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Abstract

Atom probe tomography (APT) is a 3D anai, ~is technique that offers unique chemical accuracy
and sensitivity with sub-nanometer sna.’al resolution. There is an increasing interest in the
application of APT to complex oxides m aterials, giving new insight into the relation between
local variations in chemical comr: sition and emergent physical properties. However, in contrast
to the field of metallurgy, wheve A PT is routinely applied to study materials at the atomic level,
complex oxides and their sp. -ifi: field evaporation mechanisms are much less explored. Here,
we perform APT me2sur *me) ts on the hexagonal manganite ErMnO; and systematically study
the effect of different exp. “imental parameters on the measured composition and structure. We
demonstrate that both the mass resolving power (MRP) and compositional accuracy can be
improved by increasing the charge-state ratio (CSR) working at low laser energy (< 5 pJ) for a
given fixed detection rate. Furthermore, we observe a substantial preferential retention of Er
atoms, which is suppressed at higher CSRs. We explain our findings based on fundamental field
evaporation concepts, expanding the knowledge about the impact of key experimental

parameters and the field evaporation process in complex oxides in general.
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1. Introduction

Laser-assisted atom probe tomography (APT) is a well-established characterization technique in
metallurgy, where it enabled numerous breakthroughs, shaping, e.g., the modern understanding of
clustering and chemical segregation[1,2]. In addition, APT was applied to a range of material systems
and geometries, ranging from frozen water[3] to human enamel[4], showing its broad application
potential. Recently, there is an increasing interest in measurements on oxide materials, as APT can
provide unprecedented insight into key characteristics, such as con.nositional variations, dopant
distributions and defects, that underpin their functional properi=s. 7or example, APT has been
applied with great success to the geosciences to quantify che nica segregation and trace impurities
that are mobile over geological time[5], to analyze site-speci.’~ doping in oxide semiconductors [6],
and to investigate the correlation between polar disconu. uif es and chemical composition at grain
boundaries in ferroelectric polycrystals[7]. APT hac hcen used to access chemical disorder at the
atomic level [6,8—11], holding great potential for . v studies of emergent phenomena in complex

oxides.

Despite the remarkable opportunities, APT meusurements also impose different challenges and a
range of evaporation artefacts can arise .. ~di.g to systematic biases, such as preferential evaporation,
retention, co-evaporation, and mole-la- dissociation[12—17]. These effects can obscure the data
analysis, resulting in, e.g., inacc .ra.> compositional measurements, loss of information, or spatial
aberrations. To achieve accurat. chumical measurements, it is crucial to optimize the experimental
parameters; this includes th~ ha,_ temperature, detection rate, laser energy and frequency, as well as
the geometry of the sai. nle = Jer investigation (radius and shank angle), which controls the electric
field strength at the surfrce and, hence, the evaporation mechanisms. The importance of the
experimental parameters is reflected by several studies, which investigated their influence on the data
quality and chemical bias[5,12,13,18-32]. The laser energy determines the change in temperature
during pulsing and is varied to meet the field evaporation criteria for all elements. For many materials,
including metals, a laser energy in the range of 30-100 pJ has been demonstrated to be adequate. The
base temperature is usually set as low as possible to minimize thermal effects, and high laser
frequencies and detection rates are favorable in order to reduce unwanted evaporation events between
pulses. As higher temperatures reduce the electric field required for field evaporation, the charge-state
ratio (CSR) of a selected ionic species is often used as an indicator for the electric field strength at the
apex. The CSR depends upon different analysis parameters that are crucial for the field evaporation

(e.g., tip geometry, base temperature, laser pulse energy, and detection rate) and, hence, represents a



important metric for understanding field evaporation processes[33]. Along with the other
experimental parameters, the CSR is typically optimized so that the APT analysis yields an accurate
composition measurement for a selected reference system, as well as sharp peaks in the mass

spectrum to achieve optimal mass resolving power (MRP).

Interestingly, several oxides have been reported to exhibit a completely different trend with respect to
the common analysis parameters and the best results were achieved with low instead of high laser
energies (sometimes as low as 0.2 pJ)[34—37]. One reason for this is the low thermal conductivity
generally found in oxides, which leads to so-called thermal tails in the mass spectrum. The latter can
be minimized by decreasing the laser pulse energy. Furthermore, neutral O, molecules can be
desorbed on the surface and not subsequently ionization, which usua. - goes undetected and leads to a
loss of information and apparent oxygen deficiency[38]. Note t'us is a disputed topic and other
suggestions including molecular dissociation have been propose~ :~ vaplain the loss of oxygen[15,38—
40]. In both cases, a lower laser energy is beneficial as it in.re. ~<s the CSR and thus the ionization
probability of neutral O, molecules. It should also vc uncted that low laser pulse energies
simultaneously lead to higher background levels and inrre. sed multiple evaporation events, which
must be weighed against the positive trade-offs[41. >¢ far, however, the effect of very low pulse
energies in APT measurements has been investig. ‘ed only in a limited number of oxide materials. In
addition, comprehensive investigations cot. ~errng the impact on the spatial resolution and atomic

imaging in oxide materials are scarce.

Here, we perform a systematic analysts u. .ng hexagonal erbium manganite (ErMnQj3), monitoring
how different APT experimental piran.~ters affect the measurement. ErMnO; has been intensively
studied for its multiferroicity[4Z 44] and unusual ferroelectric domain wall properties[45,46]. Its
atomic structure is well knovmn[4, 49], making it an ideal model system. The unit cell consists of
alternating Mn and Er latt ce 1."anes with a spacing of 5.71 A along the [001] zone axis, which can
readily be resolved by A T[6]. We investigate the effect of the laser energy on the MRP and the
measured composition, showing that lower laser energies and higher CSR yield better results,
consistent with previous observations on other oxide systems. Going beyond compositional analysis
on the bulk level, we demonstrate that variations in CSR (or laser energy) cause substantial variations
in the measured distances between the atomic planes of Er and Mn. This CSR-dependent atomic
offset is explained based on the preferential retention of Er atoms and changes in specimen

temperature, giving new insight into the field evaporation process in complex oxides.
2. Material and Methods

The single crystals of ErMnOj; (space group P6;cm) used in this study are grown by the pressurized
floating-zone method[50]. Samples are first cut from a larger crystal and then oriented by Laue

diffraction to gain surfaces perpendicular to the hexagonal c-axis of the material. A Helios NanoLab



DualBeam focused ion beam (FIB) with a Ga source is used to prepare APT needle specimens from

the bulk samples as described in Ref. [51].

High-resolution scanning transmission electron microscopy (STEM) data is taken using a JEOL JEM
ARM200F operating at 200kV. Sample checks and diffraction measurements are taken with a JEOL
JEM-2100F Field Emission Electron Microscope, also operated at 200kV. All TEM data is obtained

directly from the APT specimens with no further sample preparation before the APT analysis.

APT analysis is done with a Cameca LEAP 5000XS, operated in laser pulsing mode with a pulsing
frequency of 250 kHz and detection rate at 0.5% (i.e., 1 atom detected on average every 200 laser
pulse). The base temperature is either 25K or 50 K as detailed in the figure captions and the laser
energy is set to 5 pJ unless specified differently. To reconstruct the ran APT data into 3D datasets, the
software Cameca IVAS 3.6.12 is used. Radius evolution is deteri1ine ! based on the voltage profile
and correct reconstruction parameters are found by measuring the | lane-to-plane distances along the
001 pole. Typically, an image compression factor of 1.8 is .sed and a field reduction factor of 2.7
with 30 V/nm as the evaporation field (as for bulk M., M)'P values are obtained from AP Suite
Software 6.1 by calculating M/AM, where AM is the full widti, at half maximum (FWHM) of the Mn
peak in the mass spectrum[52]. MRP series are ~Ota ned by starting at low laser energies and
increasing, to reduce the effect of simultaneo’.s . cre ~sing radius. Each data point was calculated from
a dataset containing around 5-7M ions. For the SDM analysis we use the Norwegian Atom Probe App
(NAPA) software[53], developed in M~ TLAB® which calculates the SDM along the direction

normal to the atomic planes for best sig 12 -1 . -noise ratio.

3. Results and Discussior.

3.1 Sample preparation

A representative FIB-cut _irMi1 Oz specimen as used for the APT analysis is shown in Figure 1(a).
TEM is applied to verify s. uctural integrity after FIB preparation. Figure 1(b) presents a high-angle
annular dark-field scanning TEM (HAADF-STEM) lattice image gained at the tip of the needle,
showing the alternating atomic planes of Er and Mn with the characteristic up-up-down displacement
of the Er atoms[54—56] in the [100] direction. Note that the up-up-down displacements correspond to
the direction of polarization, which is a reversible property in ErMnO; under influence of strong
electric fields[57]. Only a thin amorphous layer with a thickness of about 10 nm is observed (not
shown) on the outside of the needle specimen. In Figure 1(c), a selected area electron diffraction
(SAED) pattern is displayed, corresponding to the whole tip volume; only Bragg reflections
associated with the [100] zone axis are observed, excluding any FIB-induced secondary phases. The
characteristic needle shape of the specimens is necessary to focus the electric field at the tip and

achieve the field strength required for evaporation (typically around 30 V/nm in APT). Following the



evaporation of the region of interest, the final 3D chemical map in Figure 1(d) is then obtained after

reconstruction.
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Figure 1: Sample preparation and atom probe o7a¢zraphy on ErMnQ;. (a) Scanning electron
microscopy (SEM) image of an ErMnO; APT -ne.‘men, shaped into a nanoscale needle using a FIB.
(b) HAADF-STEM lattice image showing '.ernating Er and Mn planes and (c) SAED pattern
obtained from the tip of an APT needle, indicating crystallinity. Data is taken along the [100] zone
axis. (d) 3D virtual specimen obtained «t.. reconstructing the raw data from the field evaporation. O

atoms are colored blue, Mn yellow 2. Fi .ed.
3.2 Parameter optimization

For achieving optimal expe~ ... enwl conditions in APT, the laser energy is critical. Its influence on the
MRP can be seen in Fig. ve 2{..), where parts of the mass spectrum are shown with two laser energies
(5 pJ and 30 pJ) under a ¢~ .stant detection rate (hence higher voltage). The peaks are narrower for the
lower laser energy, indicating a higher MRP and, hence, more accurate chemical quantification and
sensitivity. We can also note that hydrogen related peaks (HO" and HMn") are significantly reduced,
consistent with previous reports[58]. In Figure 2(b), it is shown in more detail that lower laser

energies (= 10 pJ) indeed result in higher MRP. Furthermore, it is shown in Figure 2(c) that the CSR

T02+

of the ErO species ( ) increases from 0.2 to 0.9 when decreasing the laser energy from 200

Er02*t+Ero*

pJ to 0.2 pJ [59]. This change in CSR is also reflected in the measured composition as seen in Figure
2(d). For higher CSR, the composition approaches the nominal values of 20% Er, 20% Mn, and 60%
O. Note that the data in each of the plots in Figure 2(b)—(d) are obtained from three different

specimens to exclude bias from a specific sample geometry.



The trend we observe in our APT measurements on ErMnQj is consistent with previous reports on
other oxide materials, that is, for high CSR and, thus, high electric field strength at the surface, the
measured oxygen concentration is higher[60]. This is either due to molecular dissociation or thermal
desorption of neutral O, molecules which are undetectable in the experiment. To investigate this
further, correlation histograms are calculated in Figure S2 and Figure S3, where only a few traces of
molecular dissociation are found. Thus, in this case thermal desorption appears to be the dominating
form of oxygen loss. Furthermore, the Mn concentration drops below the Er concentration, possibly

due to preferential evaporation of Mn or molecular dissociation.
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Figure 2: Influence of ArT parameter on key analysis metrics. (a) Mass spectrum of ErtMnQO; for
two different laser energies, 5pJ and 30pJ (see Figure S4 for a full spectrum). Thermal tails are
reduced at 5pJ compared to 30pJ. (b) MRP as a function of the laser energy from three different APT
specimens (distinguished by colors). All data is acquired under the same parameters aside from the
laser energy (i.e. base temperature: S0K, detection rate: 0.5%, pulse frequency: 250 kHz). (¢) CSR
evolution of the ErO ionic species (ErO*" and ErO") as a function of the laser energy. (d) Composition
of the full data volume as a function of CSR. Increasing CSR corresponds to reducing the laser
energy. In both (¢) and (d) the arrow indicates the direction of which the electric field strength
increases, and the plotted lines are guides to the eye. All three plots (b-d) show that analysis

conditions are improved towards lower laser energies (<10pJ).



3.3 Crystallographic poles and atomic resolution

Some materials form facets perpendicular to a zone axis on the surface of the APT needle during
evaporation. These regions, called crystallographic poles, facilitate excellent spatial resolution and
can be used to visualize the atomic planes along the zone axis of the pole. In the case of oriented
ErMnO;, a pole is observed along the [001] zone axis as displayed in Figure 3(a), which corresponds
to a 2D slice of the APT dataset. Figure 3(b) presents the atomic planes of Mn. In Figure 3(c), a
profile across the pole of the composition is shown; the data shows that there is a clear chemical bias
in the pole region. This could originate for several reasons such as surface migration or from the

different field conditions at the pole[61,62].
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Figure 3: Influence of crystallographic pole on the chemical composition. (a) Slice of the full
dataset containing the pole, where only the Mn ions are displayed. (b) Smaller region of interest
containing the pole, corresponding to the position marked in (a). (c) The chemical composition
measured from left to right in the region seen in (b) are shown. A chemical bias around the pole can

be seen through an increase in Mn concentration and a decrease in Er concentration. Data is taken at
25K.

In the pole region, the atomic planes of the different elements can be resolved as summarized in
Figure 4(a)-(c). While the O planes are not directly visible, the alternating planes of Mn and Er are
readily resolved, consistent with HAADF-STEM data in Figure 1(b) (Figure 4(d) shows a schematic



illustration). For a more quantitative analysis, spatial distribution maps (SDMs) are calculated for all
the elements using the Mn ions as reference (Figure 4(¢))[63]. Because ions of the same type have
overlapping atomic planes, the Mn-Mn SDM can be used to probe the plane-to-plane distance and
calibrate the reconstruction so that the distance becomes equal to dyy, = 5.7 A. The Mn-O SDM is not
shown as it reflects the evaporation conditions rather than the actual positions; O close to the Er
planes tend to evaporate as ErO species, whereas O from the Mn planes evaporate as O. Finally, when
considering the Mn-Er SDM, we find that the peaks are located between the Mn planes as we expect
from the unit cell structure. When analyzing the exact position more carefully, however, we find a

deviation of about 0.04 d,;, from the established position of the Er layer [64].
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Figure 4: Atomic resolutiz> n. che pole. (a)-(c) Representation of the atomic planes of the three
elements, visualized us. g .»~ main ionic species (i.e., Er and ErO, Mn, O). (d) ErMnOj; unit cell,
illustrating the alternating F. and Mn planes. (¢) SDM of the main Er and Mn species (Mn — Mn, Mn
— Er and ErO), calculated from a selected area from the pole. Mn is used as reference in all cases, and
the horizontal axis is given in terms of the Mn-to-Mn peak distance, dyy,, with the direction of
evaporation from right to left. The SDM’s are normalized with respect to their peak value, and the

SDM for Er is shifted vertically by 1 for visualization. Data is taken at 25K.

3.4 Atomic planes offset

An offset with respect to the expected position of atomic planes was observed previously for one-
phase binary alloys as discussed in Ref. [64]. During an APT experiment, the evaporation sequence
and surface roughness is modified by the individual species evaporation field. Species that are
evaporated later (preferential retention) or earlier than expected are assigned a spatial coordinate

along the evaporation direction with a certain offset during the reconstruction[20]. When considering



atomic planes such as Er and Mn planes, there will then be an offset between the two atomic planes as

demonstrated in Figure 4, should the two ions have a difference in evaporation field.

To better understand this phenomenon of the Mn-Er offset observed in the SDMs, we analyze the
effect of varying electric field strength represented by the CSR. The change in electric field strength is
achieved by varying the laser pulse energy as shown in Figure 5. The data shows a clear trend,
approaching the expected Mn-Er offset of 0.5 d,; with increasing CSR. In contrast, as the CSR
decreases (increasing laser energy and temperature), the offset is reduced and the measured location
of the Er planes approaches that of the Mn planes. In other words, the spatial offset in Figure 5
originating from evaporation field differences is shown to depend on the laser energy, which we will

elaborate on in the following using fundamental concepts of field evano. ~tion.
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In general, the evaporation rate constants (evaporated atoms per unit time and atoms) of Er (Kg,) and
Mn (Kpy,) need to be equal in order to obtain a stationary state (i.e., Kg = Ky =y with ¥ a

constant) and can be defined by an Arrhenius expression [61,65]:

K; = Ajexp <— %) (1)
B

with i the considered atoms (Er or Mn), kp the Boltzmann constant, T the temperature at the sample
surface and Q; the energy barrier for an atom i at the electric field Fr ;. This field represents the total
electric field above atom i at evaporation and is referred to as the effective evaporation field. The
temperature at the sample surface is equal to the analysis temperature T, (i.e., 25K or 50K, see section

2), in addition to the increase in temperature induced by the laser AT. The latter is increasingly



important as the laser energy increases. At zero temperature, the value of the electric field at which
the energy barrier (Q;) of a specific element is reduced to zero is called the evaporation field (Fg,, ;).

Close to the evaporation field of an atom i, the energy barrier is approximated by the expression:

Fr;
Qi(Fr) = C; <1 —F ) @

Here, C; is an energetic constant associated with atom i [66—68]. Experimentally, the linearity of

Q;(F) is approximately observed for some materials in the range of 0.8Fg,; to 0.95Fg,; [69].
Deviations exist outside this regime (i.e., at high laser energy and low Fr;), which we neglected in
our approach. The energetic constant C; is a extrapolation of Q;(F;) to zero temperature, assuming a
linear approximation of Q;(F), which is valid for fields close to the evaporation field Fg,, ;. Its value
depends on the specific atom (i.e., Mn or Er), but also on *“e o material’s composition and
structure[13,70,71]. By combining these different expressions, the (= ctive evaporation field ratio of

Er (Fr gr) and Mn (Fr 5y,,) becomes:

1+ keTi Y
FT,Mn _ FEv,Mn Mn
= x =1 3
Fror  Fover |14 lrnl)
Er

This ratio reflects the amplitude of the differer e vuwween the two species requirement for field
evaporation. Most importantly, it reflects .he .elation between the temperature and the effective
evaporation fields differences, responsible for tu. spatial offsets. At zero temperature, the ratio of the
effective fields is equal to that of the ~va oration fields. As the temperature increases, the ratio
changes depending on the two energetic cr nstants (Cyp,, Cgyr). Unfortunately, we do not have values
for ErMnO;s to precisely estimate Y. ratio (in general, such an estimation is possible based on density
functional theory calculations 2s ~resented, for example, in Ref. [70-72]). Field evaporation
simulations at the atomic scale (~<¢ Fig. S1)[73—75], however, indicate the validity of the theoretical

expression and demons -atc its nfluence on the observed offset of Er planes from the correct position.

To visualize the relation between the ratio of the evaporation fields (Fr py/Fr gr) and the effective
one (Fgy yn/FgyEr), and show how it is controlled by the energetic constants (Cg, and Cyp,), we
sketch the different scenarios in Figure 6. In Figure 6(a), we show the effective evaporation field as a
function of temperature for Mn and Er for three cases: (i) For Cy,, < Cg,, the effective evaporation
field of Mn decreases faster than that of Er, leading to a reduced ratio (Figure 6(b)). As a
consequence, preferential retention of Er arises, which is substantial at high temperatures, and remains
non-zero towards zero Kelvin. This scenario describes our APT analysis of ErMnOs. (ii) In contrast,
for Cpsp > Cgy, the ratio can be reduced to 1 at low temperatures. It grows for higher temperatures,
potentially reaching the point where Mn is retained but Er is not. (iii) For Cg, = Cyy,, the ratio of the

effective fields is equal to the one of the evaporation fields (at all temperature). It is important to note



that this ratio depends on both the element bonding (evaporation field) and temperature and, by
extension, on the energy of the laser (T = Ty + AT). The latter implies that the laser energy influences
the measured position of the atomic planes (Er offset) as demonstrated in Figure 5, but the preferential

retention originates from the distinct chemical bonding of the two elements.
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Figure 6: (a) Schematic of the change in effective evaporatio.. field, Fr, as a function of temperature,
7T, and the laser induced heating AT. The energetic cons.t. C;, determines the slope and, thus, the
ratio, R, between the two elements. (b) Dependine o. the energetic constant, the ratio between
effective evaporation field changes as a function ~.f “»mperature. At low temperatures, the ratio only
depends on the difference in evaporation f :ld. wnore as at higher temperature the ratio can both
increase or decrease. Atomic retention as a res "It of the change in effective evaporation field ratio is
sketched in (b), where atoms (Er —red, Mn - yellow) are displaced from their correct position marked

by the dashed line.

4. Conclusion

We investigated the imvact of varying operation parameters in APT measurements on the complex
oxide ErMnQOs. Consistem with previous studies on other oxide materials, we observed that low-
energy laser pulses (i.e., high CSR) result in a higher MRP and a more accurate composition
measurement. By analyzing the atomic planes in the (001) pole, we observed an electric field-
dependent shift of the Er planes relative to the Mn planes, which does not match the established unit
cell structure of ErMnOs;. Based on our theoretical analysis and simulations, we attributed this APT-
related effect to preferential retention of Er[20].Our results provide new insight into the evaporation
behavior of atomic planes in oxide materials with noticeably different evaporation fields and their
evolution with temperature, advancing the understanding of atomic-scale APT measurements on

complex single phase material systems.
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Highlights:

e The relation between laser ene~cy and .he measured composition and structure in APT is

systematically studied using the . mp ex oxide ErMnQOj; as model system.

e Mass resolving power and coi.nositional accuracy are improved by increasing the charge-

state ratio working at low 'aser energy.

e A close relation betweon t.e laser energy and measured interatomic distances is observed and

explained based o1 fun..amental field evaporation concepts.



