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Atom probe tomography (APT) is emerging as a key nanogeochemistry technique for diverse geoscience applications.
Estimating stoichiomefric mineral compositions is particularly challenging for features at nanoscale. APT provides reliable
measurements for metallic systems but the reliability for oxides is problematic, notably due to oxygen deficit. Here, we use
laser-assisted APT to compare resulis for spinel and gamet crystals. APT compositional results were compared with those
by electron microprobe to determine the possible APT analytical inaccuracy. Extensive data processing was accomplished,
including correlation histograms, 2D ion distribution maps and 1D elements concentration profiles, to disclose the possible
mechanisms leading to mineral stoichiometry biases. Multiple events and neutral molecules formation are probable the
main processes responsible for atom deficit. In particular, the amount of the same isotope-same charge state ion pairs
correlated with aluminium and oxygen deficits suggests that the co-evaporation in a dead space-dead fime window
could lead to a significant decrease of detected ions. Also, molecular species dissociation and direct current evaporation
could partially account for further atom loss. Overall, better APT compositional estimation was obtained for spinel, which
has lesser variation in lattice sites and greater overall lattice symmetry, higher thermal conductivity and lower band gap
compared with gamet.
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Laser-assisted  field  evaporation  has significonﬂy 2019, Toy|or et al 2019, Verbeme et al. 2019, 2020) and

expanded the application of atom probe tomography
(APT) from the exclusive study of conductors to the analysis of
semiconductors and insulator materials (Gault et al. 2010a,
Devaraj et al. 2017, Reddy et al. 2020). Among insulators,
geological materials are becoming an important compo-
nent of routine APT analysis (Reddy et al. 2020), due to a
growing interest in the technique within the Earth Sciences.

Of the minerals studied so far, very good results have
been documented for APT analysis of carbonates (McMurray
et al 2011, Felmy et al 2015, Pérez-Huerta et al 2016,
2019, Pérez-Huerta and Laiginhas 2018), phosphates
(Gordon et al 2012, 2015, Santhanagopalan et al
2015, La Fontaine et al 2016, Fougerouse et al 2018,
DeRocher et al. 2020), sulfate and sulfide minerals (Fouger-
ouse et al 2016, 2019, Weber et al. 2016, Weber et al
2018, Cappelli and Pérez-Huerta 2020), oxides (Kuhlman
et al 2001, Gordon and Joester 2011, Genareau et al.
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silicates (Arey et al 2012, Bachhav et al 2015, Valley et al
2015, Piazolo et al. 2017, Exertier et al. 2018, Saxey et al.
2018, White et al. 2018, Bloch et al. 2019). The application
of APT to these minerals has provided significant information
for geochronology (Valley et al 2014, 2015, Saxey et al.
2018, Verbeme et al. 2019), biogeochemistry and biomin-
eralisation (Gordon et al 2012, Branson et al 2016, La
Fontaine et al 2016, Pérez-Huerta et al 2019, 2020),
metamorphism (Peferman et al 2019) and the study of
extra-terrestrial materials (Heck et al 2014, Daly et al. 2020,
Lewis et al 2020).

Several studies, however, have shown variability in
inferred  stoichiometry, frequently related to the ‘loss’ of
oxygen during APT mineral composition analysis (Bachhav
et al 201 1q, 2013, Weber et al. 2016, La Fontaine et al.
2017, Cappelli and Pérez-Huerta 2020). In fact, the

achievement of a reliable quantitative estimate of material
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composition by APT is still an important issue, not just for
geological samples, but also for other insulator materials
and semiconductors. The discrepancy from the materials’
nominal composition is related to both the technique
(analysis conditions) and the crystallographic structure and
type of the analysed material (Saxey 2011, Karahka and
Kreuzer 2015, Reddy et al. 2020). For minerals in particular,
the co-ordination of cations in their structure has been
proven to be a fundamental factor influencing evaporation
field (Xia et al 2015, Karahka and Kreuzer 2018). This is
consistent with the crystal field theory that predicts that a
transition metal in a specific crystal configuration (type of co-
ordination polyhedron) achieves a specific crystal field
stabilisation energy (CFSE) and symmetry of the co-
ordination environment, depending also on the ligand
nature (e.g., oxygen) (Burns 1993). Furthermore, the types of
ions and their geometric arrangement in the crystal lattice
are what eventuo”y determines the Thermo|, electrical and
optical properties of minerals and, hence, the kind of
interaction between the applied voltage and laser pulse
and the studied mineral during APT analysis.

In the present study, we provide a detailed APT analysis
of two minerals to investigate the problems of atoms loss and
inaccurate stoichiometric estimates. Specifically, we address
the matter of oxygen quantification, as well as issues related
to uneven ion desorption and variation in charge state ratios.
A comparison is made between a natural spinel, an oxide
with high symmetric transition metals co-ordination environ-
ment, and a natural gamet, a silicate with heterogeneous
composition and more complex crystallographic structure. A
theoretical section is also included to frame the physical
principles on which the laser-mode atom probe is based
and to describe the properties of the two studied materials.
This theoretical background together with the obtained APT
data helps in achieving the main purpose of this work, which
is to better understand how mineral properties and crystal-
lographic structure can influence the atom probe field
evaporation process and lead to a divergence between the

measured and the true mineral stoichiometry.

Experimental procedures

Materials

This study utilises a single spinel crystal of millimetric size
(Catalogue No. 112922) provided by the American
Museum of Natural History, New York, USA, and a sing|e
gamet crystal from the GNS Science PETLAB collection,
Dunedin, NZ The crystals were analysed by electron probe
microanalyser (JEOL 8600 EPMA housed in the Alabama

Analytical Research Center (AARC) of the University of
Alabama), yielding the following structural formula:

spinel Mgg 06 Ti0.002V0.006Cro.01 441203904
gamet Fey 640Mng 061 Mg g70Ca0.502Al 972Ti0.007512.962012

The spinel has very low contents of transition elements (Ti,
V, Cr) in the general formula: XAlL,O 4. On the other hand, the
aluminium garmnet is characterised by the four components
solid solution (Mg, Fe, Mn and Ca) and possible substitution
of Fe () for Al in the general structural formula: X3Y2Z301 5.
Note that APT garnet sample was extracted from the core of
the crystal to avoid compositionally zoned rims and EPMA
measurements were performed in the same area (in the
range of 50 um).

APT specimen preparation

The specimens for atom probe analysis were prepared
following a conventional focused ion beam (FIB) protocol
(Miller et al. 2007, Gault et al. 2012aq, Larson et al. 2013,
Miller and Forbes 2014), using a dual beam scanning
electron microscope (TESCAN LYRA FIB-FESEM) (the descrip-
tion of the protocol is reported in online supporting
information). A sample coating of ~20 nm of gold was
performed before the FIB milling in order to minimise surface
charging effects. The final tip-shaped specimens had a
radius of curvature (half diameter of the top of the tip)
ranging from 16 to 47 nm and shank angles between 9°
and 48° (Figure S1). Note that because the sample stage is
tilted during tip sharpening, radius and shank angles were
measured applying a 35° geometric correction, which gives
relioble SEM tip's images. Spinel and gamet behave
differently during FIB milling, being the first more prone to
form sharp tips (small shank angles).

Local electrode atom probe runs and data

analysis

Six specimens for each mineral were analysed in laser
mode (laser wavelength of 355 nm) by a local electrode
atom probe (LEAP 5000 XS, housed at the AARC of The
University of Alabama) with a nominal flight path of
100 mm. Two values of the laser pulse energy (LE) (30
and 50 pJ) were used, while the detection rate and the laser
pulse rate were fixed at constant values (0.5% and 125 kHz
respectively). The direct current (DC) voltage varied freely in
order to maintain a stable detection rate. Successful APT
results were obtained for all six of the garnet specimens
(three at each laser energy), but for only four of the spinel
specimens (three at 30 pJ and one at 50 pJ) due to early
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fracture of the remaining two tips at the higher laser energy
sefting (Tables S1 and S2).

Integrated Visualisation and Analysis Software (IVAS
3.8.0) from CAMECA was used for the spectra and 2D and
3D reconstructions of the data sets, while files in EPOS format
were used for multihit correlation hisfogroms (Soxey p|ofs)
and ion dissociation work with MATLAB R2020a. A full list of
instrument seftings, acquisition conditions and reconstruction
parameters are given in Tables S1 and S2.

lon species: On the basis of the recorded mass-to-
charge state rafios and taking into account EPMA bulk
analysis, ions species were defined for each peak of the APT
spectra. The peak range was fixed to a width of 0.1 Da for
the lower bound and 02 Da for the upper bound to
account for possible peak tails. When bigger tails were
observed, the ranges were manually broadened for @
correct ion counting. We believe that this approach is the
best in the context of this study since it may lead to slight
overestimates of minor isotopic species and trace elements
concentration but without significantly influencing bulk com-
positional estimates.

The local background estimate was based on the local
range-assisted model, which applies as default when IVAS
peak decomposition analysis is performed, as the case of the
present study. The resolution is reported in Tables S1 and $2
as mass resolution (M/AM) where M stands for the mass of
the highest peak in the spectrum (Mg?* for spinel and O*
for gamet) and AM for the full width at either half or tenth
maximum. Overlap of contiguous peaks was resolved when
possible by the decomposition tool, which allows the
estimation of the distribution of ion counts between different
species considering the relafive concentrations of ion
isotopes.

On the other hand, singly charged monoatomic and
doubly charged diatomic species, which share the same
peak of the APT spectrum, are not distinguishable. The case
of the oxygen is particularly problematic since the post-
ionisation of O," is likely to occur. However, previous
experimental studies performed on '80-enriched oxides
(Bachhav et al 2013, Kinno et al 2014) and results of
theoretical studies modelling molecular cluster field evapo-
ration (e.g, Karahka and Kreuzer 2013) demonstrate that
the dominant ion species forming during oxides APT analysis
is O It is also worth noting that O,?* is a metastable
molecule, most likely derived, as above mentioned, from
O," post-ionisation, and its formation, as documented for
O, electron spectroscopy analysis (Sigaud et al 2013, Song
et al 2019), may compete with different dissociation
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processes of the parent species (e.g, pathways 1. O*+Q°
and 2. O*+O™).

Given these recent evidences, the peck at 16 Da was
on|y ossigned fo 1(’O+. Nevertheless, to validate this choice,
different scenarios where a percentage of the peak counts
was ossigned to 022+ were considered and discussed (see
Discussion secfion).

Theoretical background

lon field evaporation from insulators and the non-
stoichiometry problem: While experimental evidence cor-
roborates the effectiveness of laser pulse in inducing field
evaporation of ions from metals, semiconductors and
insulators, the mechanism triggering the departure of atoms
from the APT fip-shaped specimen surface is still a topic of
debate. In fact, the field evaporation process is not yet fully
understood and an exhaustive quantomechanic description
of the phenomenon is difficult to achieve (Karahka and
Kreuzer 2013). The general theory considers the existence of
an energy barrier Qa/{F) that atoms must overcome in order
to desorb from the surface. This process is temperature- and
field-dependent, and the equation describing the atom
desorption rate ke/F 1) can be written as:

key(F, T)=Ae <QE¥>) (1)

where A is the pre-exponential factor, k3 the Boltzmann
constant and T the specimen temperature. The energy
barrier is inversely proportional to the electric field (F) and it
reaches a zero value for a threshold electric field Fey that
corresponds to the atom evaporation field. Desorbed atoms
are immediately fully ionised because of the intense field.
The magnitude of the electric field would depend on the
applied voltage (Voc where DC stands for direct current)
and the tip-shaped specimen radius (R) according to the
equation:

_ Ve
F=T% 2

where kis the field factor, a dimensionless parameter related
to the specimen shape and the electrostatic environment
(Lefebvre-Ulrikson et al 2016) that accounts for the reduction
of the specimen electric field with respect to the field of a
theorefical charged sphere with the same radius of curvature
(Gault et al 2010a). The focus of this section is to
qualitatively describe the theoretical interaction between a
laser and an insulator material immerged in a high electric
field to evaluate the potential biasing effect of the APT laser

pulse on the esfimation of a given mineral composition. For
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further information on the equations modelling the process of
atom field evaporation, we remit fo previous extensive
literature (Gault et al 2012b, Larson et al 2013, Vurpillot
and Oberdorfer 2015, \/urpi||ot 2016).

The use of a laser pulse introduces a new variable to the
specimen electric field space system normally encountered in
APT voltage mode. On the basis of the existing theories, it is
likely that the laser pulse promotes a thermal pulsing
mechanism within the sample (Vurpillot et al 2009, Gault
etal 2010b, Vella et al 2011, Muller et al 2012, Kelly et ol
2014, Valderrama et al. 2015), coupled with an alteration
of the surface electronic structure (Silaeva et al. 2014). The
theorefical principle is that, in a high electric field, besides
physical processes (ie, molecule polarisation), chemical
processes dlter the base electronic configuration of the
molecules in the tip-shaped APT specimen, possibly estab-
lishing new bonding orbitals (Silaeva et al 2013). In
agreement with the thermal pulse model, the laser pulse
generates carriers (ie, free electrons and holes) whose
energy fransfer would be mediated by hot phonons (Cerezo
et al. 2006, Vurpillot et al. 2009, Silaeva et al 201 5) that
lead to a fast heating of the tip apex through a thermal-
isation process (Kelly et al 2014). This mechanism may be
enabled by the high applied electric field, which induces a
decrease in the high HOMO-LUMO gap (bulk band
bending) of semiconductors and insulators (Silaeva et al
2013, Karahka and Kreuzer 2015), enhoncing the laser
absorption up to values typical for metals (Siloeva et al

2014).

Hence, non-metallic minerals must undergo a process
of ‘metallisation’ (Silaeva et al. 2014) in order to be field-
evaporated during APT analysis and the extent of this
process depends on the nature of the mineral. From a
macroscopic point of view, parameters such as thermal
conductivity and diffusivity and band gap energies can be
linked to the effectiveness of the field evaporation and
thus to the variation of the mineral composition estimates
with the applied voltage and laser energy (Bachhav et al
2011b, Valderrama et al. 2015). At a molecular level, the
co-ordination and nature of the atoms at the specimen
surface is what determines the changes in the chemical
and physical properties of a mineral under the influence
of an applied vo|toge and a laser pulse and that
eventuo”y leads to local evaporation patterns (Gault et al
2010a).

Quantomechanic studies have demonstrated through
cluster models that the evaporation field strength is @
function of the binding sites, such that where weaker
binding exists (e.g. single atoms on flat surfaces (adatoms),

kinks, ledge adatoms), the local field enhances (Karahka
and Kreuzer 2015, Karahka and Kreuzer 2018). More-
over, in their study on the kinetics of Si field evaporation,
Karahka and Kreuzer (2018) have observed a significant
difference between the field evaporation of single-co-
ordinated and multiple co-ordinated sites reporting higher
fields for multiple bonds. In fact, it has already been
demonstrated for semiconductors, oxides and some min-
erals how local and bulk stoichiometry can vary as a
function of the electric field and how in tum the surface
field distribution correlates with the sample crystallographic
directions (Ri|ey et al 2012, Diercks et al 2013, Mancini
et al 2014, Morris et al 2019, Cappelli and Pérez-
Huerta 2020). From the above considerations, it is evident
that the influence of the mineral crystallography (e, lattice
structure and symmetry, atom co-ordination) and compo-
sition on APT analysis can be significant, in addition to the
laser energy and the applied voltage.

Crystallographic structure and cation co-ordination in
spinel and gamet: Figure 1 shows a simplified illustration
of the crystallographic structure of spinel (isometric, hexoc-
tahedral, octahedron morphology) and garnet (isometric,
hexoctahedral, dodecahedron morphology). Despite the
two minerals belonging to the same crystallographic system
(i.e., isomefric), the different co-ordination of their elements is
immediately apparent. Chains of edge-shared octahedra
linked by isolated tetrahedra describe the three-
dimensional spine| structure (Figure 1, left). In gamet,
eightfold co-ordinated metal sites share edges with octa-
hedra and tetrahedra (Figure 1, righf). Moreover, it is
important to note that different elements occupy similar
crystallographic sites in the two minerals. For example,
while divalent Mg occupies tetrahedra sites in spinel,
tetravalent Si forms strong bonds with oxygens in gamet
tefrahedra. Both atom co-ordination and mineral compo-
sition lead to different physicochemical properties for the
two minerals that ulimately elicit distinct behaviour when
laser pulse and high field are applied to a needle-shaped
specimen during APT analysis. For the thermal properties of
spinel and garmet relevant to the thermal assisted field

evaporation process, refer to Table 1.

Results

Atom probe tomography combines the compositional
estimation of a material with its representation in 2 and
3D space. Hence, data processing includes (a) ion count
analysis and (b) spatial reconstruction. For the former, peak
ranging of the spectra is the primary operation to be
done, but other useful aspects can be investigated to

better understand the behaviour of the material exposed
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Figure 1. Schematic of atom arrangement and polyhedra in the spinel (left) and garnet (right) crystal lattice.

Polyhedra design: [AlO¢] octahedra (green); [IMgO.] (in spinel) and [SiO4] (in garnet) tetrahedra (orange); eightfold

co-ordinated Mg, Ca and transition metal sites (light blue polyhedra in garnet). See legend for the atom colour

designation.

Table 1.
Garnet and spinel electronic band gap and thermal
properties

Heat Thermal | Thermal |Band gap
capacity conductiv-| diffusivity| (eV]
(Jg'l K') ity (Wm™' [ (m2s7) x
K') 10
Spinel® 0.82 162 556
Spinel® 7.8
Garnet-1¢ 074 3.31 1.14
Gamet-2¢ 074 3.14 1.09
Gamet? 8.2

@ 295 K, Harris et al. (2013).

b Shengli et al (2012).

€298 K, gamet-1 Py41A146Gr13, gamet-2 Py40Al46Gr14, where Py
(pyrope), Al (almandine), Gr (grossular) and the number stands for %,
Giesting and Hofmeister (2002).

9 Nitsan and Shankland (1976).

to high electric field and laser pulse and, in tum, to better
interpret the obtained data. The study of multihit events, for
example, provides insights on the possible reasons of ion
count deficit and potentially allows the recovering of part
of non-detected counts. The charge state ratio (CSR) is
another measurable factor that gives valuable information
about the surace distribution of the electric field, which is
the parameter that eventually defermines the atom
evaporation and ionisation. In the same way, 2D maps
together with the 3D reconstructions are useful to visualise
the atom spofic1| distribution, comp|ement the CSR mea-
surements and give illustrative description of the sample—
laser interaction. The above-mentioned data processes are
described in the following sections for spinel and garnet
APT data.

Spectra and 3D reconstructions

APT mass-to-charge state ratio spectra of spinel and
gamet show several molecular species (composed of
oxygen and metals) and multiple charge states for the
main elements and molecules (Figure 2). For both minerals,
no significant difference was found between the spectra
obtained at 30 pJ versus 50 pJ in terms of ranged ion
species, low background was registered, and a quite good
resolution was obtained in all cases (see mass resolution
values at full width ot half maximum (M/AM) and full
width at onetenth (M/AM;0) in Tables S1 and S2).
However, for spinel, large thermal tails characterise the
spectrum at 50 pJ laser energy, which, in practice, lowers
the resolution. Also, despite the good mass resolution the
overlapping of some peaks (eg, Sit and Fe?* for gamet)
adds in general a level of complexity to the determination
of the species ranges and, ulimately, of the count
distribution.

The fip reconstruction parameters were fixed to default
values which fall in the general ranges used for the point-
projection reconstruction (k factor between 2 and 8; image
compression factor between 1 and 2) (Gault et al 2008)
(Tables S1 and S2), and shank evolution mode was chosen
for the fip radius defermination during the run as a suitable
method for non-constant field evaporation materials. Since
the 3D tip reconstructions show a fairly homogeneous atom
distribution for both spinel and gamet (Figure S2), and
considering the lack of specific elements that could guide a
more accurate reconsfruction (eg., clear crystallographic
directions (poles), clusters, secondary phases), no further

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts 461
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Figure 2. Spectra of representative specimens of spinel (a, b) and garnet (¢, d) analysed at 30 pJ (a, c) and 50 pJ (b,

d) laser energy.

testing of the reconstruction parameters was performed.
Notably, some fip specimens were particularly affected by
Ga contamination during FIB preparation. This can occur
when low kV cleaning (5 kV) is too short and the previous
sharpening phase (30 kV) has induced Ga implantation. For
two spinel specimens (04123-M16 and 04184-M19), the
Ga was found to be associated with a higher concentration
of OH that in the case of specimen 04184-M19 (run at 50
pJ laser energy) accumulated along a microfracture. For this
reason, the estimated mineral composition was based on an
uncontaminated region of interest (ROI) of the fip volume
(see Figure S3). The OH peck of the new ROl was
considered part of the sample.

Stoichiometry from APT vs. EPMA
Element concentration estimated by APT was compared

with EPMA data (note that atomic per cent (at%) was
recalculated after subtracting Ga counts from the total

462

count) (Tables 2 and 3). For spinel, a depletion in oxygen
(24-4.1 at%), an excess of Mg (3-4.8 at%) and « s|ighf
deficit of Al (~ 1 at%) were recorded for laser pulse energy
30 pJ and detection rate 0.5%. At laser energy 50 pJ and
detection rate 0.5% (specimen 04184-M19; Table 2), the
oxygen percentage almost matches the EPMA stoichiomet-
ric value although Mg remains in excess (~ 1.9 at%) and a
higher deficit of Al was found (~ 2.2 at%). The observed
excess of Ti and Cr could be due to the overlapping of
peaks in the 32-34 Da range (TIO%*, CrO?*), which may
be leading to an overestimation of these elements and
consequently to a slight underestimation of oxygen during
the decomposition operation of the IVAS software. It is also
worth noting that a small amount of Si was recorded by
APT, while it was undetected by EPMA. Two peaks, at 14
and 28 Da, were assigned to Si. The appearance of the
isotopes at 29 and 30 mass-to-charge ratios confirmed the
presence of silicon and, at the same time, prevented the
quantification of the small amount of iron. The low Mn

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts
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Elemental composition (in at%) of spinel specimens obtained from EPMA (left) and APT (right)

APT at LE 50pJ

Element EPMA APT at LE 30pJ
04121-M13 | 04122-M15 | 04123-M16 | 03770-DR1° | 04184-M19

O 57.40% 55.02% 53.33% 53.43% 50.50% 56.97%

Cr 021% 0.35% 0.27% 0.27% 0.31% 0.41%

Mg 13.00% 16.06% 17.82% 17.54% 18.63% 14.92%

Al 29.26% 28.28% 28.15% 28.32% 29.94% 27.14%

Ti 0.02% 0.20% 0.16% 0.08% 0.40% 0.28%

\ 0.09% 0.03% 0.02% 0.02% 0.02% 0.05%
Fe/Si <0.01% 0.06% 0.26% 0.34% 0.20% 0.24%

Mn <001% - - - - -

@ Re-calculation of APT data for specimen 03770-DR1, previously published in Cappelli and Pérez-Huerta (2020). The specimen was run at 30 pJ with a

detection rate of 1%.

concentration measured by EPMA was not detected by
APT.

Applying our improved ion ranging scheme (informed by
EPMA) to a previously analysed spinel specimen at 30 pJ
and 1% detection rate (Cappelli and Pérez-Huerta 2020),
similar results to the spinel specimens analysed in this study
were obtained. The atomic percentages show a significant
deficit of oxygen and an excess of Mg similar to the
specimens run at the same laser pulse energy in this study,
but a small excess of Al was instead observed.

For the gamet general composition, in order to compare
APT data with EPMA results, we did not consider trace and
rare earth elements that only account for less than 0.4% of
the fotal counts. Regardless of the pulse energy used, the APT
results for garet are the same within the standard deviation
(Table 3). In general, a significant deficit of oxygen was
found and, consequently, all the cations appear in excess
relative to the EPMA values. The relative concentrations
inferred for Si and Fe depend on the accuracy of the
decomposition of the peak overlapping, given that Si* and

Table 3.

Fe* share the same main peak at 28 mass-to-charge ratio.
Also, the variability of Ti concentration in spinel (Table 2) is
ascribed to the overlapping of its main peaks with other
species peaks (eg, Ox*matches TiO?*) and the absence of
its isotope peaks; hence, similarly to gamet analysis, the total
concentration could be misestimated during the implemen-
tation of the decomposition tool.

Because the concentration of an ionic species in APT
analysis is given as atomic percentage, the apparent
abundance of one mineral element can be biased by
losses of another element (e.g, oxygen). Therefore, in order to
correct for this effect on our element ratio estimates and to
provide a fair comparison with EPMA-derived compositions,
we normalise the APT data by one (or a combination) of the
main elements in a specimen, namely A, Mg or O for spinel
and Al, Mg or Si+Fe for gamet (note that oxygen was not
considered for gamet given its apparent high loss). By
assuming ‘stoichiometric defachment’ (no |oss) ofa porﬁcu|c1r
element from the fip, we can recalculate the expected
abundance of the other elements to ascertain their deficit or

excess, using the following equation:

Elemental composition (in at%) of garnet specimens obtained from EPMA (left) and APT (right)

Element EPMA APT at LE 30pJ APT at LE 50pJ
04187-M1 | 04188-M2 | 04190-M4 | 04189-M3 | 04191-M5 | 04199-M7
O 60.04% 52.02% 51.47% 51.63% 51.34% 51.40% 51.81%
Mg 3.62% 6.19% 621% 6.20% 6.27% 6.19% 623%
Al 10.08% 11.30% 11.71% 11.64% 11.50% 11.51% 11.38%
Si 1501% 15.10% 15.12% 1577% 15.32% 15.59% 14.42%
Ca 2.83% 3.57% 3.54% 3.40% 3.58% 3.56% 3.48%
Mn 0.30% 0.69% 0.67% 0.66% 0.68% 0.70% 0.67%
Fe 8.11% 11.11% 11.26% 10.67% 11.28% 11.01% 11.97%
Ti 0.02% 0.02% 0.02% 0.03% 0.03% 0.04% 0.04%
463
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M
B ) EMPA
N/\Ay, expected — N/\/IXIAPT X M (3)

x,EMPA

where M, is the element that is assumed to detach
stoichiometrically (ie, the normalising element), M, is one
of the other main elements of the mineral structure and N
stands for the atom counts either measured by APT or
expected (N eupeced)s that is recalculated on the basis of
M, element counts (N apr) and the stoichiometric ratio
measured by EPMA (M, gnpa/Mygnpa). The value of the
element M, in the mineral APT-derived structural formula
(M, 1) was calculated by the equation:

N, por X My Enpa

M, ppT = (4)

N/\/\y,expected

The normalised APT-derived mineral stoichiometry, for a
given normalising element, is obtained by applying Equa-
tions (3) and (4) to each element of the mineral (Tables 4
and 5). For both minerals, a slight excess of magnesium was
found (with the obvious exception of the Mg normalisation),
the size of which depends on the laser energy used and the
normalising cation. Only for spinel, at laser energy 50 pJ
and normalising by oxygen, is the estimated composition
very close to that measured by EPMA

Although an exact estimation of oxygen and cations
deficit from the Mg normalisation is difficult to extrapolate,
the apparent magnesium excess found for all the other
normalisations suggests that a loss of O and also Al, Si and/
or Fe must occur during APT analysis of spinel and gamet.

Multihit analyses

Field evaporation is a probabilistic event that involves all
afoms on a tip surface, meaning that, at a given laser (or

Table 4.

Estimation of the stoichiometry of representative
spinel specimens after normalising by one of the
main mineral elements (Al, Mg and O)

Ele- Al normali- [Mg normali-|O normalisa-
ment sation sation tion

EPMA| LE30 | LE50 | LE3O | LE50 | LE3O | LE50

O 400 | 385 | 428 276 3.46 400 | 4.00
Cr 0.01 002 | 003 0.01 003 | 002 0.03
Mg 091 1.26 1.12 091 091 1.43 1.05
Al 204 204 | 204 1.46 1.65 | 219 191
Ti 2.0E-03(6.0E-03|2.1E-02 [ 4.0E-03 | 1.7E-02 [ 6.0E-03 | 1.9E-02
\% 6.0E-03|2.0E-03 [ 4.0E-03 | 1.0E-03  3.0E-03 | 2.0E-03 | 3.0E-03

Fe/Si 2.0E-04(2.4E-02| 1.8E-02 1.8E-02| 1.4E-02 [ 2.8E-02| 1.7E-02
Mn 1.0E-04 - - - - - -

Values in italics are adopted as equal to EPMA values for the normalising
element.
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Table 5.

Estimation of the stoichiometry of representative
garnet specimens after normalising by one or a
combination of the main mineral elements (Al, Mg
and Si+Fe)

Ele- Al normali- |Mg normali-| Si+Fe nor-
ment sation sation malisation
EPMA| LE3O | LE50 | LE3O | LE50 | LE3O | LE50
o] 1200 | 9.27 9.17 6.08 601 9.17 9.07
Mg 0.72 1.10 1.10 072 072 1.09 1.09
Al 201 201 201 1.32 1.32 1.99 1.99
Si 3.00 2.69 255 177 1.67 - -
Ca 0.57 0.64 0.62 0.42 0.40 0.63 0.61
Mn 0.06 0.12 0.12 0.08 0.08 0.12 0.12
Fe 1.62 1.98 212 1.30 1.39 - -
Ti 4.0E-03]4.0E-03|7.0E-03 | 3.0E-03 | 3.0E-03 | 4.0E-03 | 7.0E-03
Si+Fe 4.62 4.67 467 3.06 3.06 4.62 4.62

Values in italics are adopted as equal to EPMA values for the normalising
element.

voltage) pulse, one or more atoms can achieve the right
conditions to evaporate (Peng et al 2018). In the present
study, correlation plots (Saxey plots, (Saxey 201 1)) of multihit
ions pairs were used to study the occurrence of multiple
evaporation events (Figure 3). Only evaporation events of
two detected ions following a single pulse were recon-
structed, given that higher order evaporation events could
decrease the signal-to-noise ratio (Santhanagopalan et al
2015). Horizontal and vertical lines are apparent. The
intersections of these lines devise the co-evaporated ion pairs
composed of two ions of the main species. Here, for example,
mono-, di- and trivalent Al, Mg and Si ions (for gamnet)
correlate between them and with oxygen (O™ and OF) and/
or with molecular ions such as AIO*/2, SIO*/2*, SIO3 and
MgO?*. The events along these lines arise from the field
evaporation of an iHype ion at pulse time (ty) followed by the
evaporation of the paired | ion at time fo + dt (delayed ion)
and, if the delay is not significant, they will appear as tails of
the main peaks of APT spectra (Saxey 2011, Peng et al.
2018). Simi|c1r|y, numerous visible diogon0| trails represent
the simullaneous evaporation of the paired ions after the
laser pulse (ie, both ions are delayed). These features
correspond to overlapping fails of mass-to-charge peaks in
APT spectra (Soxey 2011) and can also contribute to the
background. Finally, molecular ion dissociation tracks, repre-
senting the dissociation of evoporqted unstable molecules,
are featured by the curve-shaped lines that join the parent
ions, on the diogono| line of the hisfogroms (m] = m?2), with
the products of their decomposition (daughters, mq; and
mgo). The main reaction pathways associated with the
dissociation tracks observed at both 30 and 50 pJ laser
energy (Figure 3a, b) were identified as follows:

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts
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Figure 3. Mass-to-charge ratio correlation histograms of (a) spinel and (b) garnet tips analysed at 30 pJ laser pulse

energy. Dissociation tracks are marked with coloured lines and the reference of the identified pathway (see text for

explanation).

spinel dissociation pathways

15)AlO*" S AT +O*
25) AlbO3" — ALO?T + O

garnet dissociation pathways
1) A0 S AT +O*
2g)SIO*" = Sit +O*
3g) SiO2* — Sit +OF

In addition, a faded, not immediate interpretable
dissociation track (3s, Figure 3a) is apparent in the spinel
Saxey plot. Although it is very difficult to define the entire
trajectory of this track and unequivocally defermine its
pathway, a possible reaction is the following:

3s) CGrO* — Crt +0O*

In the case of gamet, in addition to the main dissociation
tracks described by Equations (1-3g), many other faint trails
are visible (Figure 3b). Possible dissociation pathways
describing these trails are shown in the online supporting
information. For the original Saxey plots of representative
specimens, we also remit fo the online supporting informa-

tion (Figures S4 and S5).
2D ion intensity maps

2D ion density/concentration plots are useful data
reconstruction tools for recognising asymmetrical laser
adsorption. Figures 4 and 5 show the 2D ion density

maps of atomic and molecular species for one

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts

representative spinel and gamet fip, respectively. Immedi-
ately apparent is the higher uniformity of the spinel
(Figure 4) compored with garnet maps, which show high
ion density on the laserilluminated side (white arrow,
Figure 5). This ion density pattern was observed for all
garmet specimens except for specimen 04199-M7, which
shows a more uniform distribution for some of the main
ionic species (Figures S6 and S7). This specimen has the
smallest radius (27 nm) and lowest shank angle (39°)
among the garmet samples.

Inferestingly, features associated with low order crystal-
lographic planes (pole and line regions) were observed for
spinel at both laser energies, in agreement with Cappelli
and Pérez-Huerta (2020) who performed APT analysis on
spinel using 30 pJ laser energy and 1% detection rate.
However, clear pole and lines are especially apparent at
higher laser energy (Figure 4). In fact, the MgO 2D density
plot of a specimen analysed at 30 pJ shows several spots of
low ion density and a more irregular pattem. It is worth
nofing that the slightly more depleted area on the upper left
side of the 2D plots of the 50 pJ specimen (04184-M19)
could be attributed to the specimen microfracture at 70 nm
depth (Figure 4). Nevertheless, because the entire area
affected |oy the microfracture was excluded from the
reconstruction of the new ROI (see Theoretical bockground'
section and Figure S3), the esfimated composition of the
spinel specimen analysed at 50 pJ laser energy is consid-

ered reliable.
Finally, the laser effect on the ion density gradient in the

x-y plane in general decreases along the tip length (Figures
$8-510), especially for spinel, pointing to an improvement of
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Figure 4. 2D ion density plots of a spinel specimen analysed at 30 pJ (upper maps) and 50 pJ (lower maps) laser

pulse energy (white and black arrows indicate, respectively, laser beam direction and line and pole areas). Note

that the spot at the top left of the 50 pJ maps is likely due to the specimen fracture at ~70 nm although a ROl was

selected up to this tip depth for the plots.

the laser absorption efficiency and/or heat dissipation as the
applied voltage and fip radius increase.

Charge state ratios

According to the post-ionisation theory (Kingham 1982),
a relationship exists between the surface electric field of an
APT specimen and the relative amount of different ion
charge states (Gault et al. 2010a). Figure 6 shows 2D maps
of ratios of single and double charged Al and Al-Si for spinel
and gamet, respectively, integrated over the tip length of
representative specimens. The charge state ratio (CSR)
distribution of spinel varies with the laser energy, and it
appears more heferogeneous at 50 pJ. At 30 pJ laser
energy, a gradient following the laser direction exists
although it would attenuate along the z axis (see Figure S8).
For gamet, CSR patterns are similar among the specimens
analysed, with a slight gradient in silicon CSR from the laser-
illuminated side. It is important to note that, despite the IVAS
decomposition tool allowing count distribution between
species, the peak overlapping cannot be resolved for 2D
and 3D reconstructions, as in the case of Sit and Fe®*. Since
the peak at 28 Da was selected as Si™, its concentration was

overestimated in the 2D plots. Hence, the CSR values in the
Si map are not accurate (CSR ~ 0.6-0.85, see colour scale
in Figure 6). In fact, the reported second ionisation energies
for Al (18.8 eV) and Si (16.3 eV) (Gault et al 2012b) are
similar, so one would expect a higher Si**/Si* ratio range.
Indeed, the same ratio calculated from the species abun-
dance estimated by the count's decomposition tool ranged
from an average of 2.9-6, with the higher value associated
with specimen 04199-M7 which has a smaller radius and
lower shank angle.

1D profiles of CSR for spinel and garnet (Figures 7 and
8) reveal a general decrease in the cation charge state
ratios with increasing fip depth reflecting a decrease of the
electric field as the analysis proceeds. In contrast, the oxygen
ion fraction (O — IF), defined as Ot /(0" 4 O3), either
slightly increases (as in gamet and spinel at 30 pJ) or
remains constant (spinel at 50 pl) as tip depth increases. The
AP*/AIT and Si%*/Si* ratios also increase with higher laser
energy for both minerals (although the same caveat applies
to the artificially low CSR values for Si in the 1D profile).
Moreover, for gamet, O — IF is also slightly higher at 50 pJ
than at 30 pJ, yet the opposite is seen for spinel.

466 © 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts
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Discussion

Spinel versus garnet laser interaction

A significant loss of oxygen was observed during APT
analysis of spinel and gamet (Tables 1 and 2), except for the
spinel specimen analysed at 50 pJ laser energy. This loss
was greater in the case of the gamet with oxygen deficits as
great as ~ 8.7 at% relative to the EPMA estimation (Table 3).
Although electron spectroscopy studies demonstrated that
the percentage of dication oxygen generated by Oy*
ionisation is < 2% (Sigaud et al 2013, Song et al. 2019),
the influence of the user choice about thelé Da peak
assignment on the underestimation of the oxygen concen-
fration cannot be completely ruled out (see section ‘lon
species’ in Experimental procedures). Thus, atomic recount of
representative data set for each mineral was performed,
reassigning a specific percentage of the 16 Da peak counts

to Op2* species (Table S3). Only for spinel, an 82% and
10% assignment of the 16 Da peak to dication oxygen
compensates the oxygen deficit of respectively 30 and 50 pJ
specimens. For gamet, even selecting the 16 Da peck as
only 02" (100% assignment), which represents an unlike
scenario, oxygen is still below the nominal concentration
(EPMA estimate). Mechanisms other than singly monoatomic
and doubly diatomic species formation must then explain
the recorded oxygen deficit.

The higher band gap and the lower thermal conductivity
and diffusivity of garmet compared with spinel (Table 1) may
be the reasons behind the lack of stoichiometry of the
estimated gamet composition. The 2D density plots in
Figures 4 and 5 show how the laser absorption varies
between the two minerals. A typical unfavourable effect of
the laser-assisted APT mode is the uneven fip heating due to
the apex blunting on the laser-illuminated side (Morris et al

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts 467
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(Figure 4), and the composition estimates

Spinel, on the other hand, exhibits a more symmetric ion

specimen surface. Still, a worse heat transfer is expected for
density distribution

garnet compared with spinel, independent of the initial tip
at higher laser energy sefing were in very good agreement
previous APT studies on MgO and CeO, sfoichiometry
found that low laser energy improved field ionisation due to
the counter balancing increase of the applied voltage at
consfant evaporation rate, which led to higher electric field
(Devaraj et al 2013, Kirchhofer et al 2013). However,

shape and its evolution during analysis.
with the EPMA results. In contrast with our observations,

) can also have a

ip length of the specimen. The black arrows indicate laser beam direction.
great influence on the laser absorption. As shown in section

X (nm)
smaller radius and shank angle seem

s,
© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts

tip radius and shank angle

4

Figure 6. 2D maps of Al charge state ratio for spinel analysed at 30 pJ (top left) and 50 pJ (top right) laser pulse

energy and Al (bottom left) and Si (bottom right) charge state ratios for garnet analysed at 30 pJ laser pulse energy.

laser penetration (or absorption) depth (8) and low thermal
diffusivity, which prevents a fast heat dissipation (Valderrama
et al 2015). The less uniform ion density distribution in
garnet specimens, Therefore, confirms the lower heat
to induce a decrease in the ion density gradient through the
garnet specimen (Figure S6). This could be due fo the tip
diameter being more comparable to the laser absorption
depth, which would cause a more uniform heating of the

2019). This effect is more pronounced in materials with low
absorption capacity of this material. However, the specimen

Each map is integrated over the t

geometry (ie,
‘2D ion density map:
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Figure 8. 1D profiles of, from left, Al and Si charge state ratio and oxygen fraction for representative garnet

specimens.

Valderrama et al (2015), in their study on UOs, did report a
small dependence of stoichiometry on the laser energy. This
behaviour was ascribed to the higher thermal conductivity
and diffusivity as well as the lower band gap energy of the U
oxide with respect to Mg and Ce oxides. Although the
different results obtained for spinel at 30 and 50 pJ laser
energy support the existence of a laser effect on the
recorded mineral stoichiometry, we cannot truly distinguish
between the laser effect and the tip geometry effect on our

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts

spinel results. The radius (16 nm) and shank angle (9°) of the
specimen analysed at 50 pJ laser energy are smaller than
those of the specimens analysed at 30 pJ (24-36 nm
radius; 19-29° shank angle). Because band structure and
optical properties of dielectric materials, nominally absorp-
tion and extinction coefficients, can be altered by the intense
vo|fc1ge applied (Schreiber et al. 2014, Silaeva et al 2014),
a reliable estimation of the laser absorption depth for the
specific APT laser Wove|engfh (355 nm) and ono|yseo|
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minerals is difficult to obtain. However, it is reasonable to
assume that the smaller diameter of the spinel fip (run at 50
pJ) is probably comparable to the laser absorption depth
that would lead to a more uniform heating of the tip surface.
The disadvantage of a low radius and shank angle for a tip-
shaped specimen is the worsened heat dissipation. Accord-
ingly, at 50 pJ laser energy, larger thermal tails were
observed as consequence of the poor heat dissipation.
Hence, ion loss mechanisms (eg, DC ion evaporation,

surface ion diffusion) are expecied.
Electric field intensity and distribution

The physical principle on which APT is based is the
evaporation of atoms from a needle-shaped specimen
induced by the application of o strong electric field
(Kinghom 1982). According to Equation (1), the rate of this
thermally assisted process depends on the energy barrier
that atoms have to overcome in order to be removed and
ionised and is, hence, related to the surace electric field,
which the barrier is a function of (Gault et al 2012b, Larson
et al 2013). The exact value of the electric field at a
specimen’s surface during APT analysis, which cannot be
measured directly, depends on the applied DC vo|ioge and
the tip shape. However, the charge state ratio has been
proven to be a good indicator of the tip surface electric field
(Mancini et al 2014, Morris et al. 2018).

Overall, the 2D charge state ratio maps of spinel and
gamet (Figure 6) indicate a variability of the electric field
through the x-y plane that might reflect the presence of kink,
adatoms or step-sites where the field normally enhances
(Silaeva et al 2013, Karahka and Kreuzer 2018). In
addition, Equation (2) predicts that, at constant detection
rate, the increase of the fip radius with z is compensated by
the increasing applied voltage. This would maintain the
same evaporation rate during the APT analysis but, as stated
by Verberne et al. (2019), does not imply a constant electric
field strength during the analysis, that is along the tip depth.
In fact, Al and Si charge state ratios decrease with z
(Figures 7 and 8), as a result of the confinuous adjustment
between the applied voltage, the radius and the k factor.
This behaviour has previously been documented for the
mineral rutile (Verbeme et al 2019).

Inferestingly, higher CSR values were found for 50 pJ
laser energy for the duration of the analysis for both spinel
and garnet (Figures 7 and 8). This is in contrast with the
post-ionisation theory (Kingham 1982) that predicts lower
CSR (e, fewer double charged ions) for the decreasing
electric field strength that is expected when laser energy is
enhanced (Gault et al 2010a). However, recent studies
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on rutile (Verbeme et al 2019) and magnetite (Schreiber
et al 2014) show a CSR-laser energy dependence that
agrees with our findings. Schreiber et al (2014) claimed
that the Fe charge state fraction (Fe®*/(Fe*+Fe?*)) of
magnetite depends on both laser energy and the electric
field. In addition to the predicted post-ionisation process,
direct evaporation of double ionised species would be
favoured by higher laser energy. In the same study, the
oxygen fraction was proven to be only field-dependent
and hence was identified as a more reliable parameter
describing the surface field. According|y, the O — IF should
decrease with the laser energy enhancement, which is
indeed what we observe in the case of spinel (Figure 7).
However, the oxygen fraction of gamet specimens shows
the opposite trend, perhaps reflecting a higher oxygen
loss as neutral Oy molecules for higher laser energy that
would bias the relafive concentration of single/double
ions. In the same manner, higher Oy loss, as the field
decreases with the tip depth, could explain the slight
apparent increase of the oxygen ion fraction in the z
direction observed for both spinel and gamet (Figures 7

and 8).
lon count loss mechanisms

Different causes have possibly induced a bias in the
stoichiometry of the minerals analysed in the present study.
The multihit event analysis undertaken for spinel and gamet
has shed light on some of the main mechanisms that might
have influenced atom loss during our APT runs (see Tables
S1 and S2 for muliihit % of each specimen). The main
process linked to multihit events that is likely responsible for
high count losses is the pile-up effect. When the same
isofopes with identical charge state (e.g, two ions of 2/ Al*)
evaporate during multiple events, they may be under-
counted if the evaporation occurs within the dead space—
dead time window (Thuvander et al 2013, Meisenkothen
et al 2015, Pedrazzini et al 2017). The probability of pile-
up occurring for a specific ‘same isotope—same charge state’
ion pair (M™M") would be correlated with its abundance,
that is, the higher the ion pair counts the higher the pile-up
effect (Peng et al. 2017). From the correlation histograms of
spinel and gamet constructed in this study, quantification of
M™-M" detected events was possible (Figure S11). The AI**-
AI?* pair is the most abundant in spinel followed by the
OQ+—O2+ pair, which is more abundant in the specimen
analysed at 30 plJ. In the case of gamet, the O*-O™ pair is
the most abundant, although substantial counts were also
found for the O**-0?* and Si*-Si* pairs. These results are
consistent with the higher oxygen loss in garnet and would
also explain the deficit of Al in the spinel composition

estimate.

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts
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Other likely, although less significant, processes that are
related to multiple events are late ion evaporation and
molecular ion dissociation. In late evaporation, ions gener-
ated by this event would be recorded either as thermal tails
of the main peaks or as background (for substantial delays).
If there are delayed ion pairs (diagonals in Saxey plots),
these ion counts can potentially be recovered from the
overlapping peaks tails or the background where they
would otherwise be hidden (Sctxey 2011, Kruska and
Schreiber 2015, Meisenkothen et al 2015, Peng et al
2018). However, the background of both spinel and gamet
specimens was quite low (Tables ST and S2) and does not
seem fo be related to the mineral stoichiometry misestima-
tion, at least, not via the late evaporation mechanism. For
gamet, a slightly lower background was recorded for
specimens run at 50 pJ laser energy, but the inferred
compositions did not differ. Also, larger thermal tails
appeared in the spinel mass spectrum when higher laser
energy was used, likely from slower cooling due to the tip
shape (lower radius and shank angle). Nonetheless, our
correlation histograms (Figure 3) show several diagonal lines
for both minerals. Therefore, we cannot exclude the possibility
that a small quantity of late evaporated ions is enclosed in
the background and/or poorly deconvoluted peaks tails.

Molecular ion dissociation reactions (where molecules
dissociate after evaporation from the specimen) have also
been shown to occur in spinel and garnet during multihit
events (see ‘Multihit analysis” section). Daughter ions with
significantly different mass-to-charge ratios from the parent
species could be recognised as background, especially
when late dissociations occur (Saxey 2011, Peng et al
2018). However, previous works have shown that this
mechanism does not significantly affect compositional esti-
mates (Saxey 2011, Sonthanogopobn et al 2015). Nev-
ertheless, dissociation reactions identified in this s’rudy
demonstrate the possible formation of neutral species.
Indeed, neutral oxygen molecules (O9) likely formed through
the pathway described by Equation 4g in the case of garnet
(see online supporting information). Neutral molecule for-
mation has been demonstrated to be a probable process
leading to ion loss during APT analysis. Formation of neutral
molecular oxygen during APT analysis has been proposed
(Saxey 2011, Devaraj et al. 2013, Gault et al 2016) and
experimentally supported (Santhanagopalan et al 2015).
Also, migration of negative O ions down the shank of the fip-
shaped specimen and its detachment as neutral molecules
has been theorised (Karahka et al 2015). It is likely that,
especially during garnet analysis, neutral oxygen is regis-
tered as background or remains undetected, either because
it does not reach the detector or because it does not have
enough energy in relafion to the detector efficiency (ie,

absence of signal amplification on the microchannel plate)
(Gault et al. 2016).

A secondory mechanism of count loss (ie, preferenﬁo|
evoporoﬁon) could also account for the underestimation of
aluminium in the spinel composition. Atom evaporation
between laser pulses may take place when the high applied
voltage triggers the detachment of a species with lower zero-
barrier evaporation field (e|ectric field at which QEV(F)—>O)
compared with the surrounding species (Morris et al. 2018).
This event is more likely to occur at low laser pulse energy
and would increase the spectrum background (Kirchhofer
et al 2013, Mancini et al. 2014, Saxey et al 2018). The
slightly higher background recorded for spinel run at 30 pJ
could thus be explained by atom preferential evaporation
and would reflect a higher surface electric field.

Finally, the stoichiometric bias due to the different
mechanisms of ion loss taking place during APT analysis
itself may vary, as suggested by changes in ion density and
charge state ratios, through the fip surface over the x-y plane
and along the z direction. In some cases, a careful inspection
of the changing atomic fractions with the tip length and/or
width could be used to correct for biases in material
stoichiometry (see, eg. the results of Mancini et al. (2014) for
APT analysis of GaN, AIN and ZnO). In this study, however,
the variability of gamet and spinel composition with both
specimen |ength and width was found to be minor (see
Figure S12). Also, with the exception of spinel analysis at 50
pJ laser energy, a perfect match with the mineral stoichiom-
etry inferred by EPMA was never obtained even for specific
target areas that we would expect to contain the most

reliable data.

Conclusions

A detailed evaluation of atom probe analysis on spinel
and gamet samples was performed in order to shed light on
how different minerals interact with the applied laser pulse
and what processes may play a major role in biasing the
stoichiomefry measured by APT. In agreement with the
theory, the spinel, with its lower band gop than gamet,
displayed a better laser absorption when subjected to a
high electric field and a bulk composition closer to that
measured by EPMA. Still, a near stoichiometric composition
was obtained only when higher laser pulse energy was
used (50 pJ). Likewise, the garnet manifested a worse laser
obsorpﬁon with @ stronger lateral effect (ie, higher ion
o|ensi1y on the laser-illuminated side), consistent with its
slightly higher band gap and its lower thermal conductivity
and diffusivity. Moreover, the APT-derived composition of

gamet differed from the EPMA measurement in all cases.
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The underestimation of oxygen content was the main
issue, especially for gamet, and ion pile-up events and
neutral molecule formation are considered the main mech-
anisms likely leading to atom count losses. However, other
processes could partially account for the underestimation of
the element concentrations in the analysed minerals, such as
molecular ion species dissociation or the formation of oxygen
dication. Such processes cannot be completely discarded
even though their contribution is believed to be minimal.

Finally, this work highlights the dependence atom loss
mechanisms have on the crystallochemistry and, more impor-
tantly, optical, thermal and electrical properties of the specific
mineral in relation to the experimental parameters (ie, laser
energy). Together, these variables define the surface electric
field that eventually controls the evaporation and ionisation of
the atoms. Itis likely that the electric field generated during APT
analysis of gamet is not strong enough to promote sufficient
‘metallisation’ (ie, band gap closure) on the specimens,
causing uneven tip heating and possibly the formation of
neutral molecules (e.g, Oo) that would not be ionised. As
result, a more reliable APT estimate of chemical composition is
possible for spinel than for gamet.
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Table S3. APT composition estimates of representative
spinel and gamet specimens calculated assigning different
percentage of the 16 Da peak to Oy%* species.

This material is available from: http://onlinelibrarywiley.c
om/doi/10.1111/ggr.12395/abstract (This link will take
you to the article abstract).
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