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Analysis of the detected Fe ion charge states from laser-assisted field evaporation of magnetite

(Fe3O4) reveals unexpected trends as a function of laser pulse energy that break from conventional

post-ionization theory for metals. For Fe ions evaporated from magnetite, the effects of post-

ionization are partially offset by the increased prevalence of direct evaporation into higher charge

states with increasing laser pulse energy. Therefore, the final charge state is related to both the field

strength and the laser pulse energy, despite those variables themselves being intertwined when ana-

lyzing at a constant detection rate. Comparison of data collected at different base temperatures also

shows that the increased prevalence of Fe2þ at higher laser energies is possibly not a direct thermal

effect. Conversely, the ratio of 16Oþ:(16O2
þþ 16Oþ) is well correlated with field strength and unaf-

fected by laser pulse energy on its own, making it a better overall indicator of the field evaporation

conditions. Plotting the normalized field strength versus laser pulse energy also elucidates a non-

linear dependence, in agreement with the previous observations on semiconductors, which suggests

field-dependent laser absorption efficiency. Together these observations demonstrate that the field

evaporation process for laser-pulsed oxides exhibits fundamental differences from metallic speci-

mens that cannot be completely explained by post-ionization theory. Further theoretical studies,

combined with detailed analytical observations, are required to understand fully the field evapora-

tion process of non-metallic samples. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904802]

The commonplace analysis of non-metallic materials by

atom probe tomography (APT) is a relatively new develop-

ment made possible by the widespread availability of pulsed

laser APT systems.1–3 Many questions persist about the field

evaporation process of non-metallic specimens4 and the

interaction between the nanoscopic APT specimen and the

ultrafast lasers used to induce timed field evaporation.5

Recent studies6,7 have demonstrated that the band structure

of dielectric and semiconducting specimens is altered by the

intense electric field surrounding the APT specimen, poten-

tially reaching metallic-like behaviors. In light of this effect,

many regard the laser-assisted field evaporation of ions from

electrically insulating specimens to be quite similar to that of

metals where thermal pulsing is believed to be the dominant

evaporation mechanism.8

One widely accepted idea within field evaporation

theory is that of post-ionization. Briefly, post-ionization

involves the initial evaporation of an ion that is further ion-

ized into a higher charge state by tunneling of electron(s)

back to the tip. The probability for post-ionization is both

field and material dependent, with a higher field resulting in

a greater probability of post-ionization. Kingham derived

plots of the anticipated charge states as a function of field for

many metals9,10 and experimental confirmation exists11 for

many metals and Si. Post-ionization theory has not, however,

been explored in great detail with modern APT instruments

and non-metallic specimens. Ionic materials, in particular,

could present a unique complication since the atoms are

strongly polarized within the crystal itself. The Kingham dia-

grams explicitly assume that initial evaporation occurs as a

singly charged ion, while Kellogg noted12 that this assump-

tion may be violated at high laser energies even when ana-

lyzing covalently bonded Si. It is therefore of interest to

evaluate the measured charge states for an Fe oxide (magne-

tite, Fe3O4) as a function of laser pulse energy, base tempera-

ture, and field strength in the context of post-ionization

theory. Magnetite was chosen as a model oxide system for

its consistent stoichiometry, its relevance as an oxidation/

corrosion product,13,14 and its narrow band gap that makes it

an interesting ionic but nearly metallic material for consider-

ing field evaporation effects.15

APT specimens were prepared by focused ion beam lift

out and annular milling (2 kV Gaþ cleanup)16 from mineral-

ogical magnetite along the [111] direction. The crystal struc-

ture and orientation were confirmed by Laue backscatter

X-ray diffraction. APT determined the chemical purity to be

>99.9% Fe and O. APT analyses used a LEAP 4000 XSi31
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and a LEAP 4000 XHR (Cameca Instruments), hereafter

referred to as the Si and HR tools, with identical UV lasers

(250 kHz repetition rate, k¼ 355 nm, and �12 ps pulse dura-

tion) and focusing optics. The HR tool has a reflectron lens,

while the Si tool has a straight flight path. The nominal detec-

tion rates (0.3% or 0.003 detected ions/pulse and 0.45% on the

HR and Si tools, respectively) were set for a similar evapora-

tion rate (�0.008 evaporated ions/pulse in the field of view).

All data from both tools were collected from a single tip, neg-

ating potential tip-to-tip variability, and approximately 6� 105

ions were collected at each condition, discarding the first

1� 105 ions to allow tip equilibration. The effects of laser

pulse energy (0.05 pJ/pulse to 40 pJ/pulse), detection rate

(0.3%–0.9% on the HR tool), and base temperature (40–120 K

on the Si tool) were explored. The base pressure of the HR

tool was 1.6� 10�9 Pa at 40 K and that of the Si tool was

9.6� 10�9 Pa at 40 K and 1.0� 10�8 Pa at 120 K. Data analy-

ses were performed with IVAS v3.6.6 (Cameca Instruments).

The Fe charge state fraction (Fe CSF) and O ionic fraction (O

IF) are described by CSF ¼ Fe2þ=ðFe1þ þ Fe2þÞ and

IF ¼ O1þ=ðO1þ þ O1þ
2 Þ. The counting error is described as

2r ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fið1� fiÞ=N

p
(two times the standard deviation),

where fi is the calculated fraction and N is the total number of

ions contributing to that fraction. Note that FeH1þ (more prev-

alent in the Si tool) was considered the same as Fe1þ.

Although not discussed here, the measured O concentration

across all parameter space was O deficient compared to the

nominal oxide stoichiometry. Representative mass spectra can

be found in supplementary material.17

The relationship between laser pulse energy and normal-

ized field strength for magnetite is shown in Figure 1(a) at

40 K and 0.45% detection rate (Si tool), where the normal-

ized field strength (F/F0) is defined as F=F0 ¼ V=V0, and F0

and V0 (7250 V) are established at the lowest laser pulse

energy (0.1 pJ/pulse). The voltage rise for collecting each

data point is added to V0 sequentially (�15 V/measurement)

and the uncertainty in voltage is estimated as 675 V for laser

drift. The linear relationship between field strength and the

natural logarithm of laser pulse energy is somewhat surpris-

ing since metals consistently show a direct linear relationship

between field and laser pulse energy.8,18,19 The Fe CSF and

the O IF are plotted versus normalized field strength in Fig.

1(b). The Fe CSF exhibits a parabolic relationship with field

strength that is inconsistent with post-ionization theory. As

field decreases (corresponding to an increase in laser pulse

energy) from 1.0, the Fe CSF decreases by 2.1% from 0.94

to 0.92. As the field decreases further, this trend reverses and

the Fe CSF increases. This conflicts with post-ionization

theory that predicts a further decrease in Fe CSF with the

decreasing field strength. Quantification of molecular disso-

ciations events17,20,21 altered the Fe CSF by �0.05% for

10M ion datasets at both 40 pJ/pulse and 1.2 pJ/pulse and

can therefore be generally neglected. Conversely, the O IF
follows a monotonically decreasing but non-linear response

with decreasing field strength. Because laser pulse energy is

a more accessible experimental parameter, it is used in place

of normalized field in the following figures, but the relation-

ship shown in Fig. 1(a) can approximate the corresponding

changes in field strength.

Measurements of the Fe CSF and O IF as a function of

laser pulse energy at base temperatures of 40 K and 120 K

(Si tool, 0.45% detection rate) and separately at detection

rates of 0.3% and 0.9% (HR tool, 40 K) are shown in Figure

2. Increasing the base temperature depresses the Fe CSF,

which is consistent with expectations from post-ionization

theory as the field decreases to maintain the same evapora-

tion rate. However, the trend for increasing Fe CSF with

laser pulse energy persists at 120 K, and this is inconsistent

with post-ionization theory. The effect of tripling the detec-

tion rate from 0.3% to 0.9%, thereby increasing the evapora-

tion field by �3.5%, is confounded by the parabolic nature

of the Fe CSF/laser pulse energy relationship. At laser pulse

energies less than �20 pJ/pulse, the Fe CSF is higher at

0.9% than at 0.3% detection rate, while the opposite is true

for laser energies greater than �20 pJ/pulse. This is counter-

intuitive with respect to post-ionization theory, wherein a

higher standing field should universally generate a higher

overall charge state. Instead, the minimum of the parabolic

curve of the Fe CSF shifts to a higher laser pulse energy

when the detection rate is increased causing the crossover at

�20 pJ/pulse. Conversely, the O IF universally exhibits

FIG. 1. Plots of (a) the normalized field strength (F/F0) versus laser pulse

energy (E) and (b) the mean Fe CSF (left axis) and ratio of O IF (right axis)

as a function of the normalized field strength. (Si tool, 40 K and 0.45%

detection rate.)
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field-dependent behaviors consistent with Fig. 1(b) of a

higher fraction of O1þ at higher fields for both a higher

detection rate and a lower base temperature.

Measurements at a fixed voltage and varied laser pulse

energy delineate the effects of laser energy from field

strength. The voltage (6670 V) was first established at a

detection rate of 0.3% and 1.2 pJ/pulse and the laser pulse

energy was increased to 2.4 pJ/pulse and then 5 pJ/pulse

without changing the voltage (HR tool at 40 K), increasing

the detection rate to 0.57 6 0.07% and 1.18 6 0.12%, respec-

tively. These data are plotted against data collected at a

voltage-controlled, fixed 0.3% detection rate in Figures 3(a)

and 3(b). If post-ionization dominated the Fe CSF, increas-

ing the laser pulse energy at a fixed field strength would

have a negligible effect on the measured Fe CSF. Such is the

case for the O IF that is unchanged by increasing the laser

pulse energy at a fixed field, but the Fe CSF instead increases

with laser pulse energy. Therefore, it can be concluded that

the O IF is primarily field dependent, while the Fe CSF is

also directly correlated with laser pulse energy. With this in

mind, the Fe CSF from Fig. 2(a) is replotted against the O IF
at 40 K and 120 K. Assuming that the O IF is strictly field de-

pendent, as suggested by Fig. 3(b), the O IF reflects the field

strength (Fig. 1(b)) and can show indirectly the field-

independent effect of base temperature on the Fe CSF. For a

given O IF (i.e., field strength), the Fe CSF is universally

lower at the higher base temperature. This is directly oppo-

site the effect of increasing the laser energy at a fixed field

strength, as shown in Fig. 3(a) in which a higher laser energy

resulted in a higher Fe CSF. It can therefore be inferred that

laser energy and base temperature have opposite effects on

the Fe CSF in this parameter space.

Overall, the field evaporation of magnetite exhibits

unanticipated features. First, the dependence of evaporation

field on laser pulse energy shows an exponential relationship

rather than the linear relationship documented for metallic

specimens.8,18,19 It has been suggested that for semiconduc-

tors, this non-linearity is a result of increased laser absorp-

tion efficiency as the field strength increases, causing the

surface temperature at a fixed laser intensity to increase with

field strength.19 This explanation also seems plausible for

magnetite, which is itself a narrow bandgap semiconduc-

tor,22 although more comprehensive studies as a function of

temperature are needed to prove this outright. The local elec-

trode geometry used here is not ideal to address temperature

dependencies because the field enhancement factor is highly

FIG. 2. (a) Plots of the Fe CSF (left axis) and the O IF (right axis) versus

laser pulse energy at base temperatures of 40 K (black) and 120 K (red).

Data from the Si tool at a detection rate of 0.45%. (b) Similar plots at detec-

tion rates of 0.3% and 0.9%. Data collected with the HR tool at a base tem-

perature of 40 K.
FIG. 3. Plots of (a) the Fe CSF and (b) the O IF with a voltage controlled,

fixed detection rate (black squares) or with a fixed voltage (i.e., fixed evapo-

ration field) and unrestricted detection rate (blue asterisk) as a function of

laser pulse energy. The reference voltage was established at 1.2 pJ/pulse and

0.3% detection rate. Data collected with HR tool at a base temperature of

40 K. (c) Data from Fig. 2(a) replotted as Fe CSF versus O IF for 40 and

120 K and a fixed detection rate of 0.45%.
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sensitive to the specimen-to-electrode distance, which

changes with temperature due to thermal expansion. While

this can be partially compensated by repositioning the tip,

more comprehensive temperature-field studies on nonmetals

should instead use far-field electrode geometry tomographs.

Nonetheless, the exponential field/laser pulse energy rela-

tionship shows a strong divergence from metallic field evap-

oration behavior.

Second, the Fe CSF for magnetite is not dictated exclu-

sively by field-dependent post-ionization effects. Instead, it

depends upon both post-ionization from singly charged to

doubly charged Fe and direct evaporation as Fe2þ which

becomes more energetically favorable at higher laser ener-

gies. Since these two trends are counter-indicated at a fixed

detection rate, the resulting Fe CSF versus laser pulse energy

can exhibit a parabolic relationship. Kellogg similarly

observed the disappearance and reappearance of Si2þ as the

field strength was decreased by increasing the laser pulse

energy,12 but this does not appear to have been documented

previously for oxides.23,24 Note that image hump model pre-

dictions of the evaporation field strengths25 for the dications

Fe2þ and Si2þ are lower than those for Fe1þ and Si1þ, which

could partially explain the observed trends in comparison to

Mg and Zn oxides in which the dications evaporate at higher

field strengths.24 It is also shown that the laser energy de-

pendence of the Fe CSF may not be a direct thermal effect.

Increasing the base temperature from 40 K to 120 K

depressed the Fe CSF for a given O IF, which is seemingly

well-correlated with field strength, while increasing the laser

energy at a fixed field strength unambiguously increased

only the Fe CSF. More direct temperature-field studies could

clarify this inferred correlation. Although not included here,

we have made similar observations of the Fe CSF versus

laser pulse energy, temperature, and detection rate for

w€ustite (Fe1�xO) and hematite (a-Fe2O3). Therefore, it is

unlikely that these trends are unique to magnetite, which

exhibits complicated phase changes at cryogenic tempera-

tures,22 whereas w€ustite and hematite do not.

In contrast to the Fe CSF, the O IF varied monotonically

with field strength. Bachhav et al. also showed this for

w€ustite,26 wherein they interpreted the peak at a mass-to-

charge-state ratio of 16 Da as 16O2
2þ. This peak assignment

is generally ambiguous between 16Oþ and 16O2
2þ and its

identification was sensible as the trends in the ratio of

O2
2þ:O2

1þ were consistent with post-ionization theory and

also improved the overall oxide stoichiometry. However,

subsequent studies27,28 using 18O isotopic labelled a-Fe2O3

and SiO2 showed that the 16 Da peak is (within experimental

error) exclusively 16Oþ and the observed trends were more

likely of O1þ:O2
1þ, similar to the O IF, and are unrelated to

post-ionization. Nonetheless, this ratio is a more reliable in-

dicator of the field evaporation conditions than is the Fe

CSF. Similarly, the O1þ:O2
1þ ratio was a useful indicator of

evaporation conditions for hydroxyapatite [Ca5(PO4)3(OH)]

where the cations were observed with only a single charge

state.29 Little attention has been given to the field depend-

ence of molecular ion formation through experiments30 or

modeling.6 Considering the consistent field dependence of

the O IF, further attention should be given for understanding

molecular ion evaporation and its potential as a metric for

reproducible analysis conditions in materials that exhibit mo-

lecular ion formation.

In summary, the charge states of Fe and the ionic frac-

tion of O to O2 species have been systematically analyzed as

a function of laser pulse energy, field strength, base tempera-

ture, and detection rate. The Fe CSF varied with both laser

pulse energy and field strength due to a competition between

post-ionization at higher field strengths and direct evapora-

tion into higher charge states at higher laser energies.

Conversely, the O IF varied consistently with field strength

and is a more reliable metric of the field evaporation condi-

tions. Finally, the normalized field strength varied with the

natural logarithm of laser pulse energy rather than the linear

relationship observed for metallic specimens.
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