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Abstract 10 

This paper explores the experimental condi/ons required to achieve an apparent stoichiometric 11 

composi/on measurement in MgO using near ultraviolet (NUV; 355 nm) and extreme ultraviolet (EUV; 12 

≈29 nm) pulsed laser sources in atom probe tomography. MgO shows strong composi/on bias under 13 

both NUV and EUV laser pulsing. The expected 1:1 bulk composi/on can be achieved in both EUV and 14 

NUV pulsing at high average nanoscale field (low laser pulse energy), as indicated by either the Mg++ 15 

charge state frac/on or the O+ ionic frac/on in a constant evapora/on rate experiment. We report 16 

oxygen-rich composi/on measurements in MgO for the first /me. Regardless of the laser wavelength, 17 

pulse frequency, or detec/on rate, the data falls on a single calibra/on curve of oxygen concentra/on as 18 

a func/on of the Mg++ charge state frac/on except at the highest near ultraviolet laser pulse energy 19 

tested. These results indicate that for a material with a poten/al sub-gap absorp/on mechanism such as 20 

MgO, pulsing with higher photon energy does not confer addi/onal benefit in terms of composi/on 21 

measurement. The average nanoscale field is the primary experimental parameter that can be used to 22 

achieve a stoichiometric composi/on measurement, except for when NUV laser pulsing at high laser 23 

pulse energy.   24 
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 27 

1. Introduc/on 28 

Atom probe tomography (APT) is a unique and powerful tool for atomic scale materials analysis. It can 29 

provide composi/on informa/on on arbitrarily shaped nanoscale volumes of material with high 30 

analy/cal sensi/vity across the en/re periodic table. While precise, it’s u/lity to accurately measure 31 

composi/on in unknown materials or phases can be limited by so-called composi/on bias. Composi/on 32 

bias is the difference between the true, spa/ally-resolved composi/on of the specimen and the apparent 33 

spa/ally-resolved composi/on as measured by APT, and is oden a func/on of the experimental 34 

condi/ons used to collect the data (e.g. laser pulse energy, ion detec/on rate, or base temperature) 35 

and/or where the par/cular region of interest (ROI) is placed. For example, it has been shown that a 36 

variety of compound and wide bandgap semiconductor materials exhibit varying apparent composi/on 37 

as a func/on of the experimental condi/ons [1–17]. Strong composi/onal bias was demonstrated on a 38 

variety of iron oxides [18–22], and a large study of mineralogical materials demonstrated that some 39 

species such as arsenopyrite (AsFeS) and barite (BaSO4) can exhibit strong composi/onal [23].  40 

 41 

For materials such as pure single crystal GaN, that can only exist in the stoichiometric state, this error 42 

from composi/onal bias can be overcome by performing careful calibra/on experiments or by applying 43 

known tooling factors to the measurement results. However, if the material or phase of interest is 44 

unknown a priori (e.g. iden/fying the phase of a mixed ca/on transi/on metal corrosion product) or if 45 

the system can exist as several dis/nct, closely related compounds (e.g. the series of chromium or 46 

uranium oxides) or accommodate some level of non-stoichiometry on a con/nuum (e.g. through oxygen 47 



vacancy in tungsten oxides or iron vacancies in iron sulfides), then performing atom probe tomography 48 

to determine the actual composi/on of an unknown specimen is nearly impossible.  49 

Oxides comprise a large class of technologically important materials that are difficult to measure 50 

accurately in atom probe tomography due to several inter-related factors, many of which are not fully 51 

understood at this /me. They oden show strong composi/on bias, and the general trend is that while 52 

occasionally there are reports of stoichiometric or oxygen-rich measurements [24–26], oxides are almost 53 

always measured to be oxygen deficient in atom probe tomography [8,18–22,27–45]. Recently, it was 54 

shown that using coherent extreme ultraviolet (EUV) radia/on to perform atom probe tomography may 55 

confer some benefit in terms of composi/on bias and measuring the oxygen concentra/on in amorphous 56 

SiO2, perhaps due to an absorp/on-localized hea/ng mechanism or possibly even athermal ioniza/on 57 

[26].  58 

 59 

Building on those results, MgO is an interes/ng test case material to examine using EUV radia/on for 60 

several reasons. The bulk op/cal bandgap of MgO is 7.8 eV yet MgO has been rou/nely analyzed in APT 61 

using near ultraviolet (NUV; λ = 355 nm, Ephoton= 3.5 eV) and even green (λ = 532 nm, Ephoton=2.3 eV) 62 

lasers [1,46–52]. However, there are no reports in the literature of a stoichiometric MgO composi/on 63 

measurement in APT where the peak at 16 m/z was ranged as O+ instead of O2
++. Labeling the 16 m/z 64 

peak as O2
++ increases the apparent oxygen concentra/on, however 18O labeled studies have shown that 65 

the 16 m/z peak consists of only O+ in other oxides [22,28]. Pump-probe laser desorp/on studies on 66 

cleaved single crystal surfaces using deep ultraviolet (Ephoton = 4.7 eV and 6.4 eV) excita/on have shown 67 

that both neutral ion and posi/ve ion emission occurs in MgO [53–56]. It has been posited that 68 

absorp/on and ioniza/on of MgO under sub-gap, near ultraviolet (NUV) radia/on in APT proceeds 69 

through a process involving photoexcited holes [46,57,58]. Further, these holes may contribute to the 70 

crea/on of oxygen neutrals that desorb as atomic O or molecular O2, thus greatly affec/ng composi/on 71 



measurements [59]. Other studies point out the possible contribu/on to absorp/on of Franz-Keldysh 72 

effects, defects introduced during sample prepara/on, and importantly, closing of the bandgap at the 73 

surface due to the high standing voltage [60–62]. An open ques/on is whether performing atom probe 74 

tomography using EUV radia/on, which is well above the bulk op/cal bandgap of MgO, would produce 75 

the same results, occur by the same mechanism(s), and whether EUV radia/on would reduce 76 

composi/on bias in the measurement of oxygen concentra/on compared to NUV laser pulsing.  77 

 78 

The goal of this work is to study the field evapora/on behavior of MgO<001> under EUV laser 79 

illumina/on and compare that to results obtained using an NUV laser source. The laser pulse energy and 80 

detec/on rate were varied for both wavelengths. The pulse frequency (repe//on rate) was varied for the 81 

NUV study; the EUV APT operates at a fixed pulse frequency. We compare the observed composi/on bias 82 

and aqempt to understand the condi/ons that lead to a stoichiometric measurement in this material.  83 

 84 

2. Experimental Methods 85 

Single crystal, single-side polished MgO<001> substrates used for this study were purchased from MTI 86 

Corpora/on1. APT specimens were prepared using standard lid-out procedures [63]. Wedges were 87 

mounted on Hitachi NanoMesh Si-based half-grids and shaped using 30 kV 69Ga+ ions with a final polish 88 

at 5 kV. The resul/ng /ps had shank half-angles in the range of approximately 7° to 10°. Atom probe 89 

tomography was performed on two straight flight path local electrode atom probe instruments. The first 90 

was a CAMECA LEAP 4000X-Si near-ultraviolet (NUV) commercial instrument with a wavelength of λ=355 91 

nm (Ephoton=3.5 eV). The second was the Na/onal Ins/tute of Standards and Technology (NIST) Extreme 92 

 
1 Commercial equipment, instruments, or materials are identified only in order to adequately specify 
certain procedures. In no case does such identification imply recommendation or endorsement by the 
National Institute of Standards and Technology, nor does it imply that the products identified are 
necessarily the best available for the purpose. 
 



Ultraviolet Atom Probe (EUV APT), which is based on a LEAP 4000X-Si plauorm and used a wavelength of 93 

approximately λ≈29 nm (Ephoton≈41.85 eV). For more informa/on on the details of the EUV atom probe 94 

instrument and genera/on of coherent EUV light for atom probe tomography, please see Refs. [64,65]. 95 

APT data were collected in constant detec/on rate (DR) mode with a constant laser pulse energy for 96 

each experimental condi/on.  A variety of laser pulse energies were tested with a base temperature 97 

setpoint of 50 K and DRs of 1 % and 10 % (0.01 ions/pulse and 0.1 ions/pulse, respec/vely). The pulse 98 

frequency of the EUV APT was 25 kHz. NUV data was collected at both 25 kHz and 250 kHz pulse 99 

frequencies. Approximately 500,000 total ions were collected at each experimental condi/on.  100 

 101 

The laser pulse energies in this study were varied by orders of magnitude in both systems, as much as 102 

the instrument would prac/cally allow. In the NUV system five orders of magnitude could be achieved 103 

whereas in the EUV system, four orders were achieved. The data were collected using five different 104 

specimens and laser pulse energies were varied randomly for cases where the same nominal pulse rate 105 

and detec/on rate were used for sequen/al experiments. The laser pulse energies were varied randomly 106 

in order to decouple the decrease in field accompanying any (slight) increase in radius as the specimen is 107 

evaporated.  108 

 109 

In the EUV system, laser pulse energy orders of magnitude are reported as “percent transmission” (% T). 110 

This is because the laser pulse energy used for an experiment is controlled by inser/ng combina/ons of 111 

thin (200 nm – 2,000 nm) Al filters into the beamline [64]. These are indexed by the measured frac/onal 112 

transmission of the various filter combina/ons (compared to having no insertable filters; there is always 113 

one fixed filter that is not varied) onto a photodiode and recorded as “% T”. Since the actual EUV 114 

experiments were performed by physically inser/ng combina/ons of Al filters to vary the frac/onal 115 

transmission by orders of magnitude, the EUV data will be presented as % T.  116 



 117 

This % T can be converted into a nominal laser pulse energy in joules using the known responsivity curve 118 

of the photodiode. However, this number is not directly useful for comparison with NUV data since the 119 

focused laser spot size and therefore the fluence and number of photons per unit area in these systems 120 

are very different. For reference, assuming a FWHM beam diameter of ≈2 um in the NUV and ≈12 µm in 121 

the EUV, 5 % T in the EUV system is approximately equivalent to 5 pJ of laser pulse energy (but spread 122 

over a much larger spot). In terms of equivalent fluence, which accounts for the spot size, 0.1 pJ in the 123 

commercial LEAP 4000/NUV system (approx. 6x10-6 J/cm2) is approximately the same fluence as 5 % T in 124 

the EUV system (3x10-6 J/cm2).  125 

 126 

Data were analyzed using CAMECA IVAS 3.8 commercial atom probe sodware. The peak at 16 m/z was 127 

ranged exclusively as O+ based on previous reports which used 18O to verify that the peak at 16 m/z did 128 

not contain O2
++ for other oxides [22,28]. Ranging the 16 m/z peak as O2

++ as was done in [49] would 129 

result in an ar/ficially high apparent oxygen concentra/on.   130 

 131 

Mass calibra/on was performed using only the single-hit counts for the Mg+ peak at 24 m/z. In both the 132 

NUV and EUV datasets, the Mg+ peaks showed peak splizng, the nature and magnitude of which varied 133 

as a func/on of the laser wavelength and laser pulse energy (see below). For the purposes of mass 134 

calibra/on, it was assumed that the peak with the highest number of single hit counts would be placed 135 

at the proper loca/on for the expected 24Mg+ isotope. For the NUV data, this method ensured that there 136 

was always 24Mg+ peak present for every laser pulse energy but resulted in consistent pre-peaks in the 137 

data. Conversely, the EUV data calibrated the same way shows post-peaks or bimodal tails for the 24Mg+ 138 

peaks.  139 

 140 



The Decomposi/on of Peaks algorithm within IVAS 3.8 was used for all data sets to separate the 141 

contribu/ons of the O2
+ ion and the Mg2O++ ion in the peaks near 32 m/z. This method employs a local 142 

range assist power law-based background subtrac/on method that also includes a global /me of flight 143 

correc/on. We note that alterna/ve background subtrac/on methods (e.g. local range assisted with 144 

constant background, or only the global /me-of-flight correc/on) may yield different results (see 145 

Supplementary Informa/on). The default ranging scheme in the Decomposi/on of Peaks algorithm (0.1 146 

m/z before, 0.2 m/z ader the peak for a total constant range of 0.3 m/z) was used for all peaks except for 147 

the Mg+ ions. For the Mg+ peaks, the presence of consistent pre-peaks in the NUV data and the large, 148 

bimodal tails in the EUV data necessitated the ranging of these ions manually. A similar approach was 149 

used to the default method, where the ranges were set at 0.1 m/z before the first peak and 0.2 m/z ader 150 

last peak. Note that this method may result in a total range for Mg+ ions that is oden larger than 0.3 m/z. 151 

These ranging schemes (16 m/z = O+ and Mg+ ranged manually) may skew the results slightly toward Mg-152 

rich concentra/ons on the order of ~ 0.1 % for the highest laser pulse energies as the total counts in the 153 

Mg+ peaks are very low, especially in the NUV data. Despite the alternate ranging methods used, the 154 

overall trend in MgO composi/on as a func/on of LPE reported below remains consistent. 155 

 156 

The Mg++ charge state frac/on (CSF) is defined as 24Mg++/(24Mg+ + 24Mg++), as the 24Mg+++ ion was not 157 

observed in our data.  Only 24Mg ions were used as they avoid any possible contribu/on of hydrides to 158 

the calcula/on. The CSF was calculated using the en/re ROI. Thus, it represents a spa/al average (x-y, 159 

and z) and neglects varia/on with depth as well as any localized perturba/ons that come from the 160 

indica/ons of crystallography (crystal pole, zone lines) in the desorp/on map, when present [66]. For 161 

some experimental condi/ons, there may be varia/ons of the ionic charge states due to the strong 162 

<001> pole and associated zone lines, as seen in other crystalline materials [67]. However, since all /ps 163 

were fabricated from a single crystal and are the same crystallographic orienta/on, any zone- or 164 



crystallography-related ar/facts are radially symmetric and would contribute the same to all data. We 165 

assume that the CSF is posi/vely correlated with the nanoscale field [68] (e.g. these materials 166 

qualita/vely obey the theory of post-field ioniza/on [69]), and so we refer to the nanoscale field 167 

specifically as the “average nanoscale field” to emphasize that it is a spa/al average.  168 

 169 

The CSF was used rather than the charge state ra/o (CSR; defined as Mg++/Mg+) as it does not suffer from 170 

the divide by zero issue that arises for high CSRs. Using the CSR instead of the CSF lead to large varia/on 171 

in the calculated CSF or even an undefined number depending on exactly how the peaks were ranged 172 

and how the background was subtracted.  173 

 174 

Due to the various factors involved in crea/on of the EUV light and the nature of high harmonic 175 

genera/on in a gas-filled capillary (e.g. the harmonic character of the spectrum can vary day to day [70], 176 

as well as factors related to long-term pump laser diode stability, steering and focusing the beam, and 177 

the photodiode response, we es/mate the error associated with the reported EUV laser pulse energy (% 178 

T) is roughly between 20 % to 30 %. This is based on our characteriza/on and tracking over /me. This 179 

does not affect the main results and interpreta/on presented here as the results are presented on a log 180 

scale with four orders of magnitude varia/on in laser pulse energy.   181 

 182 

Sta/s/cal (Type A) uncertainty for the composi/on and CSF calcula/ons is on the order of a tenth of a 183 

percent or less and does not affect the results or the conclusions presented from the data. We believe a 184 

more significant contribu/on to the uncertainty in the measurement is the various sources of error that 185 

contribute to Type B uncertainty [71,72]. Type B uncertainty is the component of the overall uncertainty 186 

arising from systema/c effects. These components of uncertainty are not unique to insulators and apply 187 

to all atom probe tomography measurements. These include for example the method of peak ranging 188 



(e.g. was the full-width tenth-maximum, full-width half-maximum, or a fixed range used), the method of 189 

background subtrac/on (e.g. was the global /me of flight or a local-range assist method in m/z space 190 

used), and any addi/onal error associated with using isotopic abundances as the basis for the 191 

Deconvolu/on of Peaks algorithm within CAMECA IVAS [73,74]. We es/mate Type B uncertainty to be on 192 

the order of +/- 1 %. 193 

 194 

3. Results 195 



  196 



Figure 1: Raw mass spectra (not background corrected) binned at 0.01 m/z per bin and displayed on a 197 

logarithmic scale ranging from 100 to 105 counts. Shown here are the highest and lowest laser pulse 198 

energies examined for both NUV and EUV covering the range of pulse frequencies (25 kHz, 250 kHz) and 199 

detec/on rates (1 % and 10 %) studied. The mass spectrum ion assignments are denoted along the top. 200 

Note: the regions in gray are not the ranges used for composi/onal analysis; they are simply shown to 201 

guide the eye as to the assigned ion type for each set of peaks. For Hx
+, 1 ≤ x ≤ 3. This data is available at 202 

hqps://data.nist.gov/od/id/mds2-4005.  203 

 204 

Figure 1 shows representa/ve mass spectra covering the range of experimental condi/ons tested here. 205 

For space and clarity, only the mass spectra for the highest and lowest laser pulse energy for each 206 

wavelength and each condi/on (pulse frequency and detec/on rate for NUV and detec/on rate for EUV) 207 

are shown. The regions shaded in gray were not used for the calcula/on of composi/on; instead, they 208 

are shown to guide the eye as to the assigned ion type for each set of peaks. The mass spectra are 209 

comprised of the following peaks, which are not always present under all condi/ons: H+, H2
+, H3

+, Mg++, 210 

MgH++, O+, Mg+, Mg2O++, O2
+, MgO+, MgO2

+, and Ga+. The Ga concentra/on for the datasets ranged from 211 

undetected to 0.39 at. %. Of the 23 datasets used in this paper, 20 had Ga concentra/ons less than 0.1 212 

at. %. Mul/ple hit events for these samples range from 27 % to 73 %. Mul/ple hit percentages are higher 213 

for the EUV data compared to the NUV data. Also, in general, mul/ple hit events are higher for lower 214 

laser pulse energies and higher detec/on rates. As expected, they are related to the average nanoscale 215 

field. A table containing the measured Ga concentra/on and the mul/ple hit percentage can be found in 216 

the Supplementary Informa/on. There are what appear to be very small (< 10 counts) Si-related peaks in 217 

the mass spectrum for some of the datasets. These likely come from parasi/c spires on the Si NanoMesh 218 

grid. These were not included in the calcula/on of oxygen concentra/on.  219 

 220 



 221 

 222 

Figure 2: (a) Mg++ charge state frac/on as a func/on of NUV laser pulse energy. (b) Measured oxygen 223 

concentra/on as a func/on of NUV laser pulse energy. (c) Mg++ charge state frac/on as a func/on of EUV 224 

% transmission. (d) Measured oxygen concentra/on as a func/on of EUV % transmission. For both data 225 

sets, the average Mg++ charge state frac/on is monotonic and non-linear with the laser pulse energy (or 226 

% T). In (b,d) the expected stoichiometry is indicated.  227 

 228 

The Mg++ CSF and the apparent oxygen concentra/on as a func/on of laser pulse energy or % T are 229 

reported for both NUV and EUV wavelengths in Figure 2. For both data sets, the average Mg++ CSF is 230 

monotonic and non-linear with the laser pulse energy with the Mg++ CSF increasing as the laser pulse 231 

energy is decreased. This makes intui/ve sense in a constant detec/on rate laser pulse experiment if one 232 



assumes that the CSF is correlated with the average nanoscale field, as proposed by Kingham [69]. Any 233 

poten/al increases in radius that occur as a specimen is field evaporated will increase the field of view 234 

thus decreasing both the overall flux per unit area of the /p and the average nanoscale field over /me. 235 

However, these overall field decreases are far outweighed by the surface field changes necessary to 236 

maintain a constant evapora/on rate because of the order of magnitude changes in laser pulse energy 237 

and therefore evapora/on temperature [4,75].  238 

 239 

For a given laser pulse energy, the Mg++ CSF increases as the detec/on rate is increased from 1 % to 10 % 240 

as the specimen necessarily experiences a higher average surface electric field at a higher detec/on rate. 241 

This suggests, again, that the Mg++ CSF is well correlated with the average surface electric field in these 242 

experiments. Finally, for NUV laser pulsing, the laser pulse frequency does not appear to have a clear, 243 

strong effect on the observed Mg++ CSF.   244 

 245 

The apparent oxygen concentra/on measured here varies as a func/on of laser pulse energy for both 246 

EUV and NUV experiments. In general, except for the NUV data collected at 100 pJ (regardless of the 247 

pulse frequency or the detec/on rate), the oxygen concentra/on increases with decreasing laser pulse 248 

energy and increasing Mg++ CSF (average nanoscale field). This observa/on is consistent with other 249 

reports in the literature that measured the oxygen concentra/on as a func/on of the laser pulse energy 250 

[49] or the Mg++ CSR [1]. However, unlike in those studies, we report measured oxygen concentra/ons 251 

that reach the expected 50 % value and, in some cases of high average nanoscale field, exceed that value 252 

while ranging the peak at 16 m/z as O+ as suggested by previous 18O isotope labeling studies in other 253 

oxides [22,28]. 254 

 255 

 256 



4. Discussion  257 

For both the NUV and EUV data, the peak splizng of the Mg+ ions in this study presented a unique 258 

challenge for mass spectrum calibra/on and ranging. In all the NUV data collected (Figure 3), the Mg+ 259 

ions showed peak splizng where the magnitude of the rela/ve sizes of the split peaks varied 260 

propor/onally with the laser pulse energy. For consistency, the 24Mg+ peak with the highest single hit 261 

count was used for mass calibra/on of the Mg+ ions. For the NUV data, this highest single count peak 262 

was always also the higher m/z peak of the two. The result is that the NUV data consistently shows Mg+ 263 

pre-peaks throughout the five orders of magnitude range of laser pulse energies studied here. Since the 264 

rela/ve height of the lower m/z peak increases as the laser pulse energy is increased, this scheme leads 265 

to the consistent presence of a 24Mg+ peak in all the NUV data. If the lower m/z peak had been used as 266 

24Mg+ to calibrate the data, then the prominent sharp “tail”, offset by ~ +0.1 m/z, would eventually 267 

overtake the height of the actual peak at 24 m/z. Notably, all of the other peaks present in the mass 268 

spectrum showed a sharp onset, did not show signs peak splizng, and did not present a challenge for 269 

mass spectrum calibra/on nor ranging.  270 

 271 

In ranging this NUV data with such prominent peak splizng present, the Mg concentra/on would be 272 

slightly underes/mated when using the default 0.3 m/z range in the IVAS Decomposi/on of Peaks tool 273 

for several reasons. First, when using the default range scheme, the automa/c “local range assist” 274 

background subtrac/on method for this peak is not accurate as it considers the pre-peak as a part of the 275 

local background when performing the calcula/on and sezng the local background level. This 276 

underes/mates the amount of Mg+ as a result. Second, in using the default ranges, the significant pre-277 

peak would nearly always be excluded, even though in some cases the counts are nearly equal to or 278 

higher than the counts in the higher m/z peak. In short, the default ranging scheme ignores the pre-279 



peak, causes errors in the background subtrac/on algorithm, and thus ar/ficially undercounts the Mg 280 

concentra/on.  281 

Ranging the Mg+ peaks manually as previously described ensures that Mg is not systema/cally 282 

undercounted and also ensures that the background subtrac/on is accurate and the oxygen-rich Mg 283 

concentra/ons measured in this study are reasonable. The Mg++ peak is always the highest peak in the 284 

overall mass spectrum. In any case, the counts in the Mg+ peak are rela/vely low even for high laser 285 

pulse energies/small CSFs, and so changing the ranging of the Mg+ ions does not change the overall 286 

measured composi/on notably. If the Mg+ peaks were ranged using the default method, the measured 287 

composi/on was found to vary by less than 0.1 % for the highest laser pulse energies.  288 

 289 

Figure 3: (a) Unbinned, uncorrected 250 kHz NUV mass spectra near 24 m/z (Mg+) showing total counts, 290 

single hit counts, and mul/ple hit counts. In the NUV data, the rela/ve height of the apparent pre-peak 291 



increases with increasing laser pulse energy and at 100 pJ the peak heights are nearly iden/cal. (b) Mass 292 

spectrum near 24 m/z for the 10 pJ dataset showing the result of the default Decomposi/on of Peaks 293 

ranging scheme (-0.1 m/z, + 0.2 m/z) compared to the manual ranging scheme described above. The 294 

default ranging scheme ignores the pre-peak, causes errors in the background subtrac/on algorithm, and 295 

thus ar/ficially undercounts the Mg concentra/on.  296 

 297 

The EUV data for the Mg+ ions (Figure 4) also showed complex behavior as a func/on of laser pulse 298 

energy. Mass calibra/on was performed similarly to the NUV data, e.g. the peak with the highest single 299 

hit counts (in contrast to the NUV data, for EUV is always the lower m/z peak) was used for the 24Mg+ ion 300 

in mass calibra/on. For EUV ranging, again, using the default 0.3 m/z range in the Decomposi/on of 301 

Peaks code in IVAS would result in undercoun/ng the Mg due to the large, prominent bimodal tail. These 302 

peaks were also ranged manually in the same way as the NUV, oden resul/ng in ranges > 0.3 m/z. We 303 

believe that this method more accurately represents the Mg counts measured in these experiments.  304 



 305 

Figure 4: (a) Unbinned, uncorrected EUV mass spectra near 24 m/z (Mg+) showing total counts, single hit 306 

counts, and mul/ple hit counts. In the EUV data, the rela/ve height of the post-peak increases with 307 

decreasing laser pulse energy and at 0.05 % T the peak heights are nearly iden/cal. (b) Mass spectrum 308 

near 24 m/z for the 0.5 % T dataset showing the result of the default Decomposi/on of Peaks ranging 309 

scheme (-0.1 m/z, + 0.2 m/z) compared to the manual ranging scheme described above. The default 310 

ranging scheme ignores the significant post peak(s).  311 

 312 

One possible source of peak splizng in APT mass spectra is an incomplete voltage and bowl correc/on. 313 

However, when this occurs, it applies to all peaks similarly. Since there are also peaks in the mass spectra 314 

that have a sharp onset and do not show splizng (e.g. O+, O2
+/Mg2O++, MgO+, etc.), we do not believe 315 

this observa/on is a result of a bad voltage/bowl correc/on. Another possible source of peak splizng is 316 



an electrosta/cally induced systema/c energy deficit [76]. Such deficits have been observed previously in 317 

insula/ng materials; however, a correc/on was applied to the data here and it did not improve the mass 318 

spectra. The peak splizng observed here also does not appear to be the results of a fast versus slow 319 

cooling effect (so-called “bright side/darks side” effect) as had been observed in previous studies of MgO 320 

and other oxides using green and NUV light [48,77]. This was verified as seen in Figure 5 by spa/ally sub-321 

ranging the detector rela/ve to the direc/on of the incident laser illumina/on and observing the rela/ve 322 

posi/on of the Mg+ peaks. For the laser fluences used here, there was no observed shid in the posi/on 323 

of the Mg+ peaks in the mass spectrum as a func/on of the posi/on on the detector.  324 

 325 

 326 

Figure 5: Uncorrected Mg+ mass spectra for 100 pJ 250 kHz NUV data collected at 1 % DR and binned to 327 

0.01 m/z per bin. The detector was spa/ally segmented as described in [77] and the resul/ng mass 328 

spectra are ploqed above. There is no shid in the Mg+ peaks as a result of the spa/al posi/on on the 329 

detector, implying that the peak splizng is not the result of slow cooling as had been observed 330 

previously using a different type of instrument with a much larger (100 µm) focused spot and 343 nm 331 

light [48]. 332 

 333 

 334 



Instead, we suppose the observed Mg+ peak splizng may be aqributed to complex ion dissocia/ons e.g. 335 

Mg2O++ à Mg+ + MgO+, MgO++ à Mg+ + O+, or MgO2
+ à Mg+ + O2. Such dissocia/ons are frequently 336 

observed in APT of various materials including oxides, carbides, and nitrides [2,78–82] . In NUV pulsing 337 

the Mg+ pre-peaks (containing a high propor/on of mul/ple hit counts) could be explained by the 338 

dissocia/on MgO++ à Mg+ + O+. Since Mg+ is the higher m/z daughter product of the dissocia/on, it 339 

would appear at slightly lower m/z than expected (e.g. as a pre-peak) compared to if had it ionized and 340 

desorbed directly [76,83]. Conversely, for EUV pulsing the dissocia/on of Mg2O++ à Mg+ + MgO+ leads to 341 

the lighter daughter ion (Mg+) appearing at a higher m/z than expected (e.g. as a tail). This peak splizng 342 

is a func/on of the laser wavelength only in as much as the laser wavelength and the associated details 343 

of the evapora/on process may lead to the forma/on and dissocia/on of different species of complex 344 

ions. Of note, we have also collected data from the same MgO single crystal in a CAMECA Invizo 6000 345 

straight flight path atom probe instrument equipped with a deep ultraviolet laser (l=257 nm; Ephoton=4.8 346 

eV). That data was collected at similar condi/ons (e.g. 1 pJ, 50 kHz, and 1 % DR) and we observed 347 

splizng of the Mg+ peaks (see Supplementary Informa/on). Collec/ng data from the same specimen on 348 

three different straight flight path atom probe instruments all with rela/vely small spot sizes ( ≈ 2 µm – 3 349 

µm for the commercial instruments and ≈12 µm for the EUV instrument) demonstrate that it is not an 350 

instrument issue.   351 

 352 

The idea that the Mg+ peaks are split due to dissocia/on-related energy deficits is supported by some ab 353 

ini,o calcula/ons as well as density func/onal theory calcula/ons on MgO clusters that show that Mg 354 

should primarily evaporate directly into the Mg++ charge state [57,58,61,84]. This supports the idea that 355 

Mg+ detected in the mass spectra observed here may come at least par/ally from complex ion 356 

dissocia/on. There are faint dissocia/on tracks in correla/on histograms (see Supplementary 357 

Informa/on) for both data sets corresponding to these dissocia/on pathways, but due to the rela/vely 358 



low number of total counts in each mass spectrum, there was no further aqempt at quan/fica/on. The 359 

lack of clear dissocia/on tracks does not negate the possibility that complex ion dissocia/ons contribute 360 

to the peak splizng observed here. Complex or ultrafast dissocia/ons (e.g. a 3-body dissocia/on or 361 

homoly/c dissocia/on) can be difficult to detect and interpret in a correla/on histogram even without 362 

sparse data. Note that peak splizng of this nature would not be observed in an instrument equipped 363 

with a reflectron energy compensa/ng lens, and this may explain why such peak splizng was not noted 364 

in previous studies of single crystal MgO [49,50]. 365 

 366 

As seen in Figure 3 for the NUV data, the mul/ple hit count for the Mg+ peaks were always higher than 367 

the single hit counts for every laser pulse energy tested. In contrast, Figure 4 demonstrates that for the 368 

EUV data the single hit count was large for high % T (high “laser pulse energy”, corresponding to lower 369 

average nanoscale fields) and decreased rela/ve to the number of mul/ple counts as the % T decreased. 370 

At the lowest % T (highest average nanoscale field), the total Mg+ counts were very low and there were 371 

virtually no single hits.  372 

 373 

A calibra/on curve (Figure 6) can be created for MgO by combining the data in Figure 2. All the data, 374 

independent of the laser wavelength, pulse frequency, and detec/on rate, follows a curve - except for 375 

the 100 pJ NUV experiments - and can prescrip/vely provide the Mg++ CSF required to achieve a 376 

stoichiometric measurement in this material. This points to the importance of the apex electrosta/cs 377 

and the importance of the average surface electric field in determining the oxygen stoichiometry in this 378 

strongly insula/ng, ionic material, at least at moderate laser pulse energies (defined here as 10 pJ and 379 

below, for NUV pulsing).  380 

 381 



 382 

Figure 6: Oxygen concentra/on as a func/on of the Mg++ CSF (a proxy for the average nanoscale field). 383 

The horizontal line at 50 at. % indicates the expected stoichiometric oxygen concentra/on. Except for the 384 

100 pJ NUV data (circled), the rest of the data forms a “calibra/on curve” and demonstrates that higher 385 

Mg++ CSFs yield higher measured oxygen concentra/ons. This curve also demonstrates that regardless of 386 

the laser wavelength, oxygen concentra/ons of greater than 50 % can be observed at high average 387 

nanoscale fields as the Mg++ CSF approaches 1.0.   388 

 389 

In aqempt to further understand the unexpectedly low oxygen concentra/on measured at 100 pJ (given 390 

that the Mg++ CSF curve in Fig. 2a is monotonic and decreasing as expected for a constant evapora/on 391 

rate experiment), the O+ ionic frac/on (IF) defined as O+/(O+ + O2
+) was calculated. This serves as a 392 

second, independent indicator of the rela/ve magnitude of the nanoscale surface field. In fact, in some 393 

transi/on metal oxides, O/O2 ra/os have been shown to be a beqer, more reliable indicator of the 394 

surface electric field condi/ons compared to metal ca/on ra/os [19–21]. However, as shown in Figure 7 395 

the O+ IF also shows a strong correla/on with laser pulse energy that is nearly linear on a semi-log plot. 396 

This indicates that the nanoscale surface field present at 100 pJ trends as expected. At 100 pJ, MgO 397 

appears to have an ar/ficially “high” apparent measured oxygen concentra/on given the observed Mg++ 398 

CSF. It is the measured oxygen concentra/on that is the anomaly, not the average nanoscale field. This 399 



was consistent and repeatable in our experiments. To further verify the data collected at 100 pJ is not a 400 

discon/nuous outlier, addi/onal measurements were made for NUV pulsing at 250 kHz and 1 % DR at 25 401 

pJ, 50 pJ, and 75 pJ (see Supplementary Informa/on). The curve of laser pulse energy versus oxygen 402 

concentra/on for NUV pulsing is con/nuous, thus demonstra/ng that the 100 pJ data is real and not an 403 

outlier or an issue with the laser (e.g. a bad spot on the neutral density filter). Finally, 2D detector maps 404 

of the Mg+ and Mg++ ion concentra/ons (see Supplementary Informa/on) verify that the specimens show 405 

the same crystal pole in the same loca/on as well as display radial symmetry even at the highest NUV 406 

laser pulse energies. This means that the spa/al average CSF calculated using the en/re ROI is a valid 407 

assump/on, even at 100 pJ.   408 

 409 

Figure 7: O+ ionic frac/on, defined as O+/(O+ + O2
+), as a func/on of NUV laser pulse energy.  410 

 411 

Since this anomaly is only observed at the highest NUV laser pulse energies tested here, it may be 412 

aqributed to non-linear absorp/on or strong mul/photon effects. High NUV laser pulse energies may 413 

also influence the forma/on and desorp/on of certain ion species compared to other ions. For example, 414 

at the highest EUV laser pulse energies, we observe the forma/on of the MgO2
+ ion. This ion may 415 

dissociate to Mg+ + O2, leading to a loss of oxygen through neutral forma/on. This ion, and therefore 416 

poten/al channel for loss of oxygen, is not observed in the NUV data since this ion is not formed. Thus, 417 



at high NUV laser pulse energies more ionic oxygen may be detected. The high NUV laser pulse energy 418 

may also lead to scenarios where co-evapora/on, mul/ple hits, and/or significant detector dead/me 419 

lead to the undercoun/ng of Mg species, as has been described previously for other materials [2,73].  420 

 421 

This high laser pulse energy effect – apparently unrelated to the average surface electric field - has not 422 

been previously reported in the two other studies of MgO that measured the composi/on as a func/on 423 

of the laser pulse energy or CSR using NUV laser pulse instruments. This is expected for the LaWaTAP 424 

instrument [1] as the maximum fluence achievable on that tool is orders of magnitude less than that of 425 

the commercial NUV LEAP opera/ng at 100 pJ. The other study with 100 pJ NUV laser pulsing [49] used a 426 

LEAP 4000X-HR equipped with an energy-compensa/ng reflectron lens. Reflectron-equipped LEAP 427 

instruments have an en/rely different electrosta/c flight path compared to straight flight path 428 

instruments (field free flight path versus a biased drid tube with a nega/ve bias on the mul/-channel 429 

plate detector) as well as a different field of view [79]. The detec/on of dissocia/on events and peak 430 

splizng would all be different in these two instruments. If ions dissociate differently in the field-free 431 

flight path versus the biased flight path, and/or certain dissocia/on products are not detected, this can 432 

lead to differences in the measured oxygen concentra/on. Other possibili/es are subtle differences in 433 

the specimens themselves such as the extent of Ga+ implanta/on and or lazce damage, impuri/es, 434 

specimen shape, or possibly also differences in the electrosta/cs that come from using a micro/p 435 

coupon array versus a TEM half-grid with a very high aspect ra/o.  436 

 437 

5. Summary and Conclusions 438 

MgO qualita/vely obeys the Kingham theory of post-field ioniza/on in that higher average nanoscale 439 

fields yield higher Mg++ CSFs.  This material exhibits strong composi/onal bias under both EUV and NUV 440 

laser pulsing. We have demonstrated that it is possible to achieve stoichiometric and even oxygen-rich 441 



measurements of MgO under condi/on of high average nanoscale fields without ranging the peak at 16 442 

m/z as O2
++ and irrespec/ve of laser wavelength. Anion-rich measurements have been shown previously 443 

in other materials (e.g. GaN, AlN, CdTe)[1–3,6,7], but as far as we are aware, none have been reported in 444 

MgO. To op/mize (achieve a stoichiometric measurement) laser-pulsed APT measurements in MgO, 445 

either a NUV or EUV laser can be used provided the experimental condi/ons allow for a rela/vely high 446 

average nanoscale field (e.g. Mg++ CSFs approaching 1.0). In any case, due to the possibility of oxygen-447 

rich experimental condi/ons at very high average nanoscale fields, calibra/on curves should always be 448 

created to quan/fy the composi/onal bias under the details of the exact experimental condi/ons 449 

employed (e.g. laser wavelength, /p shape, specimen carrier mount, instrument electrosta/cs, base 450 

temperature, vacuum condi/ons, etc.). Using high laser pulse energies in the NUV should be avoided due 451 

to the non-monotonic nature of the NUV material response.  452 

 453 

The laser-assisted field evapora/on of MgO is a complex process involving many compe/ng factors, and 454 

the experimental mass spectra shown here are proof of that. The dominant factor in determining the 455 

measured composi/on of this material by APT is the average nanoscale field as evidenced by the fact 456 

that the CSF vs oxygen concentra/on data fall along a single curve (except for 100 pJ NUV) for the 457 

experimental parameters (including EUV and NUV) explored here. Higher average surface electric fields 458 

generally lead to higher apparent measured oxygen concentra/ons. However, our results show that 459 

there are other complex factors at play and care must be taken especially when experiments are 460 

performed at high laser fluence. The NUV data collected at 25 kHz underline the complexity of the 461 

situa/on. For a given NUV laser pulse energy, the data collected at 25 kHz pulse frequency generally 462 

show (1) lower measured oxygen concentra/ons and (2) lower O+ IFs compared to 250 kHz pulsing.  This 463 

implies that while field is the primary determinant factor, there may also be a kine/c component that 464 

requires further explora/on. It also brings up an interes/ng ques/on: what would the EUV data look like 465 



if we could pulse at 250 kHz? Would we see a similar increase in the measured oxygen concentra/on? 466 

How might that change the calibra/on curve of oxygen concentra/on as a func/on of Mg++ CSF in Figure 467 

6?  468 

 469 

Another interes/ng point to consider is whether the same results would be obtained for different 470 

crystallographic orienta/ons of MgO. The work func/ons of the {100}, {110} and {111} surfaces vary by 471 

up to 17 % [85] and even more interes/ng, the {111} surface is polar [86]. Bulk termina/ons have an 472 

infinite macroscopic dipole moment due to the presence of uncompensated Mg++ or O- - charge on 473 

individual layers. A consequence is that polar surfaces in ionic materials, including MgO, must always be 474 

charge compensated, e.g. reconstructed [87]. Given that the local bonding neighborhood and 475 

coordina/on at the surface selvedge would differ from that of the bulk, this may affect field evapora/on 476 

in an interes/ng way that could be studied using NUV and EUV pulsing.   477 

 478 

Finally, the existence of an apparent “universal” oxygen concentra/on calibra/on curve for both NUV 479 

and EUV laser pulsing is interes/ng. For subgap radia/on, it may support the ideas that absorp/on in this 480 

material can occur through the closing of the bulk bandgap, photo-excited holes accumula/ng at the 481 

specimen apex, and/or corner or edge site atoms having a significantly reduced band gap 482 

[46,57,58,60,88,89]. Once a photon is absorbed, however, it appears the subsequent field evapora/on 483 

(or ioniza/on and desorp/on) occur via a similar pathway regardless of the incident laser wavelength. 484 

There are small differences in the mass spectra between the NUV and EUV experiments, but the overall 485 

trends are remarkably similar considering the > 10 X difference in photon energy. For example, the mass 486 

spectra for 0.005 % T and 0.01 pJ at 10 % DR, having nearly iden/cal CSFs and oxygen concentra/ons, are 487 

nearly indis/nguishable from each other. It may be that for materials like MgO that have a sub-gap 488 

absorp/on pathway, photon energies above the op/cal bandgap may confer no addi/onal benefit. 489 



Crystalline MgO is a strongly ionic compound with well-defined charged edge and corner sites. This may 490 

explain the differences with our previous experimental observa/ons on amorphous SiO2 and Al2O3 491 

[26,39,90].  Indeed, a study comparing energy deficits in MgO and SiO2 showed that these two materials 492 

behave very differently in pulsed laser APT [91].  493 
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Mass spectral data is available at https://data.nist.gov/od/id/mds2-4005. 822 

 823 

Supplementary Table 1: Measured Ga+ concentration and percent multiple hits for each of the 824 

experiments in this study.  825 
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 827 

 828 



Supplementary Table 2: Oxygen concentra/on calculated using two different local range assisted 829 

background subtrac/on methods (power law and constant) and also calculated using no background 830 

subtrac/on (only the global /me-of-flight background was applied). 831 

 832 

  833 

Supplementary Figure 1: Correla/on histograms for NUV laser pulsing. (Led) 100 pJ, 250 kHz, 1 % DR. 834 

(Right) 0.01 pJ, 250 kHz, 1 % DR.  835 

 836 

 837 



 838 

Supplementary Figure 2: Correla/on histograms for EUV laser pulsing. (Led) 5 % T, 25 kHz, 1 % DR. 839 

(Right) 0.005 % T, 25 kHz, 1 % DR.  840 

 841 

 842 

Supplementary Figure 3: NUV data collected at 250 kHz, 1 % DR showing addi/onal points at 25 pJ, 50 843 

pJ, and 75 pJ as further proof that the data collected at 100 pJ is real and forms a con/nuous curve.  844 

 845 



 846 

Supplementary Figure 4: Detector space maps showing spa/al distribu/on of Mg+ and Mg++ ions for 847 

the highest and lowest NUV pulsing condi/ons. Each individual detector map measures 80 mm square.  848 

 849 



 850 

Supplementary Figure 5: Mass spectra binned to 0.01 m/z per bin from the same MgO single 851 

crystal as the study here. This data was collected on a commercial CAMECA Invizo 6000 straight 852 

flight path atom probe instrument equipped with a deep ultraviolet ((l=257 nm; Ephoton=4.8 eV) laser. 853 

Data was collected at 1 pJ, 50 kHz, and 1 % DR. The Mg++ peaks are split, as also observed in the NUV and 854 

EUV.  855 
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