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Correlative microscopy and techniques 
with atom probe tomography: 
Opportunities in materials science
Oana Cojocaru‑Mirédin*  and Arun Devaraj, Guest Editors

In the last decade, the applicability of atom probe tomography (APT) has been strongly 
extended from highly conductive materials such as metals and alloys to semiconductors 
and insulators as well as to more sophisticated systems. However, atom probe tomography 
can only provide information about composition for most of these complex materials, while 
the correlation between composition and other material properties such as structural, 
functional, and mechanical properties remains challenging to be analyzed by APT alone. 
Therefore, various groups worldwide have put notable efforts recently in combining APT with 
other microscopy methods and techniques ex situ and in situ with the goal to understand 
the composition–property interrelationships at the same position of the sample. Hence, the 
present work not only provides a short overview of such works, but also describes three short 
examples of possible opportunities in materials science when using correlative microscopy 
and techniques with atom probe tomography.

Introduction
It has been demonstrated over the years that atom probe 
tomography (APT) is a powerful technique that is able to 
provide access to composition and sometimes to structure 
of materials in three dimensions and down to subnanometer 
level.1 Moreover, in the last decade, the applicability of APT 
has been extended from the highly conductive materials such 
as metals and  alloys2,3 to semiconductors and  insulators4,5 and 
even to frozen liquids,6,7 biological materials,8,9 bones,10,11 
catalytic materials,12,13 and minerals.14 However, for most 
of these complex materials, APT can only provide informa-
tion about composition, raising questions on the role of the 
other material properties such as structural, functional, and 
mechanical properties relevant for the design of structural and 
functional materials.

The idea of combining APT with other microscopy tech-
niques started out of necessity. The design of the next gen-
eration of advanced and sustainable materials requires under-
standing of the entire spectrum of material properties such 
as chemical, structural, optical, electronic, and mechani-
cal properties as well as their interrelationship. This can 
only be achieved if APT can be combined with the existent 
microscopy, spectroscopy, and other techniques allowing a 

cross-characterization on the same position of the sample and 
sometimes even over several length scales. For example, con-
siderable efforts have been done by various groups worldwide 
to enable the combination of APT with (scanning) transmis-
sion electron microscopy‒(S)TEM,15–18 scanning photoemis-
sion electron microscopy‒SPEM,19 transmission electron 
backscatter diffraction‒(t)EBSD,20–22 or in situ photolumines-
cence‒PL.23 Although outstanding, these studies had allowed 
to determine the correlation between the composition (from 
APT) and only one of the material properties (i.e., either struc-
ture or optoelectronic properties). Therefore, very recently, 
substantial efforts have been put forth to reveal if a correlation 
or a rather coincidence relationship exists between the compo-
sition and several materials properties, such as optical/electri-
cal and structural properties. These efforts have led to novel 
methodologies called correlative EBIC-EBSD-APT,24,25 where 
EBIC stands for electron-beam-induced current.

One other benefit of correlative microscopy with APT is 
to improve the understanding of the field evaporation pro-
cess and thus facilitating advanced reconstruction methodolo-
gies, which will be critical to push the capability of APT to 
analysis of challenging heterogenous materials. Even though 
APT has been used extensively by many researchers over 
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several decades, there is still active research aimed toward 
understanding the field evaporation mechanisms of oxides, 
nitrides, and heterostructures, which can benefit by careful 
correlative microscopy.26 In particular, as semiconductor 
devices are shrinking in size and individual layers are becom-
ing few-atoms thick and arranged in complex geometries 
in 3D, characterizing composition of such 3D structures is 
challenging for most conventional microscopy methods. Suc-
cessful APT analysis of these devices is a high priority for 
many semiconductor manufacturers.27 In these cases, there is 
a clear value added by correlative microscopy with APT and 
computational modeling of APT field evaporation in revealing 
the field evaporation mechanisms and reconstruction artifacts 
inherent to current APT reconstruction algorithms.28

The scope of this article “Correlative microscopy and tech-
niques with atom probe tomography: Opportunities in mate-
rials science” is not only to review the existing APT-based 
correlative methods, but also to introduce new perspectives 
that will allow reaching new horizons in materials science.

APT‑based correlative microscopy 
and techniques
Simple APT-based correlative microscopy methods such as 
(BSE-)SEM-APT studies (BSE in SEM stands for backscattered 
electron imaging) are enough to answer complex questions taking 
place at internal interfaces. For example, dendrite formation at the 
Li-anode/LLZO  (Li7La3Zr2O12)–solid electrolyte interface and 
dendrite propagation inside the LLZO bulk lead to short circuit in 
a solid-state battery. But before finding solutions to suppress these 
dendrites, we need to know the elements, which are involved in 
the formation of these dendrites, and their exact content. There-
fore, APT is considered to be a suitable technique to investigate 
these dendrites due to its 3D capabilities and possibility to deter-
mine the composition down to the subnanometer level.1

This task cannot be easily accomplished by other tech-
niques due to the difficulty to map and quantify Li, which is 
the least dense metal and the lowest atomic mass solid element 
available in nature. For example, direct imaging and quanti-
fication of Li ions by standard analytical techniques such as 
energy-dispersive x-ray spectroscopy (EDXS) in combination 
with (scanning) transmission electron microscopy ((S)TEM) 
is extremely challenging because the energy resolution of 
standard EDXS detectors is insufficient for Li detection (Li-K 
line at 55 eV). Moreover, Li detection by electron energy-loss 
spectroscopy (EELS) in combination with STEM is a substan-
tial challenge because the preparation of electron-transparent 
specimens is difficult and the acquisition of EELS spectra 
requires a sufficient electron dose that may change the original 
Li distribution in LLZO. In contrast, beside its 3D capabili-
ties and near-atomic resolution as described above, the APT 
detects both light and heavy elements with equal probability.29

Yet, the dendrites, which are supposed to be formed at the 
Li/LLZO interface, cannot be successfully characterized by 
APT without placing very precisely this interface inside the 

tiny APT needle, closer to its apex. Thus, the precise location, 
extraction, and placement of the interface within a needle-
shaped specimen can only be done by employing the dual-
beam FIB-SEM microscope equipped with a BSE detector.

Figure 1a shows a (BSE-)SEM image of the Li anode and 
LLZO solid electrolyte as well as their interface under low 
electron-beam energy of 5 kV. The backscatter yield is related 
to the standard Rutherford scattering cross section R

SCS
 such 

that R
SCS

∼ (Z/E)2 , where Z is the atomic number of the 
probed sample and E is the electron-beam energy. It becomes 
clear that the backscatter yield increases with increasing the 
Z number and decreasing E value. This is why in this study 
we used a low E value of 5 kV. Yet, this was not sufficient 
to obtain a BSE image for Li (but only for LLZO) because 
the atomic number of Li is too low ( Z = 3). Hence, the Li 
anode appears completely black because Li does not elasti-
cally backscatter the electrons or if it does, the energy of the 
backscattered electrons is so low that they cannot reach the 
BSE detector.

Nevertheless, this (BSE-)SEM image is extremely help-
ful to precisely localize the Li/LLZO interface and to con-
tinue with the lift-out procedure schematized in Figure 1b. A 
20-μm-long wedge-shaped lamella containing the Li/LLZO 
interface is prepared and lifted out using a micromanipula-
tor. Part of this lamella (chunk) is mounted on the Si-support 
tip and an annular milling procedure is applied. A continuous 
imaging of the specimen during milling and a careful posi-
tioning of the annular pattern are mandatory to successfully 
place the Li/LLZO interface within a tiny needle of 100 nm 
in diameter. The APT needle obtained is shown in Figure 1c 
where the Li/LLZO interface is clearly visible.

APT investigations from Figure 1d clearly reveal not only 
the Li/LLZO interface, but also the presence of a 5-nm-wide 
dendrite formed already in the as-deposited Li/LLZO/Li cell, 
without performing any charging process. Moreover, the com-
position of this dendrite contains mainly 51 at.% Li and 23 
at.% O and differs strongly from the composition of LLZO 
(i.e., 30 at.% Li, 48.6 at.% O, 10.2 at.% La, 8 at.% Zr, and 1.5 
at.% Ta, which is close to the expected nominal composition). 
Besides Li and O, C strongly accumulates at this dendrite too 
with a value of 6.8 at.%, whereas no C was found inside the 
LLZO. In fact, it is well known that Li is very sensitive toward 
exposure to ambient air, which quickly leads to the formation 
of lithium hydroxides and lithium carbonates. Therefore, the 
sample was kept under Ar atmosphere to prevent the forma-
tion of these unwanted phases. Moreover, the surface of the 
sample was polished just before inserting it in the FIB-SEM 
microscope for the imaging and preparation of the APT tips.

For the moment, it is not clear if this dendrite grew from 
the Li anode inside the LLZO bulk or along a grain bound-
ary, because LLZO is a polycrystalline material with an 
average grain size of about ~2.5 μm. It is indeed thermody-
namically favorable to grow Li dendrites from the Li anode 
along the LLZO grain boundaries, since our recent study 
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proved strong Li accumulation at LLZO grain boundaries 
already during synthesis.29 Yet, the growth of these dendrites 
from the Li anode toward the LLZO bulk cannot not be neg-
ligible because the Li isocomposition surface from Figure 1d 
(built using a Li isocomposition value of 42.5 at.%) clearly 
proves the presence of many protrusions directing toward 
the LLZO bulk. Last but not least, the chemical roughness of 
Li-bulk/LLZO heterointerface of about 15 nm is much supe-
rior than the typical roughness of less than 5 nm detected in 
typical semiconductor heterostructures.30–33

Furthermore, the design of the next generation of green 
energy materials requires understanding the relationship 
between composition, structure, and electronic properties 
down to the interface level. This had not been possible 
to achieve until recently. Cojocaru-Mirédin and team had 
initiated at RWTH Aachen University a novel “correlative 
techniques” approach based on the combination of APT 
with EBSD with PPMS (physical property measurement 
system), which allows to correlate the chemical properties 
with the structure and transport at the exact same position of 
the sample. This expertise is essential to answer key ques-
tions linked with, for example, grain-boundary effect on 

thermoelectric properties (such as electronic conductivity 
σ  ) of n-type PbTe (Ag-doped) thermoelectric material.

A good TE material should possess a large Seebeck coef-
ficient (S), high σ , and low thermal conductivity ( κ ). These 
coefficients are embodied in the dimensionless TE figure of 
 merit3 ZT = S

2

T
σ
κ
 where T is the temperature. The total ther-

mal conductivity κtot consists essentially of electronic ther-
mal conductivity κe and lattice thermal conductivity κL, which 
shows that these parameters (e.g., σ and κ ) are interwoven in 
a complex way making the improvement of zT challenging. 
To enhance the zT, some effective strategies, such as phonon 
engineering, nanostructuring, and band engineering, have 
been developed. However, in all these existing studies, the 
true impact of each individual nanostructure on the thermo-
electric properties could not be determined. This is simply 
because determining these thermoelectric properties locally 
at the nanostructure level remains impossible.

Therefore, the novel “correlative technique” approach 
described in Figure 2 represents a first try toward understand-
ing these thermoelectric properties such as electronic conduc-
tivity σ down to the grain-boundary level. First, in Figure 2a, 
the EBSD is used to determine the local crystal structure (i.e., 
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Figure 1.  Correlative backscatter electron-scanning electron microscopy-atom probe tomography (BSE-SEM-APT) studies of 
the Li-anode/LLZO–solid electrolyte interface in a solid-state battery. (a) The material contrast at the Li-anode/LLZO–solid elec-
trolyte interface is visualized by employing a BSE-SEM imaging at 5 kV where the number of BSEs reaching the BSE detector 
increases with the average atomic number of the imaged material. The presence of a low atomic-number phase (dark contrast 
for Li phase) is clearly visible. (b) The lift-out procedure employed to lift out a chunk of material containing the Li-anode/LLZO–
solid electrolyte interface. Lately, an annular milling procedure is applied to prepare a needle-shaped specimen with a diameter 
of about 60 nm. (c) The obtained needle-shaped specimen containing the region of interest (i.e., the Li-anode/LLZO–solid 
electrolyte interface). (d) APT results obtained on the selected Li/LLZO interface. These includes the APT 3D map showing the 
Li/LLZO interface and the dendrite, the 1D concentration profile across this dendrite, and the Li isocomposition surface built 
using a Li isocomposition value of 42.5 at. percent. This Li isosurface clearly highlights the presence of protrusions directed 
toward the LLZO bulk.
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the crystal orientation from which the grain-boundary type 
between adjacent grains (see Figure 2b) is derived). Second, 
the PPMS is used to study the electronic transport properties of 
the Ag-doped PbTe thermoelectric material in an environment 
where the temperature is well controlled from 2 to 400 K. For 
the PPMS investigations, a Hall-bar structure shown in Fig-
ure 2d is micromachined, which allows to determine the elec-
tronic properties of the grain boundaries and their neighboring 
grains. By using the Hall effect and the van der Pauw method 
integrated within the PPMS, the resistivity ρ (ρ ~ 1/σ, where σ 
is the electronic conductivity), the charge-carrier concentration 
n, and the mobility μ are determined (Figure 2e–g) given that 
these parameters are interrelated such as σ = qμ i n (where i =  
e, h subscripts represent quantities related with electrons and 
holes, q is the electron charge, and n is the density of charge). 
Third, the needle-shaped specimen containing the grain 
boundary of interest (see methodology in Reference 21 for 
the sample preparation) is investigated by  APT34 quantifying 
the Ag content at the boundary as well as the compositional 
changes of the matrix elements (Pb and Te).

Ideally, during the operation conditions (T > 300 K), the 
grain boundaries in PbTe thermoelectric material should not 
scatter the electrons to preserve the electronic conductivity σ 
of the bulk material and to improve the Seebeck coefficient 
and zT value. For the first time, we prove that this requirement 
is fulfilled at one the selected random high-angle grain bound-
ary decorated by Ag. More precisely, no electron scattering 
effect is observed at the grain boundary (see Figure 2e–g) at 
temperatures above 150 K. Yet, at temperatures below 150 K, 

a clear electron scattering phenomenon takes place at the grain 
boundary (green curves) when comparing with the bulk mate-
rial (red curves).

Correlative microscopy with APT: 
Understanding APT‑related aberrations
Direct correlation of APT with TEM and field evaporation 
simulations can provide insights that can be used to improve 
the APT reconstruction fidelity. One study that highlights this 
is the direct correlation of APT with aberration-corrected 
STEM and finite element-based field evaporation simula-
tions for understanding local magnification artifact during 
the analysis of Au nanoparticles embedded in MgO.35 The 
Au nanoparticles are nucleated within MgO single-crystal 
oxides by implantation and annealing. Standalone APT anal-
ysis reveals that these Au nanoparticles are intermixed with 
the MgO matrix. However, HRSTEM reveals an atomically 
abrupt interface between Au and MgO. Hence, the APT and 
HRSTEM results were not consistent, motivating the applica-
tion of directly correlated STEM and APT. Figure 3a shows 
the STEM image of the APT needle before and after field 
evaporation in the APT along with the APT reconstruction in 
(b). The bright contrast regions in the STEM image of needles 
(a) are the Au nanoparticles. Au is shown in yellow in the 
reconstruction in (b) and Au nanoparticle regions are high-
lighted using a 10 at.% Au isocomposition surface in (c). From 
the APT results, it was found that the maximum Au composi-
tion at the center of these nanoparticles was still below 25 at.% 
and the ions of MgO and Au were overlapping directly, which 
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i

Figure 2.  Electron backscatter diffraction-physical property measurement system-atom probe tomography (EBSD-PPMS-APT) 
correlative techniques concept. (a, b) Scanning electron microscopy (SEM) and 2D EBSD map showing the grain boundary 
(GB) of interest in a polycrystalline Ag-doped PbTe chalcogenide. (c, d) Hall-bar preparation containing the selected GB and 
mounting of this Hall-bar on a Hall-holder. This configuration is suitable to measure the resistivity (1/conductivity, (e)), carrier 
mobility (f), and carrier concentration not only across the GB, but also of the neighboring grains (g). After the PPMS study, a 
needle-shaped specimen is prepared by FIB containing the region of interest (here the GB) and finally investigated by (h) EBSD 
(structure of GB) and (i) APT (composition of GB). These illustrations show, hence, how APT, SEM/focused ion beam (FIB)/
EBSD, and PPMS can be combined to achieve a truly 1:1 correlative study allowing to understand if a coincidence or a correla-
tion relationship exists between composition, structure, and transport properties.
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is a clear signature for artificial ion intermixing (Figure 3d–e). 
This motivated an analysis of the surface of the needle after 
APT, which revealed that Au nanoparticles were protruding 
from the surface of the needle. This can only be explained 
by the large difference in the evaporation rate between Au 
and MgO (Figure 3f). Finite element field evaporation simula-
tions validated the experimental observations that indeed such 
artificial ion intermixing could occur if there are significant 
differences in evaporation field between the Au nanoparticles 
(evaporation field of Au is estimated to be 53 V/nm) and the 
MgO oxide matrix (evaporation field of MgO is estimated to 
be between 22 and 25 V/nm) (Figure 3g–h). Such insights can 
help improve the interpretation of APT data and help to better 
understand limitations of APT and current reconstruction algo-
rithms, which will be crucial as the material systems analyzed 
by APT become highly heterogenous and complex.36,37

Perspectives: Efforts to develop in situ 
combined instruments
All the instruments involved for the correlative micros-
copy and techniques studies previously described are com-
bined ex situ. More specifically, the sample is transported ex 
situ between the instruments prior investigation. Yet, over the 

last several years, there are efforts to develop in situ combined 
instruments.

Given the ultrahigh vacuum inside the APT analysis 
chamber, additional microscopy and spectroscopy methods 
can be integrated within the APT instrument as schemati-
cally shown in Figure 4. Specifically, the column of a scan-
ning/transmission electron microscope integrated within the 
APT analysis chamber can provide not only the initial needle 
specimen shape before APT experiments, but also provide 
information on how the specimen shape would evolve during 
experiment.38,39 Additionally, photoluminescence spectros-
copy probes can be integrated with the laser system used 
in APT to obtain in situ optoelectronic properties of func-
tional materials.23 Such efforts in the past to integrate an 
APT instrument with other microscopy and spectroscopy 
tools are discussed in more detail next.

A first example is the in situ combination of a TEM or an 
SEM column with an APT ion optics and detection system.38–40 
One ambitious concept was put forth by Kelly et al.39 for 
the atom scope, which aimed to combine a transmission elec-
tron microscope with an APT sample and ion optics with a posi-
tionsensitive detector, all built within the same microscope. The 
schematic of the instrument proposed by Kelly et al.39 is given 

Figure 3.  Correlative scanning transmission electron microscopy-atom probe tomography (STEM-APT) analysis revealing APT-
related aberrations during field evaporation. (a) STEM image of APT needle sample before APT and after APT analysis.  
(b) The APT reconstruction where Au is shown in yellow, Mg in pink, and O in blue. (c) Au 10 at.% isocomposition surface 
showing the distribution of Au nanoparticles within the APT reconstruction. (d) Proximity histogram revealing a maximum 
concentration below 25 at.% Au in the center of the Au nanoparticles. (e) The ion mixing between the Au and MgO ions. (f) The 
high-resolution STEM image of the APT needle showing Au nanoparticles protruding out of the needle surface, which can act 
as secondary tips, (g) finite element-based field evaporation simulations of a Au nanoparticle in the MgO matrix with a fixed 
ratio of evaporation fields, and (h) composition profile in the simulated data reconstruction revealing mixing between Au and 
MgO due to local magnification artifact.
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in Figure 5a. Another notable advancement was in directly com-
bining a 30 KeV STEM column on an APT by researchers at 
Colorado School of Mines. They demonstrated an ability to col-
lect STEM images and diffraction patterns of APT specimens.38

The first realization of a combined TEM/STEM-APT 
instrument is the target of the TOMO project of the Ernst 
Ruska-Centre for Microscopy and Spectroscopy with Elec-
trons (ER-C) at Forschungszentrum Jülich. Project TOMO is 
part of the overarching project ER-C 2.0, which is funded 
by the German Ministry of Education and Research (BMBF). 
The instrument will be built by Thermo Fisher Scientific with 
Cameca as the partner for the APT components. The final 
TOMO instrument will become part of the user facility at the 
Ernst Ruska-Centre and will certainly offer new opportunities 
for both APT and TEM users.

A second example that is also described in detail within 
this issue of MRS Bulletin is the in situ combination of the 
photoluminescence spectroscopy with the APT. This setup 
was developed by the GPM Group at Rouen University and is 
called photonic atom probe.23 More details can be found in the 
next section as well as in the article “Correlative atom probe 
tomography and optical spectroscopy: An original gateway to 
materials science and nanoscale physics” by Di  Russo41 and 
Rigutti in this issue.

In this issue
This issue of MRS Bulletin is dedicated to highlight 
many crucial contributions of correlative microscopy 
with APT to fields ranging from material synthesis/
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processing–microstructure–property relationships and mate-
rial degradation of structural and functional materials as well 
as understanding inherent complexities in extraterrestrial 
materials.

Sasaki et al.42 highlight specific contributions of cor-
relative STEM and APT for analyzing solute segregation 
to interfaces in Fe–P–B–Cu soft magnetic alloys, (NdDy)
FeB, and Sm(Fe0.8Co0.2)12B0.5 hard magnetic alloys, 
which in turn helped better understand the magnetic prop-
erties. In addition, they also discuss key contributions 
made by complementary STEM and APT for studying GP 
zone precipitates in Mg–0.5Ca–1.6Zn–0.3Zr alloy. One 
example of revealing solute segregation to dislocations in 
Mg–1.2Al–0.8Zn–0.5Mn–0.5Ca by directly correlative TEM-
APT is also discussed. Finally, the value of correlative STEM-
APT in revealing solute clustering in functional materials is 
discussed by using an example from Mg-implanted GaN.

McCarroll et al.43 discuss the value of correlative micros-
copy with APT for nanoscale isotopic and compositional anal-
ysis of precious samples from extraterrestrial sources such as 
sample return missions from the moon, comets, and asteroids. 
The application of APT for geological research and planetary 
research has been growing rapidly. Use of correlative micros-
copy with APT really allows a comprehensive understanding 
of these precious samples and the low sample volume needs 
for APT make it an ideal technique for analyzing these mate-
rials, as discussed by McCarroll et al.43 The procedure of 
sample preparation of such extraterrestrial materials for cor-
relative microscopy is discussed in addition to key examples 
that revealed solute segregation to interfaces in lunar apatite. 
They close their article with a perspective on how the future 
developments in correlative microscopy and APT can make it 
an even more powerful method for robustly measuring com-
position, trace element composition, and isotopic variations, 
including those important for chronology.

Material degradation by corrosion is another key area 
where correlative microscopy with APT can make a significant 
impact. Rodenkirchen et al.44 discuss the contributions made 
by correlative microscopy and APT in the area of understand-
ing high-temperature corrosion of Ni-based superalloys used 
in turbine engines. Specific examples of use of directly cor-
related STEM and APT in analyzing stress-corrosion cracks 
in steel are discussed. Complementary SEM, EBSD, SIMS, 
TEM, and APT for analysis of interfaces within the micro-
structure, solute segregation to dislocations, and compositional 
partitioning between the alloy microstructure and oxide scales 
are also discussed.

The study of phenomena taking place at surfaces and sub-
surfaces is key for electrocatalysts because the design of a reli-
able green hydrogen technology requires the understanding of 
subtle processing–structure–property relationships. Therefore, 
Gault et al.45 propose an innovative way of combining the APT 
with typical instruments used in surface science such as x-ray 
photoelectron spectroscopy (XPS) but also with electron-based 
spectroscopies such as electron energy-loss spectroscopy 

(EELS) in STEM. With this innovative concept, Gault et al.45 
could study for the first time the oxygen isotope exchange 
experiment on iridium oxide during the oxygen evolution 
reaction within different sets of atomic planes that form the 
end surface of the needle. This study is a coming back to the 
original roots of APT (a surface science technique), but also 
provides a novel correlative concept necessary to tackle the 
challenges in electrocatalysis.

It is without any doubt that in situ combined instruments 
represent an important future development in materials sci-
ence and, if successful, have big chances to result in a novel 
commercial instrument. This is the case for the photonic atom 
probe (PAP) instrument that is not yet commercially avail-
able, but has opened new avenues in science for the study 
of nanoscale physical phenomena driven by field, stress, or 
sample shape. This PAP instrument has been developed by 
the GPM Group at Rouen University, France, under the guid-
ance of Lorenzo Rigutti. The latest developments as well as 
the high-end sample characterization are explained in detail 
within this issue.

Acknowledgments 
Special thanks to J. Mayer, R. Wu, and Y. Yu for their sci-
entific inputs. O.C.M. acknowledges the funding received 
from the Federal Ministry for Economic Affairs and Climate 
Action (BMWK EFFCIS II, 03EE1059F) and from the SFB 
917 Nanoswitches for fulfillment of this work. A.D. would like 
to acknowledge the funding support from the US Department 
of Energy, Office of Science, Basic Energy Sciences, Materi-
als Sciences and Engineering Division as a part of the Early 
Career Research Program FWP 76052.

Funding 
Open Access funding enabled and organized by Projekt 
DEAL. Funding was provided by BMWK (03EE1059F), FWP 
(76052), and DFG (SFB Nanoswitches).

 Data availability 
The data sets generated and analyzed during the current study 
are available from the corresponding authors on reasonable 
request.

Conflict of interest 
The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Open access
This article is licensed under a Creative Commons Attribu-
tion 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 Com-
mons license, and indicate if changes were made. The images 
or other third party material in this article are included in the 



COrrELatiVE MiCrOsCOpy and tEChniqUEs with atOM prObE tOMOgraphy: OppOrtUnitiEs in MatEriaLs sCiEnCE

MRS BULLETIN • VOLUME 47 • JULy 2022 • mrs.org/bulletin              687

article’s Creative Commons license, unless indicated other-
wise 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References
 1. B. Gault, A. Chiaramonti, O. Cojocaru-Mirédin, P. Stender, R. Dubosq, C. Freysoldt, 
S.K. Makineni, T. Li, M. Moody, J.M. Cairney, Nat. Rev. Methods Primers 1, 51 (2021)
 2. S.P. Ringer, Mater. Sci. Forum 519–521, 25 (2006)
 3. K. Hono, K. Oh-ishi, C.L. Mendis, T. Ohkubo, “Advances in Laser Assisted 3D Atom 
Probe and Its Applications to Light Metals,” in Proceedings of the 12th International 
Conference on Aluminium Alloys (The Japan Institute of Light Metals, Tokyo, 2010), 
p. 1361
 4. T.F. Kelly, D.J. Larson, K. Thompson, R.L. Alvis, J.H. Bunton, J.D. Olson, B.P. Gorman, 
Annu. Rev. Mater. Res. 37, 681 (2007)
 5. P.-P. Choi, O. Cojocaru-Mirédin, D. Abou-Ras, R. Caballero, D. Raabe, V.S. Sment-
kowski, C.G. Park, G.H. Gu, B. Mazumder, M.H. Wong, Y.-L. Hu, T.P. Melo, J.S. Speck, 
Microsc. Today 20, 18 (2012)
 6. P. Stender, B. Gault, T.M. Schwarz, E.V. Woods, S.H. Kim, J. Ott, L.T. Stephenson, G. 
Schmitz, C. Freysoldt, J. Kastner, A.A. El-Zoka, Microsc. Microanal. 1, 1 (2022)
 7. A.A. El-Zoka, S.-H. Kim, S. Deville, R.C. Newman, L.T. Stephenson, B. Gault, Sci. 
Adv. 6, eabd6324 (2020)
 8. I.E. McCarroll, P.A.J. Bagot, A. Devaraj, D.E. Perea, J.M. Cairney, Mater. Today Adv. 
7, 1 (2020)
 9. D.E. Perea, J. Liu, J. Bartrand, Q. Dicken, S.T. Thevuthasan, N.D. Browning, J.E. 
Evans, Sci. Rep. 6, 22321 (2016)
 10. L.M. Gordon, L. Tran, D. Joester, ACS Nano 6, 10667 (2012)
 11. B. Langelier, X. Wang, K. Grandfield, Sci. Rep. 7, 39958 (2017)
 12. C. Barroo, A.J. Akey, D.C. Bell, Appl. Sci. 9, 2721 (2019)
 13. S.V. Lambeets, E.J. Kautz, M.G. Wirth, G.J. Orren, A. Devaraj, D.E. Perea, Top. Catal. 
63, 1606 (2020)
 14. H.G.E. Dien, Nat. Rev. Earth Environ. 2, 380 (2021)
 15. W. Lefebvre-Ulrikson, “Correlative Microscopy by (Scanning) Transmission 
Electron Microscopy and Atom Probe Tomography,” in Atom Probe Tomography, W. 
Lefebvre-Ulrikson, F. Vurpillot, X. Sauvage, Eds. (Academic Press, 2016), chap. 10, p. 
319
 16. M. Herbig, P. Choi, D. Raabe, Ultramicroscopy 153, 32 (2015)
 17. O. Cojocaru-Mirédin, T. Schwarz, D. Abou-Ras, Scr. Mater. 148, 106 (2018)
 18. A. Stoffers, J. Barthel, C.H. Liebscher, B. Gault, O. Cojocaru-Mirédin, C. Scheu, D. 
Raabe, Microsc. Microanal. 23, 291 (2017)
 19. K. Schweinar, R.L. Nicholls, C.R. Rajamathi, P. Zeller, M. Amati, L. Gregoratti, D. 
Raabe, M. Greiner, B. Gault, O. Kasian, J. Mater. Chem. A 8, 388 (2020)
 20. K. Babinsky, R. De Kloe, H. Clemens, S. Primig, Ultramicroscopy 144, 9 (2014)
 21. O. Cojocaru-Mirédin, T. Schwarz, P.P. Choi, M. Herbig, R. Wuerz, D. Raabe, J. Vis. 
Exp. 74, e50376 (2013)
 22. T. Schwarz, G. Stechmann, B. Gault, O. Cojocaru-Mirédin, R. Wuerz, D. Raabe, 
Prog. Photovolt. Res. Appl. 26, 196 (2018)
 23. J. Houard, A. Normand, E.D. Russo, C. Bacchi, P. Dalapati, G. Beainy, S. Moldovan, 
G.D. Costa, F. Delaroche, C. Vaudolon, J.M. Chauveau, M. Hugues, D. Blavette, B. 
Deconihout, A. Vella, F. Vurpillot, L. Rigutti, Rev. Sci. Instrum. 91, 083704 (2020)
 24. A. Stoffers, O. Cojocaru-Mirédin, W. Seifert, S. Zaefferer, S. Riepe, D. Raabe, Prog. 
Photovolt. Res. Appl. 23, 1742 (2015)
 25. O. Cojocaru-Mirédin, M. Raghuwanshi, R. Wuerz, S. Sadewasser, Adv. Funct. 
Mater. 1, 2103119 (2021)
 26. A. Devaraj, R. Colby, W.P. Hess, D.E. Perea, S. Thevuthasan, J. Phys. Chem. Lett. 
4, 993 (2013)
 27. A.D. Giddings, S. Koelling, Y. Shimizu, R. Estivill, K. Inoue, W. Vandervorst, W.K. 
Yeoh, Scr. Mater. 148, 82 (2018)

 28. J.H. Lee, B.H. Lee, Y.T. Kim, J.J. Kim, S.Y. Lee, K.P. Lee, C.G. Park, Micron 58, 32 (2014)
 29. O. Cojocaru-Mirédin, J. Schmieg, M. Müller, A. Weber, E. Ivers-Tiffée, D. Gerthsen, 
J. Power Sources 539, 231417 (2022)
 30. O. Dyck, D.N. Leonard, L.F. Edge, C.A. Jackson, E.J. Pritchett, P.W. Deelman, J.D. 
Poplawsky, Adv. Mater. Interfaces 4, 1700622 (2017)
 31. A. Koprek, P. Zabierowski, M. Pawlowski, L. Sharma, C. Freysoldt, B. Gault, R. 
Wuerz, O. Cojocaru-Mirédin, Sol. Energy Mater. Sol. Cells 224, 110989 (2021)
 32. P. Soni, M. Raghuwanshi, R. Wuerz, B. Berghoff, J. Knoch, D. Raabe, O. Cojocaru-
Mirédin, Sol. Energy Mater. Sol. Cells 195, 367 (2019)
 33. O. Cojocaru-Mirédin, Y. Fu, A. Kostka, R. Sáez-Araoz, A. Beyer, N. Knaub, K. Volz, 
C.-H. Fischer, D. Raabe, Prog. Photovolt. Res. Appl. 23, 705 (2014)
 34. Y. Yu, C. Zhou, S. Zhang, M. Zhu, M. Wuttig, C. Scheu, D. Raabe, G.J. Snyder, B. 
Gault, O. Cojocaru-Mirédin, Mater. Today 32, 260 (2020)
 35. A. Devaraj, R. Colby, F. Vurpillot, S. Thevuthasan, J. Phys. Chem. Lett. 5, 1361 (2014)
 36. A. Devaraj, M. Vijayakumar, J. Bao, M.F. Guo, M.A. Derewinski, Z. Xu, M.J. Gray, 
S. Prodinger, K.K. Ramasamy, Sci. Rep. 6, 37586 (2016)
 37. P. Parikh, C. Senowitz, D. Lyons, I. Martin, T.J. Prosa, M. DiBattista, A. Devaraj, Y.S. 
Meng, Microsc. Microanal. 23, 916 (2017)
 38. R. Kirchhofer, D.R. Diercks, B.P. Gorman, Rev. Sci. Instrum. 89, 053706 (2018)
 39. T.F. Kelly, M.K. Miller, K. Rajan, S.P. Ringer, Microsc. Microanal. 19, 652 (2013)
 40. T.F. Kelly, Microsc. Microanal. 23, 34 (2017)
 41. E. Di Russo, L. Rigutti, MRS Bull. 47(7), (2022). https:// doi. org/ 10. 1557/ 
s43577- 022- 00367-6
 42. T.T. Sasaki, H. Sepehri-Amin, J. Uzuhashi, T. Ohkubo, K. Hono, MRS Bull. 47(7) 
(2022). https:// doi. org/ 10. 1557/ s43577- 022- 00374-7 
 43. I.E. McCarroll, L. Daly, L.F. White, J.M. Cairney, MRS Bull. 47(7) (2022)
 44. C. Rodenkirchen, M. Appleton, M.P. Ryan, S. Pedrazzini, MRS Bull. 47(7) (2002)
 45. B. Gault, K. Schweinar, S. Zhang, L. Lahn, C. Scheu, S.-H. Kim, O. Kasian, MRS 
Bull. 47(7) (2002)� ⃞

Oana Cojocaru‑Mirédin received her PhD 
degree in physics in 2009 within Groupe Phy-
sique des Matériaux (GPM), Rouen,  France. 
Afterward, she worked as a postdoctoral 
researcher at the Max Planck Institut für Eisen-
forschung, Düsseldorf, Germany. By winning the 
“NanoMatFutur” competition organized by the 
Federal Ministry of Education and Research 
(BMBF), she became, in 2013, the head of 
the  Interface Design in Solar Cells Group. In 
2015, she moved to RWTH Aachen where she 
leads the Atomprobe Group. In 2020, she 
received the Habil. degree at RWTH Aachen Uni-
versity. Her research interests include the nano-
characterization of energy materials and cor-

relative microscopy and techniques. Cojocaru-Mirédin can be reached by email at 
cojocaru-miredin@physik.rwth-aachen.de. 

Arun Devaraj is a senior research scientist in 
the Material Sciences Group at Pacific North-
west National Laboratory. He received his PhD 
degree from the University of North Texas in 
2011. His research interests include under-
standing the mechanisms of nonequilibrium 
behavior and metastable phase transformations 
in alloys as well as understanding material deg-
radation under extreme environments. He is 
recognized for contributions to expanding the 
application of atom probe tomography for ana-
lyzing interfaces in metals and alloys as well as 
battery materials, catalysts, and biomaterials. 
Additionally, he is also recognized for directly 
correlating APT with transmission electron 

microscopy, x-ray-based material characterization methods, and simulations. Devaraj 
can be reached by email at arun.devaraj@pnnl.gov. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1557/s43577-022-00367-6
https://doi.org/10.1557/s43577-022-00367-6
https://doi.org/10.1557/s43577-022-00374-7

	Correlative microscopy and techniques with atom probe tomography: Opportunities in materials science
	Anchor 2
	Introduction
	APT-based correlative microscopy and techniques
	Correlative microscopy with APT: Understanding APT-related aberrations
	Perspectives: Efforts to develop in situ combined instruments
	In this issue
	Acknowledgments 
	References




