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a b s t r a c t

Whilst atom probe tomography (APT) is a powerful technique with the capacity to gather information
containing hundreds of millions of atoms from a single specimen, the ability to effectively use this in-
formation creates significant challenges. The main technological bottleneck lies in handling the ex-
tremely large amounts of data on spatial–chemical correlations, as well as developing new quantitative
computational foundations for image reconstruction that target critical and transformative problems in
materials science. The power to explore materials at the atomic scale with the extraordinary level of
sensitivity of detection offered by atom probe tomography has not been not fully harnessed due to the
challenges of dealing with missing, sparse and often noisy data. Hence there is a profound need to couple
the analytical tools to deal with the data challenges with the experimental issues associated with this
instrument. In this paper we provide a summary of some key issues associated with the challenges, and
solutions to extract or “mine” fundamental materials science information from that data.

& 2015 Published by Elsevier B.V.
1. Introduction

Atom probe is a powerful characterisation tool that provides
three-dimensional reconstructed maps that show the position and
species of tens or even hundreds of millions of individual atoms
with atomic resolution [1–6]. Such datasets are rich in information
that is of great use to materials scientists, who are interested in the
relationship between structure and properties of materials, but it
is a major challenge to convert this data to quantitative and
meaningful information about the microstructure of the specimen
being examined.

A needle-shaped specimen is biased at a high voltage and the
resulting electrostatic field causes ionisation and desorption of the
surface atoms. By partially pulsing the field, a few ions at a time
are projected onto a position-sensitive, single atom detector. The
position at which they hit the detector is used to reconstruct the
echanical, Mechatronic En-
ralia.
Cairney).

t al., Mining information fr
x–y coordinates, and the sequence in which the ions are detected
is used to reconstruct the z coordinate. The time-of-flight is used
to identify the atomic species. A typical dataset, once re-
constructed, is in the form of a point cloud containing the 3D
position and mass-to-charge state of each ion. Visualisation may
be carried out by using either dedicated commercial software,
such as IVAS (from CAMECA), or by other software (e.g. Blender or
3Depict) that has the capability of rendering the point cloud data
as points or spheres and colouring the atoms according to the
mass-to-charge ratio, and therefore the identified species. Many of
these software packages already provide sophisticated tools for
the quantitative analysis of data, such as grid-based atomic dis-
tributions [7] and rendering of iso-surfaces, concentration profiles,
proximity histograms [8], cluster analysis tools [1-9] and the
analysis of multiple hit detector events [11–13]. The purpose of
this paper is to outline some outstanding issues and describe some
of the more recent developments for mining information from
atom probe data, based on a “data mining” workshop held at the
Atom Probe Tomography and Microscopy (APT&M) meeting in
Stuttgart, August, 2014.
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2. Defining and assessing randomness

A true nanoscale characterisation technique, atom probe en-
ables clusters of solute/dopants/impurities consisting of mere
handfuls of atoms to be identified and characterised [14]. Of
course, the natural inclination is to push this capacity to its limits.
A prominent example is the investigation of nucleation during the
early stages of phase transformations in materials [15–19]. Other
popular applications include the onset of segregation of solute ions
to defects in materials subject to extreme environments, such as
ion/neutron irradiation [20–23], and the clustering of solute ions
in semiconductor devices [24–27].

At these limits of APT sensitivity and resolution, researchers are
examining the distribution of very fine-scale clusters of atoms and
effectively asking – is this distribution of atoms random? More
precisely, is it probable that this distribution could be observed in
a completely randomly arranged configuration of atoms? Although
this might seem like a straightforward proposition, given the in-
trinsic limitations of experimental data, this interpretation re-
quires careful consideration.

Visual inspection of the reconstruction is nearly always the first
course of action. In many systems chemical–spatial inhomogeneity
is readily apparent. However, discriminating very slight deviations
from random by eye is simply impossible. Iso-concentration sur-
faces provide significant enhancement to visual inspection. Iso-
concentration surfaces can identify regions of irregular chemical
composition that may differ only very slightly from the bulk of the
reconstruction. However, this information alone is not sufficient to
determine whether these regions are statistically significant, i.e.
are they evidence of the first stages of the nucleation of an entirely
new phase, or simply a random fluctuation?
Fig. 1. (a) Simulated APT-like data (200�40�40 nm3) representing a ternary alloy wit
arranged in the system. The blue isoconcentration surface is defined by a total solute
defined by 10.9 at% isoconcentration. (For interpretation of the references to colour in t
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For example, a computer-generated face centred cubic solid-
solution model system has been generated, and is shown in Fig. 1.
The simulated system consists of two types of solutes, solute A
(8.0 at%) and solute B (1.5 at%). Both types of solute atoms have
been randomly distributed throughout the matrix. Even so, ap-
plication of an iso-concentration surface to this system highlights
discrete regions of high solute composition. Indeed the spatial
distribution of these regions around the reconstruction appears
very much like what might be expected for a population of sec-
ondary phase clusters homogeneously nucleating within the ma-
terial. Further, secondary analyses such as proxigrams can easily be
applied that ostensibly strengthen the notion that this is evidence
for fine scale thermodynamically-driven solute clustering.

However, in this example we already know that this is not true.
The fluctuations are simply random variations in the composition.
The key point is that without some kind of statistical analysis to
support the hypothesis that clustering is present, the iso-con-
centration surface is meaningless. Conventionally, frequency dis-
tribution analyses, often colloquially referred to as binomial ana-
lyses, have been applied as a first test for randomness [28,29].
Frequency distribution analyses essentially divide the APT data
into a 3D grid of voxels of similar size, all containing the same
number of atoms. The frequency of occurrence of a specific ele-
ment per voxel is assessed. Ultimately a histogram of these fre-
quencies is constructed. If an element is randomly distributed
throughout the reconstruction, the histogram should closely
match a corresponding theoretical binomial distribution. Hence,
non-randomness can be assessed by quantifying the departure of
the experimentally observed distribution from that expected the-
oretically. Often a χ2 test is applied to obtain a p-value and test the
significance of this deviation. However, the sensitivity of this
h solute A at a composition of 1.5 at% and solute B at 8.0 at%. Solutes are randomly
concentration of 10.9 at%. (b) Proxigram analysis averaged over several interfaces
his figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Thin slice of an APT reconstruction of a thermally aged Al–1.7Cu–0.01Sn (at%) alloy. Only Cu atoms (blue) and Sn atoms (red) are shown for clarity. (b) 1 NN
distribution of Sn atom in the reconstruction and corresponding distribution for theoretical random 1 NN distribution of Sn. (c) 1 NN and 10 NN distributions of Cu atoms in
the reconstruction. Theoretical random 1 NN and 10 NN distributions are also provided for comparison. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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approach can depend on the size of the voxels in to which the data
is divided at the start of the analysis [30]. The optimal size of the
voxel is ultimately a balance between the size of the dataset, the
concentration of the element of interest, and the scale of clustering
in the reconstruction. A voxel size that is too large will blur posi-
tional information and may obscure very fine-scale clustering from
the analysis. Conversely voxels that are too small may introduce
statistical error with respect to composition. It is also known that
for large data sets that, as their size continues to increase, so too
does the likelihood that the χ2 test will erroneously indicate a non-
random distribution [30]. Since the value of χ2 depends on the size
of the dataset, Pearson's coefficient, μ, should be adopted to nor-
malise this value and to make direct comparisons between the
amount of clustering in different sized reconstructions [31].
However, it is not possible to infer randomness directly from the
value of μ alone.

Examining the distribution of nearest neighbour (NN) inter-
atomic distances is a simple concept, but one which has proven
effective for investigating solute clustering phenomena [32]. The
NN distribution of a particular solute within a reconstruction can
be compared to the distribution obtained from a complementary
randomised data set. Deviation of an experimentally-obtained NN
distribution from the comparator indicates a non-random dis-
tribution of solute, for example the Sn distribution in Fig. 2.

The NN distribution can be considered to incorporate dis-
tributions from two distinct sets of distances: the NN distances
between clustered solute atoms and the NN distances. Analytical
methods have been developed to extract these two component
distributions from the experimental distribution and quantify the
contribution from each [33,34]. However, in the case of detecting
the onset of very fine-scale clustering no standard means has been
established to quantify small deviations between the experimental
Please cite this article as: J.M. Cairney, et al., Mining information fr
10.1016/j.ultramic.2015.05.006i
and randomised distribution and then to subsequently apply some
threshold to define the onset of significant clustering.

When examining the distribution of a particular element, the
first nearest neighbour will become increasingly less sensitive to
slight departures from randomness with increasing concentration.
This is simply because it is increasingly likely that a solute will
have a close near neighbour regardless of whether it sits in the
matrix or is incorporated into a cluster. An example of this is the
comparison of the Cu and Sn distributions in Fig. 2b. Analysis of
higher order nearest neighbour (kNN), e.g. 10th nearest neighbour
(10 NN), can provide effective insights in this case [34]. The choice
of which order, k, of nearest neighbours to investigate is analogous
to selecting a voxel size for the frequency distribution analysis.
Optimisation of the NN order will depend on the concentration of
the element of interest, using higher order kNN may reduce sta-
tistical fluctuations but at the expense of increasingly losing local
information describing the neighbourhood surrounding each
atom.

The natural extension to kNN analyses are cluster identification
algorithms, which define and characterise the nature of discrete
nanostructural features [35]. The application of clustering algo-
rithms underpins a significant number of atom probe analyses. As
such there is an increasing amount of literature on the different
algorithms that have been developed and how these might be best
parameterised for specific types of application. Marquis and Hyde
[9] and Gault et al. [1] provide overviews. Hence it is not discussed
in detail here, suffice to say that application of these techniques to
determine the very onset of clustering all parameters must be
chosen with extreme care to optimise sensitivity. Furthermore, as
is the case for isoconcentration surfaces, without appropriate
statistical analysis and some kind of threshold metric (e.g. a ran-
dom comparator system), the identification of clusters is not proof
om atom probe data, Ultramicroscopy (2015), http://dx.doi.org/
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on its own of significant non-randomness.
Finally, it is important to acknowledge limitations of the tech-

nique when undertaking this kind of investigation. For example,
certain elements are prone to surface migration during the ex-
periment [36,37]. The most prominent example of this is solute
segregation to crystallographic poles. In some circumstances,
these effects can be mitigated by adjusting the experimental set-
up. At the very least regions exhibiting the effects of surface dif-
fusion must be removed from the data prior to statistical analysis.
The potential effect of limited detection efficiency is often over-
looked. It has been shown that the frequency distribution is sus-
ceptible to this influence, with the analysis indicating an increas-
ingly randomised distribution with decreasing detection efficiency
[1]. Similarly kNN distance and cluster-size distributions would be
expected to increasingly tend towards a random distribution.
3. Short-range order

Short-range order (SRO) is typically characterised in terms of
well-established SRO parameter formalism [38,39] employing
probability and concentration terms from counting statistics, and
is commonly measured experimentally using bulk, volume-aver-
aged techniques (e.g. X-ray scattering, neutron scattering and
Mössbauer spectroscopy) to determine the apparent structure.
APT data, on the other hand, provides a unique combination of
highly resolved atomistic information (compositionally and spa-
tially) in three dimensions (3D), which can be directly data-mined
to extract quantitative structural information in the context of a
generalised multi-component short-range order (GM-SRO) para-
meter [40]. GM-SRO analysis allows higher-order atom correla-
tions (pairwise and upwards) in simple binary and multi-
component systems, and is carried out on experimental APT data
by shell-based counting of the atoms at discrete 3D radial dis-
tances, accounting for limited detector efficiency and spatial re-
solution from the instrument [41]. In fact, this atom-by-atom
analysis capacity has a very similar construction to that of a radial
distribution function (RDF) for APT data [42–45], including che-
mical species-specific “partial RDFs” and pair correlation functions,
all of which extend the application of 3D atom probe data from
statistical analysis using 1D Markov chains and the Johnson and
Klotz ordering parameter [29,46–49] to a wealthier description of
SRO that compliments existing capability for long-range order
(LRO) and site occupancy investigation [26,50–59].

By standard convention, a positive value of a GM-SRO para-
meter defines co-segregation for a particular set of elements in a
certain crystallographic shell, which indicates clustering, whereas
a negative value indicates anti-segregation (ordering) of the two
sets of elements [40,41]. According to the formalism, a random
configuration nominally occurs when this parameter equals zero.
Whilst the definition of LRO is quite clear and refers to repetition
of crystal lattice periodicity, SRO is less clear with respect to the
exact extent of the atomic order. Interestingly, however, there
exists a definition for medium-range order (MRO) as used within
the amorphous materials community, which refers to order that
extends over intermediate distances, beyond the second or third
atomic shell, e.g. 1–2 nm [60,61].

Recent work by Marceau et al. [62], presented at APT&M in the
data-mining workshop, demonstrated GM-SRO analysis of both
simulated and experimental APT data in the classic ordering-
transformation Fe–Al system. Here, GM-SRO parameters from the
1st to 5th coordination shells were determined for this simple
binary case (lattice parameter bcc-Fe¼2.863 Å) having Fe–Al, Al–
Fe, Fe–Fe and Al–Al interactions. In order to firstly validate the
approach, the method was tested on a simulated dataset of
128,000 atoms and composition 75% Fe and 25% Al, having the D03
Please cite this article as: J.M. Cairney, et al., Mining information fr
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crystal lattice with known pairwise SRO parameters. Three cases
were investigated and compared: (i) the perfect D03 crystal lattice;
(ii) the effect of limited detector efficiency by random removal of
70% of the atoms; and (iii) the combined effects of 30% detector
efficiency and spatial noise to simulate real experimental APT data.
Spatial noise was applied with a 0.1 nm FWHM spherical Gaussian
probability distribution to randomly displace each atom from the
perfect D03 crystal lattice. It was revealed that even after random
removal of 70% of the atoms, the various GM-SRO parameters were
re-captured very well from the 1st to 5th shells. However, when
effect of spatial noise was superimposed on top of that of 30%
detector efficiency, despite the sign of the GM-SRO parameters
remaining consistent in all cases (i.e. positive for co-segregation/
clustering or negative for anti-segregation/ordering), only the 1st
shell information was accurate, and all other GM-SRO values be-
came very small (close to zero, i.e. random occupancy), compro-
mising the integrity of the analysis. Simply stated, the combination
of imperfect spatial resolution with limited detector efficiency has
the effect of making the APT data appear more randomised. It is
important to remember however, that few (if any) other experi-
mental measurement techniques can, with the aid of data mining,
produce chemical species-specific SRO analysis of atomic-scale 3D
data.

In order to improve the accuracy of the GM-SRO analysis ex-
tending to higher order coordination shells, lattice rectification of
the reconstructed atom probe data was carried out prior to ap-
plication of the GM-SRO analysis. Lattice rectification uses crys-
tallographic information from the APT data reconstruction to re-
store the lattice-specific atomic configuration of the original spe-
cimen [63,10,142]. Again, to assess the feasibility of this method, it
was applied to the simulated DO3 crystal data, having “atom
probe-like” spatial noise and detector efficiency. Initial findings on
the simulated data indicate that lattice rectification improves the
GM-SRO measurements and can provide an estimation of the
spatial noise tolerance [62].
4. Atom probe crystallography

It is well known that atom probe data collected from crystalline
material often contains information from the original crystal lat-
tice. In the early days of atom probe, crystallographic information
was obtained through a comparison with the terraces of atoms
visible in field ion microscopy (FIM) images [64,65]. However,
there is also crystallographic information contained within atom
probe data itself. This information takes two main forms. Firstly,
the dataset as a whole contains density fluctuations that can be
the result of trajectory aberrations due to variations in the electric
field at the edges of atomic terraces. An extreme example for a
dataset from pure aluminium is shown in Fig. 3a. Images like this
are often referred to as ‘field desorption images’ and can be ob-
tained by either displaying a detector hit-map, or showing a slice
of data taken perpendicular to the analysis direction (along the z
axis) from a reconstructed dataset. Strictly speaking, the latter is
not a “field desorption image”, and will have a different scale, but
the term is often used to describe either of these two types of
images. The image in Fig. 3a is a slice through the data, and is
coloured according to the density of the ions (a 2D density map).

The second way in which information about the lattice is
manifest in atom probe data is in the form of planes, which can be
visualised when the dataset is oriented with the planes parallel to
the viewing direction. These planes are generally observed in the
vicinity of crystallographic “poles” in the field desorption maps, i.e.
regions in which a plane is parallel to tangent of the curved surface
of the sample. They are not usually visible across the entire spe-
cimen. The images to the right of the 2D density map in Fig. 3a
om atom probe data, Ultramicroscopy (2015), http://dx.doi.org/
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Fig. 3. (a) A 2D map through a slice of an atom probe dataset from an Al–Cu–Li–x alloy (two T1 plates are visible in the top left of the image). Three poles are labelled and the
three images to the right show the regions of the data in which the corresponding sets of planes could be detected. (b) A T1 plate in the same alloy, crossing a region of the
dataset that corresponds to a pole. Ag (black) and Mg (green) present at the surface of the plate are only visible at the pole. (c) A volume of the dataset shown at three
different orientations; three sets of planes are visible in this area. Figure adapted from images published in [66,,67]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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show the regions of the data in which the corresponding sets of
planes can be detected (the figure was generated using methods
described in [67]).

For this reason, the resolution in the analysis directions (z di-
rection) is different across an atom probe dataset, being highest in
the vicinity of the poles [68]. This is shown in Fig. 3b, which shows
a T1 platelet in an Al–Li–Cu alloy that is positioned across a region
of the dataset that corresponds to a pole [66]. Ag (black) and Mg
(green) atoms are present at the surface of the plate, but this is
only visible in the centre of the pole. Away from the pole the re-
solution is insufficient to show the planes or the surface layers.
Various approaches have been proposed to detect the planes in
reconstructed 3D datasets, including via Fourier transforms [69–
71], Hough transforms [72], or spatial distribution maps (SDMs)
[59,68,73]. Interestingly, it is occasionally possible to observe more
than one set of planes in the same area. This is evidenced in the
production of 2D spatial distribution maps [59,68,73]. Further
evidence is provided in Fig. 3c, which shows a 5 nm�5 nm vo-
lume in an Al-alloy that contains 3 distinct sets of planes [67].

This crystallographic information is useful in a number of ways.
Methods proposed by Gault and co-workers [74,75] to use the field
Please cite this article as: J.M. Cairney, et al., Mining information fr
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desorption image to calibrate the compression factor and the field
factor by using geometrical projections from the desorption ima-
ges has now become standard practise for the calibration of atom
probe datasets, when this information is present. Information
about the location of the different poles at the tip has the potential
to form the basis for a global reconstruction tool that may account
for uneven shifts in the position of atoms in the x and y directions
across the sample, due to the non-hemispherical nature of real
atom probe tips [67]. Crystallographic information from the atom
probe data can also be used to provide the basis for lattice recti-
fication, where atoms are shifted to their most likely original po-
sition [63].

If several planes can be identified, it is possible to determine
the overall lattice orientation of the grains within the sample in-
vestigated [76,77]. This information can be extracted directly from
field desorption images [1,74,78], or from reconstructed 3D data-
sets via the approaches described above [59,68–73]. If several
grains are present, it is possible to provide information about the
“nanotexture”, or the relative orientation of the grains, including
complete details of the grain boundary orientation relationships
[77,79]. It is possible to colour images according to an inverse pole
om atom probe data, Ultramicroscopy (2015), http://dx.doi.org/
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figure to provide orientation maps. Knowing the orientation of
grains also provide information about the crystallography of mi-
crostructural features such as dislocations [80,81], precipitates, or
grain boundaries.

Not all samples yield data that contains crystallographic in-
formation. While pure metals or ordered alloys usually display
density fluctuations and planes (the two normally go hand in
hand), heavily alloyed materials and non-conductors tend to pro-
vide data that contain little, or are devoid of, crystallographic in-
formation. There are exceptions to these rules [26,82], and clear
criteria for which specimens might retain lattice information have
not been established. Whilst many approaches to extracting
crystallographic information have been proposed, most require
manual selection of small volumes in the vicinity of poles. Differ-
ent areas are separately interrogated until sufficient information is
collected. This is time consuming, and does not provide a defini-
tive answer as to whether a given dataset contains sufficient
crystallographic information to determine the crystal orientation.
At APT&M 2014, Araullo-Peters et al., presented an automated
approach that utilises SDMs to interrogate all regions of the
sample, and extract any crystallographic data that is present [67].
For selected points throughout the dataset, an SDM is computed,
identifying the orientation and interplanar spacings for any de-
tectable planes. It outputs a complete list of the planes that are
detected, and their orientation within the dataset (as well as
which region of the dataset they were observed). This program can
be used to (a) assess whether sufficient information is present and
(b) capture the full extent of crystallographic information con-
tained within the dataset for further interpretation.
30nm B>1.5nm0
DCOM

10nm

DCOM

DCOM

Fig. 4. DCOM: (a) the principle of the DCOM method to extract features with
segregation. In order to move the vertices of an analysis mesh onto a feature, the
distance between the centre of a sphere and the centre of mass of the contained
atoms of interest is iteratively minimised. (reproduced from [104] with permission
from Elsevier). (b) A grain boundary in a super duplex steel outlined using the
DCOM approach.
5. Computational geometry approaches to delineating micro-
structural features

Many of the features in atom probe data, such as grain and
phase boundaries [83–89], thin layers [90–94] and dislocations
decorated with solutes are readily visible in 3D atom maps.
However, quantitative analysis of the distribution of the atoms
with respect to these features is required for a meaningful inter-
pretation of the data [8,95–97]. While the definition of such ob-
jects is an abstraction [98], it is required for improved visualisation
or to relate the distribution of the atoms to these features. This
demands the derivation of a geometric model for the feature, or
even a network of features, represented by a piecewise linear
approximation [8,99,100].

A piecewise linear approximation is the combination of a set of
points that delineate the feature(s) and some representation of
how these points are connected. The connectivity is usually re-
presented in a list of indices of these points, with each list entry
defining a triangle (surfaces or interfaces) or line element (e.g.
dislocation), or as a connectivity matrix. This is referred to as the
“mesh topology”. The representation as points (“vertices”) and
triangles/lines (“faces”/“edges”), is widespread in the computer
graphics community and used in popular file formats to exchange
3D data (e.g. Wavefront *.obj, Stanford *.stl and *.ply). The use of
triangle lists also allows for the definition of the orientation of the
surface (“inside” and “outside”), by implicitly defining the surface
normal by the order of the indices (right hand rule).

Based on this delineation of a feature, local coordinate systems
can be derived, in order to relate the location of the atoms within
the dataset either to their distance relative to the feature or the
location along the feature. The former, referred to as the proximity
histogram in atom probe tomography [8], is one of the most es-
tablished and widely used techniques to in APT while the latter, in
the form of interfacial excess and concentration maps is a more
recent development [101–104].
Please cite this article as: J.M. Cairney, et al., Mining information fr
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5.1. Feature extraction (iso-surfaces and DCOM)

In order to obtain a model of an interface or surface, different
approaches have to be chosen depending on whether the feature is
characterized by a local gradient of some property or a local
maximum or minimum. Often, atomic concentration or density of
a species serve as these properties, but also the density variations
caused by reconstruction artefacts and the like can be used
[105,106].

In the case where the feature is characterized by a local gra-
dient, iso-surfaces can be used, which are produced by the
marching cubes algorithm [99]. This algorithm extracts an iso-
surface from a voxelisation of the data, a 3D histogram in which
the data is divided in small rectilinear volumes. The iso-surface is
defined by choosing a threshold value, above which the voxel is
considered to be “inside” the surface and creating a surface around
these voxels. Since it is known how these voxels are connected, a
simple scheme can be used to place the surface points and create
the triangles based on a look-up table.

For features which are characterized by a local maximum in
concentration (e.g. grain boundaries or very thin films), manual
analysis approaches are often used to measure the concentration,
such as cropping out volumes of data and measuring concentra-
tion profiles [82]. However, the result depends on the choice of
analysis location and fails in the case of highly curved surfaces. A
two-step approach has been developed to define such objects.
First, an approximation of the feature is derived by either manu-
ally placing points by using computer graphics software (e.g.
Blender), or using semi-automated mesh generation algorithms
[107]. Secondly, the surface is better fitted to the feature by
minimisation of the distance between the centre of mass (DCOM)
of a selected species of atoms within a spherical volume and the
centre of the volume [104]. The process is described in Fig. 4. This
is effective for the delineation of features that are narrow in at
least one direction, such as grain boundaries, dislocations or gate
oxides in transistors.
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Fig. 5. (a) Illustration of the global (x,y,z) coordinate system and the (u,v,w) tangent space coordinate system. (b) IE map of simulated data. The reference distribution (top)
was used to sample the points of the distribution shown in the middle. The bottom image is showing an IE map calculated from these points. (c) Atom map and IE map of the
Ag distribution on the surface of a Au@Ag nanoparticle (with permission from Wiley [103]).
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5.2. Proximity histograms and interfacial excess mapping

The surfaces derived with the algorithms described above can
then be used to provide quantitative data. The surfaces act as re-
ference coordinate systems (u,v,w) for the atoms within the APT
dataset, allowing for the calculation of the distance to the surface
(w coordinate) as well as the projected lateral location of each
atom (u,v coordinates) on the surface (Fig. 5a). The lateral location
of an atom on the surface is defined as the location of the closest
surface point, since the atomic positions do not precisely coincide
with the surface. Similar coordinate systems can be defined for
line-like objects (e.g. dislocations or grain boundary junctions) and
point-like objects (e.g. clusters) [104]. In practise, however, the u,v
coordinates are discretized, meaning local properties are calcu-
lated for each mesh vertex. Knowing the distance of each atom to a
surface (w coordinate), a histogram of atomic concentration or
other properties with respect to the surface can be calculated
[8,97].

Often the lateral distribution of a species on a surface or within
a thin film is of interest [108]. This is referred to as an interfacial
excess (IE) map. An IE map quantifies the lateral distribution of a
segregated species by summing the number of atoms per unit area
over the thickness of the segregation zone and subtracting the
bulk concentration of these atoms [83,98,109,110]. The need for
this type of analysis arises from the fact that even qualitative
judgment about whether a significant variation in segregation or
thickness is present cannot be based on visual inspection alone.
This is illustrated in Fig. 5b where, based on the reference density
distribution on the top, a point distribution of 50,000 points was
generated. Even though this distribution has a 60% variation in it,
no variation is visually apparent in the rendering of the point
distribution. The IE map however, matches the reference dis-
tribution reasonably well.

The calculation of IE maps demands the mapping of species in a
non-flat 2D coordinate systems, generally referred to as u,v co-
ordinates. This type of analysis was first facilitated by Felfer et al.
[101,104] by calculating a Voronoi decomposition of the dataset
[111], with the vertices of the analysis mesh as the generating
points of the decomposition. Using this approach, quantitative
maps of the distribution of species in thin film layers [104], grain
boundaries [101,102,112] and on nanoparticle surfaces [103] have
been calculated. By using a Voronoi decomposition, quantitative
values can be derived even for highly curved surfaces, but care
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needs to be taken regarding the distribution of the mesh vertices
in order to avoid small analysis volumes around individual
vertices.

As an example, a map of Ag on the surface of an Au@Ag core–
shell nanoparticle is shown in Fig. 5c [103]. Due to the highly
curved nature of the particle surface, the variations in Ag coverage
are hard to discern in the Ag distribution, whereas the Ag IE map
clearly shows the locations of higher and lower coverage.

Yao et al. [102,112] used a similar approach to map IE by placing
aligned boxes at the location of each mesh vertex. The advantage
of the aligned box approach used by Yao et al. is that the de-
termined local values are largely independent of the distribution
of the vertices on the surface. Drawbacks are that it can easily
result in artefacts when analysing highly curved surfaces (self in-
tersection) and it cannot be used to quantify the overall amount of
segregation due to overlaps of the boxes.
6. Spectral decomposition in atom probe

Atom probe is a powerful mass-spectroscopy technique. The
mass-to-charge ratio associated with each event is accumulated
into a histogram, providing a spectrum of the identities within the
dataset. Users working with atom probe data utilise this spectro-
graphic data in order to construct a mapping between specific
mass ranges within the spectrum to a given atomic identity, a
process known as “ranging”.

The mapping at this point is sufficient if an unambiguous label
can be assigned to a given mass range. However, this is sometimes
not possible. Different species, such as 58Ni and 58Fe in either the
1þ or 2þ charge states, can have sufficiently similar masses to
make unique identification from the spectra impossible with cur-
rent systems.

Indeed, to discriminate between these two in a current atom
probe design a very high mass resolution would be required. Ni
has a mass of 57.9353 and Fe a mass of 57.9332, thus requiring
resolution of o0.002 Da/charge (1þ state) or o 0.001 Da/charge
(2þ state) to fully resolve the two. This difference is far below the
timing resolution, and thus mass resolution, of atom probe ex-
periments, where reachable resolutions are on the order of
0.05 Da/charge, depending upon position in the spectrum. Fur-
thermore, these overlaps can occur due to the overlap of differing
charge states, and are thus not simply restricted to similarly
om atom probe data, Ultramicroscopy (2015), http://dx.doi.org/
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massed isotopes, such as in the case of 16Oþ and 32S2þ .
The timing (and thus mass) resolution of atom probes is limited

by many sources of error, such as the velocity spread of ions
leaving the tip, random deviations between the initial pulse and
the evaporation time of an ion, as well as limited detector timing
resolution. Some of these can be mitigated, such as via time
focussing in reflectron equipped systems in order to compensate
for velocity spread [113,114] and by flight path extension for de-
tector timing limited systems. Other physical phenomena, such as
pulse-evaporation deviations cannot be so readily accounted for,
and may fundamentally limit the achievable resolution. Thus
identification of species from APT can remain ambiguous in certain
cases.

This issue has generated proposals to largely circumvent this
resolution problem, such as the use of alternate information that
could hypothetically be acquired with new detector designs, such
as kinetic energy detectors [115]. However this is not yet a proven
technology in atom probe. Data analysis based approaches, such as
the so-called multiple event discrimination [11], and multivariate
analysis [116] are aimed at using secondary data to split the overall
spectra into several sub spectra, where these sub-spectra may not
be affected by overlaps. More typically, users may partition data-
sets into several sub volumes manually, such as if several phases
are present within a dataset, and then perform ranging on each
spectra to interpret these results.

These methods are only viable in the case that some kind of
secondary information is available to act as a “key” to break the
spectra into parts (e.g. spatial or multiple hit data), so that con-
tributions can be unambiguously identified. Indeed, several APT
works cite the inability to resolve overlaps as a concern in their
analyses [117–119].

However, this limitation does not prohibit the computation of
the overall composition of datasets, due to a technique known as
“decomposition” or “deconvolution” [4,29], which uses basis peak
components derived from natural isotope abundances, then solves
them for composition. Such calculations can be expressed using
simple matrix models [1], or more recently “blind” methods taking
into account peak shape have been discussed [120]. However
standard decomposition techniques, such as implemented in APT
software programs solve these matrix models via a least-squares
approach at a global scale.

These techniques are well established and effective, however,
as these are statistical approaches, they cannot provide the iden-
tity of individual atoms. This concept can be illustrated by
Fig. 6. Element A with peak 1 (left) isotope only and element B with Peaks 1 and 2
composition of B atoms is considerably different on the left than for the right-hand case
this scenario for both left and right cases simultaneously. (For interpretation of the refere
article.)
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considering a repeated “heads/tails” fair coin toss, where we only
know the final sum of heads/tails outcomes, but cannot observe
each toss. Whilst we can identify that in a large series of coin
tosses, the outcome will be 50% heads/50% tails, we cannot de-
termine what the result of a specific coin toss (e.g. the first) was, as
we did not directly observe it. This information is simply
unavailable.

In the context of APT, this means that, although we can mea-
sure composition, we cannot directly utilise any methods that
require the querying of individual atomic identities within the 3D
volume, such as voxelisation, proxigrams or even simple compo-
sition analyses in cases involving overlaps. Nevertheless, the pro-
blem is partly solvable. Returning to the coin toss analogy, whilst it
is not possible to be certain about each toss, we can have rea-
sonable confidence about the statistics of a large subset of throws,
almost regardless of how we decide to construct such a subset
(every 2nd throw, the first 20 throws, the last 20 throws, etc).

Such an approach is detailed here, where we generate a
pseudo-dataset where peak decomposition has been applied at a
local scale. This is shown in Fig. 6, where two concentrations of
atoms are shown, and an overlap exists for a single peak. The
coloured atoms can be unambiguously identified, however the
grey atoms cannot. However, examining a small volume sur-
rounding each we can perform a localised decomposition. By ex-
amining a single atom on the left and on the right's vicinity, we
observe two differing spectra, and thus two widely different so-
lutions to the decomposition. We can use the decomposition to
assign the atom based upon its locally identified probability of
belonging to the unresolved overlap, and reassign randomly.

As an example, we examine a scenario whereby a 12C2
þ and

48Ti2þ overlap occurs at mass 24.00/23.974, in a high-Mn steel
containing a TiC particle, shown in Fig. 7. Here, a model is given to
utilise the ratio of the primary (24 peak) and secondary counts (23,
23.5, 24.5, 25 peaks) within local volumes defined by a sphere
centred around each unidentified ion. The sphere radius is speci-
fied by the user, to estimate the overlap probability at each point
as per a standard decomposition. The selection of radius depends
upon several factors, such as the level of spatial fidelity required,
and the minimum number of atoms to be able to resolve the
overlap – these parameters are best chosen with a-priori knowl-
edge of the materials science problem to be solved and the dataset
to which the algorithm is to be applied.

Using the locally decomposed relative compositions of the two
identities (Ti and C), the ion is randomly assigned a new chemical
isotopes. Element B atoms in Peak 2 can be identified unambiguously. The local
. A local analysis, by reassigning the overlap according to compositions can resolve
nces to colour in this figure legend, the reader is referred to the web version of this
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Fig. 7. Sample case of a titanium carbide precipitate in an FeMn matrix, acquired using a LEAP 3000X HR system. An overlap occurs for the Ti2þ/C2
þ peak, and cannot be

unambiguously assigned to Ti or C2.
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identity by this probabilistic weight. This preserves the local
composition and also generates a highly probable point distribu-
tion, with no overlap ambiguity. The only parameters are the
length scale used for the sphere radius when generating local
spectra, and the species involved in the overlaps. These para-
meters control a trade-off between using a sufficiently large radius
to have sufficient statistics to be able to stably estimate composi-
tion and having a small enough radius to provide spatial
resolution.

The utility of this method lies in its ability to enable standard
composition estimation tools to be applied unmodified. Due to
lack of bias in the random reassignment, the expected values of
any composition measurement (i.e. the average composition
within any volume) are corrected. This is an advantage over any
bias in a single-valued assignment (e.g. assigning a spectral peak
as either Ti or C specifically), as is typically performed.

As shown for the TiC particle case above, the Ti/C overlap in the
uncorrected dataset prevents the correct stoichiometry from being
estimated by either a proxigram or composition profile as shown
in Fig. 8. Using the corrected dataset (r¼1 nm), we can now use
the same proxigram tool to observe the corrected composition for
the TiC particle, as estimated by this method. Compared to the
uncorrected version, the ratio moves far closer to the expected
Ti50–C50 stoichiometry. Some carbon loss is observed, but this is a
common problem in APT [121–125].

The primary drawback to this method is that it mixes data from
the sampling volume of each ion, i.e. the volume from which the
composition was drawn. In the implementation used here, the
sampling volume is a sphere, centred around each ion, resulting in
a sampling blur equivalent to the sphere used as the selection
volume. Practically speaking, the blur will widen step profiles,
such as in proxigrams and composition profiles. Fig. 9 shows the
blurring of a simulation containing an initially sharp interface,
where the algorithm has sampled data from both sides of the in-
terface. In the pure regions away from the interface, there is no
Fig. 8. Proxigram generated from titanium carbide precipitate. Ti/C2 overlap is separately
to their expected stoichiometery.
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incorrect reassignment, as the composition goes to 100%, and thus
no discernable blurring occurs. However as can be seen from the
profile across the interface, the blurring has converted the initial
step into a ramp, equal to 2 distance units wide.

The statistical certainties for any specific generated dataset are
naturally finite, as the method in turns depends upon the level of
error in the decomposition process itself. A pragmatic solution to
obtaining confidence in the analysis could be to generate multiple
“corrected” datasets in order to estimate the confidence levels to
which measurements on the corrected dataset can be reported.

Whilst parameter selection remains a concern, the method
provides a useful option for the minimisation of spatial overlap
concerns in arbitrary algorithms, to provide improved estimation
of spatial variations in composition.
7. Data dimensionality

Atom probe tomography is usually characterised as a three
dimensional chemical imaging tool. However, the challenges in the
interpretation of data reconstruction are complex and influenced
by numerous complex and interacting parameters [126–128]
(Fig. 10). At this stage of development in the field, we do not have
the full equivalent in atom probe tomography of a contrast transfer
function as we have in transmission electron microscopy
[129,130].

When such explicit functional relationships based on theory
and/or phenomenological data are not available to capture all the
diversity of variables (Fig. 10), one needs to explore ways to sta-
tistically capture such information. As discussed earlier in this
paper, there are a multitude of different types of information that
can be empirically identified, measured or some in cases even
modelled. The challenge is to find a way to simultaneously obtain
the cross-correlations among all these parametric studies. Hence
we can describe atom probe data as having a “high
identified in the uncorrected case. In the corrected case Ti and C are observed close
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Fig. 9. Simulation demonstrating blurring of sharp interfaces, an artefact of the
deconvolution approach suggested here. In this simulation A and B atoms are
randomly reassigned according to their local compositions using a sphere of radius
1 nm. The sharp interface is now a mixture of A and B, transitioning from one to the
other.
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dimensionality” since for each of the millions of atoms detected
there are multiple parameters associated with each hit including
spatial coordinates, instrumental parameters, composition, the
evaporation physics and parameters associated with the re-
construction analysis.

A key step is to find ways to map the correlations between all
these parameters (and a diverse array of other attributes that
underlie them), in a manner that can be interpreted. Hence there
is a need to map or “project” this high dimensional information
into lower dimensions, preferably two or three dimensions, which
is the only way these correlations can be visualised. In this “re-
duced” dimensional space, we can then seek to find patterns and
Fig. 10. Multi-dimensional parametric influences on th
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associations of data that permit us to unravel the complexity and
truly “mine” the rich information embedded in atom probe images
and spectra. The process of reducing the dimensionality of data
mathematically is one that has to be done carefully, to avoid losing
or distorting true correlations between characteristics in the ori-
ginal data set [73,131–134]. There are numerous techniques to
accomplish this and in the following discussion we shall provide a
couple of brief examples of the value of using such methods.

When accounting for the multivariate nature of most materials
chemistry problems and the numerous variables and parameters
that can be associated with instrument operation and data ac-
quisition, this data cube is actually an n-dimensional hypercube.
Hence the challenge is to “unfold” the high dimensional data
matrix and identify the key or principal characteristics that cap-
ture the key spatial relationships of chemistry in a chemical image.

7.1. Enhancing peak discrimination in atom probe mass spectra

Much as Fourier transformations or derivative analyses are
used to amplify signals in techniques such as secondary ion mass
spectrometry (SIMS), it is possible to mathematically enhance the
features in mass spectra using an eigenvalue decomposition. The
typical APT output is a single mass spectrum. This approach con-
verts this spectrum into multiple spectra capturing various re-
presentations of information. Therefore instead of calibrating iso-
tope identity by decomposing a single spectrum, Broderick et al.
[134] applied data dimensionality reduction methods to decom-
pose multiple spectra capturing “hidden” APT information. This
process is schematically shown in Fig. 11. Similar approaches have
also been developed by others [116,135].

Fig. 12 shows the contribution of individual isotopes to the
entire time-of-flight (TOF) spectra. Although the TOF spectrum
displays only two peaks, the spectrum has been decomposed into
four components based on enhancing the signal through eigen-
value decomposition, and calibrating the signal based on six un-
ique spectra instead of a single spectrum. The output from APT is
the dotted black line, while the output from this analysis is the
four solid coloured lines. Therefore, despite isotopic overlap in the
mass spectra, this approach defines which isotope is associated
with each collected ion.

7.2. Refining spatial distribution maps (SDMs)

Previously mentioned in Section 3 in relation to atom probe
crystallography, SDMs build a picture of the average atomic
neighbourhoods in the dataset by directly examining nearest-
neighbour inter-atomic distances along a particular crystal-
lographic direction (Fig. 13). An SDM is a record of all interatomic
position vectors in a dataset from zero to some pre-described
vector length. SDMs can be computed and the results can be
displayed in multiple crystallographic directions, measuring
e quantitative interpretation of atom probe data.
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Fig. 11. Schematic of eigenvalue deconvolution approach to capture the influence of instrumental parameters on the mass spectrum [134].

Fig. 12. Resulting deconvolution of overlapping spectra showing significant enhancement of spectra after the application of data dimensionality reduction methods shown in
Fig. 11 [134]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Schematic of the traditional approach of analyzing the SDM data by generating z-SDMs and analyzing xy-SDMs at the peaks in the z-SDM. (b) A schematic of our
approach wherein the structural information embedded in the SDMs is extracted by analyzing the covariance among all the xy-SDMs using SVD (from [136]).
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Fig. 14. The enhancement in the signal-to-noise ratio in the refined xy-SDMs [136].
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interplanar spacings and crystallographic angles, and effectively
provide a form of radial distribution function. They can be used
for finding crystal lattices, correcting lattice distortions in re-
constructed images, quantifying trajectory aberrations, quantifying
spatial resolution, quantifying chemical ordering, determining or-
ientation relationships, extracting radial distribution functions,
and measuring ion detection efficiency. However the presence of
missing data and spatial uncertainty poses a big challenge and one
needs to account for ways to capture the intrinsic high di-
mensionality of an SDM. Suram and Rajan [73] for example have
applied data dimensionality reduction methods such as singular
value decomposition to capture not only the position of atomic
planes but also the structural covariance among the neighbour-
hood planes. This permits one to classify the SDM data into noise,
structurally relevant information and aberrations (Fig. 14).
8. Summary and conclusion

With recent advances in instrumentation [137,138] and speci-
men preparation techniques [139–141] allowing atom probe to be
applied to almost any solid material site, quantitative analysis of
atom probe data remains as one of the most important areas of
development in atom probe microscopy. This paper has provided a
survey of some of the approaches through which one can extract
and significantly enhance the interpretation of atom probe data.
They range from the use of data mining and pattern recognition
methods to the application of statistical learning methods. Im-
provements in instrumentation may provide further capabilities
for improving spatial and mass resolution, which may reduce or
eliminate the need for some of the approaches described here.
Nevertheless, data analysis and data mining techniques can still
provide insights into chemistry and structure of datasets, beyond
what may be traditionally considered to be the information con-
tent of a given system. The role of mining information from atom
probe data is not only a critical step in the analysis of information
coming from experiments, but also provides a basis of quantita-
tively linking the interpretation of data to atomistic modelling and
simulations of atom probe tomography. This is a rich area for fu-
ture research.

Further advances in methods to mine atom probe data, and
their integration into available analysis programs will undoubtedly
aid complete extraction of the available experimental information.
Collectively when these methods are harnessed in the analysis of
Please cite this article as: J.M. Cairney, et al., Mining information fr
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atom probe experiments, it is possible to dramatically improve the
scope of this powerful technique.
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