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Figure 1: a) Reconstructed phases based on EDS data. Al matrix phase not shown for clarity, coloring 
according to principal elements. b) Volume rendering of XCT absorption contrast data. Phases containing 
heavy elements (Ni, Cu) appear bright. 

 

 

 
 





  
 
Left: General VELION setup with vertical FIB column, Laser Interferometer Stage 
and SEM  
Right: Multi ion species FIB from Liquid Metal Alloy Ion Sources. 
 

 
Waveguide coupler   

Stepwise bowtie fabrication with Bi 
and Li ions 

 

 
    Lithium-ion image of graphite 

 
    Lithium-ion image of Sn/C 
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Figure 1: (a) pre-structured AFM self-sensing cantilever, which was first equipped with a PtC hollow-
cone (b), further transferred into pure Pt with apex radii in the sub-10 nm regime (inset in b). (c) and (d) 
give a direct AFM topography comparison between commercially available C-AFM probes and the here 
relevant hollow-cones, respectively, which clearly shows the improved lateral resolution. (e) representa-
tive CAFM image enabling clear identification of a single-layer (1) and multi-layer graphene (2), copper 
oxide particles (3) and insulating Antimony particles (4) and proves CAFM applicability. 



Manipulation and Study of Antiferromagnetic Order Enabled by 
Focused Ion Beam Fabrication 

 

S. C. Haley1,2, E. Maniv1,2,3, and J. G. Analytis1,2* 

 
1 Department of Physics, University of California, Berkeley, California 94720, USA   
2 Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 
3 Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel 
* corresponding author email: analytis@berkeley.edu  

In ferromagnetic solids, electron spins prefer to align with each other, with 
macroscopically observable results and straightforward applications: souvenirs 
can stick to refrigerators, stable magnetic fields can translate electric currents into 
sound, and information can be stored in the direction of the collective magnetic 
moment of a material. In antiferromagnets, on the other hand, spins prefer to be 
anti-aligned with their neighbors. In practice, this yields much more complicated 
and varied patterns on a microscopic level, which are more challenging to study 
directly because they do not generate a net external magnetic field and are 
difficult to manipulate with one. We are nonetheless interested in these systems, 
however, both for their exotic phase diagrams and low-energy excitations, and for 
their use in technological applications made possible by their complex magnetic 
properties. 

By fabricating specialized transport devices using the FIB, we have explored and 
tested a first-generation prototype for low-power computing components based 
on antiferromagnets. These devices have also found value as a novel tool for 
identifying unusual magnetic dynamics and textures that are challenging to study 
by other means.  
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by Ga-FIB at several positions and investigated by passive voltage contrast to 
identify the shorted part, fig. 3. Finally, the remaining shorted metal lines were 
screened by forwarding FIB cross sectioning under SEM observation till 
irregularities (delamination, cracks) could be found in the IC structure. The defect 
origin could be identified due to the preserved mould compound on top of the IC. 
A large filler particle touches the IC passivation at the position of the cracks. Due to 
the mechanical stress during the moulding process these cracks were initiated, 
later metal was migrating into these cracks forming an electrically conductive path 
between metal 1 and 2, fig. 4. The same failure mode could be verified at several 
sensor devices.  

 

 
Fig. 1: SEM image of a FIB cross-section showing shorted metal lines due to a metal filled crack in-
between these lines  
 

   
Fig. 2: P-FIB backside trenching of the Si substrate overlaid with the IC layout of the ROI, before and after 
detailed Ga-FIB investigation 
 
 



  
Fig.3: Passive voltage contrast investigation to isolate the defect position in the IC network 
 
 

      
Fig.4: SEM cross-section showing a delaminated mould-passivation interface with cracked chip 
passivation and interlayer induced by a large filler particle 
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Development and SEM integration of the Nano Aperture Ion 
Source 

 
M.L. Simons1*, W.D. Laur1, T. van den Brink1, P. Kruit1, C.T.H. Heerkens1, A. 
Mahgoub1   
1 TU Delft 
* corresponding author email: m.l.simons@tudelft.nl  
 
The Nano-Aperture Ion Source (NAIS) is a new type of ion source, researched by L. 
van Kouwen, which should enable several ion species (Ga+, He+, Ne+, Xe+) without 
compromising brightness1 �H�í�|�í�ì5A/(m2srV), or energy spread. An electron beam 
from a Schottky source is focused on a hole in a nano gas channel. Gas flowing 
through this channel is ionized due to electron impact ionization, after which it is 
extracted from the source by an extraction potential (Fig.1).2 L. van Kouwen 
identified problems with chip design and experimental setup. The production yield 
of the NAIS chips, created by MEMS technology, was low because two membranes 
needed a voltage difference while maintaining a 1-micron separation. Therefore, 
the chip design has been altered. These changes have considerably improved 
production yield and the maximum pressure the chip can withstand, up to 3 bar. 
This alteration does negatively affect the possibility to extract the ions from the 
chip, since an extraction field can only be applied outside the chip.  

Instead of an electric field within the chip, a structure can be used to guide the gas 
towards the extractor, which can be created using Electron Beam Induced 
Deposition (EBID) (Fig.2). To optimize this structure, several simulations are 
performed in the Rarefied Gas Regime using Python and SPARTA. Together with an 
electric field and ion trace simulations in GPT, a theoretical brightness can be 
acquired and optimized by changing the structural design. An experimental setup 
is being used to test chip life time and perform brightness measurements (Fig.3). 
This setup is modified by applying a new extractor with a 6D-aligner directly onto 
the chip and by decoupling the chip position and the electrostatic components. 
However, if the NAIS chip is to be used for FIB applications, a large demagnification 
of the source is required to reduce the ion beam spot size. Therefore, an additional 
setup is being developed by combining a commercially available SEM and FIB 
columns in one device on the same beamline (NiCole and Tomahawk columns 
provided by Thermo Fisher Scientific). This setup is scheduled to be ready in 2023 
and should produce a usable prototype. 
 
[1] Leon van Kouwen, Pieter Kruit; Brightness measurements of the nano-aperture ion source; Journal 
of Vacuum Science & Technology B (2018).  

[2] Leon van Kouwen; Introduction to focused ion beams, ion sources, and the nano-aperture ion source; 
Advances in Imaging and Electron Physics Including Proceedings CPO-10 (2019), Start Page 181.   
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Fig.1 principle of the NAIS: gas is ionized by a focused electron beam 

and extracted by a strong electric field. 

 

 
Fig.2 produced microstructure (EBID) to enhance ion beam performance. 

 

 
Fig.3 current experimental setup in SEM chamber. 



Extending microstructure characterization from nm to mm scale using the latest 
multiple ion species plasma FIB integrated with femtosecond laser 

 

Min Wu, Bartlomiej Winiarski and Remco Geurts 
 

Thermo Fisher Scientific, Eindhoven, The Netherlands. 
 
Conventionally 3D X-ray scanning technique such as microCT recovers large sample volume however 
suffers from relatively low voxel resolution, meanwhile high resolution 3D volume methods such as 
serial sectioning and imaging using a FIB-SEM can only recover 3D volume in the order of �d 40 × 40 × 
40 µm3. Plasma FIB-SEM expands these techniques to volume ~ 250 × 250 × 250 µm3 keeping the 
voxels sizes in the dozens of nm-ranges. Recently, femtosecond Laser PFIB-SEM pushed these 3D 
techniques further to mm-scale volumes, setting the standards for multi-modal data collection from nm 
to mm scales and bridge the gap between microCT and FIB-SEM, while maintaining the advantage of 
high resolution SEM imaging of the cut face.  
 
In this abstract we present the latest development of multiple ion species plasma FIB integrated with 
femtosecond laser, the Thermo Scientific Helios 5 Laser Hydra system. We address the effects of ultra-
short pulse laser ablation and discuss various application usecases using this latest versatile technology. 
We will also discuss the possibility of laser ablation and slicing materials with multiple ion species 
under cryogenic conditions using our latest 360º rotatory Aquilos cryo stage, and the newly developed 
inert gas transfer system CleanConnect.  
 
We will also present the latest automation software from Thermo Fisher Scientific, AutoTEM 5 for 
lamellae fabrication and Auto Slice & View 5 for 3D serial sectioning and volume reconstruction.  
 
AutoTEM 5 facilitates users to prepare the highest quality S/TEM samples and cross-sectioning with a 
reliable fully-robotic fashion. It is a unique solution with highly configurable workflow to enable 
preparation of a wide range of samples for Inverted, Top Down and Planar use cases. The complete in-
situ sample preparation workflow features fully automated, unattended multi-site chunk milling, lift-out 
and final thinning.   

 
Auto Slice & View 5 is the latest �J�H�Q�H�U�D�W�L�R�Q�� �R�I�� �7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F�¶�V�� �D�X�W�R�P�D�W�L�R�Q�� �V�R�I�W�Z�D�U�H�� �I�R�U��
automated serial sectioning and imaging through a user-defined volume of a specimen. Auto Slice & 
View 5 provides all necessary features for high precision slicing and imaging through reliable 
automation, easy setup, monitoring and on-the-fly correction of project parameters. Some of the notable 
new features include editable job templates to simplify and speed up job setting, rocking beam 
polishing, and fast and reliable auto functions (auto focus, auto stigmation and auto lens alignment). In 
addition, a newly developed Spin mill function allows the software to automate sequential milling of 
large (up to 1 mm) areas. The sample surface is oriented almost parallel to the ion beam and the stage is 
periodically rotated to a series of pre-defined positions until a full rotation of 360º is fulfilled. Multiple 
areas for image acquisition could also be configured per every Spin mill site.   

 



The patterning toolbox FIB-o-mat: Exploiting the full potential of 
focused ion beams for nanofabrication 

 
V. Deinhart1,2*, L.M. Kern3, J. Kirchhof4, S. Juergensen4, K.I. Bolotin4, S. Reich4, B. 
Pfau3 and K. Höflich1,2 

1 Ferdinand-Braun-Institut gGmbH, Leibniz-Institut für Höchstfrequenztechnik, Gustav-Kirchhoff-Str. 4, 
12489 Berlin, Germany 
2 Corelab Correlative Microscopy and Spectroscopy, Helmholtz-Zentrum Berlin für Materialien und 
Energie, Hahn-Meitner-Platz 1, 14109 Berlin, Germany 
3 Max Born Institute for Nonlinear Optics and Short Pulse Spectroscopy, Max-Born-Straße 2A, 12489 
Berlin, Germany 
4 Freie Universität Berlin, Arnimallee 14, 14195 Berlin, Germany 
* corresponding author email: victor.deinhart@fbh-berlin.de 

Future breakthroughs in nanotechnology will  rely on the ability to fabricate 
materials and devices by design, i.e. to tailor both material properties and device 
geometries according to a sophisticated blueprint. Direct writing using focused 
beams of ions or electrons is a powerful technique not only for rapid-prototyping 
of novel device components but also for mask-less processing of delicate 
nanostructures and local modification of materials. To achieve an optimal result in 
the patterning process, a full control over the beam path including its rasterization 
is necessary. Here, we present the open-source Python toolbox FIB-o-mat [1] for 
automated pattern creation and optimization (cf. Fig. 1). 

Patterning with an ion beam is a digital process in which the beam spot dwells for 
a defined time at a certain location and is then shifted by a defined distance �~�Z�‰�]�š���Z�[�• 
to dwell again. This beam path can be created from a high-level geometry that is 
rasterized following a pre-defined routine. Therefore, FIB-o-mat provides various 
geometries including their Boolean combinations together with all possible 
rectangular and annular rasterization schemes. For complex geometries however, 
rasterization may lead to artifacts in narrow regions or for large curvatures. Here, 
FIB-o-mat offers a low-level approach where the beam path is generated by curve 
off-setting for any given input geometry to achieve the best patterning fidelity.  

The functionalities of the Python-based toolbox FIB-o-mat are showcased for He 
ion beam processing of three different material systems. The magnetic properties 
of Co-based multi layers were locally modified using the high-level beam path 
generation combined with automation via stage control [2]. Plasmonic tetramer 
antennas were cut from single-crystall ine gold on glass, demonstrating the ultimate 
patterning resolution of the focused He ion beam with gap sizes down to 3 nm (cf. 
Fig. 2). Apart from the low-level beam path generation, a local dose optimization 
had to be carried out. Finally, suspended single layer graphene was patterned into 
simple trampoline resonators but also complex phononic crystal structures [3] 
using the low-level beam path generation and automation via stage control. 

mailto:victor.deinhart@fbh-berlin.de


[1] V. Deinhart, L.M. Kern, J.N. Kirchhof, S. Juergensen, J. Sturm, E. Krauss, Th. Feichtner, S. Kovalchuk, 
M. Schneider, D. Engel, B. Pfau, B. Hecht, K.I. Bolotin, S. Reich and K. Höflich; The patterning 
toolbox FIB-o-mat: Exploiting the full potential of focused helium ions for nanofabrication; 
Beilstein J. Nanotechnol. 12 (2021), 304. 

[2]  L.M. Kern, et al.; Deterministic Generation and Guided Motion of Magnetic Skyrmions by Focused 
He+-Ion Irradiation, Nano Lett. 22 (2022), 4028. 

[3]  J. N. Kirchhof, et al.; Tunable Graphene Phononic Crystal; Nano Lett. 21 (2021), 2174. 

 

 

Fig. 1: FIB-o-mat tools 

Fig. 2: Plasmonic tetramer antenna with ultimate gap 
resolution achieved by He ion beam patterning 
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�W�o���v�l�í�U�î�U�ï�U�Ž����
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The Helium Ion Microscope (HIM) utilizes a focused beam of helium ions to image and modify 
materials with high spatial resolution, large depth of field, and chemical sensitivity [1]. HIM 
images show stronger chemical and topographical contrasts than images from the related scanning 
electron microscope, and the HIM is capable to resolve sub-nanometer features. Due to its charge 
compensation capability, the HIM can image insulating biological samples without additional 
conductive coatings. My presentation will contain examples of HIM imaging of nanomaterials, 
like 1 nm thick carbon nanomembranes (CNMs), 2D materials, and biological cells [2]. In an 
exploratory HIM study of SARS-CoV-2 infected Vero E6 cells, interactions between cells and 
virus particles, as well as among virus particles, could be imaged [3]. The HIM pictures show the 
three-dimensional appearance of SARS-CoV-2 and the surface of Vero E6 cells at a multiplicity 
of infection of approximately 1 with great morphological detail. The absence of a conductive 
coating allows a distinction between virus particles bound to the cell membrane and virus particles 
lying on top of the membrane. When applying higher ion currents, the HIM can be also used for 
the modification of materials. The capability of the HIM for nanolithography will be shown by 
milling 2D materials, where nanopores with diameters down to 1.3 nm were fabricated [4]. 
 
[1] G. Hlawacek and A. Gölzhäuser (Ed.): Helium Ion Microscopy, Springer-International (2016). 
[2] M. Schürmann, N. Frese, A. Beyer, P. Heimann, D. Widera, V. Mönkemöller, T. Huser, B. 
Kaltschmidt, C. Kaltschmidt and A. Gölzhäuser: Helium Ion Microscopy Visualizes Lipid 
Nanodomains in Mammalian Cells, Small 43, 5781 (2015). 
[3] N. Frese, P. Schmerer, M. Wortmann, M. Schürmann, M. König, M. Westphal, F. Weber, H. 
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Helium ion microscopy and sectioning of Spider Silk 
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Focused ion beams have recently emerged as a powerful tool for ultrastructural 
imaging of biological samples. In this presentation, we will show that Helium Ion 
Microscopy (HIM), combined with ion milling, can be used to visualize the inner 
structure of both Major and Minor Ampullate silk fibres of the orb-web weaving 
spider Nephila madagascariensis. The internal nanofibrils were imaged in pristine 
silk fibres, with little or no observed damage to the sample structure. Furthermore, 
a method to cut/rupture the fibres using He+ ions combined with internal sample 
tension is presented.  
This work showed that HIM is a valuable tool for visualizing biological samples. The 
inherent sputtering of the He+ ions could be used to mill the samples without 
damaging the biological structures softly. This contrasted with the Ne+ ions, which 
caused damage to the spider silks' internal structure.  
It was also shown that combining He+ ion milling and the inherent tension in the 
spider silk sample made it possible to cut the specimen and visualize the rupturing 
process and the internal structures in the silk. This method could be used for other 
fibrous structures or even with non-elastic samples if used with stretched adhesive 
carbon tape, which could be used to apply the rupturing force. 
The HIM images of the spider silk revealed that the rupturing process was highly 
dynamic involving rearrangement of the material in the fibre and showing strong 
indications of an internal fibril structure in the silk fibres with typical dimensions of 
100-200nm. We anticipate that HIM will significantly contribute to some of the 
most challenging imaging applications and may open new directions in future 
bioimaging when paired with other imaging modalities. 



 

Fig. 1: HIM images of a MiS fiber that has been cut in half by He+ ion sputtering. A) HIM image of a MiS 
fiber before breaking. B) image of the fiber stretching. C) Further zoom in on B) showing the individual 
fibrils being stretched (orange arrow), causing deformation in the base of the fibril (red arrow). 
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Over the past decade, there has been a concerted effort to develop gallium (Ga)-free 
focused ion beam (FIB) instruments for materials research. The helium ion microscope 
(HIM), neon ion microscope (NIM), and other similar inductively coupled plasma (ICP) 
multi-ion source focused ion beams such as oxygen (O) and argon (Ar) have been 
explored, though none have shown to be effective for the preparation of samples for 
transmission electron microscopy (TEM).  Xenon (Xe) plasma focused ion beam (PFIB), 
thanks to its heavier ion mass (and thus high material sputter yield) and chemical 
inertness, has become the go-to instrument for large length scale (>100 �…m) crossing 
sectioning and FIB-SEM tomography.  But can the Xe PFIB fabricate TEM samples 
appropriate for nanoscale microstructural characterization?   
 
Xe PFIB has its own set of challenges relative to Ga FIB.  Xe PFIB would not typically be 
the go-to tool for nanoscale milling applications like TEM sample preparation because 
the ICP Xe PFIB will produce a beam with a larger diameter than the liquid metal ion 
source (LMIS) Ga FIB in the range of currents typically used for TEM prep.  A beam with 
a larger diameter can be more difficult to use in smaller scale (< 500 nm) applications.  
The Xe PFIB also has a greater range of current density across the width of the beam.  
The outer-most edges of the ion beam, called beam tails, are more prominent in the 
Xe PFIB compared to the Ga FIB whose beam tails are virtually non-existent in most 
modern FIB instruments.  The Xe PFIB beam tails add complexity to finer scale milling 
applications such as thinning a TEM sample to electron transparency.   
 
In this talk, we will demonstrate that it is possible to create Ga-quality TEM samples 
using Xe PFIB.  This quality is defined as curtain-free and uniformly thin over any 25 
�…m2 area where the relative thickness (t/�„) measured with electron energy loss 
spectroscopy (EELS) is less than or equal to 1.  We will identify best-practices and ideal 
parameters settings (including deposition energy (kV), deposition height, ion beam 
incident milling angle, and beam placement on the sample) to show that it is possible 
to fabricate two types of Xe PFIB-made samples: 1) a curtain-free uniformly thin 
electron transparent area where t/�„ �C 0.9 over 38 �…m2, and 2) a curtain-free non-
uniformly thin electron transparent area where t/�„ ranges from 0.3 to 1.1 over 48 �…m2.  
Both sample types exhibit most, but not all, aspects of Ga-quality.  Because of Xe PFIB’s 
relatively large beam size and wide beam tails, a balance must be struck between 
ultimate sample thinness and the overall size of the electron transparent area.   



New Applications in Energy Research Enabled by a Triple Beam, Dual 
Chamber FIB with Isotropic Tomographic Voxels 
Ben Tordoff, Ph.D. 

EUFN 2022 

 

Energy materials research relies heavily on a deep understanding of material and device microstructure 
to make advancements. Moreover, because these materials exist in complex devices constructed of 
many materials and interfaces between them, the critical information is often buried beneath the 
surface of a material specimen or encapsulated in a closed-form device. Furthermore, the final devices 
derive their performance from the nanoscale 3D arrangement and microstructures of the constituent 
materials involved. Recently, a commercial focused-ion beam scanning electron microscope was 
developed with an integrated fs-laser mill attached to the load lock of the microscope, opening the door 
to new and more powerful analysis approaches in energy materials research. Applications include rapid 
access to deeply buried structures for high resolution imaging and analytics, large area cross-section 
preparation, and massive material ablation for sample preparation of structures for, e.g. FIB-SEM 
tomography, TEM, APT, or X-ray nanoCT. Additionally, each of these may be correlatively guided by prior 
imaging with techniques like 3D X-ray microscopy to enable targeted analysis and preparation. By 
combining the laser mill with leading technologies for 3D FIB-SEM tomography with true isotropic 
voxels, this platform enables comprehensive quantitative analysis of energy materials at the nanoscale. 
We illustrate these concepts with a number of application examples and use cases demonstrating the 
utility of the approach. 



Application of FIB-TOF-SIMS for 3D high-resolution 
chemical characterization of Li-ion solid-state batteries 
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The growing interest in Li-ion batteries (LIBs) is particularly driven by the vast need 
for electric vehicles (EVs), providing environment-friendly (i.e., renewable, clean 
and zero-emission) energy storage systems.[1] The development of new chemical 
systems, ensuring improved LIBs' capacity, power and efficiency as well as the 
reduction of production costs, was a great milestone. However, the safety issues as 
well as short lifetime are still the critical problems of the conventional LIBs. All-
solid-state-batteries (ASSBs) using inorganic solid-state electrolytes (SSE) are great 
alternatives to commonly used LIBs based on highly flammable organic liquid 
electrolytes as they enable for operation in a wide range of temperatures.[2] 
Therefore, ASSBs are considered as one of the most promising future energy 
storage technologies. The characterization of ASSBs is demanding because they 
contain buried structures and heterogeneous interfaces. Furthermore, detection of 
Li and representing its 3D distribution with nanoscale resolution is attainable only 
to few analytical techniques. In this work, we exploit the outstanding potential of 
FIB-TOF-SIMS (focused ion beam time-of-flight secondary ion mass spectrometry, 
Figure 1) for comprehensive chemical characterization of novel Li-containing thin 
films, which are potential materials for the future generation batteries. This 
technique allows for parallel detection of all sample components with high spatial 
resolution (i.e., lateral resolution < 50 nm and depth resolution < 10 nm)[3�t5] and 
high sensitivity (ppm). Our studies show that FIB-TOF-SIMS can reveal presence of 
400±100 nm overlithiated grains and 100±30 nm nanoparticles with an increased 
7Li16O+ ion content in the Li- and Ni-rich layered oxide with the composition of 
LixNi0.8Mn0.1Co0.1O2 (LR-NMC811, x>1) as well as monitor structural changes upon 
air exposure (both on the surface and in the bulk).[6] Furthermore, we demonstrate 
that simultaneous delivery of fluorine gas during FIB-TOF-SIMS can significantly 
improve the quality of acquired TOF-SIMS data.[7�t11] The latter is proved using a 
novel Au/Li7La3Zr2O12/Pt/MgO/Si multilayer. In this case, the enhanced TOF-SIMS 
data helped understand the operation of the system. The detection of Li within Au 
layer after the polarization measurements explained the previously observed 
formation of internal electric field.[12] Our studies prove that FIB-TOF-SIMS is a 
powerful technique delivering essential insights into the complex structure of novel 

mailto:agnieszka.priebe@empa.ch


Li-based materials, which can help optimize the functionality of future energy 
storage technologies. 

Fig. 1: FIB-TOF-SIMS is one of few analytical techniques allowing sample's 3D chemical structure to be 
assessed with nanoscale resolution. 
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Magnetic patterning using Ne, Co, and Dy FIB 
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Magnetic nanostructures needed for magnonics and spintronics are usually 
processed by conventional lithography techniques in combination with lift-off or 
broad-beam ion etching. However, it has been shown [1] that the quality and shape 
of the structures�[ edges play an important role for the magnetization dynamics as 
structures become smaller and smaller. Furthermore, regarding optical 
measurement techniques, hard-to-remove resist masks that become hardened by 
ion etching are problematic. Direct-writing focused ion beams (FIB) do not have 
these issues. In addition, using non-standard ion species opens various paths for 
local magnetic patterning, i.e., influencing the magnetic properties locally.   

I will present results for maskless magnetic patterning of ferromagnetic 
nanostructures using He and Ne ions as well as a few liquid metal alloy ion sources 
(LMAIS) for FIB systems. He/Ne FIBs are well established and commercially 
available. Irradiation of (paramagnetic) FeAl films by Ne ions creates local 
ferromagnetic nanostructures caused by disorder that are embedded in a 
paramagnetic matrix [2]. The precise Ne FIB also enables us to trim the edges of 
magnetic nanostructures enhancing their magnetic fidelity and creating certain 
localized magnon states at the edges of the samples. Using specifically developed 
LMAIS, like e.g., Co36Nd64, CoDy, or CuDy [3,4] in combination with a Wien mass 
filter offers further new paths for magnetic patterning. I will present results on the 
modification of Ni80Fe20 (permalloy) strip samples. Using the CoNd LMAIS a narrow 
track of Co ions was implanted. The induced magnetic changes were measured with 
microresonator ferromagnetic resonance (FMR) before and after the implantation. 
Structures as small as 30 nm can be implanted up to a concentration of 10 % near 
the surface. Such lateral resolution is hard to reach for other lithographic methods. 
Using Dy ions one can locally increase the Gilbert damping parameter of the 
magnetization dynamics by more than a factor of four with a lateral resolution of 
about 100 nm.  

[1] R. D. McMichael et al., Phys. Rev. B 74, 024424 (2006) 
[2] H. Cansever et al., Sci. Rep., accepted (2022) 
[3] L. Bischoff et al., J. Vac. Sci. Technol. B, accepted (2022).  
[4] L. Bischoff et al., Nucl. Instrum. Method. Phys. Res. B 161-163, 1128 (2000). 
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The combination of a FIB-SEM microscope with a mass analyzer provides a 

cost-effective route to high spatial resolution chemical imaging using secondary ion 
mass spectrometry (FIB-SIMS) [1]. The high mass resolving power, together with 
the ability to collect information about all elements simultaneously, has made the 
use of time-of-flight mass analyzers popular for this purpose, especially in the field 
of materials science. Because information about all mass to charge ratios is 
collected, retrospective analysis of the data sets can allow for new insights into 
local elemental distributions and correlations without repeating the measurement. 
FIB-SIMS is based on the direct measurement of the sputtered ions. The yields of 
secondary ions are in general high for positive ions from alkali metals and, also for 
negative ions from halogens. This is especially true for lithium and fluorine, which 
can be difficult to map by other techniques. FIB-SIMS is therefore a technique well 
placed to support research of current and next-generation rechargeable battery 
materials (e.g., for lithium ion, sodium ion and fluoride ion batteries).  
 

The correct identification of the sputtered ions is mandatory for the 
characterization of the material properties. Knowledge about the possible sample 
composition is required for the data interpretation. A high mass resolving power is 
essential to resolve molecules from elements at the same atomic mass unit. 
Molecular fragments containing the element of interest can confirm the correct 
elemental identification.  
 

FIB-SIMS is thus a powerful technique that can complement other 
characterization methods (electrochemical, XRD, SEM imaging, or XPS). Having the 
specimen within the vacuum chamber of a FIB-SEM microscope means that a fresh 
(not oxidized) surface can be prepared, although the use of a cryostage and grazing 
incidence FIB beam may be necessary to get the best quality surface when using 
Ga+ primary (FIB) ions [3]. 

 
Recent results from rechargeable battery materials recorded by the fibTOF and 

methods for the correct data interpretation will be presented. 
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Figure 1: Lithium distribution in a LiNixMnyCo1-x-yO2 (NMC) cathode, from [4]. 

 

https://doi.org/10.1016/j.pcrysgrow.2018.10.001
https://www.nature.com/articles/s43246-021-00177-
https://doi.org/10.1021/acsenergylett.8b02381
https://doi.org/10.1017/S1431927619005117


Positioned generation of luminescence defects in 2D materials by 
helium ion beams 

A. Hötger,1 T. Amit,2 J. Klein,3 K. Barthelmi,1 T. Pelini,4 A. Delhomme,4 S. Rey,5 
M. Potemski,4,6 C. Faugeras,4 G. Cohen,2 D. Hernangómez-Pérez,2 T. Taniguchi,7  
K. Watanabe,8 C. Kastl,1 S. Refaely-Abramson,2 A.V. Stier,1 J.J. Finley,1 
and A.W. Holleitner 1* 

 
1 Walter Schottky Institute and Physics Department, TU Munich, 85748 Garching, Germany. 
2 Department of Molecular Chemistry and Materials Science, Weizmann Institute of Science, Rehovot, 
Israel. 
3 Department of Materials Science and Engineering, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139, USA 
4 Laboratoire National des Champs Magnetiques Intenses, CNRS-UGA-UPS-INSA-EMFL, 38042 
Grenoble, France. 
5 Department of Photonics Engineering, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark. 
6 Institute of Experimental Physics, Faculty of Physics, University of Warsaw, 02-093 Warszawa, Poland 
7 International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 
Namiki, Tsukuba 305-0044, Japan. 
8 Research Center for Functional Materials, National Institute for Materials Science, 1-1 Namiki, 
Tsukuba 305-0044, Japan. 
* corresponding author email: holleitner@wsi.tum.de  

Single spin defects in 2D transition-metal dichalcogenides are natural spin-photon 
interfaces for quantum applications. The creation of such point-defects in bulk 
crystals lacks either lateral or vertical precision. We overcome this disadvantage by 
irradiating atomically thin materials by a focused He-ion beam. Here we report on 
deterministic generation of optically active defects with a helium ion microscope in 
monolayer MoS2. In photoluminescence (PL) measurements on the irradiated sites 
we measure sharp emission lines ~200 meV below the optical bandgap of MoS2. [1] 
The He-ion beam dose can be decreased to create single emission lines at each 
irradiated spot with a yield of ~20%. These single emission lines emit single 
photons, which could be unambiguously proven in second-order correlation 
measurements. [2] In high-field magneto-photoluminescence we attribute the 
emission lines to single sulfur vacancies by combining experiment and ab-initio 
calculations. In the experiment, we reveal the lifting of spin-degeneracy of the 
involved defect bands even at zero magnetic field. These results highlight that 
defects in 2D semiconductors may be utilized for quantum technologies. [3] 

 
[1] J. Klein et al.; Site-selectively generated photon emitters in monolayer MoS2 via local helium ion 
irradiation, Nature Comm. 10 (2019), 2755 
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Atomically Thin MoS2; ACS Photonics 8 (2021), 2 
[3] A. Hötger et al.; Spin-defect characteristics of single sulfur vacancies in monolayer MoS2; 
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Fig. 1: a) Sketch of the He-ion irradiation and the magneto-optical measurement on the 
generated defect center. b) False color map of the defect luminescence showing the irradiated 
array pattern. c) Typical photoluminescence spectra of three different emission bands showing 
similar asymmetric line shapes. 
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The study of grain boundaries (GB) in superconductors has both fundamental and 
applied interests. In high-temperature cuprate superconductors studies of the 
critical currents (Jc) across GBs have provided important information on the 
symmetry of the superconducting order parameter and are critical for the 
observation of spontaneously generated half-flux magnetic quanta [1,2]. Similar 
to cuprate superconductors, heavy fermion superconductors (HFS) host rich 
physics in the form of unconventional superconducting phases with nodal 
quasiparticles. However, there have been relatively few phase-sensitive 
measurements of the superconducting order parameter thereby emphasizing the 
need for investigations of Jc across GBs in HFS.  

 

Fig. 1: (a) Shows an EBSD image of the differently oriented grains present in polycrystalline CeCoIn5 
sample and (b) shows the SEM image of a microstructed fabricated across a 90o GB using FIB milling. 

In this talk, I will present results on GBs in polycrystalline samples of the HFS 
CeCoIn5. Electron backscatter diffraction (EBSD) performed on well-polished 
samples of polycrystalline CeCoIn5 reveal that majority of grains are not randomly 
oriented as one would expect but grow at a misorientation angle of 90o with 
respect to their neighboring grain. We performed Jc studies across various such 
GBs by fabricating microstructured devices using focused ion-beam milling. Our 
investigations are crucial in understanding the superconducting order parameter 
symmetry of CeCoIn5 and its potential use in devices for quantum information 
science.  

[1] H. Hilgenkamp et al., Rev. Mod. Phys. 74, 485, 2002. 

[2] C. C. Tsuei and J. R. Kirtley, Rev. Mod. Phys. 72, 969, 2000. 
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Exploring Layered Conductors by 3D FIB micro-machining. 

Carsten Putzke 

Some of the most enigmatic correlated states in the field of quantum matter arise in lower 
dimensions such as quasi-2d and quasi-1d materials. The layered crystal structure in organic and 
high-Tc superconductors is an example of these materials, where a quasi-2D electronic structure 
gives rise to several unconventional electronic instabilities. The layered crystal structure allows for 
exfoliation in some materials which helped to uncover electrical transport properties such as the 
quantum Hall effect as well as enables spectroscopic probes in single layer and few layer systems.  
It is the same crystallographic anisotropy that hinders the study of interlayer electrical transport and 
spectroscopic probes such as angle resolved photoemission spectroscopy (ARPES).  

In my talk I will demonstrate the novel experimental capabilities that focused ion beam micro-
structuring enables in studying layered conductors. Confining the in-plane dimension of quasi-2D 
high purity metals of the Delafossites to length scales smaller than the electron mean free path gives 
rise to a novel realization of the particle-wave duality1,2.  
Beyond these exciting physical phenomena of finite size confined pillars, novel experimental 
possibilities will be presented which enable previously inaccessible insight into layered materials. 

1. M.D. Bachmann, et al. Nature Physics (accepted 2022), arXiv:2103.01332 
2. C. Putzke, et al. Science 368, 6496 (2020) 

 

  

Scanning electron microscope image of a 3D PdCoO2 micro-structure enabling to study the  
interplay between inter- and intra-layer electrical transport.  
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The interaction of a Ga+ focused ion beam with zirconia materials (Mg-PSZ, Y-PSZ) 
was investigated with the aim to identify suitable parameters for the sample 
preparation for surface sensitive analytical methods such EBSD. The FIB parameters 
glancing angle (angle between ion beam and surface) and applied power (defined 
by acceleration voltage and ion current) were varied between two levels.  

It was observed that the phase stability of monoclinic zirconia depended strongly 
on the FIB treatment parameters [1-2]. For a glancing angle of 5° and an applied 
acceleration voltage of 30 kV with an ion current of 30 nA a transformation of 
originally monoclinic grains to the tetragonal/cubic phase took place (Fig. 1). This 
was related to the implantation of Ga+ ions and their presence as Ga2O3 which 
works as stabilizer for the high temperature phases of zirconia [3-4].  

Furthermore, the statistical analysis yielded that the influence of the FIB 
parameters on the surface quality corresponded well to the literature. The data 
showed that mild parameter levels (lower glancing angle und lower power of the 
ion beam, such as 5° and acceleration voltage of 5 kV combined with ion current of 
4.8 nA, respectively) reduced the surface damage.  

[1] H. Berek, C.G. Aneziris; Effect of focused ion beam sample preparation on the phase composition of 
zirconia; Ceramics International 44 (2018), 176435. 

[2] N. Brachhold, H. Berek, J. Fruhstorfer, C.G. Aneziris; Focused Ion Beam Parameters for the 
Preparation of Oxidic Ceramic Materials; Advanced Engineering Materials 23 (2021), 2001235.  

[3] A. Surpi, E. Göthelid, T. Kubart, D. Martin, J. Jensen; Localised modifications of anatase TiO2 thin films 
by a Focused Ion Beam; Nuclear Instruments and Methods in Physics Research, Section B: Beam 
Interactions with Materials and Atoms 268 (2010), 3142.  

[4] T. Yamamoto, A. Kurimoto; Ga Ion-doped ZrO2 Catalyst Characterized By XRD, XAFS, and 2-butanol 
decomposition; Analytical Sciences 36 (2020), 41.  

 

mailto:nora.brachhold@ikfvw.tu-freiberg.de


Fig. 1: Image quality (a, c) and phase distribution (b, d �t red: monoclinic ZrO2, green: cubic/tetragonal 
ZrO2) of Y-PSZ, (a,b) initial state, (c,d) state after a Ga+ FIB treatment at 30 kV and 30 nA with a glancing 
angle of 5°  

 

 

 


