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Introducing field evaporation energy loss
spectroscopy
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Retrieving information on the chemical and bonding states of atoms in a material in three-

dimensions is challenging even for the most advanced imaging techniques. Here, we

demonstrate that this information is accessible via straight-flight-path atom probe tomo-

graphy experimental data, however it requires additional processing. Using an activation

energy model that involves linear field dependance, and complementing it with DFT simu-

lations, we extract the ion energy loss related to the kinetics of the field evaporation process

from the mass peak shape. In turn, we reconstruct how evaporated atoms were originally

bound to the surface. We name our data processing approach evaporation energy loss

spectroscopy (FEELS), and showcase its application by analyzing microstructural features and

defects in an array of metallic materials. Finally, we discuss the general applicability of FEELS

to any atom probe data set.
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There is a gap in the cornucopia of microscopy and
microanalysis techniques to achieve a three-dimensional
technique able to access the binding state of atoms with a

resolution better than a nanometer. We introduce here a data-
analysis approach that makes it easier to quantify the activation
kinetics of field evaporation, in the low-activation-energy regime
where voltage-pulsed atom-probe tomography (VPAPT) takes
place. If a further theory can be put in place that quantitatively
links these activation-related parameters to parameters relating to
surface-atom binding, as we firmly hope, then it will become
possible to extract surface-binding-related information from APT
measurements. For the time being this is a topic for ongoing
research, but our new data-analysis approach will enable the
building-up of relevant databases.

APT uses an intense electrostatic field generated at the apex of
a sharp needle-shaped specimen to locally break atomic bonds
between surface atoms, allowing precise control of their removal1.
The atoms constituting the material itself are thus ionized and
projected by the divergent electrostatic field, and collected by a
position- and time-sensitive single-particle detector. Post-
processing algorithms are used to assign an elemental nature to
each ion using time-of-flight mass spectrometry (TOF-MS) and
to reconstruct a 3D near-atomic scale map of the field evaporated
volume2,3. APT allows compositional analysis of individual
microstructural features with a high sensitivity4.

However, strong differences in the surface atoms’ binding
strength change the electrostatic field required for their field
evaporation. Hence, it alters the sequences in which the atoms
are removed1 and mesoscale changes in the specimen shape that
lead to trajectory aberrations5–8, reconstruction artefacts9, and
species-specific losses due to preferential field evaporation of a
species10–12. Those effects combine to limit the ultimate spatial
resolution of the technique7,13–18 and to prevent the direct
imaging of the complete crystalline lattice14,19–21. Field eva-
poration has been studied extensively in the past22,23 for the
possible ability to measure directly and locally binding energy of
single adatoms (i.e. an isolated atom in contact with the surface
of a crystal) Early experimental efforts were based on mea-
surements of the applied desorption field strengths and com-
parisons to desorption models. In practice, the local surface
field is a difficult experimental parameter to measure since the
surface reorganizes itself under field evaporation conditions.
The electrostatic field is measured indirectly using average
values derived from the applied voltage hinders the derivation
of the binding energies that are related to the local atomic
environment and curvature24. By following the sequence of field
evaporation, some local information on the binding nature of
atoms was achieved experimentally by Boll et al.25. However,
only a few examples have been presented, due to the complexity
of the method26. Besides these methods based on the observa-
tion of the field evaporation behavior, Ernst and coworkers27

proposed to measure directly the absolute energy of field-
evaporated atoms using retarding potential experiments. Bind-
ing energies of surface atoms under the presence of a high field
were accurately measured28, but the apparatus can not be used
simultaneously with three-dimensional reconstruction from
APT measurements.

Recent studies29–31 have proposed the use of multiple field
evaporation events to infer bonding mechanisms in thermo-
electric and phase change materials, but APT cannot readily
inform on the energetics of atomic bonds inside the material
itself, merely at its surface under an intense electrostatic field.
After data mining, the spatial resolution at the near-atomic scale
is also lost and the relationship between the chemical state of an
atom and its field evaporation behavior cannot be readily
determined.

Correlative workflows enable to combine APT composition
measurements with structural and chemical analyses using
(scanning) transmission electron microscopy ((S)TEM). (S)TEM
can retrieve grain orientations, the structure of interfaces or
complex phases, structural defects such as interfaces, dislocations,
slip bands, or stacking faults32, as well as direct probing of phy-
sical properties33,34. Spectroscopy of the energy lost by the elec-
trons exiting the imaged specimen (electron energy loss
spectroscopy—EELS) provides chemical information in a two-
dimensional projection through the specimen thickness, with a
resolution approaching single-atomic columns. Contrary to APT,
EELS provides direct information on inter-atomic bonding or on
local modes of electronic or phonon vibration inside the observed
thin section of the material35,36. Nevertheless, the chemical sen-
sitivity of (S)TEM-based methods is only around 1 at.%36, and the
projected image makes the precise analysis of small micro-
structural features embedded in a matrix challenging.

Here, we showcase how APT has the promise of bringing
insights into the binding of surface atoms in field evaporation
conditions by reprocessing existing datasets. Please note that,
herein, the term APT only refers to the voltage pulse straight-
flight-path instruments without ion optical devices (e.g. a
reflectron)37–40. This is because any energy compensation41–43

interfering with the ions trajectories suppresses this information
related to the energy deficits (i.e. mass peak tail) induced by
nanosecond voltage pulses.

From the physics of field evaporation, we derive a parameter
(with the dimensions of energy) that relates to the rate-of-change
of activation energy Q with field F, when the activation energy is
close to zero and Q can be considered a linear function of F. We
call this the C-value. We assume that, when appropriate linking
theory is in place, this C-value will be able to inform on the
energetics of local surface atomic neighborhoods that can be
mapped in 3D at the nanometer scale. As already indicated, the
development of reliable linking theory is an ongoing research
problem. For clarity, we note that the C-value is different from
the sublimation energy. Physically, in simple pictures of field
evaporation, the C-value and the field evaporation activation
energy from which it is derived can be seen as related to the
energy needed to stretch and break the bond between the field-
evaporated atoms and their first nearest neighbors. Making reli-
able experimental determinations of C-values is a first step
towards APT investigations of surface-bonding energetics, and
these determinations can be done more successfully and more
easily by FEELS than by earlier methods. We report the appli-
cation of FEELS to pure metals and metal alloys, including
structural defects, to demonstrate that useful and potentially
highly important determinations of C-values can be made.
Hopefully, future theoretical advances will show definitively that
these C-values can be reliably converted to provide a three-
dimensional mapping of C-value variations at the nanoscale,
unlocking other ways for advancing the understanding of
structure-property relationships in a wide range of materials.

Results
Sublimation energy, binding energy of surface atoms under
electrostatic field, and field evaporation process. Prior to field
evaporating, a surface atom is partially charged, in accordance
with Gauss’ theorem. Under field evaporation conditions, a sur-
face atom (named an “adatom” in this paper) is initially bound
with a certain binding energy close to the sublimation energy Λ.
State-of-the-art models for field evaporation interpret the tran-
sition from a surface-bound atom to a departed and projected ion
as a thermodynamic process. At cryogenic temperature
T= 20−100 K, the atom overcomes an energy barrier of a few
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tenths of an electron volt, lowered by the intense electrostatic
field F44.

Current calculation methods45–49 based on density-functional
theory (DFT) or molecular dynamics (MD) demonstrate that the
complete assessment of the evolution of this energy barrier as a
function of the applied field, noted Q(F), is possible but remains
challenging. Indeed, the relaxation of surface atom positions
under the strong stress of the Maxwell forces induced by the
surface field is necessary at each step of the computation46.
Nevertheless, current DFT-based models now reproduced a near
quantitative evolution of the energetic of the first step of field
evaporation on various metal surfaces and atomic arrangements.
The barrier, Q(F), becomes 0 with the application of a sufficient
surface electrostatic field referred to as the zero barrier
evaporation field (ZBEF) FEV, which is dependent on the
elemental nature of the field evaporating atom and its direct
surrounding neighbors (Fig. 1). Our DFT-based calculation46,48

suggest that the evaporation is a universal mechanism governed
by a two-stage process: a rollover event, followed by the actual
departure from the surface. Each of these stages has its own
energy barrier. At a high field (F > 0.85FEV), the rollover is
predominant. The adatom travels to a departing site, where it
experiences a much lower field evaporation barrier. During this
process, the energy follows a smooth bond-stretching trend
governing the evolution of the energy barrier as a function of the
displacement of the adatom. Surprisingly, for the small Q-values
applicable to the VPAPT regime (Fig. 1a), the evolution of the
energy barrier Q(F) can be well approximated by a linear function
(Eq. (1))46,49. The slope of the decay depends directly on the
shape and size of the barrier encountered by the field evaporating
atoms, which means that this decay is an indirect assessment of
how strongly adatom is bound to its first neighbors during its
displacement on the surface. This two-stage process was
postulated as early as 197450 and an analytical model was
proposed by Wada51. In Wada’s interpretation the zero-field
barrier energy is simply the difference in binding energies
between the kink-site position and the position after the field-
induced roll-over, which agrees with recent atomistic
simulations48 During APT measurement, the specimen is
maintained at a cryogenic temperature T < 100 K and atoms are
removed from the surface by an applied electrostatic field very
close to the ZBEF (F > 0.85FEV)44. The field is generated by a high
DC voltage applied on the sharp needle and the atom’s bond

breaking is triggered by a high nanosecond voltage pulse with an
amplitude of 10−25% of the DC voltage applied on the counter
electrode. The field evaporation sequence follows an Arrhenius
law Φ (Eq. (1)) that is dependent on the energy barrier Q(F) and
the temperature of analysis T1.

Non-linearities of Q(F) linked to the path of the adatom at the
surface during the escaping process were reported
experimentally51 and predicted45–49, but only under a low field
(F < 0.85FEV), which is not typically used in APT experiments,
even at the applied DC-voltage (Fig. 1).

QðFÞ ¼ C 1� F
FEV
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Experimentally, only measurements of the energy barrier
evolution as a function of the flux were reported for W52. By
precisely measuring the evaporation flux Φ as a function of the
specimen base temperature T and the applied field F, both studies
show linear decrease of Q(F) as predicted by DFT46. The linearity
of the energy barrier as a function of the applied field is expected
in most of materials, as indirectly observed in field ion
microscopy51. However, since there are no quantitative experi-
mental data available on Al, we also performed a series of APT
experiments for temperatures from 25 to 100 K to verify the
linearity of Q(F) (Supplementary Note 1).

From a linear plot of Q(F), we can identify the parameter C in
Eq. (1) as the slope of this plot. Estimates of C have previously
been made by measuring FEV fluxes or rate-constant. However,
such methods have several limits. They require dedicated and
meticulous experiments and are only applicable to pure metals
and the user must consider variations from one specimen to
another. We, therefore, looked for alternatives to evaluate the
parameter C. In APT, it is commonly assumed that the ions leave
at the maximum of the voltage pulse and are nearly instanta-
neously accelerated to their final velocity to be collected by the
spatial and time-sensitive detector. The ion time-of-flight is
calculated and the energy conservation law is therefore used to
define the mass-to-charge ratio of the species and plot the
corresponding mass peaks2 (Supplementary Note 2).

In reality, atoms are field evaporated following the Arrhenius law
(Eq. (1)) and thus the majority leave around the maximum of the
voltage pulse with a small energy deficit δ53. Consequently, the

Fig. 1 Qualitative representation of the field evaporation process of a surface atom. a Field evaporation principle of a surface atom and qualitative
representation of the field evaporation energy barrier evolution as a function of the field. b Qualitative representation of field evaporation of an atom
depending on the surface structure. C1: the configuration corresponds to a pure material. C2: the configuration corresponds to a solute atom in a matrix. C3:
the configuration corresponds to a binary structure. C4: The configuration corresponds to a ternary structure. The list of configurations is none exhaustive.
c Qualitative form of the corresponding mass peak to the field evaporation sequence. The mass peak tail involves a function of the energy deficit δ induced
by the voltage pulse. The mass peak presents a linear tail in log scale with a slope factor of a=−Cx/kBT. In this example, a depends on the parameter Cx
since the temperature T is considered constant. We consider C1 (dark red) > C2 (red) > C3 (light red) > C4 (pink).
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evolution of the mass-to-charge M with respect to the expected
value M0 for the isotopic mass of the known elements can be
directly provided by the estimation of δ (Fig. 1), since this error is
larger than any other sources of errors such as uncertainty on the
time or length measurements53. This leads to mass peaks with a
well-known tail decaying over several percent relative to M0.
Analytically, it has been shown that its slope can be evaluated by
the factor a=−C/kBT in log-scale54. We can therefore conclude
that each individual mass peak represents an image of the energy
barrier as a function of the field Q(F) (Supplementary Note 2) and
thereby gives information on the early stages of the field
evaporation process. Because of the different local atomic
environments, the parameter C for the considered atoms varies,
leading cumulatively, to mass peaks with slower or faster decay, i.e.
with different negative slopes a=−C/kBT in log-scale54 (Fig. 1c).

Figure 1 shows a qualitative representation of the field
evaporation of an atom departing from four different surface
neighborhoods. Since the analysis temperature T is assumed
constant during the experiment, the value of C can be directly
extracted, for instance here C1 > C2 > C3 > C4 (Fig. 1b).

If the crystal structure is uniform for a pure material (e.g.
Supplementary Note 2, Supplementary Fig. 7), the variation of the
temperature T leads to a modification of the mass peak slope that
is measurable. From the previous data on the pure Al specimen
analyzed at 20 to 100 K, we have evaluated the C parameter by
using a model to fit the corresponding mass peak shape
(Supplementary Note 2). These values were compared with those
obtained by the classical experimental method on the same
specimen. (Supplementary Note 1, Supplementary Fig. 1). We
obtained comparable results of C= 0.5 ± 0.1 eV.

Because Al mainly field evaporates as Al+ and Al2+, we also
measure the slope factor on the Al2+ mass peak. In this case, the
measurements show a very limited dependence on the charge state,
as predicted by the post-ionization theory55. The slight difference,
<10%, can be explained by dynamic effects caused by the voltage
pulse early during the ion flight56 (Supplementary Note 2).

To verify the robustness of our proposed methodology, we
measured the C-value for other pure materials from existing data
sets and compared it to the literature. For Ni, we found
C= 0.82 ± 0.1 eV. In a recent study from Hatzoglou et al.12, the
C-value of Ni varied from C= 0.76 eV in NiCu to C= 1.17 eV in
FeCrNi, which is consistent with our measurement.

For W, we found C= 1.8 ± 0.1 eV, i.e. slightly lower than
the experimental report of Kellogg et al.52 at 2.2−2.7 eV. The
measurement done on the W4+ (C= 1.8 eV) confirms also the

post-ionization theory55 since are no dynamic effects for this ion
mass category56.

Note that our proposed method of evaluation of this value of
the parameter C is dependent on the linearity of the mass peak
tail, the level of background towards the base of the mass peak,
and the error in the measurement of the specimen’s temperature
(±10%). We also assumed that the activation energy on the top of
the pulse (i.e. F= FEV) is 0 eV, whereas it can still range between
0.1 and 0.2 eV, which can induce a shift in the value. We estimate
the uncertainty on the measurement of C to be approximately
(±10%). However, the approach we have introduced herein has
the advantage of being easily applicable to any material analyzed
by voltage pulse straight-flight-path APT. It provides a quick and
accurate assessment of the field evaporation conditions in a
reconstructed dataset.

Local measurement of the parameter C. In alloys, the field
evaporation process depends on the atoms that constitute the
material and on the local atomic organizations, composition, and
structures (e.g. Fig. 1), such as precipitates. Thus, the ZBEF of one
phase may be higher (or lower) than the other and is closely
related to the conventional binding energy of the atoms8,11,57.
Here we showcase this in the analysis of an AlAg alloy containing
Ag-rich precipitates after extracting the mass spectra of the Ag-
rich precipitates (Fig. 2a) and Al-rich matrix (Fig. 2b).

Figure 2c shows the mass peaks of Ag+ from these two regions.
As observed, the mass peaks’ tail slopes are clearly different. The
value of the parameter C is 60% higher in the precipitate than in
the matrix. This difference is less visible for Al+ mass peaks,
around 4% higher in the Al-rich matrix (Supplementary Note 3).
These observations are complementary to those made in the
study of Marquis et al.8 to explain chromatic aberrations.

We have done similar measurements in the analysis of an AlLi
alloy containing Li-rich precipitates58. Again, the C-value of Li or
Al atoms differ as a function of the local structure (Supplemen-
tary Note 3). In these latter measurements, we should consider
dynamics effects56 that influence the measurement by enlarging
the Li+ and Al2+ mass peak tails, so that we under-estimate the
real C-value of around 10%.

Introducing FEELS: analysis of a structural defect. Since the
precision of our measurements of the parameter C is related to a
quantity of atoms contained in a mass peak tail, voxelization should
allow for measuring the variation of C across an APT volume. This

Fig. 2 Experimental measurement of the C-value in AlAg analyzed at T= 80 K with a pulse fraction of 20%. a Visualization of the AlAg precipitate. b Al
matrix with a residual amount of Ag (<2%). c Evaluation of the mass peak tail slope factor (Supplementary Note 2) (blue). The value of the slope factor
a=−50 gives a C= 0.345 eV for Ag atoms in the matrix (red). The value of the slope factor a=−80 gives a C= 0.552 eV for Ag atoms in the
precipitates.
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simple approach is what we termed as field evaporation energy loss
spectroscopy (FEELS). A difference of only tens of atoms between
two mass peak tails can be sufficient to reveal a change in C by
several percent (Supplementary Note 4). Because these measure-
ments are done locally, the data processing algorithms typically
used on commercial instruments (i.e. bowl and voltage
corrections9) do not influence the measurement. However, some
errors can appear on the limits of the analyzed volume, i.e. edges of
the detector, due to poorer counting statistics.

For a first application, we revisited the APT analysis of a
Σ3[110](111) grain boundary, i.e. a region separating two grains
of similar crystal structure, in pure Al specimen59. In the
reconstructed volume (Fig. 3a), the grain boundary is made
visible by a lower point density caused by trajectory aberrations60.
Previous reports on this specific dataset59 showed no change in
composition at the grain boundary itself.

However, the local crystalline structure changes: this special
grain boundary exhibits a local hexagonal close-packed structure,
whereas the crystal structure of the grains is face-centered cubic,
which should lead to different field evaporation behavior as
demonstrated by DFT calculations (Supplementary Note 5). To
experimentally verify this hypothesis, we plotted the mass
spectrum in each of the two regions-of-interest identified in blue
and in red in the inset (Fig. 3b). As a result, the slopes are
identical over most of the mass peaks, but strongly differ above
27.75 Da, showcasing an increased energy loss for some atoms on
the grain boundary. This first result shows, that FEELS is sensitive
enough to reveal the difference in the field evaporation process
between the grain boundary and the crystal, and can hence image

structural defects. These observations corroborated by DFT
calculations show a very close correlation between the evolution
of Q(F) and the similar evolution of the mass peak tail
(Supplementary Note 5 and Supplementary Data).

To visualize the structural changes across the global recon-
structed volume, we evaluated the relative quantity of ions
contained in the tail, i.e. with a high energy loss denoted AlHEL,
and compared it to the rising edge of the mass peak AlLEL, i.e.
with a low energy loss (Fig. 3c). Thus, we obtained a FEELS
mapping that can be visualized in three-dimensions with a
resolution in the nanometer range. In Fig. 3d, we can clearly
observe the grain boundary.

Applying FEELS: highlighting structural changes. We now used
FEELS on a more complex structure to investigate structural and/
or chemical changes. We used an existing data set of a FeBSi
metallic glass, crystallized by annealing at 900 °C.61 After iden-
tification of the constituents in the mass spectrum, we recon-
structed the volume and extracted mass spectra from a B-rich FeB
phase (black mass spectrum) and a Si-rich FeSi phase (gray mass
spectrum) from two identically-sized sub-volumes inside each
phase (Fig. 4a).

As shown in Fig. 4a the Fe mass peak tails from the two phases
appear widely different, evidencing differences in the C value and
hence field evaporation behavior between the two phases. The
FeB phase is crystalline, but field evaporation proceeds experi-
mentally by burst, indicating a complex process of erosion. The
rolling-up motion of atoms on the surface of the FeB phase prior
to field evaporation may also be more pronounced11,29. This is

Fig. 3 Experimental measurement of the C-value in a Σ3 Al[110](111) analyzed at 60 K. a Reconstructed volume. The grain boundary presents a low
density of atoms and a curvy atomic arrangement may be due to rolling-up effects. b Al+ mass peaks associated with the two selected volumes inside the
volume: (blue) in the grain boundary, (red) in the crystal. c Al+ mass peak from the volume. (red) AlLEL atoms with low energy loss (LEL) (gray) AlHEL
atoms from the tail, with high energy loss (HEL). d FEELS representation of the grain boundary after applying a plane projection of the AlHEL/AlLEL
composition map to increase visibility. L and H on the color bar represent respectively FeLEL and FeHEL.
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reflected by the presence of a larger tail of Fe2+, i.e. higher energy
loss compared to the FeSi phase, where the field evaporation
appears more controlled, as it was observed in FIM61.

To realize a FEELS mapping of the Fe elements, we consider
the Fe mass spectrum of the entire dataset (Fig. 4b and c). We
identified Fe from the rising edge of the mass peaks, FeLEL, Fe
from the tail, FeHEL, and reconstructed the volume. FeLEL atoms
are mostly contained in the FeSi phase; whereas FeHEL atoms are
segregated into the FeB phase (Fig. 4b).

Surprisingly, FEELS also highlights the presence of a grain
boundary inside the FeSi phase (Fig. 4c), i.e. enabling to perform
structural analysis that can be elusive to conventional APT.
FEELS mapping of the complete 3D-reconstructed volume reveals
the entire distribution (Supplementary movie 1).

Another example of application on a FeBSi sample annealed
for an hour at 500 °C is presented in Supplementary Note 6. In
this experiment, we expected two crystalline phases FeSi and FeB,
however, FEELS reveals a third phase. The composition
measurement shows no distinction with a FeB phase, so we
believe that the crystalline structure is locally different. Further
studies are underway to verify this hypothesis.

Conclusion
In the first part, we demonstrated that the mass peaks in APT are
not only useful to identify and quantify elements in the analysis,
but their shape encodes information regarding the binding of an
atom with its neighborhood and energetic aspects related to the
field evaporation process. The measurement of the slope of the
mass peak tails allows us to extract easily the parameter C.

With this methodology, a database can already be started and
populated by revisiting existing analyses. This will help to confirm
and compare the different values found from further ongoing DFT
studies. In the configuration of the state-of-the-art instruments
(LEAP 5000XS), measurements are reliable for a wide range of
elements with a mass-to-charge ratio above ~15 Da, below which
the dynamic effects associated with the voltage pulse amplify the
error. It should be improved by reconsidering the dynamic effects
in the mass spectra optimization algorithms or by reducing the
dynamic effects by coupling the voltage pulse to the tip as was
proposed previously56. Optimization of the C-value measurement
should be possible by tabulating mass peak enlargements associated
with the voltage pulse fraction and DC Voltage amplitude.

In the second part, we introduced FEELS to map changes in
C-value at the nanoscale. We have showcased the possibility to
discriminate between phases, i.e. precipitates in a matrix, between
structural defects and their surroundings, and enabling to reveal
of microstructural details that were elusive to conventional APT
analysis, such as a grain boundary. FEELS offers wide possibilities
to revisit and complement conventional APT analyses, in parti-
cular in search for possible microstructural features, particularly
structural defects, that had remained hidden within existing data
and could hence be targeted for structural and compositional
analyses. We expect to achieve detection of dislocations or defects
such as vacancy clusters for instance.

For the moment, our approach is only amenable for voltage
pulse straight-flight-path APT analysis, but further studies are
already engaged to investigate possibilities to apply the method to
reflectron-fitted atom probes. Indeed the ion time-of-flight dis-
persion induced by the energetic distribution in these instruments
is simply reduced2. It means the information is still present but
first-order energy deficits are transformed into second-order
terms, making them more difficult to be evaluated and analyzed.
A post-processing method could aim to deconvolute this com-
pression to retrieve the parameter C. This also means that mass
spectra of materials requiring laser pulse APT mode could be
analyzed and explored using coupled voltage/laser pulsing modes
that are available in the latest generation of atom probes62

opening the FEELS to a wider range of applications.

Methods
The pure tungsten specimen was prepared from a wire oriented, along the 〈011〉
direction, and prepared by electrochemical polishing with a solution of 5% NaOH
in water with a voltage in the range of 1−5 V. Pure Al specimen was prepared
using an electropolishing method with 1−10% perchloric acid in methanol with a
voltage in the range of 5−8 V. Pure Ni specimen was prepared using an electro-
polishing method with 10% perchloric acid 70%, 20% glycerol in ethanol. The final
step is done with 2% perchloric acid in 2-butoxyethanol. The voltage range is 22V.
Further details on the electropolishing method can be found in the literature14,23,63.

The Σ3[110](111) grain boundary volume comes from a pure Al (>99.99%) used
to form bi-crystals via the Bridgman technique. The crystals were sectioned using a
diamond wire saw into rectangular blocks that were 3 mm long, 1 mm wide, and
500 μm thick. The grain boundary was placed end on when looking at the 3 × 1 mm
face, and 45° away from the longest axis of the block. One 3 × 1 mm face was
mechanically polished for a few tens of microns using 1200 and then 4000 grit SiC
paper. The block was then dipped into an aqueous solution of HNO3, HCl, and HF
to optically reveal the GB. Further information can be found in ref. 59.

Fig. 4 Experimental measurement of the C-value in a FeBSi annealed at 900 °C analyzed at 50 K. a Reconstructed volume: (green) Si in FeSi phase,
(blue) B in FeB phase. The corresponding phase mass spectrum is plotted: (green) FeSi phase, (blue) FeB phase. b FEELS utilization on Fe2+ mass peak of
the entire dataset: (red) FeLEL, (gray) FeHEL. (Black square) Visualization of the FeSi grain boundary by the FEELS method. The FeB phase and the grain
boundary show a high energy loss of Fe. c FEELS representation of the FeSi grain boundary in yellow on colormap. The relative concentration of FeHEL atoms
to FeLEL atoms in the mass spectrum is represented with a color scale. L is a low density and H is a high density. The grain boundary appears with a medium
concentration in yellow. Blue dots represent B atoms in the Fe2B phase.
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The AlAg alloy was prepared with Al−3 at.% Ag aged at 300 °C for 3 min, which
produced 8–15-nm-diameter GP zones containing 34 at.% Ag. The specimens were
prepared using standard electropolishing solutions. Further information can be
found in ref. 8.

The AlLi alloy was annealed for 8 h at 500 °C. The needle-shaped specimens
were then fabricated by electropolishing in a solution of 25% perchloric acid in
glacial acetic acid with a 10−12 VDC, followed by a second stage of fine polishing
under a binocular microscope with 2% perchloric in 2-butoxyethanol with a
20−25 VDC. Further information can be found in ref. 64.

The FeBSi metallic glass alloy’s initial composition is 77.5% of Fe, 15% of B, and
7.5% of Si. The specimen originally presents an amorphous structure that was
crystallized at 500 or 900 °C for an hour. Needle shape specimens were prepared by
focused ion beam (FIB) preparation using a xenon plasma-focused ion beam
instrument14,23,63.

Atom Probe experiments were done using a straight flight path LEAP series62 in
classical conditions. The voltage pulse fraction was 15% or 20% and the applied
temperature was under 100 K.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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