermodynamically
equilibrium concentration of vacancies as a function of temperature
using an Arrhenius plot, one can accurately determine the vacancy
formation enthalpy®*>,
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The concentration of non-equilibrium vacancies, introduced by
processes such as quenching from high temperatures®*”, irradiation
with energetic particles®™ ® or plastic deformation®®, can also be
determined using PAS. Thelifetime of atrapped positronincreases with
the open volume of the defect. Therefore, positron lifetime measure-
ments can distinguish between monovacancies and vacancy clusters
formed by agglomeration of multiple vacancies as canbe seen through
the much longer lifetime in high-pressure torsion deformed Fe com-
pared with annealed Fe (Fig. 4¢). The lifetimes of positrons trapped
in vacancy clusters with various numbers of vacancies can also be
calculated®*“*. By comparing experimental positron lifetimes with the
calculated curves, the average size of vacancy clustersin the sample can
be determined®. Furthermore, studying the development of vacancies
with temperature and their agglomerationinto vacancy clusters allows
one to determine the vacancy migration energy>>*.

Vacancies in metals can form complexes with certain impurities
whenbindingto vacanciesis energetically favourable. The presence of
suchimpuritiesin metals reduces the vacancy formation enthalpy and
facilitates the creation of vacancies. A prominent example of this phe-
nomenonis hydrogenabsorbed in the metallattice, which greatly low-
ersthevacancy formation enthalpy and causes asubstantial increasein
the equilibrium concentration of vacancies®®®. The presence of hydro-
gen bound to a vacancy shortens the lifetime of the trapped positron
owingtotherepulsiveinteraction between the positronand hydrogen,
which reduces the localization of the positron in the vacancy®®. Accu-
rate measurement of the positron lifetime, along with a comparison
of experimental data with ab initio modelling of vacancy-hydrogen
complexes, allows one to determine the number of hydrogen atoms
attached to a vacancy (Fig. 4d). For instance, in niobium, vacancies
cantrap up to four hydrogen atoms®*,

Impurities or solute atoms bound to vacancies not only influence
the concentration of vacancies but also suppress the mobility of vacan-
cies. Consequently, diffusion-limited processes, such as solute cluster-
ingand precipitation, can be inhibited by microalloying elements that
bind to vacancies and suppress their mobility®’. This phenomenon
can be used, for example, to suppress natural ageing in aluminium
alloys’. The chemical nature of solutes bound to vacancies can be
determined using coincidence Doppler broadening spectroscopy”,
which provides information about the local chemical environment of
positron annihilation sites.

Alloys can contain various types of vacancies, depending on
which alloying element is missing. Vacancies located in crystallo-
graphically non-equivalent lattice sites are generally characterized
by different positron lifetimes. However, the differences in posi-
tron lifetimes may be too small to distinguish between different
types of vacancies, particularly when the alloying elements have
similar atomicradii. Nevertheless, the local chemical environments
of various types of vacancies often differ greatly, allowing one to
distinguish between them combining positron lifetime measure-
ments with coincidence Doppler broadening’>. For example, in the
Fe;Al intermetallic compound, vacancies are almost exclusively
located in the iron sublattice. The lifetimes of positrons trapped in
iron and aluminium vacancies are quite similar, but the local chemi-
cal environments of the two types of vacancies are very different.
Iron vacancies are directly surrounded only by aluminium, whereas
aluminiumvacancies are surrounded exclusively by iron. This differ-
enceinthe chemical environment allows both types of vacancies tobe
distinguished by combining lifetime measurements with coincidence
Doppler broadening”.

In plastically deformed metals, positrons are trapped at disloca-
tions. The trapping of positrons in dislocations occurs in two stages™.
Initially, the positron is weakly localized at the dislocation line, rep-
resenting a shallow positron trap. The positron then rapidly diffuses
along the dislocation line (through pipe diffusion) and is eventually
trapped and annihilated inavacancy bound to the dislocation. Owing
to the compressive elastic stress field created by the dislocation, it
becomes energetically favourable for the vacancy to bind toit. As a
result, the lifetime of positrons annihilated in dislocationsis typically
slightly shorter compared with that for bare vacancies as the vacancy
bound to a dislocation is under compressive stress™>’®. The positron
trappingrate at dislocations is governed by dislocation density, asthe
positronisfirst pre-trapped in the dislocation line, whichis aline defect
with one macroscopic dimension. For these reasons, PAS can be used
to determine the dislocation density.

PAS can also be used to study solute clustering, precipitation
effects and phase transitions in alloys. Positrons can be trapped in
coherent precipitates or solute clusters when the energy of the posi-
tronsinthese secondary phase particlesislower thaninthe matrix. This
phenomenonis described by positron affinity, whichis defined as the
sum of the positron and electron chemical potentials”. Positrons can
onlybetrappedincoherent precipitates where the positron affinity is
more negative than that of the matrix’. In the case of semi-coherent
andincoherent precipitates, however, positrons are trapped regardless
of the affinity at misfit defects created at the interfaces between the
precipitates and the matrix, which arise from atomic mismatches’.

Ceramics

Ceramics areinorganic, non-metallic materials prized for their excep-
tionalthermal, electrical and mechanical properties,and areusedina
broad spectrum of applications from biomedical devices and micro-
electronics to energy storage and production. These polycrystalline
materials, characterized by diverse grain sizes, typically consist of
oxides, carbides or nitrides synthesized through processes such as
pressing, firing and sintering. Owing to their multi-elemental com-
position, ceramics exhibit a complex defect landscape, ranging from
isolated vacancies to mixed-vacancy clusters. Furthermore, their
insulating or semiconducting nature implies that these defects can
beelectrically charged. Positron annihilation studies in this field remain
relatively scarce compared to metals or semiconductors.

PAS serves as apowerful tool to characterize porosity, investigate
the densification and phase transitions of nanocrystalline phases, and
ultimately identify or quantify vacancy-type defects within various
ceramic matrices. For example, in yttria-stabilized zirconia compacted
nanopowders doped with trivalent chromium oxide, positrons annihi-
late mainly in vacancy-like defects at grainboundaries orinlarger open
volume defects most probably located at triple points®°.

Detecting oxygen vacancies (V) in oxides using PAS is typically
challenging, as these defects are often positively charged, or act as
shallow traps that cannot effectively capture positrons. Theoretical
calculations show that the positron lifetime in oxygen vacanciesis only
a few picoseconds longer than in the bulk lattice, with a negligible
positronbinding energy. However, in KSr,Nb;O,; photochromic ceram-
ics, oxygen vacancies become detectable through PAS because of the
photochromic reaction, which involves neutralization of these
vacancies®. In the high-temperature superconductor YBa,Cu;0;,_5
(YBCO, where (0 < § <« 1)), abinitio calculations revealed a particularly
high positron affinity for the oxygen-deficient plane with the CuO
chains that crucially affect the transition temperature, T.. Using an
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energy variable positron microbeam (<50 pm) on epitaxial grown
single crystalline YBCO filmsrevealed the spatially resolved variation
of the oxygen vacancy concentration in three dimensions, which in
turn allowed the determination of the local variation of T, within the
YBCO films®*,

Furthermore, by comparing experimental data with ab initio
calculations of positron lifetimes and momentum distributions in
SrTiO;, V;; has been identified as the primary intrinsic defect in pure
SrTiO; ceramics®. It was also demonstrated that in Sr,_,La,TiO,, the
charge compensation mechanism from lanthanum doping is predomi-
nantly governed by the formation of V.. From the coincidence Doppler
broadening ratio curve measured in Al,O, using pure aluminium as a
reference (Fig. 4e), it was shown that annihilation with oxygen 2p elec-
trons produces a characteristic signature — a peak at approximately
10 x 10 m,c — allowing for the identification of the oxygen chemical
environmentin oxides.

Understanding irradiation damage in UO, is critical, as this
ceramic — along with plutonium-doped UO, (MOX) — serves as the
primary fuel for fission reactors. To directly detect vacancies in UO,,
a slow positron beam coupled with Doppler broadening spectros-
copy was used to monitor defect recovery as a function of tempera-
ture in Kr-implanted samples®. Subsequent experimental studies on
alpha-irradiated UO, identified alonglifetime component of 307 + 5 ps
(ref. 86), which is higher than the reference bulk lifetime of 169 + 1 ps
measured after annealing at1,700°C for 24 hinan ArH,atmosphere. In
helium-implanted UO,, the Doppler broadening S and Wparametersasa
function of helium fluence follow a specificline with aslope —also called
theRratio—ofaround 0.576 + 0.004in (S, W) values measuredin2.5 MeV
electronirradiated samples were also aligned on this line®, suggesting
this line could be attributed to the detection of the vacancy defect
produced in majority, such as the Schottky vacancy complex V2V,

These experimental datasets can be interpreted through a com-
parison with ab initio calculations based on two-component DFT. In
UO,, the strongly correlated U-5f electrons present a major challenge
forelectronic structure modelling, requiring theinclusion of aHubbard
term (DFT + U) in the Hamiltonian to accurately determine positron
annihilation characteristics®****®, In addition, defect relaxation is a
critical factorin this material where the ionic nature of the oxide lattice
leads to substantial atomic rearrangements upon defect formation
or positron trapping. When compared with theoretical annihilation
characteristics, PAS remains a vital identification tool. However, its
application to this complex material can be challenging because the
annihilation signatures — positron lifetimes*® and the momentum
distribution of annihilated pairs®*® — of different vacancy defects can
be remarkably similar. For example, the positron lifetimes remain in
the 26 ps range for V|, (293 ps), ViV, (301 ps) and Schottky defects
(304-316 ps), or 2V, (290 ps).

The theoretical momentum distributions are also remarkably simi-
lar for Vyandits related complexes suchas ViV, V2V, 2Vyand 2V, 2V,,.
Thissimilarity arises because of the strong localization of positroninthe
V, (or one of the V), making it only slightly sensitive to the surround-
ing environment or the number of neighbouring oxygen vacancy. By
contrast, the (2V,2V,)) 2 complexes exhibit a distinct total momentum
distribution and clearly different Sand Wvalues compared withits neu-
tral counterpart. This divergenceis driven by ashiftin positronlocaliza-
tion. In the charged defect, the positron migrates to a position centred
between the two uraniumvacancies. The similarity in values makes it dif-
ficulttodifferentiate between specific defect typesin experimental data,
particularly when multiple vacancy species coexist within the material.

Radiation damage

Since the discovery of positron trapping at defects in 1967 (ref. 90),
the study of radiation damage has been an important application
area of PAS, starting with neutron-induced radiation damage in bulk
metals”??. These early measurements revealed the early stages of
damage formation, and contributed to the understanding of swelling
and deterioration of materials from void formation. The sensitivity
of vacancy concentrations down to 10 ppb, combined with positron
trapping at single vacancies and small vacancy clusters, make PAS a
vital tool to understand the mechanisms that govern radiation dam-
age and evolution of defects induced in collision cascades®. Such
atomic-scale defects cannot be detected by high-resolution transmis-
sion electron microscopy even with recentadvancementsinelectron
microscopy techniques”. PAS has been extensively used to assess and
study radiation damage induced by neutron, electron, light and heavy
ionirradiation covering structural nuclear materials and functional
materials. The work studying radiation damage in molybdenum® and
aluminium® was followed by several studies on neutron-irradiated iron
and copper’*®, Fe-Cralloys’ and steel”. Such studies were carried out
using positrons from radioactive sources without the need for positron
beams, as neutrons produce damage throughout the entire thick-
ness of materials. Studying radiation damage induced by electrons,
protons and heavy ionirradiation is possible using slow positrons and
variable-energy positron beams?. In nuclear material science, ion
irradiationis often applied to mimic theimpact of neutronirradiation,
such asinnuclear reactors, and produce similar damage in a shorter
time. PAS was at the forefront to study helium irradiation®®, reveal
the formation and characteristics of helium bubbles’, and study the
interactions of heliumwith irradiation-induced defects using pulsed
positronbeams'’, The differences of light-ion and heavy-ionirradia-
tionwere also studied'”, and it was determined that heavier ions create
larger vacancy clusters.

Insemiconductors, ionimplantationis the primary tool for doping
and tuning electronic transport, which demands detection and char-
acterization of defects induced by implantation and understanding
how they affect the electrical properties. PAS is specifically applied to
monitor their annealing'® and identify the optimal temperature and
procedure to eliminate compensating defects and unwanted donors
oracceptors'®,

Depth-resolved PAS measurements are widely used to investigate
ion-induced defects by monitoring changes in defect concentration
and vacancy cluster size as a function of irradiation dose and depth.
Figure 5a shows the average positron lifetime as a function of implan-
tation depth, illustrating its evolution with increasing displacement
peratom from10*to1 displacement per atom revealing the accumu-
lation and growth of vacancy-type clusters within a heterogeneous
multiphase metal/oxide structure®. PAS can have animportantrolein
revealing mechanisms of defect formation and interactions with the
microstructure and chemical surroundings. Recent work has shown
how positron methods can be used to reveal the short-range order
induced by irradiation in high entropy alloys'** and the mechanisms
of interactions of collision cascades with voids in materials'®. Seg-
regation of atomic-scale solutes into defect complexes cannot be
detected by high-resolution imaging techniques'®, or even atom probe
tomography, but can be easily revealed using coincidence Doppler
broadening spectroscopy'”, with the additional ability of detecting
radiation-induced ultrafine precipitates'®®. With ongoing efforts to
develop in situ PAS during irradiation'®, positrons are expected to
have agreater rolein understanding radiation damage in the emerging
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Fig. 5| Examples of positron lifetime and Doppler broadening datain metal
oxides, ordered metal alloys, perovskite thin films and metal-organic
frameworks. a, Evolution of the average positron lifetime, 7,,,, and implantation
depth, z, as afunction of positron implantation energy, E,,, for multiphase metal/
oxide samples with various displacement per atom (dpa). b, Magnetic Dopper
broadening (MDB) spectrain Mn,FeGa with vacancies (V). ¢, An example positron
lifetime spectrum, where /is intensity, measured froma (Cs ;sFA( ss)Pb(lg0,Br.08)3
thin film, where FA is formamidinium. The decomposition is separated into
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materials for extreme environments and guiding the design of novel
material systems.

Magnetism and spin-polarized phenomena

Positrons emitted through (3-decay are naturally spin-polarized lon-
gitudinally due to parity violation in the weak interaction regime'°.
Thisintrinsic property offers aunique opportunity for positron-based
investigations of magnetism, including various spin-related phe-
nomena. From the dawn of PAS in the 1960s, ferromagnetic band
structures have been studied using the ACAR method with polarized
positrons™!"2, Whereas research on bulk ferromagnets was progress-
ing along this line, a spin-polarized positron beam for investigating
top-surface magnetismwas demonstrated in the late 1970s™. By using
energy-tunable positronbeams and conventional sources in combina-
tionwith established PAS techniques, electron spins can be selectively
probed at various depths, including the topmost surface layer, buried
interfacesinthinfilms and deep bulk regions. Regarding spin detection
atatomicvacancies, noalternative methods currently offer comparable
sensitivity or feasibility.

The basic concept of spin-polarized PAS (SP-PAS) relies on
spin-dependent annihilation, either between a free positron and an
electron, or from a positronium state'*. By observing changes in the
number of two-y and three-y annihilation events (singlet versus triplet),
aswell as variationsinthe electron-positron momentum distribution
and annihilation lifetime depending on the spin orientation, the spin
states of electrons can be detected.

A ferromagnet exhibits two distinct positron annihilation rates
depending on whether its magnetization is parallel (+) or antiparallel
(=) to the positron spin polarization

_liR_ P == -
=R R )

where A" and 1" are the annihilation rates for spin-up and spin-down
positrons, respectively, and P, is the positron spin polarization. WithA,,
the combined annihilation rate, measured by lifetime spectroscopy
and known P,, one can determine A", which is directly comparable
to the DFT calculation. Similarly, the electron-positron momentum
densities are given by

_ Ag(1£P) Zocc.
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where p;"(p) is the momentum densities of majority/minority spin
electrons of ithband, A; = 47r.>cand the summationis applied toall the
occupied states. The spin-dependent momentum distributions of both
perfect crystals and vacancies can be studied by Doppler broadening
and ACAR spectroscopies.

The difference of Doppler broadening spectra between positive
and negative magnetization is referred to as the magnetic Doppler
broadening (MDB) spectrum™"®, The amplitude of an MDB spectrum
increases in the order of magnetization. For example, 2D-ACAR spec-
troscopy revealed the Fermi surfaces of the majority and minority spin
bands of the Cu,MnAlHeusler alloy". Similar work was also carried out
for NiMnSb, which is a half-Heusler alloy with structural vacancies"®.
These results provide insights into half-metallicity, which s crucial in
the fabrication of spin devices.

SP-PAS has also been applied to oxide and nitride materials for
semiconductor spintronics"*'?°, In gadolinium-implanted or doped

GaN, defect complexes involving gallium vacancies and gadolinium
atoms are considered the primary source of ferromagnetism. How-
ever, against this expectation, vacancy clusters are implied to have an
important role in the emergence of ferromagnetism than the defect
complexes. SP-PAS was also used to identify the species of vacancies
inferrimagnetic Mn,FeGa. The comparison of experimental and com-
putational MDB spectra show a near-perfect match for a manganese
vacancy surrounded by manganese and iron atoms' (labelled V,,,#2
in Fig. 5b). The detection of interface spin polarization has also been
attempted using variable-energy spin-polarized positron beams. At
the MgO-FeSi interface, excess spins are confined at the interface''.
Giventheimportance of interface spinin various device applications,
further utilization of the SP-PAS method is anticipated.

Surface spin polarization may be evaluated through the annihi-
lation of positronium emitted into vacuum. A remarkable feature of
this method is its extremely high sensitivity to the topmost surface,
because positronium is formed exclusively on the vacuum sside of the
surface. Three-y annihilation of spin-triplet (ortho) positronium gives
rise to characteristic long lifetime (142 ns) and the continuous energy
spectrumbelow 511 keV. The change in the three-y intensity upon spin
reversal is proportional to the spin polarization of electrons (P_) as

b(+) = (=) 2e(1) - £(0)
B (+)+ (=) 2&(1) +£(0)

P, P.cos¢, 7

where [, is the three-y intensity, the sign + means that the polarization
vectors of positrons and electrons are parallel or antiparallel, €(1,0) is
the detection efficiency depending on the magnetic quantum number
(m,=1o0r0) of spintriplet positronium and g is the angle between the
polarization vectors of positrons and electrons'*.

Spin polarization effects induced at heavy metal surfaces — due
to the giant spin Hall and Rashba effects'>*"'% — as well as those aris-
ing from the magnetic proximity effect in graphene or ferromagnet
systems'”*'”’, have been investigated. For example, as the spin polari-
zation of graphene placed atop a ferromagnet is not accessible via
angle-resolved photoemission spectroscopy, awidely used technique
for probing surface electronic states, the role of SP-PAS becomes par-
ticularly notable'”®, Measurement of spin-dependent positronium
annihilation provides only an average spin polarization of all electrons
participatingin positronium formation, duetoitslack of energy selec-
tivity. This limitation was addressed by developing spin-polarized
positronium time-of-flight spectroscopy'®. In fact, with this method,
negative spin polarization near the Fermi level was confirmed for the

Nisurface™®.

Organic-inorganic lead halide perovskites

Organic-inorganic lead halide perovskite thin films are promising
as functional light-conversion layers in solar cells, owing to the rapid
increaseinrecordsolar cellefficienciesinthe past15 years. The ABX; per-
ovskites contain two types of cations, Aand B, and one type of anion X.
The A-site cations are 12-fold coordinated with anion neighbours in
alarge cuboctahedron, whereas the B-site cations are 6-fold coor-
dinated with anion neighbours at the edges of a octahedron with a
smaller volume. As the positron lifetime is sensitive to the size of the
open volume of defect, it has been used for analysing cation vacancy
defects on the A and B sites both in traditional perovskites such as
SrTiO; (refs. 84,131,132) and in organic-inorganic perovskites such as
MAPDI,'*, with the organic molecule methylammonium (MA). Com-
parisonwith DFT calculations shows that the A-site vacancy (Vs or Vyy,)
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exhibits a longer positron lifetime than that of the B-site vacancy
(Vy; 0r V)P, enabling discrimination between these two types of
monovacancies. Lead vacancies thatact as deep level acceptor defects
were found in MAPDI, thin films', The individual concentrations of
the two cation vacancies can be extracted in the range starting from
~0.1 ppm and up to ~50 ppm corresponding to the case of saturation
trapping of positronsin these vacancies, well below the ~1% detection
limit of transmission electron microscopy.

The combination of positron lifetime with coincidence Doppler
broadening spectroscopy can be used to gain deeper understand-
ing of the local chemical environment, as shown for MAPbBr; and
CsPbBr; single crystals'*, Comparison with DFT calculations of the
positron lifetimes and of ratio curves (relative to aluminium) of the
CDB electron-positron momentum distributions indicated annihila-
tion in defect-free bulk perovskite lattice. Other PAS studies did find
the presence of cation vacancies in MAPbBr; single crystals', in which
the concentration of methylammonium vacancies is suppressed in
MABTr-rich single crystals compared with stoichiometric MAPbBr;,
leading to the detection of lead vacancies only.

Doppler broadening S-parameter depth profiling can be used to
examine the stability of the perovskite crystal phasein thin films. Thin
films of FAPb(I_,Br,); (whereO < x <1and FAis formamidinium), exhibit
enhanced stability compared with FAPbI; upon substitution of iodine
by bromine at x~0.05, and a higher solar cell efficiency of 17.1% for
FAPb(l,4sBrg5); was achieved compared with 13.6% for FAPbBr,
(ref. 136). The corresponding Doppler depth profiles revealed a
decreaseinthe S parameter, caused by areductioninthe concentration
of vacancies™®. S-parameter depth profiling is also capable of monitor-
ingthe time-dependent degradation of organic-inorganic lead halide
perovskite films due to long-term exposure to ambient air and subse-
quentinfiltration of moisture, for example'’. A large reduction in layer
thickness of MAPb(l,.,Br,); thin films is seen during air exposure for up
to 22 days, caused by the formation of dense Pbl, and the release of
volatilereaction products suchas Hland I, from the film. Ultrathin (less
than 1-nm thick) ALL,O, cap layers slow down and reduce the
degradation'. Figure 5c shows a representative positron lifetime
spectrum measured for (Cs, 5FA, ss)Pb (I 0,Brg,05); With decomposition
intothreelifetime components (94 + 5 ps,377 + 1 psand 1,160 + 70 ps)
that highlight the high vacancy content.

From the theoretical perspective, DFT calculations of positron
lifetimes consistently report the trend of 5, > 7, > %, for various
organic-inorganiclead halide perovskites™**3513%1% Recentadvances
in ab initio calculations consider the choice of the appropriate
electron-positron correlation functional and the impact of
polymorphism™’, For example, the use of more advanced approxima-
tions leads to the prediction of a stronger positron binding in lead
vacancies compared to methylammonium vacancies™.

Metal-organic frameworks

Metal-organic frameworks (MOFs) are porous crystalline coordina-
tion networks composed of metal nodes and organic linkers'°. MOFs
display complex hierarchies of microporosity and mesoporosity.
Their functionality, such as for gas storage, separations or catalysis,
for example, isdependent onthe pore sizes and architecture, includ-
ing their interconnections and host-guest interactions. Characteris-
tics of materials in this area canbe achieved using PAS-based positron
porosimetry', which complements conventional porosimetry
(such as N, adsorption). Several advantages in using PAS include
negligible influence of the probe (typically o-Ps) on the material'*?,

particularly important for flexible MOFs, sensitivity to subnano-
metre free volumes and closed pores'**'**, the ability to conduct
tests under almost any external conditions (such as temperature,
pressure, presence of various gases or vapours)'*>'*¢, and the abil-
ity to detect subtle changes due to phenomena affecting o-Ps
(such as migration or quenching), although this requires careful
interpretation*'*,

Asinmost complex porous systems, several o-Ps components are
observed in MOFs — typically two'*>"**"* or three™*'**, Underestimat-
ing their number oftenleads to averaging and obtainingincorrect pore
sizes. This may be caused by setting the spectrometer time base too
short (<1 ps), which truncates components with lifetimes of several
tens of nanoseconds. However, sometimes this can also be caused by
too few counts (<10 million), when components are masked by sta-
tistical noise. Even when both conditions are met, it is worth initially
estimating the number of components using an algorithm such as
maximum entropy for lifetime (MELT) analysis that does not require
apriori assumptions™*. However, owing to the limitations of MELT™,
it is best to adjust the number of components, which can vary with
temperature or pressure, to obtain continuous trends in lifetimes
and intensities.

Thelongest lifetime in MOFs almost always exceeds 20 ns, and the
conventional Tao-Eldrup model”**is insufficient to determine pore
size. Furthermore, the shape of the free volume differs greatly from the
sphere assumed in the Tao-Eldrup model. The extended model**"’
analyses the lifetime in the infinitely long cylindrical free volume as
anaverage weighted by Boltzmann distribution over Ps energy levels,
labelled by n and m, in a potential well of radius, R, approximated by
the infinite potential well with an extended radiusR + 4
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where 4 depends on the material, g, is the statistical weight of the mth
state (g, =1,8,,-0 = 2), his Planck’s constant, m. is the electron mass, kis
the Boltzmann constant, Tis the temperature and Z,,, is the nthnode of
the Bessel function of firstkind /,,(r). The annihilation rate at level nm s

Aom= ApR'nm"' A(1=Fy) 9

where ], is pick-offannihilation rate approximated in the model by 2 ns™
andA, =7 psistheintrinsic o-Ps annihilation rate. The probability, P,,,,
of finding Ps outside the zero-electron density region (r < R) is
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R
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(10)

The extended Tao-Eldrup model is facilitated by calculation
programs'®. It is also recommended to choose the geometry that
best suits the MOF under study (which will still be a considerable
approximation given the open structure of these materials). Careful
selection of the 4 parameter is also important; it should be lower than
0.18 nminsilicas, and perhaps even lower than the typical 0.166 nm
determined for molecular crystals'. A shape-free model has also been
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recently presented, and shows good agreement with a wide range of
measurements'%,

Thefinal challengeis to correctly interpret the origin of the com-
ponents and their changes. It is crucial to recognize that, in addition
to pick-off annihilation, Ps may be influenced by additional processes.
A particularly important contribution comes from o-Ps migration
from smaller tointerconnected larger pores'®>. The migrationin MOFs
depends strongly on the crystallite size™*? in powder samples or posi-
tron implantation energy in thin films'*’. Owing to the regular struc-
ture of MOFs, instead of being trapped in a specific pore, o-Ps can
remainindelocalized Bloch states extended over large volumes of the
crystal*®*¢ as postulated for zeolites'®*. Some Ps in Bloch states can
localize beyond grain boundaries'°. Migration from both localized and
delocalized statesresultsin distortion of pore-size estimated obtained
using extended Tao-Eldrup models, but also provides a unique insight
into the processes occurring in MOFs, such as during gas adsorption.
In turn, the presence of metal nodes may result in Ps quenching or
inhibition, which should be considered, but this process applies only
to some MOFs',

Taking the above issues into account enables the effective use
of positron porosimetry to study the properties of MOFs in various
applications including network closing effects'*, dye adsorption™’,
water adsorption™ with the prospect of desalination™°, and especially
promising CO, capture —from the first application of PAS for studying
MOFs'* toinsitu studies of almost ready-to-use materials™*®. Figure 5d
shows the results from this latter work where the intensity of positro-
niumtrapped inside the cages of the MOF and outside its grains varies
as a function of CO, pressure. Interpreting PALS measurements, in
particular the intensities of o-Ps trapped in the MOF cages and outside
its grains, allowed reconstruction of the localization of CO, particles
inthe CALF-20(Zn) network at different pressures.

Surfaces and interfaces

The defining characteristic of PAES is that its signal originates almost
exclusively from the top-most atomic layer, established through
studies of palladium overlayers on Cu(100). At 173 K, deposition of
approximately one monolayer of palladium caused the palladium
PAES signal to saturate, whereas the copper signal attenuated to near
zero, demonstrating that subsurface atoms do not contribute detect-
ably to the PAES spectrum'®. Upon warming to 303 K, changes in the
PAES intensities provided direct evidence for thermally activated
intermixing between copper and palladium in the topmost layer. At
423K, the formation of a copper overlayer was observed, driven by
segregation. These experiments established PAES as a direct probe
of temperature-driven surface diffusion and alloying dynamics. The
top-layer surface selectivity of PAES has made it usefulin multiple stud-
ies of surface diffusion'®, identification of adsorption sites on com-
posite surfaces'” and annealing-induced changes in morphology*®.
Time-resolved PAES enables the investigation of the dynamics of sur-
face atoms and the in situ observation of segregation processes. The
Cu/Pd systemwas studied using PAES on palladium substrates coated
with 2.88 and 5.77 monolayers of copper. The time constant for segre-
gation was experimentally determined as 1:38 ( + 0:21) h and the final
segregated configuration was found to be consistent with theoretical
calculations'®*""°,

The elimination of background in PAES (Fig. 5e) enables several
important applications, including the first direct measurements of
extremely low-energy Auger processes. This approach was used to
observe the carbon-VVV transition in graphene, where V indicates

avalence band electron'. The resulting low-energy peak near 4 eV

matched theoretical expectations and showed that most deep valence
holes (approximately 80-100%) decay via a VVV Auger process that
only involves valence electrons. This same method was applied to
identify the oxygen 2s-VV transition (an LVV transition where the
hole is created on the L-electron level in oxygen, and the rest of the
process involves electrons in the valence band, denoted as VV) on
oxygen-covered metals and oxides, a feature never cleanly observed
by traditional Auger techniques because its low energy, below ~10 eV
(ref. 172). With the background removed, a distinct low-energy peak
associated with oxygen 2s hole decay was revealed, and comparison
with theory showed that the oxygen LVV transition occurs with high
efficiency, nearly matching that of the oxygen KVV process (atransition
similar as LVV, but the hole is created on a K-electron level in oxygen).
Together, these studiesillustrate how background-free PAES provides
auniquely sensitive window into very low-energy Auger channels that
are otherwise inaccessible.

Gamma-Auger coincidence spectroscopy isadistinctive applica-
tion of PAES enabled by the fact that each PAES Auger peak arises from
asingle, well-defined core level. As core-hole creation is tied directly
tothe annihilation event, selecting a given PAES peakisolates annihila-
tions involving a specific orbital. Measuring the Doppler-broadened
annihilationy spectrumin coincidence with electrons from that peak
yields the momentum distribution of the electron-positron pair asso-
ciated with that orbital. As Doppler broadening reflects the electron
momentum, the resulting y-line shape becomes an orbital-resolved
momentum signature. Early studies showed that gating on transitions
suchas CuM_,3VV, AgN,3VVand AuO,,3VV produces Doppler spectra
in excellent agreement with relativistic calculations, establishing the
approach asasensitive probe of many-body and electron-positron cor-
relation effects””>"”*, Recently, a 2D time-of-flight (ToF) PAES-Doppler
coincidence spectrometer was used to record a full correlation map
between electron flight time (and thus energy) and y-ray Doppler
shift'”. This enabled extraction of annihilation line shapes for both
outer-core orbitals (such as copper 3p) and deep core states includ-
ing carbon 1s and oxygen 1s, even in heterogeneous systems such as
graphene/copper. By selecting electrons in ToF ranges correspond-
ing to carbon KVV, oxygen KVV or the 7-25 eV low-energy region, it
was demonstrated that low-energy Auger electrons originate largely
from deep-valence or shallow-core holes and are coincident with y
rays exhibiting small Doppler shifts, consistent with annihilation with
low-momentum electrons. Higher-energy Auger peaks (suchas M»,3VV
and KVV transitions) correlate with broader y-ray line shapes charac-
teristic of high-momentum core electrons. Fitting these line shapes
to abinitio orbital momentum densities allowed identification of the
orbital composition of the annihilation signal and clarified whichinitial
holes produce specific features of the PAES spectrum. Together, these
results establish y-Auger coincidence spectroscopy as a powerful
orbital-selective probe that enables quantitative tests of many-body
theory and clear identification of the mechanisms underlying both
high-and low-energy Auger emission.

The surface selectivity of PAES — arising from the trapping
of positrons at the surface prior to annihilation — suggests that
Doppler-broadening spectroscopy may likewise yield element-specific
surface information. Coincidence Doppler-broadening spec-
troscopy can provide chemically specific signatures from the top-
most atomic layer, even when positronium formation and reduced
core-electron overlap diminish the core-annihilation signal’. By
simultaneously acquiring PAES data from clean, adsorbate-covered
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and thin-film-coated copper, silver and gold surfaces, it was shown
that the high-momentumregion of the annihilation line shape remains
highly sensitive to elemental identity. Ratio-curve analysis — in which
experimental Doppler spectra are normalized to clean copper and
fitted with linear combinations of abinitio momentum distributions —
yields quantitative surface compositions that agree well with PAES
for simple systems and reliably detect submonolayer adsorbates and
single-layer overlayers. As 511 keV y-rays escape readily fromburied or
enclosedregions, the work establishes coincidence Doppler broaden-
ing as a promising complement to PAES for in operando studies of
otherwise inaccessible internal or porous surfaces.

Reproducibility and data deposition

A properly tuned positron lifetime spectrometer produces lifetime
spectra where the average positron lifetime can be determined with
0.2 psaccuracy (as determined by the standard deviation over tens of
successive experiments)'°®. Variations between spectrometers and
source corrections (for different sources) may resultin an offset of up
to 5 ps, making direct comparisons of lifetime values between labora-
tories challenging. This baseline offset is mitigated by utilizing refer-
ence samples where positrons are not trapped at vacancy defects for
each studied material and therefore annihilate in the free state of the
lattice (also called the bulk). This is also the basis of comparison with
theoretical calculations where the variation baseline offset originates
from the necessary approximations in calculating the electron and
positronstates. The ISO technical specification for evaluation of pore
sizein materials by free volume sizes was recently determined through
the quenching of the o-Ps pick-off annihilation process'”.

In addition, for Dopper broadening and ACAR experiments, the
momentum parameters depend strongly on the detector geometry,
resolution, calibration and amplifier properties, therefore necessi-
tating comparative measurements. Itis typical to express the Sand W
parameters as normalized to the Sz and W, obtained in a reference
sample. Thisreduces the dependence of the dataonthe various aspects
listed above to some extent, but not completely'®. Full analysis and
interpretation of the results are necessary before comparing results
fromdifferentlaboratories. The analysis of ratio curves obtained from
either CDB or ACAR experiments is most often performed by compari-
sonwiththeoretical calculations, giving the possibility of more detailed
interpretations of the physical processes.

Limitations and optimizations

Positron annihilation methods are powerful for identifying, quantify-
ing and determining the physical characteristics of point-like vacancy
defects in elemental metals and semiconductors, as well as in simple
binary compounds and dilute alloys. Most detailed information canbe
obtained for mono-vacancy and di-vacancy defects, with the sensitivity
tothe exactsize and detailed atomic surroundings gradually decreasing
with theincrease of the size of the open volume. o-Ps annihilation-based
methods have the highest sensitivity for free volume structures of
about 2 nm in diameter. However, detailed defect identification with
positron annihilation methods becomes particularly challengingwhen
the complexity of the studied material increases. In two-component
compounds, where the crystal structure contains non-identical lattices
sites for one type of atom, such as 3-Ga,0O, that has two non-equivalent
Gassites and three non-equivalent O sites, the identification becomes
difficult owing to the multitude of similar, but not identical, possible
defects. When the number of elements in the compound or alloy is
increased, the number of different point defects and their combinations

increaserapidly. In elemental materials and simple (nearly) covalently
bonded binary compounds, typically one type of defect is clearly domi-
nant, whereasin complex materials there isatendency for coexistence
of many types of point defects with concentrations high enough to
be detected in experiments. Finally, the more complex the materials, the
more difficult it seems to make a suitable reference sample in which the
overall defect concentrations would be low enough for the material to
considered defect-free fromthe perspective of the positron experiment.

Outlook

PAS is a comparative technique where the detailed identification of
defects relies on comparison with a well-defined reference sample of
the same material that does not exhibit positron trapping at vacancies.
For many novel and complex materials, such samples do not exist,
making the defect identification challenging*'*°. Synthesis condi-
tions of the material in question, such as stoichiometry, temperature
or doping level, affect the final defect distribution in the samples via
thermodynamic and kinetic processes. Using different temperature,
illumination, electricand magnetic fields for selective defect excitation
isimportant. Transient experiments where sub-bandgap illumination
and biasing have been used in pump-probe mode**'® can be used to
elucidate the dynamics of charge trapping and emission processes in
semiconductors, but these types of experiments have not become more
common'™, Reducing the need of having two thick enough samples for
the sample-source-sample sandwich type experiments by using anti-
coincidence techniques may allow easier experiments in thin films'$>'8,
For identifying defects in materials with ever more complex lattice
structures, the experimental sophistication needs to be maximized.
Improving the selectivity of the positron annihilation signals would
strongly benefit studies of alloyed systems as well as complex lattice
structures with several inequivalent lattice sites. One possibility could
be using characteristic X-rays emitted after positron annihilation with
coreelectrons for direct specification of the origin of the annihilation
signalin near-surface experiments. Measurements of y-rays and X-rays
in coincidence should not be an obstacle.

Using spin-polarized positron beams merits further development.
Spin-polarized positrons are a unique tool for investigating spin-related
phenomena in spintronic and quantum materials and may have an
important role in exploring homochirality in biological systems"'®,
However, several technological challenges must be acknowledged. Dif-
ferencesintheannihilation lifetimes and ACAR or Doppler broadening
spectra upon magnetic field reversal are generally subtle, requiring
highly precise and stable measurements'’. Further improvements in
both time and energy resolution are essential, particularly for positron
spin-relaxation spectroscopy'®, which currently remainsimpractical for
directly observing time-dependent spin precession due toits stringent
requirement of sub-10-ps time resolution. For surface spin polarization,
positronium spectroscopy' is especially valuable owing to its excep-
tional sensitivity to the outermost atomic layer, potentially compensat-
ing for limitations inherent in photoemission spectroscopy. Although
energy-resolved surface positronium spectroscopy™° has demonstrated
the ability to probe spin-polarized surface density of states, further
development towards an angle-resolved variant is awaited to enable
direct observation of spin-polarized band dispersions. The develop-
ment of efficient positron spin filters remains a compelling research
direction, and the establishment of facility-based, highly spin-polarized
and intense positron sources/beams is strongly desired to support
future advanced investigations'®®, Integration with positron-induced
Auger electron spectroscopy could allow correlated photon-electron
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measurements, and quantum materials research promises to further
expand the impact of positron annihilation methods.

Although (two-component) DFT has been the workhorse for cal-
culations of positron interactions in condensed matter, it relies on
input in the form of the correlation energy and enhancement factors
to attempt to account for short-range correlations for the positronin
electrongas (rather thanthe real material environment), which canlead
tospurious effectsin the spectraand show deficiencies. Animportant
recent advance was the development and application of quantum
Monte Carlo to positrons annihilation in bulk’**"°, demonstrating that
parameter-free many-body theory descriptions are feasible. These cal-
culations, based on variational and diffusion quantum Monte Carlo, are
computationally very expensive and have been applied so far for posi-
tronsinsolids within the pseudopotential approximation, inwhich only
valence electrons are treated explicitly. A clear benefit of thisapproach
is the inherent linear scaling of the Monte Carlo method in which the
positron lifetime’®’ (for silicon, diamond carbon, AIN and lithium) and
Doppler broadening of annihilation radiation for semiconductors and
insulators (such assilicon and AIN) are both considered°. Apart from
the overestimated positron lifetime inthe silicon lattice, the results are
in very good agreement with experiments, and free of parametrized
input, unlike DFT results that are essentially determined by the choice
of the enhancement factor.

Another powerful framework for describing positron interac-
tions with many-electron atoms or molecules — and allows for the
inclusion and study of correlations in a natural, transparent and sys-
tematic way — is diagrammatic many-body theory™". In this Green’s
function-based approach, rather than solving the full wavefunction
of the N-electron and positron wavefunction, amplitudes for pro-
cesses of interest, such as positron annihilation with a bound elec-
tron, are described via diagrammatic series. The dominant diagrams
that describe polarization, screening and virtual-Ps formation can be
calculated non-perturbatively via resummation™". The annihilation
amplitude and momentum density also admits a diagrammatic expan-
sionthatincludes corrections to the annihilation vertex that describe
theshort-range electron-positroninteractions. The many-body theory
thusallows forabinitio account of these interactions and exact calcula-
tion of enhancement factors'2 The approach has provided acomplete
understanding of positron scattering, annihilationand coolinginnoble
gas atoms>*'*>°* accurate ab initio description of positron binding
and direct annihilation in molecules'*, and also been extended
to Ps annihilation in atoms'*'””, The method and its computational
implementation in the EXCITON+code™is, in principle, applicable to
positroninteractionsin clusters and condensed matter. In particular,
so-called GW calculations, which describe the positron propagatingin
thescreened interaction with the crystal, should be feasible, allowing
ab initio calculation of band structure, positron localization, annihi-
lation rates and y-spectra. The methodology can also be extended to
enable theoretical description of Ps scattering and annihilation, and
with molecules, relevant to Psimaging.

Embedding strategies are also emerging as apromising route to bal-
ance accuracy and computational feasibility”®. By treating the positron
anditslocal electronic environment with high-level many-body meth-
odswhileembedding this region withinalower-cost electronicstructure
description, embedding approaches could enable accurate modelling
of positron trapping and annihilation without sacrificing scalability.

The calculation of material and defect-specific positron trapping
rates in insulators and semiconductors as a function of the defects’
charge states and temperature should be further developed to a

predictive ab initio level. This would allow an improved understand-
ing of how different defects and charge states compete in positron
trapping in realistic experimental conditions. The existing models'’
arelimited tomodel potentials and asimplified band model of silicon.
The positron trapping channels are similar to charge carrier trap-
ping and recombination processes occurring in semiconductors. For
example, trap-assisted Auger-Meitner recombination (an electronic
process) and non-radiative carrier capture viamultiphonon emission
canboth be described using DFT-based methods?****", Similar models
should be developed for corresponding electronic/positronic and
phonon-mediated positron trapping channels. Recent developments
intheabinitio description of the coupling of electronic and phononic
degrees of freedom?**?” give promise that the many-body approach
canbeextended toinclude the coupling between positronand phonons
and reveal any effects of this on positron localization in defects.

Advancements to atomic and molecular physics

Traditionally, PAS is used to study condensed-phase systems. How-
ever, over the past 25 years, a new approach has emerged, in which
positron annihilation is used to probe the structure and vibrations of
polyatomic molecules. This adaptation makes use of high-resolution
(40 meV and better) trap-based positron beams whose energy can be
tuned in the range from a few tens of meV to eV energies?**%, This
enables energy-resolved measurements of positron annihilation rates
in gas-phase molecules®®. Experiments revealed acomplex structure
ofvibrational Feshbachresonances, which are characteristic of the pro-
cess of positronattachment accompanied by vibrational excitations®”.
These resonances are responsible for orders-of-magnitude enhance-
ments of positron annihilation rates in polyatomic molecules, a phe-
nomenon that was known from pioneering experiments on Ps*°%, but
took nearly half a century to understand properly?*",

The energy-resolved annihilation rate with resonant peaks and
other features covering the range of molecular vibrational modes
represents amolecule-specific annihilation spectrum®?. Energy shifts
ofthe resonances provide information on positron-binding energies,
which have now been measured for over 100 molecules?”. These data
reveal astrong dependence of the binding energy on global molecular
properties, such as the dipole polarisability and dipole moment (for
polar species), but also on the number of tbonds. Experimental data
stimulates developments of new theoretical approaches for describ-
ing strongly correlated positroninteraction withmolecular electrons.
In particular, the new many-body theory method'' holds promise for
being the most accurate approach in this problem, while also provid-
ing quantitative understanding on the role of correlations, molecular
properties and symmetry, and predictive capability™”.

The strongest vibrational Feshbach resonances in the annihila-
tion spectra are often linked with infrared-active vibrational modes
for which there is a clear coupling mechanism?*. However, positrons
can also attach by exciting non-dipole vibrational modes®”. In addi-
tion, there is clear evidence of positrons being capable of exciting
avery dense quasicontinuous spectrum of multimode vibrational
resonances” and other effects of mode coupling?” due to anharmonic
vibrational interactions. Enhanced positron annihilation is strongly
linked with the ubiquitous phenomenon ofintramolecular vibrational
energy redistribution. Intramolecular vibrational energy redistri-
bution is at the heart of all fundamental chemical transformations
including the making and breaking of bonds, and positron annihilation
provides a unique probe of this complex phenomenon. Combined
efforts of theory and experiment also reveal that positron binding is
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Fig. 6 | Positronium imaging with positron emission tomography.

A photograph of the patient in the first multiphoton tomograph (J-PET,

panel a) used to generate positronium images (panel b). The patient
diagnosed with brain glioma was administered with pharmaceuticals
labelled with the ®*Ga radionuclide, which emits positrons and prompt y-rays
(8Ga~>%3Zn*+e" +v > %Zn+y+e'+v,wheree'isapositron and vis neutrino).
The dashed blue arrows on the J-PET represent photons from electron-positron

10 20 30 40 50 60 70
Counts

16 18 20 22 24 26 28 30
ns)

Tops

annihilation and the solid red arrow the prompt y-ray from the de-excitation

of the ®®Zn* radionuclide. Their detection locations are highlighted in yellow?*,
The first clinical positronium images of the head of a patient with recurrent
secondary glioblastoma (panel b) were obtained in the year 2024. The top
images show the standard PET image and the bottom images show 7, the
mean ortho-positronium lifetime. Adapted fromref. 242, CC BY 4.0.

sensitive to molecular geometry, used, for example, to distinguishing
isomersinhalogenated species®® or to probe molecular conformation
of long-chain alkanes®’. The latter system demonstrates that positron
binding and annihilation resonances canserve as a probe of the internal
molecular vibrational temperature.

Positroniumimaging in PET
The first clinical application of positrons in medical diagnostics was
demonstrated in 1953 (ref. 220), only 21 years after the discovery of
positron. In that study, the patient with an intracranial recurrence of
the meningiomatous tumour was injected with the *As radionuclide
that emits positrons. The 511-keV photons from positron-electron
annihilation in the patient’s brain were registered in coincidence by
two sodium iodide crystal scintillators positioned collinearly on the
movable platform at the two sides of the patient’s head. Determining
the lines of flight of the back-to-back propagating photons enabled
reconstruction of the image of *As concentration in the brain, thus
revealing the location of the tumour. This pioneering positron imag-
ingled to the development of positron emission tomography (PET)**,
which is now routinely used in clinical practice, enabling the recogni-
tion of tissue abnormalities at the molecular level, before they lead
to morphological changes*?. The effective radiation dose froma PET
scanis modestand actually lower than from the more frequently used
computed tomography scans.

PET diagnostics has experienced continuous improvements in
radiation detection and radiopharmacy, leading to the possibility of

dynamicand simultaneous imaging of all patient tissues. This was dem-
onstrated with the total-body PET system constructed from 564,480
crystal scintillators*>. However, the main principles of PET scanners
(recording electron-positron annihilation into two photons), based
on localizing the accumulation of pharmaceuticals, have remained
unchanged for over 70 years. The recent invention of positronium
imaging®** brought a qualitative breakthrough, enabling the imaging
of parameters characterizing the mechanism of positron-electron
annihilationinliving organisms?. These parametersinclude the mean
ortho-positronium lifetime (z,5,) and its formation probability (P,y.), as
well as the mean lifetime of positrons undergoing direct annihilation
(r,), the mean positron lifetime in the tissue (7..), the 3y to 2y positron
annihilation rate ratio (R,,,)**° and the degree of quantum entangle-
ment of annihilation photons (Ry;)*"*%. These parameters are sensi-
tive to the molecular environment in which positronium annihilation
occurs. In particular, the rate of the pick-off processes depends on the
intramolecular arrangement, and the rate of the conversion processes
depends on the presence of paramagnetic molecules such as oxygen
(0-Ps+ 0, > p-Ps + 0,2y + 0,)**°, Consequently, generating images
of positronium properties within a living organism, specifically by
USINg Topg, Ters Tas R3j2s Pops aNd Ry, could reveal early-stage tissue pathol-
ogy related to molecular changes. These changes precede functional
and morphological symptoms***2, and their monitoring could be used
for non-invasive assessment of the degree of hypoxia?*****, whichisan
indicator characterizing the oxygen deficit used to guide the choice of
personalized treatment*,
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Glossary

B* decay

A form of radioactivity where an
unstable isotope decays through the
emission of a positron and a neutrino.

Bloch-like state

In a perfect crystalline lattice, the
thermalized positron is in a delocalized
state dictated by the periodicity of

the lattice, described by Bloch wave
function.

Coincidence Doppler
broadening

(CDB). Doppler broadening measured
with two detectors in coincidence,
allowing for reduced background noise
to a negligible level.

Implantation depth

The depth at which positrons are
implanted in a slow positron beam
experiment, often is reported as the
mean implantation depth as the
implantation profile is very wide at
higher energies.

Implantation energy

Kinetic energy of the positrons in a slow
positron beam experiment. The probing
depth of positrons can be controlled by
tuning the implantation energy.

Lifetime

The inverse of the annihilation rate that
characterizes the exponential decay
process of a positron.

Doppler broadening
Broadening of the 511keV
positron-electron annihilation line
in the energy spectrum, caused by
the distribution of momenta of the
annihilated electrons.

Open volume defects
Atomic-scale defects with excess
empty volume. For example, one or
several missing atoms in a crystal lattice
known as vacant lattice sites or vacancy
defects.

Fast scintillation detectors

A material that emits visible (or
ultraviolet/infrared) photons upon
irradiation with high-energy photons,
typically connected to a photomultiplier
tube for electronic signal generation.

High-purity germanium
detectors

Semiconductor detectors for
high-energy photon detection with
high-energy resolution, based on
ultrapure germanium, and require
cooling to liquid nitrogen temperature.

Pair production
Spontaneous formation of
positron-electron pairs from
high-energy y-radiation.

Positronium
Hydrogen-like bound state of a positron
and an electron.

Slow positron beam

A set-up where the positron kinetic
energy can be controlled, typically in
the range O-50keV. Also known as a
variable-energy positron beam.

Positronium imaging is rapidly developing®*. In 2021, the first
3y-image®® and 1,,,-image””’ were demonstrated with the dedicated
mutiphoton J-PET scanner (where ] stands for Jagiellonian Univer-
sity)***** that enables simultaneous registration of two and three
annihilation photons as well as prompt y-rays emitted by radionuclides
such as **Sc (Fig. 6a). **Sc emits a prompt y-ray after each positron
emission (so that the decay chainis **Sc > **Ca*+e*+v->*Ca+y+
e’ +v, where vis a neutrino) with a mean de-excitation time of only
2.6 ps and is therefore the most promising radionuclide for efficient
positronium imaging?*®**, The annihilation and prompt photons are
distinguished based on the energy deposited in scintillators**2. The
registration of prompty is used to determine the time when positron
is emitted to the body and the registration of annihilation photons is
used toreconstruct the time and place of the positron annihilation®**,

Positronium imaging research has primarily concentrated on
imaging the mean ortho-positronium lifetime***7242245247 and the
development of the reconstruction algorithms that would enable
positronium imaging with a few millimetre spatial resolution***%, In
2024, a major step towards translating positronium lifetime imaging
into clinical practice was reached with the successful demonstration
of thefirst clinical positronium lifetime images of the human brain®*,
These first in vivo images of the 7., values in the brain are shown in
Fig. 6. The determined values of 7., and 7., in a glioma tumour are
smaller than those in salivary glands, which in turn are smaller than
those in healthy brain tissues*?. In vivo observation of differences in
positron and positronium lifetimes between healthy and cancer tissues
opens promising perspectives for application of positroniumimaging
in medical practice. At the time of this publication, there are six PET
systems that are capable of measuring the lifetime of positronium: the
J-PET scanner in Poland®?, the Prism-PET>, the PennPET Explorer®*®,
the NeuroEXPLORER (NX) brain PET in the USA**, the Biograph Vision
Quadra in Switzerland®* and the brain-dedicated ToF-PET scanner
VRAIN inJapan®*.So far these scanners were used to demonstrate the
possibilities of positronium imaging using radionuclides including
1241 82Rb, %8Ga, >Co, **Mn and **Sc (refs. 242,245,247,255-258).

The future of PAS

PASisasetof methods that excelinidentifying and quantifying material
structures with excess open volume, from vacancy defectsin crystalline
solids suchas semiconductorsto porosity indisordered media. The most
promising advances of the methods allow extending the analysis to mate-
rials systems with complex atomic structures, to surfaces and to inter-
faces. The development of theoretical tools alongside novel experiments
offers exciting opportunities for detailed interpretation of the physical
processes, while the emergence of positronium imaging in biological
systems widens the application horizons of positron annihilation.
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