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ARTICLE INFO ABSTRACT

The recent application of atom probe tomography (APT) to minerals is becoming a powerful tool to unravel
geological information from the nanoscale perspective. Yet, there are still unknown fundamental aspects of this
microscopy technique for geological applications and the potential crystallographic orientation effect is a sig-
nificant one. Here, the influence of the crystallographic orientation on the quality of atom probe tomography
geochemical data is investigated for two minerals with the same crystal system and different morphology: spinel
(isometric, hexoctahedral, octahedron morphology) and galena (isometric, hexoctahedral, cube morphology).
Two separate crystals of barite (orthorhombic, dipyramidal, prism morphology) were also analyzed to test the
reproducibility of APT data. Despite the general absence of expected stoichiometry, overall bulk and isotopic
chemical composition are not affected by crystallographic orientation. 3D data reconstructions of the specimens
showed similar spatial distribution of the ion species for each mineral and 2D density maps showed identical
(barite, galena) or specular (spinel) patterns for each pair of planes analyzed. Our findings indicate a negligible
effect of the crystallographic orientation in APT geochemical data for standard highly symmetric minerals but
also suggest the possible influence of the crystallographic structure and composition on the mineral stoichio-
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metry and elements spatial distribution density.

1. Introduction

In the last two decades, micro- and nano-analytical microscopy and
geochemical techniques (i.e., secondary ion mass spectrometry (SIMS),
transmission electron microscopy (TEM)) have been extensively em-
ployed to characterize mineral formation and weathering and link the
gathered information to large scale geological phenomena. In this
context, atom probe tomography (APT) has become a powerful mi-
croscopy technique to investigate a wide range of nanoscale features
and processes in minerals (e.g., Pérez-Huerta et al., 2016; Reddy et al.,
2020; Saxey et al., 2018). APT provides chemical estimation and 3D
analytical mapping of materials at atomic scale offering unique com-
positional and structural information (Blavette and Sauvage, 2016;
Gault et al., 2012; Larson et al., 2013b). Despite many recent im-
provements on APT (Kelly and Panitz, 2017; Saxey et al., 2018) and the
development of commercial laser atom probe system that allows the
analysis of non-conductive materials, such as geological samples
(Bunton et al., 2007; La Fontaine et al., 2017), there are still factors that
can potentially affect the quality of atom probe data. These are in
general related to the limitations of the technology behind APT in-
strumentation (i.e., detector efficiency in local electrode atom probe
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(LEAP)), sample preparation and running parameters, and data ana-
lysis.

A more fundamental factor on which the reliability of the atom
probe tomography analysis depends is the intrinsic structure of the
sample, specifically its crystallographic structure. In the APT applica-
tion to the analysis of materials, tip-shaped samples are usually ex-
tracted, by focus ion beam (FIB) milling, from a specific crystal-
lographic plane. Ionized atoms evaporated from the tip-specimen are
projected onto a detector, and the projection configuration is directly
determined by the specimen itself (Larson et al., 2013a). Several studies
have recently investigated the effect of crystallography (e.g. crystal-
lographic orientation, crystal plane effect on atomic density variation,
stoichiometry vs experimental parameters) in semiconductor materials
analysis (aluminium based alloys, De Geuser et al., 2007; GaN nano-
wires, Diercks et al., 2013; IIl — N binary and ternary compounds,
MgO, and ZnO, Mancini et al., 2014; GaN and AlGaN, Morris et al.,
2018; GaN and AlGaN, Morris et al., 2019; GaN, Riley et al., 2012; Fe-C
alloys Yao et al., 2010). In particular, De Geuser et al. (2007) analysed
two different crystallographic locations [210] and [100] of an alumi-
nium based alloy and found that a correlation in space between eva-
porated atoms existed and was likely dependent on the crystallographic
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structure. In fact, there is a general agreement on the existence of
preferential evaporation locations, related to both crystal orientation
and experimental parameters (especially laser pulse energy), whose
presence is due to crystallographic inhomogeneities that show different
evaporation field. Depending on the distribution of preferential eva-
poration locations, events like atomic diffusion and multi-ions eva-
poration can occur and may lead to bias in local atomic distribution
and/or bulk composition possibly affected by atoms loss for pile-up,
dead-time effects, and the generation of neutral species (Saxey, 2011).

The crystallographic orientation and matrix effect during in situ
chemical analysis of mineral samples has already been documented for
SIMS spectrometry. Channeling of incident ions and focusing of sec-
ondary ions have been identified as possible cause of crystal orientation
effects during SIMS analysis of isotopic ratios (oxygen isotope ratio in
magnetite, Huberty et al., 2010; oxygen and iron isotope ratios in
magnetite Kita et al., 2011; sulfur isotope ratios in sphalerite and ga-
lena, Kozdon et al., 2010; Pb?°6 /2380 ratios in baddeleyite Wingate and
Compston, 2000). These phenomena can take place when the incident
angle of the primary ions is parallel to a low-index lattice direction
(Kita et al., 2011; Ottolini et al., 2002) and can result in an instrumental
bias that leads to an isotope ratio variability which would eventually
depend on the crystal structure and orientation (Huberty et al., 2010;
Kita et al., 2011). For example, SIMS analysis show no measurable ef-
fect on 6180 for a wide range of silicate, carbonate and oxide minerals
(Eiler et al., 1997; Sliwinski et al., 2016, 2018; Valley and Kita, 2009)
while changes in the instrumental bias lead to oxygen isotope ratio
variation for magnetite due to crystal orientation effect (Huberty et al.,
2010). In the same way, measurements of oxygen, sulfur and iron iso-
tope ratios in magnetite, sphalerite, and galena show analytical artifacts
related to sample tomography and crystal orientation (Kita et al., 2011;
Kozdon et al., 2010). On the other hand, analysis of light elements (Li,
Be, B, and F) in silicates show that the crystallographic orientation ef-
fect is < 10 % relative or below analytical uncertainty in dioctahedral
micas (Ottolini et al., 2002). Although, it has been also demonstrated
that changes in parameters values (e.g. total impact energy) can im-
prove the analytical precision of isotope ratio measurements (Kozdon
et al., 2010).

Also, matrix-dependent elemental fractionation leading to a change
in relative proportions of chemical elements has been observed during
laser ablation (LA-ICP-MS) analysis (Danyushevsky et al., 2011;
Sylvester, 2008). For example, Sylvester (2008) analyzed pyrite, pyr-
rhotite, chalcopyrite, galena and sphalerite and found that errors for
most elements were < 15 % but could raise up to 50 % for some ele-
ments (W, Zn and Cd).

Based on the above studies, the potential influence of crystal-
lography structure and crystallographic orientation on the APT analysis
of minerals proves to be a factor that needs to be considered in order to
gain reliable information about mineral composition and structure (e.g.
stoichiometry, preferential element incorporation, presence of sector
zoning). In the present study, we focused on the potential effect of
crystallographic orientation on atom probe data for two minerals with
the same crystal systems and different morphology: spinel (isometric,
hexoctahedral, octahedron morphology) and galena (isometric, hex-
octahedral, cube morphology). These standard minerals were chosen
for their high symmetry and lack of intrinsic anisotropy which avoid the
interference of too many factors in the APT analysis (e.g. defects,
compositional inhomogeneity, politypysm). In addition, specimens
from the same crystallographic plane of two separate crystal of barite
(orthorhombic, dipyramidal, prism morphology) were analyzed to test
the reproducibility of APT data and to possibly compare the behavior of
some elements (nominally oxygen and sulfur) in different mineral
structure. Mass spectra analysis and atomic and isotopic chemical
composition estimations were performed to compare APT data sets for
each mineral and crystallographic plane analyzed.
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2. Methodology
2.1. Materials

Mineral standards, in the form of single crystals of millimetric size,
of barite (BaSO,4) and galena (PbS) were acquired from SPI Supplies,
while a spinel (MgAl,04) crystal (catalog no. 112922) was provided by
the American Museum of Natural History. The crystals were oriented
and selected planes were ultra-polished by sequential grinding, using
sandpaper of increasing grit sizes (from 180/P180 to 1200/P2500), and
polishing using cloths and Alumina suspension of 0.3—0.1 micron
(Micropolish II-Buehler). Finally, the samples were rinsed by deionized
water, sonicated to eliminate any traces of alumina and dried.

2.2. Methods

2.2.1. Crystallographic plane orientation

Mineral cleavage surfaces, from which tip specimens were ex-
tracted, were analyzed by Electron Backscatter Diffraction (EBSD)
(coupled to a TESCAN LYRA FIB-FESEM) and/or X-ray diffraction
(XRD) (Bruker D8 Discover XRD with GADDS). The (001) crystal-
lographic plane for two separate barite crystals was selected, whereas
equivalent (001) and (100) planes and non-equivalent (100) and (111)
planes were identified on single crystals of respectively galena and
spinel (see Fig. 1).

2.2.2. Focus ion beam (FIB) specimen preparation

Tips of the two selected surfaces of the same crystal for galena and
spinel and different crystals for barite were prepared in a dual beam
scanning electron microscopy (TESCAN LYRA FIB-FESEM) following a
conventional APT sample preparation protocol (Miller et al., 2007).
Samples were coated by ~ 20 nm of gold to minimize charging effect
during imagining and milling process. A Pt rectangular layer (~3 x 16
um large and 1 um high) was deposited on selected areas in order to
preserve the surface and reduce Ga* implantation during FIB specimen
preparation. Milling by Ga™ ion beam at 30 kV was performed at three
side of the Pt layer shaping a specimen wedge (Fig. 2a,b), with a free
edge for the attachment of a nanomanipulator (see Gault et al., 2012
and Larson et al., 2013b for more details about FIB specimen pre-
paration protocol). The wedge was then lifted away from the surface
and segments of it (~1—2 pm) were cut and placed at the top of Si
posts of a microtip array coupon (available from CAMECA Scientific
Instruments). A sequentially milling by Ga* ion beam at 30 and 5 kV
was used for tip sharpening in order to obtain a needle-specimen
morphology having radius of curvature (half diameter of the top of the
tip) ranging from 14 to 48 nm and shank angles between 11° and 46°
(Fig. 2¢,d).

2.2.3. Local electrode atom probe running and data analysis

Three tip-shaped specimens for each crystallographic orientation
and selected crystal for a total of 18 experiments (runs) (Table S1)were
analyzed in laser mode (laser wavelength of 355 nm) by a local elec-
trode atom probe (LEAP 5000 XS) with a nominal flight path of 100 nm,
housed at the Alabama Analytical Research Center (AARC) of The
University of Alabama. The same running parameters were used for
each mineral to properly compare data sets (Table S1) and the runs
were stopped at =20 (barite) and =10 (galena, spinel) million ion
counts before any specimen fracture. Integrated Visualization and
Analysis Software (IVAS 3.8.0) from CAMECA Instrument was used to
analyze and reconstruct the data sets. Ions species were defined for each
peak of the spectra based on the specific mass-to-charge state ratio and
the expected chemical composition. Peaks ranges were manually ad-
justed taking into account the presence of potential large thermal tails
and background levels.
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Fig. 1. Schematic of the crystal morphology and structure of a) galena (isometric, hexoctahedral, cube morphology), b) spinel (isometric, hexoctahedral, octahedron
morphology) and a) barite (orthorhombic, dipyramidal, prism morphology). In red lettering, the crystallographic indexes of the planes from which the specimen-tips
were extracted (Note: For galena, the crystallographic planes are equivalent). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article).

3. Results S1) and the same number of mass spectra was obtained. The spectra
show the ions counts as a function of ion mass-to-charge state ratios

3.1. Mass spectra analysis defined by the ion time-of-flight measurements (Fig. 3 and Fig. S1). In
order to compare mass spectra of different planes for each mineral, ions

APT analysis was performed on three specimens for each crystal- counts were normalized either to the maximum peak of the spectrum
lographic plane and mineral for a total of 18 experiments (runs) (Table (Ba** for barite, S, for galena) or to the peak of the most abundant

2um

Fig. 2. Examples of SEM images of the lift out process: a) Wedges (black arrow) on barite (001) plane (top view); b) wedge on galena (100) plane (lateral view) after
milling at 30 kV; ¢) and d) spinel tip after 30 kV and 5 kV sharpening, respectively.
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Fig. 3. Comparison of the mass spectra of two tip-specimens extracted from
different planes for galena and spinel and the (001) plane of two separate barite
crystals. Green and red lines indicate mass spectra of different crystal/crystal-
lographic plane, while brown band indicates the overlapping between the two
spectra. Note: in the barite spectrum, the 32 Da peak corresponds to both S +
and O," although it was counted as S™ for chemical composition estimation
according to the sulfur isotopes peaks at 33 and 34 Da. (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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Table 1

Chemical composition of each crystal/plane and mineral calculated by aver-
aging the data of the three specimens performed for each surface (o0=standard
deviation).

Element Atomic % ¢4 Atomic % ¢4
galena (001) galena (100)
S 77.27 6.22 79.94 4.91
Pb 22.19 6.43 19.61 4.84
(o) 0.13 0.05 0.15 0.09
Pt 0.05 0.02 0.09 0.02
Si 0.36 0.20 0.22 0.10
spinel (100) spinel (111)
Si 0.25 0.06 0.20 0.03
Al 28.99 0.27 28.25 0.33
Mg 18.66 0.74 18.75 1.01
(o) 52.01 0.49 52.71 1.32
\Y 0.01 0.01 0.01 0.01
Cr 0.06 0.01 0.06 0.00
Na 0.02 0.01 0.02 0.01
barite (001) crystal 1 barite (001) crystal 2
S 12.33 0.22 12.15 0.04
Sr 0.15 0.04 0.13 0.03
Ba 53.85 1.78 53.60 0.99
(o} 31.50 1.37 31.30 0.84
La 0.64 0.08 0.90 0.13
Ce 1.42 0.61 1.81 0.25
Fe 5.0E-03 2.3E-03 4.9E-03 2.4E-04
Ni 0.11 0.02 0.11 0.03

structural ion (Mg** for spinel) in the case of high hydrogen con-
tamination. As shown in Fig. 3a and b, the spectra of the specimens of
galena and spinel taken from different crystallographic planes ((001)
and (100) for galena; (100) and (111) for spinel) match almost perfectly
and all the ranged mass-to-charge ratios (i.e. ion species) were the same
for each mineral... Also, no differences were depicted between the
spectra of the (001) plane specimens of the two crystals of barite. The
apparent difference in the intensity (number of counts) of some peaks
(ion species) (Fig. 3) loses its relevance when a carful quantitative
analysis of the chemical composition for each specimen of the same
crystallographic plane is performed.

3.2. Quantitative chemical data

Table 1 shows the overall chemical composition of the minerals
calculated by averaging the results of the APT analysis of the three
specimens performed for each crystallographic plane (see also Table
S2—4 for the chemical composition of each run). An intrinsic varia-
bility is found among specimens with the same orientation due to minor
differences in composition and the analytical error associated with each
run. In addition, considering the standard deviation, there is no dif-
ference observed in the bulk chemical composition for each mineral
studied based on the analysis of different crystallographic planes. This
is clearly shown by plotting the atomic percentage averages of a crys-
tallographic plane as a function of the averages of the second plane for
each mineral. Data match in all cases a 45° slope function (1:1 regres-
sion line) within the standard deviation (Fig. 4).

The same general consideration can be made for the analysis of
isotopes of each element and each mineral (see Figure S2). Only in a
few cases a significant difference was found between the averaged
isotopic composition for different planes (see Discussion).

4. Discussion
4.1. Chemical composition
The influence of crystallographic orientation in prior APT analysis

of semiconductor materials is difficult to assess. APT works show the
crystallographic effect on the compositional analysis for some
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Fig. 4. Plot of the atomic percentage averages of a crystallographic plane as a
function of the averages of the second plane for each mineral (see Table 1). The
1:1 regression shows how the results obtained from specimens with different
orientation fall apart from each other. Data match in all cases a 1:1 slope
function within the standard deviation indicating that no significative differ-
ence exists between the compositional estimation of the compared specimens.
Note: Black square on the line indicate the zoomed area plotted on the up-left
part of each graph.
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semiconductor materials (IIl — N binary and ternary compounds, MgO,
and ZnO, Fe-C alloys), but they also point out the strong dependence of
the measured element concentrations and distributions on the experi-
mental parameters (Diercks et al., 2013; Morris et al., 2018, 2019; Riley
et al.,, 2012; Yao et al., 2010). The loss in atom detection leading to
chemical composition changes would depend on diffusion and multi-
ion evaporation events that in turn are affected by the crystallographic
structure (Diercks et al., 2013). De Geuser at al. (2007) demonstrated
that there is a correlation in space between evaporated atoms due to the
existence of preferential evaporation locations. These locations would
change with the crystallographic orientation, because of the different
variation of the evaporation field on an iso-surface, and over a local
area of surrounding neighbors after a single atom evaporation. How-
ever, changes on analysis parameters, such as the energy of the laser
pulse on which the electric field of the tip depends, can strongly affect
the estimation of the chemical composition (Diercks et al., 2013;
Mancini et al., 2014; Morris et al., 2018).

In the present study, the same experimental conditions were used
for each mineral and crystallographic plane investigated. The APT
analysis of galena and spinel have shown not significant effect of the
crystallographic orientation on the chemical bulk composition of these
minerals (Fig. 3a,b). Neither the bulk composition obtained for the
(001) plane specimens of the two samples (crystals) of barite showed
important differences (Fig. 3). A minor difference was only observed for
the isotope concentration of some elements (V for spinel, Ce for barite,
see Fig. S2 and Table S5). Nevertheless, this apparent discrepancy is
justified by the higher background that in some spectra does not allow
the quantification of ions with very low counts (e.g. V for spinel, Fig.
S2c). Big thermal tails of some peaks and overlapping can also interfere
in the quantification of minor or trace elements when they have close
mass-to-charge state ratios, as for the barium peak (barite) whose
thermal tail likely leads to Ce and La concertation underestimation, as
these elements have the 138 isotope in common. Although the results
are consistent for all minerals and crystallographic planes, the mea-
sured atomic percentages do not show stoichiometry. DC-evaporation
during the dead time of the detector, the efficiency of the multi-hit
events resolution, the loss of neutral desorbed atoms or molecules and
the complex decompose analysis of peak overlapping are only some of
the reasons explaining the general lack of stoichiometry for APT ana-
lysis (Devaraj et al., 2013; Larson et al., 2013b).

Interestingly, same elements but in different minerals showed dis-
tinct behavior. For example, the S concentration is very low for a sul-
phate in barite samples, while it is higher than the stoichiometric value
for a sulfide in galena. These two minerals belong to different crystal-
lographic systems (orthorhombic for barite, isometric for galena) and
most importantly the sulfur in their structure is differently coordinated
and has covalent bonding with oxygens in barite (Ba™ +—80427) and
ionic bonding with lead in galena (Pb™ *—827) (Fig.1). Also, a lack of
oxygen was measured for spinel and even more for barite (Table 1). The
O underestimation of APT analysis has already been observed pre-
viously, for example, for monazite (Fougerouse et al., 2018), hematite
(Bachhav et al., 2013) and apatites (Gordon et al., 2012) and has been
ascribed to several possible mechanisms (neutral species evaporation,
multi-hit events, dissociation of molecular ions during the flight path,
peaks overlapping).

It is worth noting that the experimental parameters have a great
influence on both the mass range of the spectrum (type of ions eva-
porated and detected) and the stoichiometry (percentage of evaporated
ions) (Devaraj et al., 2013; Mancini et al., 2014; Morris et al., 2018;
Weber et al., 2016). In this regard, a previous APT study on nano-
structural features of barite (Weber et al., 2016) documented a varia-
bility in the mass range of different specimens and attributed it to the
application of different pulse rates. In the same study, the APT spectrum
of barite showed, similarly to our results, intense peaks of Ba and a lack
of the bulk stoichiometry.

Our findings indicate that an effect of the crystallography structure
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Fig. 5. 3D reconstruction of representative tip-specimen for a) barite, b) galena and c) spinel.

(e.g. orthorhombic vs isometric system) and chemical composition (e.g.
sulphate vs sulfide) on the APT data may exist. For this reason, the
determination of the best experimetal conditions for the characteriza-
tion of each mineral by APT is paramout in order to obtain reliable data.
In the present study, the main objective was to evaluate the possible
effect of the crystallographic orientation on the APT analysis, hence, the
same parameters for all the runs were used in order to have as few
variables as possible. A rigorous evaluation of the accuracy of the APT
on the estimation of the mineral stoichiometry is not the aim of this
work and it needs a careful investigation using a sistemic variation of
the different experimental parameters.

Nevertheless, the overall absence of stoichiometric values does not
influence the assessment of APT data for different crystallographic
planes considering the consistency of the data obtained for each mi-
neral studied.

4.2. Atomic distribution: 2D and 3D reconstruction

3D tip reconstruction of the specimens (Fig. 5) show a quite
homogenous ions distribution for the three minerals studied, as ex-
pected for mainly isotropic and highly symmetric standard mineral
samples, and no crystallographic orientation effects were observed in
these reconstructions. Only in the case of barite, high concentration of
Cs and La is recorded on the top surface of the tip. This morphology is
very reproducible over the considered data sets and this finding agrees
with the study of Bunney et al. (2014) who observed a preferential
substitution of lanthanides along the (001) plane of barite. The pre-
ferential elements incorporation into the mineral structure has been
object of study since decades for its implication, for example, in geo-
chronology and trace and rare earth elements investigation (Paquette
and Reeder, 1995; Reeder and Rakovan, 1999). Based on our ob-
servations, APT proves to be a suitable technique for the study of the
crystallographic effect on the elements incorporation during crystal
growth and possibly of sector zoning. Although, because this is not the
object of the present study, we no further addressed this topic.

Recently, some APT studies of semiconductor material have docu-
mented a strong influence of the crystal axes on the atomic density
distribution and the local stoichiometry s (Diercks et al., 2013; Mancini
et al., 2014; Morris et al., 2019; Riley et al., 2012; Yao et al., 2010) and
have attributed it to the relation between the electric field distribution
on the sample surface and the sample crystallography (Mancini et al.,
2014). In these studies, surface areas of different ion density (e.g. pole
and line regions) were identified by 2D data reconstruction and cross-
sectional analysis. These regions showed different electric field gra-
dients and were associated with the specific specimen crystal planes.
For example, low density pole regions would correspond to low order
crystallographic planes (major crystallographic directions) and are
zones with high electric field gradients between the edges and the
center of the pole (Morris et al., 2019; Yao et al., 2010).

In order to evaluate the potential effect of the crystallographic

orientation on the distribution of the ion density in our samples, a 2D
ion density map for the principle ion species of each mineral and crystal
plane (O for spinel, Pb for galena and Ba for barite), was constructed.
2D maps of barite and galena specimens, which were extracted from
same and equivalent crystallographic planes respectively, do not show
difference of the ion density patterns (Fig. S3). In contrast, the spinel 2D
maps show almost specular configurations likely related to the sym-
metry of the two crystallographic planes analyzed (Fig. 6). Hence, there
exists a control of the crystallography itself on the ion density dis-
tribution (i.e. pole and line regions). However, this distribution is either
the same (barite and galena) or specular (spinel) for each pair of planes
analyzed and it does not affect neither the bulk composition nor the
spatial reconstruction of the minerals.

5. Conclusions

Atom probe tomography analysis of standard samples of three mi-
nerals (barite, galena and spinel) was performed in order to evaluate
the effect of the crystal orientation on the quality of APT geochemical
data and test its reproducibility. Two different surfaces were selected
for each mineral and no significant changes were found in the chemical
composition of the bulk for all the studied cases (same, equivalent and
non-equivalent crystallographic planes). The mass-to-charge ratio
spectra and the atomic percentages were the same, within the standard
deviation for each pair of surfaces compared. However, a relationship
between mineral crystallography and atom density distribution was
observed. Pole and line zones of low density were depicted by 2D
density plot of the reconstructed tip-specimens, but the distribution of
these zones does not change significantly with the crystal orientation,
pointing to the presence of a similar surface electric field pattern for
each plane and mineral.

Overall, our findings prove the negligible crystallographic orienta-
tion effect on APT geochemical analysis. Yet, our study is based on the
analysis of crystals used as standards and minerals with simple crystal
morphologies. Thus, our results may not be always applicable to the
APT characterization of highly anisotropic minerals and mineral sam-
ples whose crystallographic structure is considerably distant from the
ideal (i.e. with high density of lattice defects, vacancies, chemical
heterogeneities). Further investigation on a wide range of minerals of
different crystallographic systems and chemical groups and with
structural and compositional heterogeneity is needed in order to abroad
our understanding about the effect of the crystallographic orientation
on APT mineral characterization.
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a crystallography dependence of the atomic distribution pattern (i.e. distribution of the surface electric field).
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