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The physical properties of semiconductors are controlled by chemical doping.
In oxide semiconductors, small variations in the density of dopant atoms can
completely change the local electric and magnetic responses caused by their
strongly correlated electrons. In lightly doped systems, however, such varia-
tions are difficult to determine as quantitative 3D imaging of individual dopant
atoms is a major challenge. We apply atom probe tomography to resolve the
atomic sites that donors occupy in the small band gap semiconductor
Er(Mn,Ti)O3 with a nominal Ti concentration of 0.04 at. %, map their 3D lattice
positions, and quantify spatial variations. Our work enables atomic-level 3D
studies of structure-property relations in lightly doped complex oxides, which

is crucial to understand and control emergent dopant-driven quantum

phenomena.

The engineering of electronic responses with dopant atoms is essential
for modern technology. The functionality of diodes and transistors, for
example, relies on semiconductors where dopant atoms generate the
free holes (p-type) or electrons (n-type) that define the transport
properties. Despite their substantial impact on the conductivity, the
number of dopant atoms is usually small, and even highly doped sili-
con contains just 1 dopant atom per ~10° Si atoms. In a more recent
development, oxide-based semiconductors moved into focus as a
particularly promising class of tunable systems for device
applications'. Analogous to conventional semiconductors’, very low
concentrations of dopant atoms can lead to pronounced changes in
the electronic properties of oxide materials. The latter is reflected by
doping-dependent studies on hexagonal manganites, where doping
with aliovalent cations below 0.05 atomic percent (at.%) resulted in an
order of magnitude lower electrical conductivity’. Furthermore, in
complex oxides, strong correlations between charge, spin, and lattice
degrees of freedom arise, promoting a wide variety of additional
doping-induced effects, including insulator-metal transitions®, inter-
facial magnetism®, and superconductivity®.

In contrast to more than 70 years of research on conventional
semiconductors, however, the incorporation of dopant atoms in

complex oxides is much less explored. Importantly, because of the
symmetry reduction and strong electronic correlations, individual
dopants can do much more than only control the type and con-
centration of mobile charge carriers. For example, dopants can induce
local strain and strain gradients, electrostatic fields, orbital recon-
struction, and novel magnetic phases’. Furthermore, dopants may
occupy different regular lattice or interstitial sites with drastically
different consequences for the physical properties of the host
material®®. In order to master this level of complexity and understand
emergent composition-driven phenomena and opportunities in oxide
materials, a careful characterization of the dopant atoms is crucial. For
this purpose, different experimental techniques, such as impedance
spectroscopy'®, Hall measurements”, and secondary ion mass
spectrometry'? have been applied, sensing average doping levels down
to parts per billion. Despite their high sensitivity, these measurements
cannot be applied to probe small volumes, let alone the lattice position
of individual dopants and their interactions at the local scale, as they
lack the necessary spatial resolution. To image single dopant atoms
within the lattice and quantify their concentration, scanning trans-
mission electron microscopy (STEM) has been applied in combination
with energy-dispersive X-ray spectroscopy (EDX)"*". This correlated
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approach represents a breakthrough in the atomic-scale character-
ization of doped oxides, but it is limited to doping levels higher than a
few at.%. Furthermore, it is inherently restricted to 2D projections
along specific zone axes, prohibiting the full three-dimensional (3D)
characterization of dopant atoms. Density functional theory (DFT)
calculations are often applied to fill this gap and the progress in large-
scale DFT modeling is continuously easing size limitations” so that
lower and lower doping levels can be calculated. The DFT calculations,
however, are usually performed for the ground state structure without
addressing effects that can arise during high-temperature crystal
growth where both anions and cations are highly mobile and
configurational entropy may favor, e.g., cation anti-sites and vacancies,
dopant clustering and non-stoichiometry. This additional degree of
complexity is not captured by DFT, reflecting the need for an experi-
mental probe that can resolve the individual dopant atoms and, hence,
clarify the atomic-scale structure.

Here, we overcome this fundamental limitation by utilizing the
unique chemical accuracy and sensitivity of atom probe tomography
(APT) to resolve the 3D lattice position of individual dopant atoms
in the lightly doped narrow bandgap semiconductor Er(Mn,Ti)O;
(Eg=1.6 eV'°). The model system has a nominal Ti concentration of 0.04
at.%, which falls into a regime that is no longer accessible with STEM-
based imaging techniques and is about three orders of magnitude
lower compared to previous APT work performed on highly doped
classical semiconductors”®, By performing APT experiments on
multiple needle-shaped specimens, we quantify the actual local doping
level and spatial distribution. Our data reveal substantial deviations of
up to =50% from the nominal dopant concentration as defined by the
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chemical stoichiometry during synthesis, establishing APT as a
powerful tool for quantitative imaging of otherwise elusive dopant
levels in semiconducting oxides and semiconductors in general.

APT is widely applied in metallurgy, where it is used for
element-specific 3D imaging'. A key development that allowed for
expanding APT studies towards a wider range of materials, includ-
ing poorly conducting and even insulating systems, was the advent
of laser-assisted field evaporation. Intriguing recent examples are
APT experiments performed on frozen water?®, human enamel”,
multivariate metal-organic frameworks?, and its application in
geosciences®. Pioneering APT investigations on complex oxides
were performed on Pb(Zr,Ti)O; ceramics, NiFe,04-LaFeO3
nanocomposites®, and AlGaO; superlattices® studying chemical
composition, phase segregation, and site-preferences of impurity
atoms, respectively. Furthermore, it is now established that atomic
resolution can be achieved in complex oxides*, opening the door
for high-resolution 3D imaging of individual dopant atoms in oxide
semiconductors.

Results

Quantifying the dopant concentration in Er(Mn,Ti)O;

Our model system Er(Mn, Ti)O3 has a nominal Ti concentration of 0.04
at.% as illustrated in Fig. 1a. The material belongs to the family of
hexagonal manganites, RMnO; (R=Sc, Y, In, or Dy to Lu), and exhibits a
layered structure of Er atoms and corner shared MnOs bipyramids with
P65cm space group symmetry. The hexagonal manganites have been
studied intensively with respect to their electric order”, magnetism?®,
and multiferroicity”, and their basic physical properties are well
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Fig. 1| SEM and APT images of a needle-shaped Er(Mn,Ti)O; sample. a lllustration
of the crystallographic structure of Er(Mn, Ti)Os, showing the ratio between ErMnO3
lattice atoms and Ti dopants. For a dopant concentration of about 0.04 at.%, there
is approximately one Ti atoms per 64 unit cells of ErMnOs. b Scanning electron
microscopy (SEM) image of a FIB-cut needle specimen with the crystallographic
c-axis oriented along the needle axis. ¢ APT dataset gained from the needle shown
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in b, presenting all primary ionic elements (O - blue, Mn - yellow, Er - red, Ti -
orange). d Subset of the APT dataset in ¢, displaying only the dopants, i.e., TiO,"
ionic species. e Comparison of a selected section from the APT mass spectra
recorded on Er(Mn,Ti)O3 (yellow) and ErMnO; (purple). The Er(Mn,Ti)O; data
shows a peak at =79.9 Da, which is characteristic for the TiO," species as indicated
by the comparison with the spectrum of the undoped sample.
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understood, which makes them ideal for reliably testing the 3D ima-
ging of highly dilute doping levels. Enabled by the hexagonal crystal
structure, the RMnO; family offers outstanding chemical flexibility and
allows for doping to induce p- or n-type semiconducting properties at
will. This flexibility was utilized in previous studies, controlling the
density and type of the majority charge carriers via aliovalent cation
substitution on both the A- and B-sites, but without quantifying the
applied doping levels and possible spatial variations****', The reason
for this is the general difficulty to image individual acceptor or donor
atoms with a concentration <1 at.%. However, resolving such low
doping levels is important when working with complex oxides,
because dopant clustering, cation anti-sites, and non-stoichiometry
may arise during high-temperature growth®, causing non-uniform
electric and magnetic responses.

In order to access the dopant atoms in our Er(Mn,Ti)O3 sample
and gain spatially resolved data in 3D, we analyze the chemical atomic-
scale structure using APT. For this purpose, multiple needle-shaped
specimens with a typical length of a few micrometers and a tip radius
of less than 100 nm are extracted from an Er(Mn,Ti)Oj3 single crystal
using a FIB. Needle-shaped specimens are the standard in APT to
produce the high electric fields required for field evaporation of sur-
face atoms (see Methods for details of the extraction procedure). A
representative SEM image of one of the FIB-cut needles used in our
APT experiments is displayed in Fig. 1b.

All extracted needles are oriented along the crystallographic c-
axis as we confirm by electron diffraction (see Supplementary Fig. 1).
We begin the discussion of the APT results with the 3D distribution
of the different atomic species in the analyzed volume. To reduce
atomic motion and achieve optimal spatial resolution, all APT
measurements are performed at cryogenic temperature (see Meth-
ods for details). Figure 1c shows the APT reconstruction including all
atoms, whereas only the Ti dopants are presented in Fig. 1d. The data
suggests a homogeneous Ti distribution, which we confirm using
radial distribution functions (RDF, Supplementary Fig. 2) and first
nearest-neighbor analysis (INN, Supplementary Fig. 3). The mass-to-
charge ratio of the ions recorded during the APT field evaporation
process is displayed in Fig. 1e along with data recorded for undoped
ErMnOs. The mass spectra are centered around =79.9 Da, where a
peak is observed only for Er(Mn,Ti)O3. This peak is characteristic of
the TiO," ionic species (see Supplementary Fig. 4 for the complete
mass spectra and Supplementary Fig. 5 for the secondary Ti iso-
topes) and, combined with the TiO" ionic species, corresponds to a
Ti concentration of 0.0086 at.%. In addition, Ti ions contribute to
the TiO** peak, which partly overlaps with the O," peak in the mass
spectrum (Supplementary Fig. 6). Accounting also for the ions
associated with this Ti-related peak, we find a total Ti concentration
of 0.0224 at.%, which translates into an average distance between Ti
atoms of 2.08 nm for the investigated volume (Supplementary
Fig. 3). To confirm that this concentration value is representative for
our Er(Mn,Ti)O5 crystal, we measure multiple APT needles from
different locations as presented in Supplementary Fig. 7, revealing a
Ti concentration of 0.0239 + 0.0045 at.%, which is about 50% lower
than the nominal doping level as defined by the chemical stoichio-
metry during synthesis. In summary, the results in Fig. 1d (and
Supplementary Figs. 2, 5) demonstrate a homogeneous Ti distribu-
tion, excluding clustering effects, chemical gradients, and other
chemical inhomogeneities that may obscure the local electronic
properties. However, we find that the Ti concentration is con-
sistently lower than the nominal one, deviating by =50% for the
investigated region. In fact, deviations from the nominal doping
level are, in general, expected when crystals are derived from stoi-
chiometric powders but are usually not detected due to the insen-
sitivity of most characterization techniques to subtle compositional
variations®™. The results thus underline the need for careful
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Fig. 2 | 3D imaging of the Er, Mn, and O lattice atoms in Er(Mn,Ti)O3. a APT
reconstruction showing the Er lattice planes (Er**, Er**, ErO*, and ErO") from a
region in the pole (see Supplementary Fig. 8). The volume is oriented so that the
layered structure of Er atoms along the crystallographic c-axis is visible, consistent
with TEM data (Supplementary Fig. 9). b, ¢ Same as in a for Mn (Mn?* and Mn*) and
0 (0") atoms, respectively. d SDMs of the lattice atoms, showing the distance
between Mn and O (Mn-O) and Mn and Er (Mn-Er) with Mn serving as reference
(Mn-Mn).

quantitative investigations when it comes to lightly doped complex
oxides and doping-driven phenomena in this class of materials.

Atomically resolved APT measurements of the Er, Mn, and O
lattice planes

Next, we consider the site-specific distribution of the different atomic
species at the local scale, beginning with the ErMnOj lattice atoms
(Fig. 2). In the c-axis oriented needles, atomic planes of Er and Mn are
readily resolved in the APT experiment as presented in Fig. 2a and 2b;
Fig. 2c displays the O atoms. To determine the atomic positions, we
calculate spatial distribution maps (SDMs) in the evaporation direction
c-axis as shown in Fig. 2d (see Methods for details). The SDMs are
calculated for a volume of about 10 nm x 10 nm x 10 nm, correspond-
ing to about 60,000 ions, and reveal the distance of the Er and O
atomic planes relative to the Mn atoms measured along the crystal-
lographic c-axis (Az || ¢). The Mn planes serve as a reference system so
that Az(Mn-Mn) = 0. We observe maxima in the counts for Az(Er-Mn) at
about +0.25 nm with a periodicity of 0.51nm, indicating that the Er
planes are located between the Mn planes, consistent with the high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image in Supplementary Fig. 9. Furthermore, the SDMs
show that single O atoms (16 Da ionic species) are predominantly
observed from the planar O positions, i.e.,, Az(O-Mn) =0, whereas
apical O atoms are usually evaporated as ErOy species (Supplementary
Fig. 4). In conclusion, Fig. 2 shows that the 3D positions of the ErMnO;
lattice atoms are readily resolved in the APT experiment, enabling a
detailed analysis of the incorporation of the Ti dopants.

3D imaging of solute Ti dopant atoms

Following the same approach as for the ErMnO; lattice atoms, the
position of individual Ti dopants is determined as presented in Fig. 3,
showing data from the same needle as evaluated in Fig. 2. For better
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Fig. 3 | 3D Imaging of individual Ti dopant atoms in Er(Mn,Ti)Os. a APT recon-
struction from a region in the pole presenting the Mn (semi-transparent gray)

atoms and Ti (orange) atoms (TiO," species). b Same volume as shown in a viewed
along the c-axis and ¢ perpendicular to the c-axis so that the layered structure of the
Mn atoms is visible. The data indicate that the Ti atoms are located within the Mn

layers. d Spatial distribution maps (SDMs) reveal the distance between the Ti ions
(TiO," species) and the Mn ions (Mn" and Mn?") in orange, with the latter serving as
reference systems. e, f Calculated local structure around the Ti dopant, situated on
the B-site of the hexagonal ErMnO; system and viewed along the a- and c-axis,
respectively.

visualization, Fig. 3a displays a representative volume fraction of the
much larger dataset gained from the [001]-pole; Fig. 3b, ¢ show cor-
responding projections along and perpendicular to the crystal-
lographic c-axis, respectively. Here, in addition to the Mn atoms (gray),
the Ti atoms (or TiO, ionic species) are shown in orange. Importantly,
the spatially resolved APT data indicates that the Ti dopants have a
propensity to sit within the Mn lattice planes as predicted by zero-
Kelvin density functional theory (DFT) calculations®. To corroborate
this visual impression and gain statistically significant information on
the lattice position of the Ti atoms, we calculate SDMs over the entire
needle length (>600 nm) and use more than 300 TiO, ions to deter-
mine the site preference as shown in Fig. 3d. Furthermore, we repeat
the experiment with multiple needles extracted from different posi-
tions (Supplementary Fig. 10). Using the Mn layers as a reference, we
find a peak for Az(TiO,-Mn) = 0 in all SDMs, which confirms that the Ti
atoms are located in the Mn lattice planes. Figure 3 and Supplementary
Fig. 10 thus provide direct experimental evidence that the Ti dopants
are replacing Mn atoms. We note that we restrict the analysis to TiO,"

as this peak in the mass spectrum gives the best signal-to-noise ratio
and, in contrast to the TiO** species, does not show substantial overlap
with other peaks. As a consequence, and because the evaporation of Ti
produces the same single or molecular ions independent of the host
material and its lattice position*, this restriction improves the
reliability of the SDMs without restricting the generality of our con-
clusions (see also Supplementary Fig. 11).

Complementary DFT calculations on a 540 atom 3 x 3 x 2 super-
cell of ErMnOj3 with 1 of 108 Mn atoms substituted with Ti (=0.19 at.%)
are shown in Fig. 3e, f. This model approaches a doping level com-
parable with the experimentally studied system and provides addi-
tional insight into the local structure around the dopant atoms.
Substantial atomic displacements are only found for planar oxygen
(03 and 04 in Fig. 3f) in the first coordination shell of the Ti dopant
(Fig. 3e). Compared to the undoped structure, the Ti-O bond length is
shorter, whereas Mn-O bonds (Fig. 3f) are subtly elongated, indicating
a partial reduction of adjacent Mn caused by Ti** as a donor dopant in
the Mn** sublattice. The strain field associated with the Ti atoms
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quickly decays (Supplementary Fig. 12), which explains why they are
very difficult to observe in structural microscopy measurements that
lack the chemical sensitivity of APT.

Discussion

Our APT-based study of highly dilute individual dopant atoms can
readily be transferred to other complex oxides and atomic species,
expanding investigations of oxide semiconductors into the realm of
atomic-scale 3D imaging. The chemical sensitivity of APT enables
quantitative 3D imaging of otherwise elusive doping levels in chemi-
cally complex host materials. The latter is particularly important for
oxides as they are usually synthesized at elevated temperatures, where
configurational entropy promotes the formation of lattice defects. In
addition, thermal gradients and cooling rates can play a crucial role in
the concentration and distribution of dopant atoms, which makes it
difficult to adequately model them, requiring atomically resolved
measurements in combination with high chemical accuracy and sen-
sitivity. Intriguing application opportunities also exist for doped oxide
thin films and heterostructures®™, where APT has the potential to
advance the study of doping-related inhomogeneities, gradient
effects, as well as interface phenomena, including interdiffusion
and accumulation/depletion of acceptor and donor atoms. The
characterization of associated electronic properties becomes possible
by performing, e.g., advanced scanning probe microscopy measure-
ments on the APT needles prior to the tomography experiment. The
general feasibility of this strategy is demonstrated by recent atomic
force microscopy experiments®, which can readily be customized to
access the local transport properties, electrostatics, and electro-
mechanical responses. Aside from the imaging of highly dilute dopant
atoms in semiconductors, the APT approach can be applied to topo-
logical insulators and superconductors to understand the impact of
individual dopant atoms®®?'. Furthermore, it may shed light on doping-
related magnetic phenomena, such as the Kondo effect*® and order-
disorder transitions in multiferroics*, adding an additional dimension
to the atomic-scale investigation of emergent phenomena in complex
oxides.

Methods

Sample preparation and characterization

High-quality ErMnO3 and ErMn,.,Ti,O5 (x = 0.002) single crystals were
grown by the pressurized floating-zone method®, oriented by Laue
diffraction, and then cut to achieve oriented surfaces with the surface
normal, n, parallel to the crystallographic c-axis. Samples were lapped
and polished using silica slurry (particle size 20 nm) to obtain flat
surfaces with sub-nanometer surface roughness. From the polished
surfaces, APT needles with a tip radius <100 nm were prepared at
30 kV (and final polishing at 2 kV) using a Thermo Fisher Scientific G4
DualBeam UX Focused lon Beam (FIB) analogous to the procedure
described in ref. 42. All APT needles were prepared with the c-axis
along the needle axis as this gives the optimal spatial resolution due to
the layer-by-layer evaporation, in contrast to the lateral resolution
affected by trajectory aberrations'. Cross-section TEM samples were
also prepared using the same FIB, and EDX was done to confirm the
presence of Ti (Supplementary Fig. 9). Carbon was used as a protection
layer on the regions of interest. The first part of the protection layer
was deposited with electron beam-assisted deposition to avoid Ga*
implantation and beam damage to the top of the oxide. All coarse
thinning was performed at 30 kV acceleration voltage for the ion beam.
Final thinning was first done at 5kV and then at 2 kV on either side of
the lamellae to minimize the surface damaged layer.

Transmission electron microscopy and energy-dispersive X-ray
spectroscopy

To analyze the sample quality and exclude, e.g., amorphization and
structural damage from the FIB, selected specimens were inspected

with TEM (Supplementary Fig. 1) using a JEOL 2100 F Field Emission
Gun (FEG) microscope, operating at 200 kV. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) ima-
ging of the lattice was performed on a double-Cs aberration corrected
cold FEG JEOL ARM200FC at 200 kV. Images were acquired with beam
semi-convergence angles of 27.4 mrad and a beam current of 21 pA.
The inner and outer semi-collection angles were 51 and 203 mrad,
respectively. Energy-dispersive X-ray spectroscopy (EDX) was per-
formed with a 100 mm? Centurio detector, covering a solid angle of
0.98 sr. EDX line scans were performed with a 110 pA beam current and
1.0s dwell time for each pixel. No visible beam damage could be
observed after the EDX line scans. The EDX data were analyzed with
DigitalMicrograph, version 2.32.

APT data collection

For the APT measurements, a Cameca LEAP 5000XS was used, oper-
ating in laser mode. All measurements were performed at cryogenic
temperature, i.e.,, a temperature of 25-50K. The field evaporation
process was triggered using femtosecond laser pulses. By applying
such laser pulses, the apex of the APT needle temporarily heats up, as
discussed, e.g., in ref. 43. Following this established procedure, ions
were controllably evaporated and the time-of-flight was measured.
Spatial positions were recorded with a 2D detector and determined by
the electrostatic field lines of the specimen. The raw data consists of
information on both time-of-flight, directly linked to the charge-to-
mass ratio, and the detector impact position related to the original
position on the tip prior to evaporation. The histogram (i.e., mass
spectrum) and detector events for a representative APT measurement
are shown in Supplementary Fig. 4 and Supplementary Fig. 8, respec-
tively. Laser pulses with a frequency of 250 kHz and energy between 2
and 30 pJ were used. The detection rate was set between 0.5 and 2%,
meaning that, on average, 5-20 atoms were detected every
1000 pulse.

APT data reconstruction and analysis

For the reconstruction of raw APT data from the different needles into
3D datasets, the software Cameca IVAS 3.6.12 was used. Reconstruc-
tion was done in voltage mode with an image compression factor of
=1.8, a field reduction factor of =2.8, and an evaporation field of Mn
(30 V/nm). The parameters were fine-tuned using spatial distribution
map analysis so that accurate distances of atomic planes are measured
in the reconstructed volume. For the peak at 16 Da, which could cor-
respond to either O* or 0,%, this is ranged as O and not O,* following
the discussion in refs. 44,45.

Spatial distribution maps (SDMs)

For the different needles compared in this work, SDMs are calculated
by iterating through all the atoms, calculating the distance between
atoms of one selected species and a reference species along a specific
analysis direction. The distances are summed to generate a histogram,
as shown in Fig. 2d*¢. To optimize the single-to-noise ratio, the analysis
direction was chosen to be perpendicular to the atomic planes. The Mn
atoms (27.5 Da) are used as references for all SDMs. For the matrix SDM,
smaller volumes of about 10 nm x 10 nm x 10 nm were used, whereas
for the dopants, much larger volumes of 300 nm x 10nm x 10 nm from
the [100] pole region were considered (Supplementary Fig. 8). Only the
major single ionic species were used for the matrix, i.e., O from 16 Da (1+
species), Mn from 27.5 Da (2+ species), and Er from 55 Da (3+ species).
The Norwegian Atom Probe App (NAPA) software was used for all SDM
analysis. NAPA was developed by C. H. and is an open access software
for APT data treatment (https://www.ntnu.edu/ima/research/apt).

Density functional theory (DFT) calculations
Our previous DFT calculations using 2 x 2 x 1 supercells confirmed that
Ti in ErMnO; occupies the Mn site, acting as a donor and reducing the
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bulk p-type conductivity®. Here, we used 540 atom 3 x 3 x 2 supercells
with a more realistic Ti dopant concentration of x=1/108 in
ErMn,.,Ti,Os. The calculations were done using VASP**® with the
projector augmented wave (PAW)* method and the PBEsol
functional®®. For Er, Mn, Ti, and O, 9, 13, 12, and 6 electrons, respec-
tively, were treated as valence electrons. Gamma point calculations
were performed with a plane-wave cutoff energy of 550 eV and the
geometry was relaxed until the forces on each ion were less than
0.03 eV/A. A Hubbard U of 5 eV was applied to Mn 3d states to repro-
duce the experimental bandgap and lattice parameters?, and collinear
frustrated antiferromagnetic order” was imposed on the Mn
sublattice.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
published article and its Supplementary Information files. Further
information is also available from the corresponding authors upon
reasonable request.

References

1. Coll, M. et al. Towards oxide electronics: a roadmap. Appl. Surf. Sci.
482, 1-93 (2019).

2. Queisser, H. J. & Haller, E. E. Defects in semiconductors: some fatal,
some vital. Science 281, 945-950 (1998).

3. Holstad, T. S. et al. Electronic bulk and domain wall properties in B
-site doped hexagonal ErMnOs. Phys. Rev. B 97, 85143 (2018).

4. Tufte, O. N. & Chapman, P. W. Electron mobility in semiconducting
strontium titanate. Phys. Rev. 155, 796-802 (1967).

5. Salluzzo, M. et al. Origin of interface magnetism in BiMnO3/SrTiO3
and LaAlO3/SrTiO3 heterostructures. Phys. Rev. Lett. 111,

087204 (2013).

6. Li, D. et al. Superconductivity in an infinite-layer nickelate. Nature
572, 624-627 (2019).

7. Gunkel, F., Christensen, D. V., Chen, Y. Z. & Pryds, N. Oxygen
vacancies: the (in)visible friend of oxide electronics. Appl. Phys.
Lett. 116, 120505 (2020).

8. He, Q.etal. Antisite defects in layered multiferroic CuCrg glng 1P2Se.
Nanoscale 7, 18579-18583 (2015).

9. Hor, Y.S., Checkelsky, J. G., Qu, D., Ong, N. P. & Cava, R. J.
Superconductivity and non-metallicity induced by doping the
topological insulators Bi,Ses and Bi,Tes. J. Phys. Chem. Solids 72,
572-576 (2011).

10. Kubicek, M. et al. Electrochemical properties of Lag gSro 4CoO3.s
thin films investigated by complementary impedance spectroscopy
and isotope exchange depth profiling. Solid State lon. 256,

38-44 (2014).

1. Look, D. C. Review of Hall effect and magnetoresistance measure-
ments in GaAs materials and devices. J. Electrochem. Soc. 137,
260-266 (1990).

12. Fauveau, A. et al. Comparison of characterization techniques for
measurements of doping concentrations in compensated n-type
silicon. Energy Procedia 92, 691-696 (2016).

13. Ishikawa, R., Lupini, A. R., Findlay, S. D., Taniguchi, T. & Pennycook,
S. J. Three-dimensional location of a single dopant with atomic
precision by aberration-corrected scanning transmission electron
microscopy. Nano Lett. 14, 1903-1908 (2014).

14. Paulauskas, T. et al. Atomic-resolution EDX, HAADF, and EELS study
of GaAs,Biy alloys. Nanoscale Res. Lett. 15, 121 (2020).

15.  Smabraten, D. R., Nakata, A., Meier, D., Miyazaki, T. & Selbach, S. M.
First-principles study of topologically protected vortices and

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

ferroelectric domain walls in hexagonal YGaOs. Phys. Rev. B 102,
144103 (2020).

Schoenherr, P. et al. Observation of uncompensated bound char-
ges at improper ferroelectric domain walls. Nano Lett. 19,
1659-1664 (2019).

Yeoh, W. K. et al. Direct observation of local potassium variation and
its correlation to electronic inhomogeneity in (Ba;..K,)Fe,As, pnic-
tide. Phys. Rev. Lett. 106, 247002 (2011).

Giddings, A. D. et al. Industrial application of atom probe tomo-
graphy to semiconductor devices. Scr. Mater. 148, 82-90 (2018).
Gault, B., Moody, M., Cairney, J. & Ringer, S. Atom Probe Tomo-
graphy (Springer, 2012).

El-Zoka, A. A. et al. Enabling near-atomic-scale analysis of frozen
water. Sci. Adv. 6, eabd6324 (2020).

Fontaine, A. La et al. Atomic-scale compositional mapping reveals
Mg-rich amorphous calcium phosphate in human dental enamel.
Sci. Adv. 2, 1601145 (2016).

Ji, Z., Li, T. & Yaghi, O. M. Sequencing of metals in multivariate
metal-organic frameworks. Science 369, 674-680 (2020).

Gault, B. et al. Atom probe tomography. Nat. Rev. Methods Prim. 1,
1-30 (2021).

Comes, R. B., Perea, D. E. & Spurgeon, S. R. Heterogeneous two-
phase pillars in epitaxial NiFe,O4-LaFeO3; nanocomposites. Adv.
Mater. Interfaces 4, 1700396 (2017).

Sarker, J., Bhuiyan, A. F. M. A. U., Feng, Z., Zhao, H. & Mazumder, B.
Direct observation of site-specific dopant substitution in Si doped
(Al Gay,),03 via atom probe tomography. J. Phys. D. Appl. Phys.
54, 8 (2021).

Maier, J., Pfeiffer, B., Volkert, C. A. & Nowak, C. Three-dimensional
microstructural characterization of lithium manganese oxide

with atom probe tomography. Energy Technol. 4,

1565-1574 (2016).

Mundy, J. A. et al. Functional electronic inversion layers at ferro-
electric domain walls. Nat. Mater. 16, 622-627 (2017).
Lottermoser, T., Fiebig, M., Frohlich, D., Leute, S. & Kohn, K. Mag-
netic structure of hexagonal manganites RMnO3 (R = Sc, Y, Ho, Er,
Tm, Yb, Lu). J. Magn. Magn. Mater. 226-230, 1131-1133 (2001).
Holtz, M. E. et al. Topological defects in hexagonal manganites:
inner structure and emergent electrostatics. Nano Lett. 17,
5883-5890 (2017).

Skjeervg, S. H. et al. Interstitial oxygen as a source of p-type con-
ductivity in hexagonal manganites. Nat. Commun. 7, 13745 (2016).
Smabréten, D. R. et al. Domain wall mobility and roughening in
doped ferroelectric hexagonal manganites. Phys. Rev. Res. 2,
033159 (2020).

Yan, Z. et al. Growth of high-quality hexagonal ErMnO3 single
crystals by the pressurized floating-zone method. J. Cryst. Growth
409, 75-79 (2015).

Dabkowska, H. A., Dabkowski, A. B., Hermann, R., Priede, J. &
Gerbeth, G. in Handbook of Crystal Growth: Bulk Crystal Growth:
Second Edition Ch. 8 (Elsevier, 2015).

Coakley, J. et al. Characterizing nanoscale precipitation in a tita-
nium alloy by laser-assisted atom probe tomography. Mater.
Charact. 141, 129-138 (2018).

Sanford, N. A. et al. Laser-assisted atom probe tomography of Ti/
TiN films deposited on Si. Micron 94, 53-65 (2017).

Jin, S., Su, H. & Sha, G. Atom probe tomography analysis of TiCy
powders synthesized by SHS in Al/Fe/Cu-Ti-C systems. Mater. 12,
4095 (2019).

Verberne, R. et al. Analysis of natural rutile (TiO,) by laser-assisted
atom probe tomography. Microsc. Microanal. 25, 539-546 (2019).
Kirchhofer, R. et al. Quantifying compositional homogeneity in
Pb(Zr, Ti)O5 using atom probe tomography. J. Am. Ceram. Soc. 97,
2677-2697 (2014).

Nature Communications | (2022)13:4783



Article

https://doi.org/10.1038/s41467-022-32189-0

39. Fleischmann, C., Paredis, K., Melkonyan, D. & Vandervorst, W.
Revealing the 3-dimensional shape of atom probe tips by atomic
force microscopy. Ultramicroscopy 194, 221-226 (2018).

40. Zhang, S. et al. Electronic manifestation of cation-vacancy-
induced magnetic moments in a transparent oxide semi-
conductor: Anatase Nb:TO,. Adv. Mater. 21, 2282-2287
(2009).

41, Hellsvik, J. et al. Tuning order-by-disorder multiferroicity in CuO by
doping. Phys. Rev. B Condens. Matter Mater. Phys. 90,

014437 (2014).

42. Thompson, K. et al. In situ site-specific specimen preparation for
atom probe tomography. Ultramicroscopy 107, 131-139
(2007).

43. Marquis, E. A. & Gault, B. Determination of the tip temperature in
laser assisted atom-probe tomography using charge state dis-
tributions. J. Appl. Phys. 104, 84914 (2008).

44. Bachhav, M., Danoix, F., Hannoyer, B., Bassat, J. M. & Danoix, R.
Investigation of O-18 enriched hematite (a-Fe,O3) by laser assisted
atom probe tomography. Int. J. Mass Spectrom. 335, 57-60
(2013).

45. Kinno, T., Tomita, M., Ohkubo, T., Takeno, S. & Hono, K. Laser-
assisted atom probe tomography of 18 O-enriched oxide thin film
for quantitative analysis of oxygen. Appl. Surf. Sci. 290,

194-198 (2014).

46. Geiser, B. P., Kelly, T. F., Larson, D. J., Schneir, J. & Roberts, J. P.
Spatial distribution maps for atom probe tomography. Microsc.
Microanal. 13, 437-447 (2007).

47. Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B Condens. Matter Mater.
Phys. 59, 1758-1775 (1999).

48. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
Condens. Matter Mater. Phys. 54, 11169-11186 (1996).

49. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953-17979 (1994).

50. Perdew, J. P. et al. Restoring the density-gradient expansion for
exchange in solids and surfaces. Phys. Rev. Lett. 100,

136406 (2008).

51.  Shannon, R. D. Revised effective ionic radii and systematic studies
of interatomic distances in halides and chalcogenides. Acta Crys-
tallogr. Sect. A 32, 751-767 (1976).

Acknowledgements

H.-S. Sgreide is thanked for her support to the APT lab facilities. The
Research Council of Norway (RCN) is acknowledged for its support to
the Norwegian Micro- and Nano-Fabrication Facility, NorFab, project
number 295864, the Norwegian Laboratory for Mineral and Materials
Characterization, MiMaC, project number 269842/F50, and the Norwe-
gian Center for Transmission Electron Microscopy, NORTEM (197405/
F50). K.A.H. and D.M. thank the Department of Materials Science and
Engineering at NTNU for direct financial support. D.M. acknowledges
funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program (Grant Agree-
ment No. 863691). D.M. thanks NTNU for support through the Onsager

Fellowship Program and NTNU Stjerneprogrammet. Z.M.K. and S.M.S.
thank the RCN for support through project 302506, and Uninett Sigma2
for providing computational resources through project NN9264K.

Author contributions

K.A.H. prepared the APT samples using FIB, conducted the APT experi-
ments and data analysis, supported by C.H., and under supervision from
A.T.J.v.H. and D.M. Z.M.K. performed the DFT calculations supervised by
S.M.S. P.E.V. performed the transmission microscopy measurements.
Z.Y. and E.B. provided the materials. D.M. devised and coordinated the
project and, together with K.A.H., wrote the manuscript. All the authors
discussed the results and contributed to the final version of the
manuscript.

Funding
Open access funding provided by Norwegian University of Science and
Technology.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary
material available at

https://doi.org/10.1038/s41467-022-32189-0.

Correspondence and requests for materials should be addressed to
D. Meier.

Peer review information Nature Communications thanks Deyang Chen
and the other anonymous reviewer(s) for their contribution to the peer
review of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

Nature Communications | (2022)13:4783


https://doi.org/10.1038/s41467-022-32189-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Atomic-scale 3D imaging of individual dopant atoms in an oxide semiconductor
	Results
	Quantifying the dopant concentration in Er(Mn,Ti)O3
	Atomically resolved APT measurements of the Er, Mn, and O lattice planes
	3D imaging of solute Ti dopant atoms

	Discussion
	Methods
	Sample preparation and characterization
	Transmission electron microscopy and energy-dispersive X-ray spectroscopy
	APT data collection
	APT data reconstruction and analysis
	Spatial distribution maps (SDMs)
	Density functional theory (DFT) calculations
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




