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Femtosecond extreme-ultraviolet imaging of magnetic domains during 
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University of Augsburg, Augsburg, Germany, 34th Physical Institute, University of Göttingen, 
Göttingen, Germany 

PS-08 (2), Lecture Theater 2, august 27, 2024, 14:00 - 16:00 

Background incl. aims 
Understanding femtosecond dynamics of magnetic domains such as photoinduced ultrafast 
demagnetization and magneto-optical switching is important for the development of optoelectronics 
such as ultrafast optical-magnetic memory devices. Despite intensive research, the extraction and 
elucidation of those ultrafast magnetization dynamics remains highly challenging due to the 
multitude of the electronic, phonon, and spin processes involved. Direct observation of nanometer 
magnetic domain dynamics in real space, in particular, the domain wall profile, can yield valuable 
information for determining the mechanism of magnetization dynamics (1, 2) yet it remains elusive 
due to the simultaneous requirement of nanometer and femtosecond spatiotemporal resolution. In 
this work, we utilize femtosecond extreme ultraviolet (XUV) imaging with high-harmonic light source 
(3) to visualize the magnetic domain dynamics during the demagnetization of a Co0.75Tb0.25 
ferrimagnetic thin film in real time and extract the local changes of the domain walls at each wall 
position.  
 
Methods 
Coherent diffractive imaging of the Co0.75Tb0.25 thin film produced with magnetron sputtering is 
conducted with circularly polarized femtosecond XUV pulses at 59 eV (Co M2,3 edge), which is time-
delayed with a 35 fs laser pulse centered at 800 nm exciting the sample. The circularly polarized XUV 
pulses are produced with high harmonic generation of bi-circular 800 nm and 400 nm laser pulses in 
He with a MAZEL-TOV configuration (4). The amplitude and phase of the transmitted XUV field is 
reconstructed using an iterative phase retrieval algorithm and the local magnetization is extracted 
from the phase difference between the left and right circularly polarized field exiting the sample (5).  
 
Results 
Using femtosecond imaging at the Co M2,3 edge with circularly polarized XUV pulses we obtained 
images of the magnetic domains in Co0.75Tb0.25 thin films with 13.5 nm spatial resolution, which is 
confirmed with analysis of the phase retrieval transfer function. The positions of the domain walls 
are determined by the local maxima of magnetization gradient. At each domain wall position, the 
wall width is extracted by fitting the magnetization as a Bloch-type domain wall function of a cutout 
perpendicular to the domain wall. By fitting the domain wall profile as a function of time delays 
between the optical pump and XUV probe, we show that while the domain wall height exhibits a 
subpicosecond decrease and recovery due to demagnetization, the widths of the domain walls 
remain largely unchanged throughout 0-20 ps delays with an average of approximately 25 nm.  
 
Conclusion 
In summary, we demonstrate femtosecond XUV imaging of magnetic domain dynamics of a 
Co0.75Tb0.25 alloy thin film with 13.5 nm spatial resolution and for the first time extract the real-
time changes of domain wall widths. The observed real-space domain dynamics can be further 
utilized to elucidate the mechanisms of the demagnetization process. Our method can be readily 
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applied to other magnetic thin film materials to understand and control ultrafast magnetization 
dynamics. 
 

 
Keywords: 

Ultrafast magnetization dynamics, EUV imaging 
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Study of skyrmions in ferromagnetic metallic superlattices using in situ 
Lorentz magnetic methods 
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PS-08 (1), Lecture Theater 2, august 27, 2024, 10:30 - 12:30 

Background incl. aims 
Magnetic skyrmions, which consist of local swirls of spins, are a prime example of topologically 
nontrivial spin textures. Nanoscale isolated skyrmions exist at low temperature in bulk chiral 
materials, while in thin films and multilayers, room temperature (RT) stable skyrmions exhibit 
intermediate sizes ranging between 50 nm to a few μm. Ferromagnetic metallic superlattices are 
materials which are promising for the development of RT nanoscale skyrmions due to the high 
tunability of their properties. There exist a large number of experimental studies reporting the 
observation of stripe domains and skyrmion bubbles in metallic multilayers, for example Pt/Fe/Ir[1] 
and Ta/Co/Pt[2]. It is well understood that these skyrmions and stripes are created by a combined 
action of the stray field effect and the Dzyaloshinskii-Moria interaction (DMI)[3]. These non-collinear 
spin structures can also be easily simulated numerically [2]. However, in a system with a high number 
of degrees of freedom, the quest remains open regarding how to optimize the parameters to obtain 
the most compact and stable skyrmion and the development of adequate analytical tools could lead 
to breakthrough and transform this quest from a random walk to a guided tour. Many experimental 
techniques have been used throughout the years in order to study skyrmions, including Magnetic 
Force Microscopy[4], soft-x-ray microscopy[1] and Magneto-Optical Kerr Effect (MOKE) microscopy 
[5] among others. But quantitative nanoscale studies on the conditions of skyrmion nucleation 
remains of primary importance. In this study we chose to study skyrmions in a classical [Pt/Co/Ta]n 
metallic superlattices system, n being the number of repetition of the tri-layer. 
 
Methods 
Samples were fabricated by magnetron sputtering, and studied using Lorentz Transmission Electron 
Microscopy (LTEM) in Fresnel mode combined with electron holography (EH). LTEM in Fresnel mode 
offers an easy and straightforward method for a semi-quantitative study of the local magnetization, 
well suited to the observation of skyrmions. We aimed to explore the magnetic phase diagrams of 
our multilayered magnetic system by developing an automatized process to record magnetic images 
with in situ application of magnetic field through the control of the objective lens and modulation of 
the temperature using a dedicated sample holder. In parallel, we used electron holography (EH) 
which allows to reach higher spatial resolution (up to 0.5 nm) and obtain quantitative magnetic 
measurements. Our approach is combined with MOKE, theoretical models and numerical simulations 
(using Mumax3). 
 
Results 
In this system, RT skyrmionic bubbles as small as 50 nm have been observed when the Co thickness 
was tuned close to the spin reorientation transition[2]. In our study, we fixed the Co thickness at 0.8 
nm and we tuned the thickness of the total system by varying the number of repetitions n of the 
Pt/Co/Ta tri-layer. This allows us to tune selectively the effect of the stray field while keeping roughly 
constant the system intrinsic parameters (magneto-crystalline anisotropy, saturation magnetisation, 
DMI). We were able to image the magnetic micro-structures of [Pt/Co/Ta]n multilayers with various 
different number of repetitions in LTEM and MOKE (Figure 1a). We conducted an experimental study 
of the stripe domain structures as a function of the multilayer total thickness, see Figure 1b, and 
when applying a magnetic field (using the objective lens), we studied the formation process of 
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magnetic skyrmions, the stripe-skyrmion transition, and the presence of skyrmion lattice or isolated 
skyrmions in certain samples. We could correlate the magnetic contrast observations with applied 
field to the magnetic hysteresis obtained from VSM measurements. We also studied the influence of 
the temperature on the stripe pattern and on the formation of skyrmions, from which we could 
elaborate experimental phase diagrams coupled to theoretical diagrams, based on skyrmionic bubble 
model (Figure 2). Finaly, we performed EH experiments at the state-of-the-art, combining high spatial 
resolution with a dedicated Lorentz stage, direct electron detector with the K3 camera and long 
exposure time up to 4 mn thanks to the dynamical correction of instabilities. We were able to 
recover the magnetic phase of the Néel type skyrmions up to few nanometers of spatial resolution, 
and to observe the detailed stripe-to-skyrmion transition with external applied magnetic field (Figure 
3). We will detail the magnetic processes which has been deduced from such observations combined 
with simulations. 
 
Conclusions 
Our experimental study focused on [Pt/Co/Ta]n metallic superlattices, investigating the manipulation 
of their properties by varying the number of repetitions (n) of the tri-layer. Through spatially resolved 
magnetic measurements using magneto-optic techniques and transmission electron microscopy 
methods combined with in situ experiments, we could explore the stripe domain structures and 
skyrmion formation as a function of total thickness, the applied magnetic field and varying the 
temperature. Our findings give new insights of the stripe-skyrmion transition and temperature's 
influence on these phenomena, supported by experimental phase diagrams and theoretical models. 
Additionally, we studied Néel-type skyrmions structure using advanced EH observations, achieving a 
very high spatial resolution and observing detailed transitions from stripe to skyrmion configurations 
under external magnetic fields. Our study provides significant contributions to understanding the 
magnetic behaviors of skyrmions in metallic superlattices by combining TEM magnetic imaging and 
MOKE, correlated to micromagnetic simulations, stripe domain and skyrmion models. 
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Background 
In the pursuit of neuromorphic computing, which seeks to emulate the human brain’s intricate 
computational capabilities, the transition of digital memory to an analogue state is crucial. A central 
scientific question revolves around directing materials to incorporate synaptic plasticity. Among the 
most promising and technologically advanced strategies for achieving this are resistive random 
access memory (ReRAM) devices. Traditional ReRAMs operate through the stochastic formation and 
breakage of conductive filaments within an insulator storage medium, making control challenging. By 
deliberately introducing an A-site cation (Sr) deficiency in SrTiO₃ of up to about 16% through metal 
organic vapor phase epitaxy (MOVPE), we have successfully realized resistive switching without the 
need for filament formation, achieving on/off ratios as high as 10³ [1]. 
In this study, we integrated various techniques of in situ scanning transmission electron microscopy, 
including differential phase contrast (DPC) imaging, integrated-DPC imaging, energy-dispersive X-ray 
spectroscopy (EDS), electron energy-loss spectroscopy (EELS), precession electron diffraction, along 
with I-V curve measurements. This comprehensive approach enabled us to gain insights into the 
underlying mechanisms and holds potential for developing more controllable memristive materials 
for ReRAM devices. 
 
Methods 
The theoretical crystal and electronic structures were calculated by the Heyd-Scuseria-Ernzerhof 
(HSE) hybrid functional method within density functional theory (DFT). The STEM simulations were 
performed with the structure concluded from the HSE calculations and with the simulation code 
adapted from Kirkland[2]. The high-resolution STEM imaging and spectroscopy were acquired from a 
probe-corrected Thermo Fisher Scientific Spectra Ultra operated at 300 kV, while the precession-
assisted 4D STEM were obtained on Tescan Tensor STEM operated at 100 kV. 
 
Results 
As shown in the figure, a reversible switching of electrical field direction was observed from iDPC and 
DPC imaging of the off-stoichiometric SrTiO₃ TEM sample upon in situ switching between positive to 
negative bias. Reducing the voltage to 0 V results in a stable state, albeit with the polarization erased, 
returning the local film to a high-resistance state. The results from EDS and EELS mapping tells that 
approximately 16% of the Vsr sites are occupied by Ti. The observed resistive switching phenomena 
can be attributed to trap-assisted tunneling through Ti antisite defects, which induce a switchable 
polarization characterized by negative spherical aberration imaging (NCSI). 
Additional details, including scanning precession electron diffraction, which maps nanoscale strain 
and electric field with high precision, EELS mapping, which discerns different valence states of Ti, and 
a few others, will be presented on site.  
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Conclusion 
The correlation between structure, composition, bias and electric field distribution from in situ STEM 
biasing experiments gives direct evidence of antisite defects induced memristive switching in the off-
stochiometric SrTiO₃ sample. The findings offer bottom-up perspective on the promising prospects 
for future neuromorphic computing applications. The workflow presented here facilitates new 
insights in developing similar materials. 
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Background 
Among dielectric materials, HfO2 and Al2O3 are widely studied for micro and nanoelectronic 
applications. They present very interesting properties for several types of devices such as a higher 
dielectric constant compared to SiO2, high thermal stability and a compatibility with complementary 
metal oxide semiconductor (CMOS) technologies. For instance, resistive random-access memory 
(RRAM) devices [1, 2] or memristor devices [3] containing high-κ HfO2 and Al2O3 dielectrics are 
promising candidates in neuromorphic computing. However, the exact location of the charge stored 
in such devices is subject of debate and hence the mechanisms for charge trapping remain unclear. 
Particularly, the influence of interface charges has rarely been  addressed because of the lack of 
suitable characterization techniques.  
Whilst dielectric properties can be readily measured macroscopically using electrical methods, the 
task is difficult at the nanoscale. What is missing is a local and direct measurement of the electrical 
potential distribution within such devices upon biasing. Indeed, the phase of the electron hologram 
can be directly related to the electrostatic potential encountered by the fast electron along its 
trajectory. Recently, we were able to perform operando electron holography experiments in the 
same region under different biases and to successfully map the electric potential across a working 
SiO2-based MOS nanocapacitor with unprecedented sensitivity [4]. We observed an unexpected 
charging of the dielectric at both interfaces with the electrodes, over a distance extending up to few 
nanometers, a value much larger than the structural or chemical width of each interface [4]. In this 
study, we aim to take one step further to quantify the trapped charge at several interfaces, including 
insulator-insulator interfaces and metal-insulator interfaces, for which we have designed two thin tri-
layer nanocapacitors: TiN/HfO2/Al2O3/HfO2/TiN (T-1) and TiN/Al2O3/HfO2/Al2O3/TiN (T-2) as 
shown in Fig. 1(a) & (b). 
 
Methods 
The tri-layer nanocapacitors were fabricated by atomic layer deposition (ALD). Each HfO2 or Al2O3 
layer has a nominal thickness of 20 nm. TiN layers  were deposited by sputtering before and after the 
insulating layer to serve as top and bottom electrodes during electrical biasing. In situ biasing TEM 
experiments necessitate a specific and complex sample preparation that minimizes preparation 
artifacts whilst ensuring the electrical functionality of the specimen itself. Specimens were prepared 
by FIB (FEI Helios 600i), on a Hummingbird chip-based biasing holder. Holography experiments were 
caried out using a Hitachi HF-3300 (I2TEM) microscope operating at 300 kV in Lorentz mode enabling 
a large field of view with a spatial resolution of 0.5 nm. Holograms were acquired during long 
exposure time using dynamical automation for compensating instabilities under different applied 
bias [5]. Finite element method (FEM) modelling was performed using COMSOL software to interpret 
the phase profiles quantitatively, including factors such as specimen geometry, preparation artefacts 
and stray fields around the sample device. 
 
Results 
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Figures (a) and (b) show the studied regions for T-1 and T-2, respectively while the corresponding 
phase maps extracted from holograms acquired under a bias of 6V are given in Figure (b) and (d), 
respectively. The phase map has been corrected by the reference hologram at 0 V, by which the 
experimental artifacts were removed and the remaining signal can be attributed to the applied 
electrical biasing. The artifacts comprise the possible variable lamella thickness, damage layers, 
diffraction contrast, and electron-beam-induced charging. 
The amplitude of the measured phase profiles across the tri-layer insulators (Figures (e) and (f)) 
extracted from phase images rise with increased bias, and appear symmetric when switching the sign 
of the bias, for example, 6 V and -6 V. However, the potential distributions as well as the measured 
electrical fields are quite different from those expected theoretically. Considering a relative 
permittivity of 7.4 for Al2O3 and 18 for HfO2, both measured by C-V tests at 100 kHz for their macro 
devices, the electric field should be 2.44 times higher in Al2O3 than HfO2, which consequently should 
result in a 2.44 times higher potential drop in Al2O3. In contrast, the experimental phase profiles 
highlight a homogenous electric field in all the layers for both T-1 and T-2 due to the appearance of 
charged layers at insulator-insulator interfaces as well as metal-insulator interfaces. Combined with 
extensive FEM simulations, we successfully quantified the charge densities of each interface for both 
capacitors as a function of the applied bias responsible of the homogenous electric field. These 
charges densities linearly vary with the applied bias and present a thickness between 3 and 5 nm 
width. Scanning TEM electron energy loss spectroscopy (STEM-EELS) measurements have been 
carried out to understand the origin of these charged interfaces. 
 
Figure. (a) Device structure for T-1; (b) phase map of projected electric potential obtained by electron 
holography for T-2; (c) Device structure of T-2; (d) phase map of T-2. Here, (b) and (d) correspond to 
the same regions as (a) and (c) for T-1 and T-2, respectively. Scale bars are 20 nm in (a) and (c). (e) 
and (f) are the phase profiles extracted from the green arrows as a function of applied biasing for T-1 
and T-2, respectively. 
 
Conclusion 
We used operando electron holography to evidence and quantify charges occurring at the different 
interfaces in tri-layer HfO2/Al2O3/HfO2 and Al2O3/HfO2/Al2O3 nanocapacitors with TiN electrodes. 
An equivalent uniform electric field distribution throughout the whole dielectric stack in HfO2 and 
Al2O3 is observed even though HfO2 has a much larger dielectric permittivity than Al2O3. The 
electric field distribution originates from the presence of charges trapped at each interface. It is 
revealed that there is a linear relationship between the surface charge density and the applied bias, 
and, at each bias, the interfaces between HfO2 and Al2O3 have an equivalent trapped charge 
density. With unprecedented sensitivity and spatial resolution, the information gained with operando 
electron holography on the location of the trapped charges and on their densities provide unique 
insights on the functioning of nanocapacitors. Further work could be devoted to the interface 
charging behaviour in ferroelectric-dielectric devices. 
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Background incl. aims 
The onset and properties of long-range ordering in solids come from a fine interplay between 
different order parameters. Materials featuring magneto-structural phase transitions constitute 
optimal systems for investigating the interplay of structural, electronic, and magnetic order 
parameters. The equiatomic FeRh alloy is a prototypical system undergoing a first-order magneto-
structural phase transition from antiferromagnetic (AF) to ferromagnetic (FM) order upon heating 
(350 – 380 K), that is accompanied by a lattice parameter expansion [1]. Broad options for the 
tunability of the transition temperature via doping, strain, magnetic field, or controlled disorder 
make the system attractive for micro- and nanoscale spintronics [2], magnetocalorics, and sensors. 
The fullfilment of the application potential however requires the understanding of the phase 
coexistence, phase boundary properties, and transition dynamics at nanoscale. Here we demonstrate 
broad possibilities of controlling and sensing different ordering parameters of the FeRh phase 
transition using TEM. 
 
Methods 
TEM investigations are performed in free-standing FeRh thin fims which were epitaxially grown on 
MgO substrates via magnetron sputtering and subsequently released by chemically dissolving the 
MgO substrate. Different external stimuli are applied in-situ in TEM to drive the FeRh transition, 
namely, magnetic field, stage-induced static heating, or fs-laser-induced heating [3]. Other stimuli are 
applied ex-situ to locally tune the transition properties, such as ion irradiation. The induced structural 
and magnetic order modifications in FeRh are then explored using different TEM-based techniques, 
such as Lorentz TEM (LTEM), Transfer of Intensity (TIE) reconstruction of LTEM [4], Differential Phase 
Contrast (DPC), Electron Magnetic Circular Dichroism (EMCD) [5], or Selected Area Electron 
Diffraction (SAED). 
 
Results 
The studied free-standing FeRh film exhibits a well-defined phase transition as evidenced by the 
thermal evolution of the magnetic and structural ordering parameters that vary between AF and FM 
phases, as shown in Fig 1(a). TEM enables unprecedented nanoscale visualization of the evolution of 
the phase transition upon following magnetization via LTEM or lattice parameter from SAED. For 
instance, Fig 1(b) shows the temperature dependence of the FM phase domain content as measured 
via LTEM. Apart from stage-driven static heating, the AF-FM transition in FeRh can be driven by fs-
laser light or locally by ion irradiation as can be seen in Fig 1(c) and 1(d), respectively. High-resolution 
vectorial magnetic reconstruction can be done either using TIE-LTEM or DPC as shown in Fig 1(e) and 
(f), respectively. 
 
Conclusion 
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Overall, we demonstrate that multimodal TEM represents a unique experimental platform to tackle 
state-of-the-art challenges in probing the interplay between different order parameters in magnetic 
systems at the nanoscale. In particular, we show that in combination with different stimuli, nanoscale 
phase coexistence of structural and magnetic orders in FeRh can be uniquely probed and 
disentangled. Furthermore, high-resolution magnetic imaging using STEM-DPC represents a unique 
tool for investigating magnetic phases and their boundaries at the nanoscale.  
 
Figure 1: (a) Schematics of the phase transition in FeRh and the sample geometry for TEM. (b) 
Temperature-dependent FM phase fraction in FeRh as obtained from LTEM. (c-d) LTEM imaging of 
the FM phase induced by fs-laser induced heating, and by localized ion irradiation using gallium FIB, 
respectively. (e) High-resolution image of the laser-induced FM phase using TIE reconstruction. (f) 
High-resolution image of the ion irradiation-induced FM phase using STEM DPC. 
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Scanning transmission electron microscopy (STEM) is a powerful tool for both structural and 
functional characterisation of materials. Phase contrast techniques such as differential phase 
contrast (DPC) are commonly used to observe functional properties, for example magnetic fields 
inside samples. However, phase contrast imaging typically requires specialised equipment such as 
segmented or pixelated detectors[1]. In this work we have imaged nanomagnet arrays to 
demonstrate the feasibility of a simplified and accessible method for DPC using a monolithic annular 
dark field (ADF) detector. Using the post-specimen deflector lenses, the electron beam is shifted onto 
an edge of the ADF detector to translate magnetic deflection into intensity variations in the image[2]. 
By acquiring such images at four opposing edges of the ADF detector we were able to qualitatively 
image the magnetic landscape of our nanomagnet structures. The images were corrected for de-scan 
background intensity variation and then processed like data from an annular four-segmented 
detector. The resulting DPC image is very well in agreement with that acquired from a center-of-mass 
calculation from a pixelated detector. Additionally, we show that the increased speed and lowered 
data set size of this accessible STEM-DPC method, when compared with 4D-STEM, allows for 
characterisation of the magnetic hysteresis of nanomagnet arrays with different geometries. DPC 
images of a nanomagnet array in three different magnetic configurations can be seen in Fig. 1.  In 
conclusion, this method makes qualitative DPC available in most STEM-capable TEMs, enables fast 
and easy in-situ magnetic experiments, and paves an accessible route to correlation of observed 
function with structural properties. 
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Background incl. Aims 
Magnons, the quanta of spin waves, play a pivotal role in various solid-state phenomena, including 
memory and information processing [1]. Understanding their behavior at the nanoscale is crucial for 
advancing magnetic technologies. Electron energy loss spectroscopy (EELS) holds promise for probing 
these excitations with high spatial resolution [2, 3], potentially enabling the exploration of magnon 
dispersions down to the atomic scale. However, experiments face substantial challenges due to the 
overlap in excitation energy ranges between phonons and magnons, with phonon signals typically 
overshadowing magnon signals significantly [3]. Hence, elucidating optimal conditions for discerning 
magnon EELS signals remains crucial. 
 
In this work, we present our progress in simulating inelastic electron scattering signals of magnons in 
Scanning Transmission Electron Microscopy, discussing the feasibility of Magnon EELS detection. 
 
Methods 
We implement a new methodology [4] to compute magnon EELS from Pauli-multislice simulations. In 
particular, this methodology integrates state-of-the-art simulation techniques to model magnon 
spectra, including the Frozen Magnon Multislice Method with absorptive-potential-based phonon 
scattering [3]. 
 
Results 
We present findings suggesting the potential for detecting statistically significant magnon signals by 
selecting combinations of temperature and sample thickness [3]. Additionally, we show the 
capabilities of our methodology by presenting angle-resolved magnon EELS simulations. 
 
Conclusion 
Our simulations suggest the existence of feasible conditions to differentiate magnon inelastic signals 
from phonon signals. Also, we show the potential of our developed methodology to simulate angle-
resolved magnon EELS signals. 
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Background incl. aims 
Three-dimensional nanomagnets and curved magnetism are nowadays exciting topics in 
Nanomagnetism. The appearance of novel spin textures and topologically protected magnetization 
states may be the key to develop 3D spintronic devices for magnetic data storage, magnetic logics 
and sensing [1]. One of these exciting architectures are ferromagnetic nanotubes (NTs), in which the 
predicted core-less spin states are ideal for stable and fast domain wall (DW) motion beyond the 
Walker limit [2]. Even though they have modelled and predicted theoretically, a detailed 
experimental observation of these DWs is missing. In this work we aim at revealing the nature of 
magnetic DWs in cobalt NTs. 
 
Methods 
Focused electron beam induced deposition (FEBID) [3] has been used to synthesize 3D cobalt NTs. 
FEBID is an exceptional nanolithography technique to produce high-quality magnetic architectures. It 
is a direct one-step nanolithography technique that allows 2D and 3D growth of architectures of 
almost arbitrary shape on virtually any substrate or surface geometry. It is based on the 
decomposition of an organometallic gas precursor by the electron beam to produce a deposit. In the 
case of 3D nanostructures of magnetic materials, such as cobalt or iron, the deposits are mixed with 
carbon and oxygen residues of the precursor. This contamination reduces its purity and therefore its 
magnetization. Thermal annealing procedures in high vacuum of an environmental SEM have been 
performed to increase the metallic content of as-grown cobalt layer [4]. Structural and chemical 
characterization of the as-grown and annealed NTs have been carried out by STEM-EELS in a probe-
corrected Titan. Quantitative magnetic imaging of the remanent state and DW structure of a 3D 
ferromagnetic cylindrical NT has been achieved by off-axis Electron Holography (EH) in aberration-
corrected Lorentz (field-free) transmission electron microscope (TEM) Hitachi I2TEM. Magnetic and 
electrostatic phase images have been obtained through holograms obtained before and after flipping 
the specimen. Micromagnetic simulations of the cobalt NTs have been carried out using the OOMMF 
software. 
 
Results 
12-nm-thick cobalt layers have been deposited on non-magnetic vertical Pt-C nanowire templates 
with a diameter of ≃70 nm, and then annealed at 450 ºC in high vacuum to produce high-purity, 
chemically and structurally homogeneous cobalt NTs (see Fig. 1a,b). They present a good cylindrical 
symmetry and homogeneous cobalt coverage over the Pt-C template, with a very thin (1-3 nm) 
oxidation layer at the surface caused by exposure to ambient atmosphere. While as-grown NTs 
present a low cobalt content (< 70% at.), the thermally annealed ones present very high purity 
(approx. 95% at.). The magnetization state of the FEBID cobalt NTs determined by EH evidences a 
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magnetic induction value near bulk values (>1.55 T), comparable to the magnetic induction measured 
in homogeneous cobalt nanowires annealed in similar conditions [3]. The thermally annealed 
cylindrical NTs give evidence for the nucleation and pinning of a DW during the magnetization 
reversal process induced by a excitation of the objective lens of the microscope. A quantitative 
analysis of the magnetic phase image and its comparison with detailed OOMMF micromagnetic 
simulations have confirmed that the magnetic contrast corresponds to a core-less head-to-head 
vortex DW, , as shown in Fig. 1c-e. In this coreless magnetic structure, the magnetization is confined 
in the nanotube plane with the spins rotating perpendicular to radial direction of the cylindrical 
structure. 
 
Conclusion 
Thermally annealed NTs with high-purity cobalt have been successfully grown by FEBID. EH 
performed in an aberration-corrected Lorentz TEM gives evidence for a high magnetization of the 
NTs in agreement with the increased metallic content achieved by high vacuum thermal annealing. A 
DW has been nucleated, imaged and quantitatively characterized for the first time. A comparison of 
phase images with micromagnetic simulations demonstrates the formation of a head-to-head vortex 
DW, as predicted in the literature according to the nanotube geometrical dimensions. 
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Cryo scanning transmission electron microscopy (STEM) is becoming an indispensable tool for 
studying phase transitions in a vast range of applications in the field of quantum materials [1], 
magnetic materials and nanostructures, ferroelectrics [2], topological insulators, etc. at the atomic 
scale. A detailed characterization of a sample’s structural and electronic properties across phase 
transitions necessitates a sample holder with double tilt capability and a continuous temperature 
control of the specimen while maintaining a sample stability that enables atomic resolution imaging.  
 
In this contribution, we will share our latest developments of a combined in situ cooling, biasing, and 
heating holder able to achieve atomic resolution imaging in a wide temperature range [3]. The 
holder, cooled by liquid nitrogen, allows to set any user-defined temperature (Figure 1). The 
temperature control is achieved using microelectromechanical systems (MEMS)-based heating and 
biasing chips [4, 5] in combination with a dedicated cryo TEM sample holder. Due to the low power 
consumption of the microheater, it is possible to sweep the temperature of the sample from -175oC 
to +800oC, while maintaining the holder at liquid nitrogen temperatures. It was found that atomic 
resolution imaging can be attained while continuously varying the temperature over a thousand 
degrees with marginal focus and image shift.  
 
We will present several application examples applied to ferroelectrics that that include thermal and 
electrical cycling including cooling conditions. 
 



PS-08 - Magnetic, Ferroelectric, and Spintronic Materials 

 

 
Keywords: 

In Situ, cooling, phase transitions 

Reference: 

1. B. H. Goodge, et al., Microscopy and Microanalysis 27 (2020) 346. 
2. N. Schnitzer, et al., Microscopy and Microanalysis 26 (2020) 2034. 
3. Y. Pivak, et al., Development of a Stable Cryogenic In Situ Biasing System for Atomic 
Resolution (S)TEM, Microscopy and Microanalysis, Volume 29, Issue Supplement_1, 1 August 2023 
4. H. Perez Garza, et al., 19th International Conference on Solid-State Sensors, Actuators and 
Microsystems (TRANSDUCERS) (2017) 2155.L. Molina-Luna, et al., Nat. Com. 9 (2018) 4445.  
 
  



PS-08 - Magnetic, Ferroelectric, and Spintronic Materials 

 
780 

Platform for the in-situ measurement of magnetic transport 

properties in the transmission electron microscope 

 
Sebastian Schneider1,2, Steven Waddy1, Takanori Sato1, Vijay Bhatia1, Yevheniy Pivak3, David J.  
Reilly1, Bernd Rellinghaus2, Julie M. Cairney1, Magnus Garbrecht1 
1The University Of Sydney, Sydney Microscopy And Microanalysis, Sydney, Australia, 2Dresden Center 
for Nanoanalysis (DCN), TU Dresden, Dresden, Germany, 3DENSsolutions, , Netherlands 

PS-08 (2), Lecture Theater 2, august 27, 2024, 14:00 - 16:00 

Background incl. aims 
In order to unveil the magneto-resistive fingerprint of Skyrmions, it is necessary to measure the 
material’s magnetic field dependence of the Hall resistance while acquiring Lorentz TEM (L-TEM) 
images at the same time [1, 2]. We demonstrate a measurement platform allowing for in-situ 
magnetic transport measurements in a TEM [3] by utilizing a DENSsolutions biasing holder and a Hall 
sensor for quantification of the objective lens’ magnetic field. We aim to correlate the Hall effect in 
skyrmionic materials with the magnetic field dependent occurrence of topologically protected 
magnetic phases such as the helical phase and Skyrmions [4]. 
 
Methods 
In-situ L-TEM investigations were conducted using a FEI Themis-Z double-corrected microscope (300 
kV, X-FEG) equipped with a fast Ceta-M camera. A DENSsolutions Lightning holder with spring 
contacts connected to electrical feedthroughs was used to measure the Hall voltage. 
In Lorentz mode, the objective lens of the microscope was used to apply an external magnetic field 
perpendicular to the sample plane. The magnetic field of the objective lens was calibrated with an 
Asensor Technology analog Hall sensor fitted into the in-situ biasing holder, see Fig. 1 (a). A 
Co8Zn9Mn3 TEM lamella was cut using a Thermofisher G4 Hydra Plasma FIB. Subsequently, the 
lamella was positioned on a commercial chip and soldered to the underlying substrate by Pt 
deposition in the FIB. The DENSsolutions nano-chip was then further modified for the Hall 
measurements: In order to realise a four-point measurement geometry, insulating SiOx patches were 
deposited on top of the inner tracks. By writing W tracks over the SiOx, the conductive paths were 
bridged (cf. Fig. 1 (b)). 
 
Results & Conclusions 
The demonstrated in-situ setup allows for the simultaneous acquisition of L-TEM images and the 
measurement of the Hall voltage as function of the out-of-plane magnetic field, which we can control 
precisely by tuning the objective lens excitation. Fig. 1 (c) shows the Skyrmion phase in Co8Zn9Mn3 
at 142 mT. Although the lamella is hosting Skyrmions, no signature of topological solitons is 
observable in the Hall voltage. The observed Skyrmions do not exhibit any distinctive characteristics 
in the magnetic transport measurements. 
 
Graphic caption 
Figure 1 (a) Magnetic field of the objective lens of a FEI Themis-Z double-corrected TEM as measured 
with an analog Hall sensor fitted into a DENSsolutions Lightning holder (inset). (b) SEM image of the 
modified MEMS chip with a Co8Zn9Mn3 TEM lamella, showing the FIB deposited W tracks and SiOx 
rectangles. (c) L-TEM image of the Skyrmion phase in Co8Zn9Mn3 at 142 mT. 
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Background incl. aims 
Application of magnons requires generation, manipulation, and their characterisation in high 
resolution in both energy and spatial scales. Magnons are commonly studied by inelastic neutron 
scattering techniques, time-resolved Kerr microscopy, and Brillouin light scattering. While these 
techniques probe the energy-momentum dispersion of magnons with high energy resolution, their 
spatial resolution is fundamentally limited to hundreds of nanometres. 
Progress in electron beam monochromators in scanning transmission electron microscopy (STEM) 
has enabled the use of electron beams to study magnons with nanometer and sub-nanometer spatial 
resolution. Previous studies have successfully collected signals of scattered electrons through 
electron energy loss spectroscopy (EELS), demonstrating the detection of collective excitations like 
phonons [1]. The energy range of phonon modes, extending up to a few hundred meV in solid-state 
materials, aligns qualitatively with magnons, hence efforts aiming to detect magnons using STEM-
EELS are ongoing.  
Although the interaction strength between magnons and electrons is known to be three or four 
orders of magnitude weaker compared to the Coulomb interaction, experimental evidence has 
shown that magnetic ordering can be detected through Bragg reflections of electrons [2]. 
Furthermore, recent theoretical predictions suggest an EELS signal from thermal magnons in bulk 
specimens [2, 3], supporting the potential use of STEM-EELS for measuring magnons in confined 
geometries, including interfaces and surfaces. 
Methods 
In this study, we employ the second quantization of the Heisenberg Hamiltonian to calculate the 
dynamics of magnon modes in finite systems, allowing the inclusion of thin films, interfaces, and 
heterostructures between ferromagnetic (FM) and antiferromagnetic (AFM) layers, with different 
relative orientations between the electron beam and the Curie/Neel vector. We then employ the 
general formalism by van Hove [4] to calculate the double cross-section accounting for the spin-spin 
interaction of the electron probe with the system, as well as the effect of the system’s vector 
potential on the charged probe’s canonical momentum. In addition, by using the multislice method, 
we simulate high resolution STEM images due to the electron-magnon interaction. 
Results 
We present our result on simulations using Fe, NiO and YIG as prototypical examples of the effects 
captured by the method, Figure 1. By quantifying separately, the spin-based and charge-based 
interactions in STEM-EELS, we reveal distinct behaviours: charge-based interaction shows a linear 
dependence on beam momentum, while spin-based interaction follows an inverse relationship akin 
to phonons, suggesting potential magnon-related peak enhancement compared to phonon peaks at 
higher acceleration voltages. Additionally, charge-based interaction exhibits an inverse square 
dependence with a scattering vector. Furthermore, the image simulations show a dependence with 
the magnetic moment’s orientation relative to the electron beam. 
Conclusion 
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Overall, our study advances our understanding of electron-matter interactions in EELS, offering 
insights for designing and interpreting experiments probing the magnetic properties of 
nanomaterials. The magnon EELS calculations suggest that these interactions would be dominant for 
higher beam acceleration and within the first Brillouin zone, while the image simulations point to the 
possibility of probing the local magnetic moment’s orientations. 
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Background 
The structure and electronic structure of interfaces determine their magnetic properties in many 
modern materials. Yet, X-ray and neutron-based analysis techniques, albeit their fantastic 
contributions to the field, cannot give the real space image of magnetization. And among the TEM 
techniques, the close-to-atomic scale analysis of magnetic interfaces remains a challenge. All three 
magnetic analysis techniques in the TEM, electron holography, Lorentz microscopy, and electron 
energy loss magnetic circular dichroism (EMCD) have now established the first results demonstrating 
that with TEM techniques, we can obtain magnetic information at this length scale [1-4]. In the EMCD 
technique, magnetic information originates from the interference of electrons inelastically scattered 
into different beams. This interference giving rise to the EMCD signal is appearing at well-defined and 
conjugated q-vectors called C+ and C- positions. It bears an intensity that can be interpreted as 
resulting from the orbital and spin magnetic moments of the involved magnetic atoms. The 
technique can address both ferro- and antiferromagnetic materials. 
Here, we present EMCD measurement on thin Fe films on MgOx substrate and show how accurate 
alignment and experimental parameters like convergence and collection angles modify the EMCD 
signal and interpret this change in magnetic signal to obtain magnetization and orbital/spin magnetic 
moment ratio in the Fe and at the Fe/MgO interface.  
 
Methods 
Fe films were grown on MgOx (001) substrate by sputter deposition. The cross-sectional and plan 
view samples were analysed using the EMCD technique in STEM mode. Spectra of the L3 and L2 edge 
of Fe corresponding to the C+ and C- positions were acquired at 2 beam condition using a 
Titan/Themis probe corrected TEM at an acceleration voltage of 200 - 300 kV with Gatan energy filter 
and a CEFID energy filter equipped with a direct electron camera ELA. The q-selection of the EELS 
spectra was carried out by using a custom-made script to shift the diffraction pattern and by placing 
a slit aperture into the EELS entrance aperture holder, see schematic Figure below. Each acquisition 
contains between 2000-10000 spectra which enables the treatment of individual spectra or sum 
spectra as well as the use of statistical methods in data analysis. 
 
Results 
Refinements of both, EELS analysis conditions as well as the sample quality enables us to improve the 
EMCD signal strength from the original paper of around 4 % to 17 % as shown in the figure below, 
which was taken at small convergence angle and using the conventional circular EELS entrance 
aperture. Though, aiming to approach atomic resolution in magnetic measurements, high 
convergence angles in the EMCD analysis are needed, which will be typically larger than 5 mrad. The 
other limit of such EMCD analysis is beam damage. We analysed the EMCD signal as a function of 
convergence angle and optimized acquisition conditions in view of limiting beam damage. With those 
conditions, we analyse EMCD signals at the Fe/MgOx interface with down to 2Å resolution [4,5]. 
 
Conclusion 
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In summary, we have optimized and analysed signals in EMCD measurements on Fe/MgOx . An 
excellent EMCD difference signal as well as improvement in the signal-to-noise ratio is evident due to 
the crystalline quality. We have obtained interfacial profiles of EMCD signals with down to 2Å 
resolution. 
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Background incl. aims 
Magnetism and spintronics play increasingly significant roles in modern technologies such as data 
storage and logic devices, sensors, quantum computing, and transportation and electricity 
generation. The three-dimensional nanoscale spin texture within magnetic materials plays a large 
role in the behavior of these technologies, and also provides a rich area of fundamental study. 
Electron, x-ray, and scanning probe microscopies can be used to image 2-D projections of spin 
textures, yet each technique has strengths and limitations. Lorentz TEM, for example, projects 
images of the average magnetic field inside a specimen while exposing it to an external field or 
temperature, but it is insensitive to the field component along the beam path. We aim to combine 
these techniques with new ones to obtain the 3-D structure of magnetic spin textures. 
 
Methods 
Here we discuss the use of specialized electron microscopies, STEM holography and scanning 
electron microscopy with polarization analysis (SEMPA), to understand the 3D structure of 
nanomagnetic spin textures such as skyrmions. STEM holography [1,2] is an interferometric 4D-STEM 
technique where electrons in the beam are coherently divided into a superposition of two or more 
separate probes and then scanned over the specimen. If one probe passes through vacuum while the 
other transmits through the specimen, the resulting phase shift can be measured by recording the 
interference pattern formed in the far-field at the detector. That is, the bright field discs of the two 
probes overlap at the detector, forming interference fringes (Fig. 1). Unlike defocus- and deflection-
based magnetic imaging techniques such as Lorentz TEM or DPC which are sensitive to phase 
gradients within the specimen, STEM holography is directly sensitive to the phase relative to the 
reference beam. With this, STEM holography can be used to directly measure the component of the 
magnetic vector potential parallel to the beam. 
SEM with polarization analysis (SEMPA) [3] is a surface-sensitive technique that can image all three 
vector components of the surface magnetization. Special detectors can measure the average spin 
polarization of secondary electrons. Each detector returns information about two components of the 
magnetization vector; one returns in-plane (Mx and My) and the other returns one in-plane (Mx) and 
the out-of-plane component (Mz). Therefore, two consecutive scans provides complete, quantitative 
imaging of the in-plane and out-of-plane magnetic nanostructure as well as normal SE contrast. 
 
Results 
STEM holography and Lorentz TEM were used to provide images of the skyrmion magnetic field 
projected through the thickness of the specimen, and SEMPA was provided images of the 
magnetization at the surface. We find that whereas crystalline specimens can host magnetic 
skyrmions with whorl-like magnetic fields that extend uniformly through the thickness of the 
material, here we observe a more intricate magnetic structure. TEM indicates that in the bulk of the 
material, the magnetic flux wraps around the core like a vortex, yet SEMPA indicates that near the 
surface the magnetic flux points radially [4], such that the 3D structure is akin to that of a vortex ring.  
 
 Conclusion 
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We used SEMPA, STEM holography, and Lorentz TEM on the same Fe/Gd multilayer materials to 
understand the 3D structure of magnetic skyrmions, observing knotted vortex ring-like structures. 
This illustrates that multimodal magnetic electron microscopy can be used to provide 3D information 
about magnetic skyrmions that cannot be observed with a single technique alone. 
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The Fe-Cr-O ternary system has been studied extensively since the mid-20th century due to its 
applications in various fields, such as geology, metallurgy, corrosion, and (more recently) spintronics. 
In this system, solid oxide phases may appear in three different crystallographic structures: the 
halite, the corundum and the spinel phases. The spinel structure (Fe3-xCrxO4) is a mix of divalent and 
trivalent cations in the cubic MgAl2O4-type structure. Multivalence cations are organized in a 
geometrically frustrated network of octahedral and tetrahedral sites, termed here Oh-sites and Td-
sites respectively.The complexity of the spinel structure opens the way for tailoring the functional 
properties of these materials (magnetization, Curie temperature, electronic transport by 
incorporating different metal cations into the host matrix. For instance, substitution of Fe cations for 
Cr in magnetite converts the half-metal host ferrimagnet into either a semiconductor or an insulator, 
depending on the x values.  
Most previous works on the Fe3-xCrxO4 series are based on bulk-like samples, while thin films have 
received limited consideration. Numerous studies have shown that physical and chemical properties 
of thin films strongly deviate from the bulk, depending on the growth method, film thickness, and 
surface and interface effects. 
This work presents a comprehensive study of the influence of composition and structural properties 
of epitaxial Fe-Cr-O thin films. 
 
Thin films were deposited by oxygen-plasma-assisted molecular beam epitaxy (O-MBE) on single 
crystalline α-Al2O3(0001) substrates. This method was chosen as it enables the synthesis with a 
perfect control of the chromium content (x) by using individual Knudsen effusion cells under a 
reactive atomic oxygen plasma. During deposition, reflection high-energy electron diffraction 
(RHEED) patterns were acquired in real time to control the crystalline structure of the oxide formed. 
Epitaxial growth of 15nm thick Fe3-xCrxO4(1 1 1) thin films of high crystalline quality has been 
obtained. 
Following growth, several characterization techniques were used to obtain chemical and structural 
information from the thin films. The stoichiometry of the Fe3-xCrxO4 films were verified ex situ by X-
ray photoemission spectroscopy (XPS) measurements. The film microstructure was investigated via 
high-resolution transmission electron microscopy (HRTEM) and complementary quantitative 
elemental analyses were performed by electron energy loss spectroscopy (EELS) and energy-
dispersive X-ray spectroscopy (EDX). X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) measurements were carried out on MARS Beamline of 
synchrotron SOLEIL to resolve the oxidation state and the first cation-neighbors bond distances. 
Magnetic hysteresis loops and in-plane electrical measurements were conducted. The Cr and Fe 
cation site distribution was determined by exploring the L2,3-edge X-ray absorption (XAS) and 
circular dichroism (XMCD) measurements performed on DEIMOS Beamline of synchrotron SOLEIL. 
Multiplet calculations were used to interpret the dichroism signal. 
Stoichiometric series of epitaxial Fe3-xCrxO4(111) thin films were prepared with x varying from 0 to 
1.7.  The film stoichiometry was first evaluated ex situ by XPS measurements. Since XPS probes only 
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the surface, complementary chemical analyses were performed by STEM-EELS and STEM-EDX. Those 
analytical techniques presented similar trends with minimal fluctuations in the Fe and Cr signals 
throughout the layers and no composition gradient. 
For x < 1.4, RHEED patterns exhibit sharp streaks and no spots, indicating a bidimensional growth 
mode and layers of high crystalline quality without secondary phases. However, for x > 1.4, RHEED 
images are blurred and the streaks are almost indistinguishable. The layer-substrate interface and 
structural defects were evaluated by cross-sectional transmission electron microscopy (TEM) images. 
Figure 1 (left) depicts TEM images of a representative Fe2.8Cr0.2O4 film studied along the [1210] 
direction. Low magnification TEM image shows that the film is homogeneous and has a constant 
thickness of about 15 nm. A perfectly flat and abrupt Fe2.8Cr0.2O4/Al2O3 interface is observed with 
no noticeable parasite phases at atomic scale. Misfit dislocations, which takes part on the relaxation 
mechanism of these films, are observed, as already mentioned for other ferrites grown on sapphire 
substrate by O-MBE (e.g. NiFe2O4 and MnFe2O4). When comparing HRTEM images of Fe2.8Cr0.2O4 
and Fe2.3Cr0.7O4 films, the increasing Cr content seems to induce disorder in the crystalline 
structure of the film and many stacking defects (e.g., APBs and dislocations) are observed. To 
investigate further this issue, HRTEM images were acquired for Fe1.6Cr1.4O4 (figure 1 right) and 
buffer-Fe1.3Cr1.7O4. The increase in the amount of the crystalline nanodomains is unmistakable for 
both of these layers compared to the first two compositions. These results corroborate well with the 
decrease in quality of RHEED images. The influence of Cr content on the crystalline quality of the 
films can be associated to either changes in the cation distribution among tetrahedral and octahedral 
sublattices or modifications in the growth conditions as the deposition rate is different. For x < 0.5 
the replacement of Fe3+ by slightly smaller Cr3+ in Oh-sites does not modify drastically the structure, 
whereas for 0.6 < x < 1.3 the displacement of larger Fe2+ into Td-sites has a huge influence. Indeed, 
orbitally active Fe2+ cations in Td-sites lead to tetragonal distortions due to cooperative Jahn-Teller 
effects. For compositions with x > 1.4, films are assumed to have the normal type of spinel structure, 
Fe3+ cations are replaced by smaller Cr3+ in Oh-sites.  
In addition to changing the structural quality, cation disorder has a major impact on the physical 
properties of the films. The total magnetization and the magnetic anisotropy of Fe3-xCrxO4 thin films 
decrease as the x values increase. But unlike bulk materials, thin films with high Cr content (x ≥ 1.2) 
still show magnetization at room temperature, i.e., near (or above) the Curie temperature of bulk 
samples. These features were interpreted in the light of the cationic site distribution. For both bulk 
and thin films, the inversion parameter steadily evolves with composition, ranging from an inverse 
arrangement (Fe3O4) to normal ordering (FeCr2O4). Because Cr-rich thin films are still intermediate 
spinels, while bulk samples are normal spinels, the Curie temperature of these films were increased 
as they present stronger Td-Oh antiferromagnetic interactions. These results confirm that doping 
magnetite thin films with Cr is very effective to control the magnetic behavior of this material. 
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Topological magnetic structures, i.e., skyrmions, have been considered as promising carriers in future 
magnetic storages or logical devices since their discovery in chiral magnets from 2009, owing to their 
nanometer-sized dimension, high stability and low critical current density of manipulation. The 
topologically protected spin textures are fundamental to these excellent performance metrics over 
the conventional magnetic domain walls or nanoparticles. Here, we have utilized the state-of-the-art 
magnetic imagining techniques, i.e., Lorentz microscopy and off-axis electron holography, to visualize 
the magnetization or emergent field of topological magnetic objects, in order to clarify the 
underlying mechanism of stability and evolution. Moreover, in-situ electrical Lorentz microscopy is 
employed to investigate the current-driven dynamics of skyrmions in nanostructures under the 
nanosecond current pulses. The skyrmion velocity and skyrmion Hall angle are measured with 
respect to the current density. Our results prove the possibility of coding the skyrmions in 
prototypical devices and have immediate significance towards the skyrmion-based memory or logic 
devices.  
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Background incl. aims 
Developing energy efficient data storage requires the discovery of novel materials which can host a 
variety of high density and controllable magnetic textures. In recent years this has led to an interest 
in materials capable of supporting magnetic skyrmions owing to their variability in size from several 
nanometres to microns [1]. In addition, their discrete nature makes them attractive candidates for 
forming magnetic logic gates, advanced signal multiplexing and neuromorphic computing 
applications [2]. In this work, we analyse the field dependence of skyrmion spin textures formed in 
magnetic multilayers of [Ru(7)Pt(X)CoB(4.3)Ru(7)Pt(X)CoFeB(5.3)]15 (all in Å) where X is 8.5Å (S1) or 
10.5Å (S2) (Fig.1a). The overall aim is to highlight the importance of Pt thickness on the established 
spin textures and to motivate these materials as candidates for field controllable skyrmion 
applications. 
 
Methods 
Throughout this work, we utilise a range of microscopic analysis techniques with a strong emphasis 
on Lorentz transmission electron microscopy (LTEM). All images were acquired using a JEOL JEM-
ARM200cF microscope operating in either LTEM or STEM mode equipped with a CEOS probe 
corrector. Qualitative Fresnel images were captured within a field range of ± 130 mT. Single image 
transport of intensity (sTIE) reconstructions were used as a method of semi-quantitative magnetic 
characterisation and supported with more robust differential phase contrast mapping of the 
integrated magnetic induction at a range of key fields. Topographical and phase characterisation is 
provided through tapping zero-field MFM and bulk magnetic measurements are analysed with 
SQUID-VSM. Elemental mappings of multilayer cross-sections are measured using electron energy 
loss spectroscopy (EELS) and provide layer thickness measurements which aid magnetic volume 
characterisation. 
 
Results 
By comparing the magnetic states of S1 and S2 at a range of fields, we analyse the effects of 
interlayer coupling within the multilayer. Reducing the applied field from the saturated state above 
130 mT, S1 first stabilises a ferromagnetic (FM) skyrmion lattice (SkL) phase which expands into FM 
domains before forming a second SkL at zero field (Fig.1b). The SkL contrast is then slowly removed 
as S1 enters a field stabilised synthetic antiferromagnetic phase around -40 mT before the 
magnetisation switches into a FM domain phase and saturates at high field. We correlate this 
behaviour with strong coupling between the CoB and CoFeB layers. For S2 the behaviour is markedly 
different on the reduction of field from saturation. We first form sparsely distributed skyrmions with 
weak contrast which expand into a FM domain state covering the film. We next form a mixed-phase 
FM state (Fig.1c) with strong and weak contrast which reduces to a purely strong contrast FM domain 
state at zero field. Upon field reversal, these FM domains contract to form skyrmions with strong and 
weak contrast below -100 mT, before proceeding towards saturation. We propose that the varying 
levels of contrast in S2 are caused by the thicker Pt layer forcing an effective decoupling between the 
CoB and CoFeB layers allowing each to act independently in response to applied field. The formation 
of chiral textures is then driven by the different strengths of interfacial Dzyaloshinskii-Moriya 
interaction at the CoB/Pt and CoFeB/Pt interfaces [3]. 
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Conclusion 
Using Lorentz microscopy, we show that the separation between magnetic layers in CoB/CoFeB 
multilayers can have a significant impact on the observed magnetic textures. This has important 
consequences for applications, for example, if one desires a high density skyrmion state at low field 
(eg: for reservoir computing), then strongly coupled systems, similar to S1, would be useful. In 
contrast, if sparse skyrmion states are required (eg: for racetrack memories), then decoupled systems 
such as S2 may be more appropriate. Overall, the work serves as motivation for careful, application 
specific tuning of layer thicknesses during material growth, and highlights the valuable information 
that nanoscale magnetic imaging can provide for skyrmion stabilising systems. 
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Background  
Magnetic skyrmions are quasi-particles with a swirling spin texture. In chiral magnets, skyrmions are 
stabilized by the balance between the exchange interaction and the Dzaloshinskii-Moriya interaction. 
They have raised interest because of their potential applications in the field of spintronics, for 
instance in racetrack memories where they are treated as information carriers [1]. Axially symmetric 
chiral skyrmions usually form 2D hexagonal close-packed lattices [2]. Similarly to atomic lattices, 
skyrmion lattices can exhibit local deformations and crystalline defects such as dislocations and grain 
boundaries depending on the geometric constraints and the external magnetic fields [3]. Measuring 
deformations in skyrmion lattices is important to understand the interplay between the lattice 
structure and external influences. 
In previous studies, skyrmion lattice deformations were investigated using real-space methods 
applied to Lorentz transmission electron microscopy (LTEM) images, which involves detecting 
intensity maxima or minima, finding nearest neighbors and calculating inter-skyrmion distances [3,4]. 
Here, we investigate the applicability of geometric phase analysis (GPA) [5]. GPA is a lattice 
deformation analysis technique based on Fourier transforms primarily used in high resolution TEM 
images. Compared to real-space methods, GPA is straightforward computationally because there is 
no need to detect individual maxima and perform any pixel-to-pixel operation. A Fourier transform of 
the image is first calculated and numerical apertures are applied to a pair of Bragg spots with non-
colinear reciprocal lattice g-vectors. After inverse Fourier transform, the geometric phase term ϕ(r)=-
2πg.u(r) associated to each g-vector is retrieved, where u is the displacement vector. The 
deformation fields are then obtained using differentiation of the displacement fields. 
 
Methods 
Experiments were carried out using a TFS Titan TEM equipped with a Schottky field emission gun 
operated at 300 kV, a CEOS image aberration corrector and a 4k*4k Gatan K2-IS direct electron 
detector. The microscope was operated in Lorentz mode by using the first transfer lens of the 
aberration corrector as the main imaging lens. The objective lens was used to apply magnetic fields 
perpendicular to the sample which were precalibrated using a Hall probe. A liquid-nitrogen-cooled 
specimen holder (Gatan model 636) was used to vary the sample temperature. The Digital 
Micrograph software and a GPA plugin were used to calculate deformation maps. A TEM lamella of 
FeGe was prepared from a bulk crystal using focused Ga+ ion beam sputtering in a scanning electron 
microscope (FIB-SEM) FEI Helios dual-beam platform.  
 
Results 
Figure (a) shows an example of Lorentz TEM image of a skyrmion lattice in a 150 nm thick FeGe 
lamella recorded at 230 K with a defocus of 800 µm and in the presence of an external magnetic field 
of 145 mT. Normally, each skyrmion has 6 neighbors in a hexagonal lattice. However, it is common to 
observe dislocations formed by pairs of 5 and 7-coordinated skyrmions. Such a dislocation is present 
in the middle of the image and it is magnified in Fig. (b) where the heptagon and the pentagon have 
been drawn. A Burgers circuit has also been traced to show the Burgers vector b. Figure (c-f) shows 
the experimental deformation fields calculated using GPA and Fig. (g-j) shows the corresponding 
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theoretical deformation fields calculated from linear elastic theory. The horizontal deformation εxx, 
along the direction parallel to the Burgers vector, shows a butterfly shape with negative 
(compressive) deformation in the top part of the image and positive (tensile) deformation in the 
bottom part. The vertical deformation εyy shows a three-fold symmetry with alternating negative 
and positive deformations around the dislocation core. The shear deformation εxy and the rigid-body 
rotation ωxy show primarily loops oriented along the horizontal direction, parallel to the Burgers 
vector. Visually, the shape of the experimental and theoretical deformation fields is in good 
agreement even though the experimental images show some random fluctuations. To provide a 
quantitative comparison, Fig. (k-n) shows the difference between the experimental and theoretical 
deformation fields. The standard deviation δ was calculated and is indicated on each image. The 
region in the vicinity of the core (approximately 150 nm around the core, as indicated by the dotted 
square) was excluded from the measurement. The small values of δ ≈ 1% or 1° indicate a good 
quantitative agreement.  
 
Conclusions 
We have studied deformations in skyrmion lattices in a sample of FeGe by applying GPA to Lorentz 
TEM images. Deformation fields measured around a single dislocation were found to be in good 
agreement with deformation fields calculated from linear elastic theory. In the conference 
presentation, we will also show rotation fields measured at the boundaries between crystal grains 
and compare them with angles calculated from the density of dislocations. We will also discuss the 
evolution of deformation fields in applied magnetic fields series of LTEM images and explain how to 
calculate an orientational order parameter to study the evolution of the disorder. The influence of 
potential artifacts such as geometric distortions and large defoci will also be discussed. 
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Magnetic spin textures are becoming increasingly important in  
the field of spintronics due to their potential uses in devices such as racetrack memory. The discovery 
of skyrmions in Fe3GeTe2 (FGT), has triggered a great interest in studying spin textures in 2D-van der 
Waals (2D-vdW) magnets. These textures arise from the interplay between the Dzyaloshinskii-Moriya 
interaction (DMI), exchange interaction and the zeeman interaction in the presence of an external 
magnetic field [1]. Controlling these textures can further be achieved through factors such as 
thickness of the material, the temperature and structural defects [2]. Recently, it has been reported 
that the level of substitution of the Fe within the material by Co can change the ordering 
temperature and thus the behaviour of the material Fe3-xCoxGeTe2 or (FCGT) [3]. Understanding 
how these factors affect the behaviour of the skyrmions including the size, mobility and stability is 
crucial, as these features will be important when considering the materials used in potential 
spintronic devices such as racetrack memory or in probabilistic computing applications [4].  
Here we use transmission electron microscopy (TEM) as well as four-dimensional scanning 
transmission electron microscopy (4D-STEM) to quantify the behaviour of FCGT as the composition of 
the material changes. Additionally, we simulate the textures using micromagnetic simulation 
software mumax3 [5]. 
In this work we utilize Fresnel imaging in Lorentz TEM (LTEM), a technique where the objective lens 
of the microscope is turned off to reduce the magnetic field so that the sample is not uniformly 
magnetized by the magnetic lenses. The beam is then defocused to the order of 0.1 mm so that 
Fresnel fringes appear caused by the magnetic potential of the sample revealing the spin textures in 
the sample as seen in Figure 1(a-b). These images can then be reconstructed using transport-of-
intensity (TIE) equations to obtain the magnetic field information of the sample, an example of which 
is demonstrated in Figure 1(c). Chemical vapour transport and standard focused ion beam lift-out 
procedure were used to prepare the sample. During TEM imaging, the samples were cooled to liquid 
nitrogen temperatures and then heated to the appropriate temperature desired. The residual 
magnetic field within the TEM was calibrated using a custom-built in-situ Hall probe holder. The 
composition mapping was studied using energy dispersive x-ray (EDX) methods. Additional 
investigations into the material’s bulk magnetic properties were carried out using magnetic force 
microscopy (MFM). 
Using the methods described we have studied a range of stoichiometries of FCGT by varying out-
ofplane (OOP) magnetic fields and temperatures and have demonstrated how the domain structure 
and temperatures at which these domains occur vary depending on the composition of the material. 
We have also confirmed the level of cobalt doping in FGT using EDX methods to quantify how this 
doping affects the behaviour of the materials, as well as investigated whether the elements are 
uniformly distributed throughout the material and how this affects the spintronic behaviour. Using 
the techniques described and through controlling the temperature and OOP magnetic field we have 
investigated the spin texture the material occupies at any given phase. Micromagnetic simulations 
were done to estimate the behaviour of the materials at different thicknesses to verify results as well 
as to improve the speed of workflow when working on time intensive processes such as MFM and 
LTEM where the sample has to be cooled before imaging. 
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We have observed magnetic spin textures in a range of compositions of FCGT, showing that the 
behaviour of the materials depends directly on the levels of iron and tellurium as well as on any 
cobalt doping. Work has begun to further quantify the behaviour of these systems more accurately 
using 4DSTEM methods such as centre of mass measurements (COM) and ptychography, the 
methodology of which is shown in Figure 1(d). 
Figure 1: Experimental setup of Fresnel TEM and 4D-STEM data acquisition. (a) Schematic of Fresnel 
TEM set up in overfocused condition. (b) Fresel TEM image of FGT showing skyrmions. (c) 
Reconstruction magnetic data. Here showing TIE reconstruction but other methods such as COM or 
ptychography would obtain a similar result. (d) Schematic of 4D-STEM experimental configuration. 
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Background incl. aims 
Strongly-correlated phenomena, such as, colossal magnetoresistance (CMR) and metal-insulator 
transitions (MIT), exhibited by perovskite manganites are accompanied and reinforced by 
coexistence of competing magneto-electronic phases [1]. Such magneto-electronic inhomogeneity is 
governed by the intrinsic lattice-charge-spin-orbital correlations, which are conventionally tailored 
via chemical substitution, charge doping or strain engineering. Alternately, the recently discovered 
high entropy oxides (HEOs), owing to the presence of multiple-principal cations on a given sub-
lattice, exhibit indications of an inherent magneto-electronic phase separation encapsulated in single 
crystallographic phase. In this abstract we present the structure characterization at atomic resolution 
for a series of single-phase orthorhombic HE-manganites, (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 
(x = 0 – 0.5), which combines high entropy (HE) concept with standard property control by Sr2+ (hole) 
doping, with the aim to extend the HE based approach to design strongly-correlated systems. High 
resolution scanning transmission electron microscopy (HR-STEM) and integrated differential phase 
contrast (iDPC) imaging have been used to determine the crystal structure variations in HEO 
introduced by different Sr concentrations. Electron energy-loss spectroscopy (EELS) has used to 
reveal the Mn valence change with Sr doping levels. We aim to correlate the atomically resolved 
geometric and electronic structures to the finely tuned electromagnetic properties of the series of Sr 
doped HEOs. 
Methods 
The powder samples were synthesized using nebulized spray pyrolysis (NSP) technique. The details of 
the synthesis procedure can be found elsewhere [2]. A double aberration corrected transmission 
electron microscope Themis Z (Thermo Fisher) equipped with a Super-X energy dispersive X-Ray 
detector and Gatan GIF Continuum 970 HR + K3 IS camera (operated at 300 kV) were used to 
examine the specimens.  
Results 
From the high-angle annular dark-field (HAADF) STEM images, the strong orthorhombic distortion 
can be identified for x = 0 (Figure 1a). The distortion becomes weak with increasing the Sr 
concentration. For x = 0.5 system (Figure 1b), the crystal structure is very close to pseudo-cubic. 
However, the higher symmetric phase shows noticeably higher density of different types of lattice 
defect, including twin boundaries and Ruddlesden-Popper faults, as reveled by iDPC and HAADF 
images in Figure 1c along [01-1] and [001] zone axis, respectively. Figure 1d and 1e present the 
HAADF STEM image and the corresponding atomically resolved elemental distribution maps for x = 0 
and x = 0.5. A homogenous distribution of the rare-earth cation (and Sr for x = 0.5) on the A-site (RE) 
sub-lattice along with presence of Mn on the B-site sub-lattice, without any observable segregation 
at the atomic length scales, can be confirmed. The change in the oxidation state of Mn can be 
evaluated from the integrated area ratio of the Mn L3 to L2 edges (L3/L2 ratio) and the energy 
difference (∆E) for the O K-edge features between the Mn 3d feature (~ 530 eV) and the RE 5d/Sr 4d 
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feature (~ 536 eV). The changes in the Mn L3/L2 ratio and ∆E as a function of Sr2+ doping (Figure 1f) 
unambiguously confirms that increasing amount of Sr2+ doping results in change of Mn valence state 
from ~3.1+ for 0%Sr to ~3.6+ for 50% Sr. The quantitative EELS analysis indicates that the separation 
of the antiferromagnetic ferromagnetic phases mainly depends on the ratio of the Mn3+ and Mn4+. 
More Mn4+ enhances the double-exchange interaction between Mn3+ – O – Mn4+, which increases 
the ferromagnetic component. 
Conclusion 
This initial study signals excellent potential to achieve complex magneto-electronic phase diagram 
with unique temperature dependencies that stem from competing magneto-electronic interactions. 
The unique subtle properties can be tuned by the merger of the high entropy-based design approach 
with the strongly correlated electron systems. The tunable electromagnetic properties are attributed 
to the structure changes by the high-resolution imaging and EELS analyses showing an increase in the 
amount of Mn4+ and a corresponding decrease in Jahn–Teller effect and the degree of orthorhombic 
distortion upon increasing amount of Sr2+ doping [3]. 
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Background  
Lithium-sulfur batteries (LSBs) are promising energy storage devices due to their high theoretical 
energy density (2600 Wh kg-1), large specific capacity (1675 mAh g-1), potential cost-effectiveness, 
and environmental friendliness.[1] However, the commercialization of LSBs is limited by factors such 
as polysulfide migration, sluggish kinetics of the sulfur redox reaction (SRR), and poor electronic and 
ionic cathode conductivities.[2] The use of defect-engineered catalysts, with tunable surface 
chemistry and electronic properties, as cathode additives in LSBs is a promising strategy to accelerate 
the Li-S redox reactions and thus promote LSB performance. In contrast to earlier research that 
predominantly concentrated on how defects influence the electronic density of states, the present 
work explores the impact of defects in modulating electronic spins and how these changes in spin 
configuration influence the macroscopic adsorption properties and activity of the catalytic additive.  
Methods 
In this study, a defect engineering strategy was used to tune the electron spin state of an SRR 
electrocatalyst. This strategy was showcased by introducing controlled amounts of cation vacancies 
within ultrathin CoSe nanosheets through plasma etching. Atomic resolution aberration-corrected 
high-angle annular dark-field scanning transmission electron microscopy (AC-HAADF-STEM) was used 
to gain in-depth insights into the spatial distribution of Co vacancies. 3D atomic models were 
obtained by using Rhodius and the corresponding AC-HAADF-STEM image simulations obtained by 
using STEM-CELL software.[3-4] XRD, EXAFS, XPS, Raman spectroscopy, XMCD, DFT calculations, EPR, 
in situ XRD combined with electrochemical test were conducted. 
Results 
Vacancies were also indirectly evidenced by an increase of disorder and reduced lattice spacing, Co-
Se bond length, and Se coordination number using XRD, HRTEM, EXAFS, XPS, and Raman 
spectroscopy. XANES and XPS spectroscopy further showed an increase in the average oxidation 
state of cobalt with the introduction of vacancies and EELS pointed to a higher occupation of Co 3d 
states in v-CoSe. Beyond modifying the structural parameters and electronic state occupation, the 
presence of vacancies resulted in a polarization of the 3d electron spins as evidenced by an increase 
in the intensity of the satellite peak in the Co 2p XPS spectra, a strong Co dichroism signal obtained 
by XMCD and magnetic measurements that confirmed a large moment per Co ion of 2.8 muB in v-
CoSe. EPR spectroscopy further confirmed the generation of additional electrons with unpaired spins 
by the introduction of Co vacancies.  
DFT calculations showed these spin-polarized unpaired electrons to be easily transferred from v-CoSe 
to polysulfide. Computational results showed that the d band center shifts toward the Fermi level 
with the introduction of vacancies, which involves that electrons are more prone to disperse in the 
high-spin configuration. The altered spin configuration results in a swift transferability of additional 
unpaired electrons to the polysulfide. DFT calculations also showed v-CoSe to have significantly 
higher lithium polysulfide adsorption energies and to decrease the polysulfide stability upon 
adsorption, thus enhancing both polysulfide adsorption and conversion activity. Besides, 
computational results showed the modified spin configuration to result in a more favorable 
thermodynamic reduction process, particularly for the transition from soluble polysulfide to solid Li2S 
that showed a lower nucleation energy barrier. 
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Experimental measurements confirmed an enhanced adsorption of the lithium polysulfide on the v-
CoSe surface. Symmetric cells showed v-CoSe to provide a low polarization voltage and sharper and 
more intense redox peaks. In situ XRD showed a very rapid and complete transformation of S8 and a 
high lithium polysulfide redox activity in v-CoSe. EIS analyses showed v-CoSe to be characterized by a 
low SRR activation energy, particularly for the liquid-solid conversion stage. Besides, the presence of 
vacancies resulted in promoted Li2S nucleation, reduced LSB polarization voltages, and higher Q2/Q1 
ratios. v-CoSe cathodes not only demonstrated excellent electrocatalytic properties but also 
outstanding LSB electrochemical performance in terms of specific capacity, rate performance, and 
cycling stability, even at high sulfur loadings.  
As a result, more uniform nucleation and growth of Li2S and an accelerated liquid-solid conversion in 
LSB cathodes are obtained. These translate into CoSe-based LSB cathodes exhibiting capacities up to 
1089 mAh g-1 at 1C with 0.039% average capacity loss for 1500 cycles, and up to 5.2 mAh cm-2, with 
0.16% decay per cycle after 200 cycles in high sulfur loading cells.  
Conclusion 
Overall, this study demonstrates the need for considering the electronic spin configuration in the 
design of electrocatalysts, particularly for developing robust LSBs. Thus, the spin engineering 
approach showcased here paves the way to the rational design of new generations of LSB cathodes 
based on defect-engineered SRR electrocatalysts, toward the development of a cost-effective LSB 
technology with market-ready potential. 
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Improper ferroelectrics have strong potential for use in low power domain wall nano-electronic 
devices, as the formation and motion of conducting domain walls in such materials is governed by 
strain as opposed to their electric polarization [1,2]. Multimodal STEM spectrum imaging performed 
in the (scanning) transmission electron microscope (S)TEM is ideal for characterization of the 
ferroelectric domain dynamics in improper ferroelectrics, as the technique enables correlation of 
local chemistry and bonding information, with crystallographic and strain information determined 
from identical specimen regions at micro to (near) atomic scale.  
 
The ferroic phase changes of the improper ferroelectric: Co-Cl, Cu-Cl and Fe-I based boracites 
(M₃B₇O₁₃X) are complex, with the materials undergoing multiple phase transitions from low 
temperature up to Tc. For example, Co-Cl boracite undergoes a trigonal to monoclinic transition at 
296 K, monoclinic to orthorhombic transition at 500 K and orthorhombic to cubic transition at 673 K. 
No memory effect is apparent through the paraelectric to ferroelectric transition though memory 
effect from trigonal to monoclinic phases are observed [3]. 
 
MEMS based heating-biassing and cooling-biassing holders can be used to investigate phase change 
dynamics in these materials as a function of applied temperature and bias, though manual holder 
control becomes impractical if high stimuli resolution is required, due to the large number of 
temperature steps required for meaningful analysis in combination with the large number of 
individual biassing steps required at each temperature. 
 
Here we present a holder automation strategy that takes advantage of the high-level communication 
Python library, ZMQ, to generalize external stimulus control within the DigitalMicrograph Python 
scripting framework. Control commands from the embedded in-situ SI data acquisition routine are 
sent via a generalized modular framework, enabling synchronized control of any external device 
supporting Python and ZMQ.  
 
In-situ spectrum imaging was performed on Co-Cl, Cu-Cl and Fe-I based boracites (M₃B₇O₁₃X) with a 
50-80 pA probe at 300 kV, using a counted mode EELS / energy filter system (GIF Continuum K3, 
Gatan) and flexible scan control system (Digiscan3). Domain wall dynamics were investigated as a 
function of applied bias at variable temperature using MEMS based in-situ heating-biassing, and 
cryogenic cooling-biassing holders (Lightning & Lightning-Arctic, DENSSolutions). Holder control and 
synchronization to data capture was performed using Python scripting in the DigitalMicrograph and 
DENSSolutions Impulse software packages. This scripting allowed multiple pass in-situ spectrum 
image (SI) data acquisition with all SI passes acquired at fixed holder stimuli conditions. Full voltage 
sweeps were applied at each temperature step in a temperature series. All data acquisition and 
holder control was fully automated . Data processing was performed using a combination of 
DigitalMicrograph (EELS, 4D STEM) and the Py4DSTEM (4D STEM) software packages.  
 
Gatan’s eaSI platform and DigitalMicrograph 3.60, allowed multipass single electron counted SI data 
capture with zero dead time between passes, at SI pixel rates of up to 3000 pix/s with continuous 
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drift tracking in real time. A software screenshot showing the results of an in-situ energy-filtered 4D 
STEM data acquisition from Co-Cl boracite is shown in figure 1. Heating was applied in 10 ⁰C steps 
from 270 ⁰C – 340 ⁰C. Biassing was applied at each temperature step in increments of 1 V from 0 V to 
Vmax = + 3.0 V and Vmin = -3.0 V and back to 0 V. The in-situ dataset comprises three primary data 
objects. An ADF image time series, a simultaneously acquired energy-filtered (EF) 4D STEM time 
series, and a holder auxiliary data plot. Measured temperature is shown in the auxiliary plot in pink. 
Voltage (holder bias) is shown in red. Both profiles are stepped, indicating SI passes are acquired at 
fixed holder stimuli conditions. A summed EF-CBED image from the highlighted region is also shown. 
In spite of the low probe current, the SNR of this image is high due to the high sensitivity of the 
counting detector. Two HOLZ rings are clearly visible. 
 
Python scripting was successfully utilized to customize in-situ spectrum image capture, allowing 
synchronized control of a remote application using the ZMQ Python library. and a client-server design 
pattern. This design strategy was found to be a powerful means of leveraging the strengths of the 
native software application such as zero dead time multipass scanning, sub-pixel scanning, 
continuous drift tracking, etc. while also enabling holder control options not yet natively supported. 
In the case of Co-Cl, Cu-Cl and Fe-I based boracites (M₃B₇O₁₃X), this allows the setup of complex 
heating and biassing conditions at high temperature and bias resolution that would be unachievable 
if a manual approach was adopted. Such setups allow exploration of the FE memory affect at specific 
phase transitions in addition to complex analyses such as the correlation of strain mapping with local 
chemical and coordination environment changes at micro and macro domain walls in these materials.  
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Background 
Since the discovery of ferroelectricity in solid solutions of AlxSc1-xN in 2019, the new class wurtzite-
(W)-type ferroelectrics have raised huge expectations for the introduction of ferroelectric 
functionality into novel transistor structures, e.g., with integrated memory. Although most of the 
challenges targeting the materials integrability, e.g., temperature stability, thickness scaling and 
epitaxy with GaN have been overcome through the past years, a fundamental understanding of the 
switching mechanisms has been mainly approached by theoretical studies describing the local atomic 
origins for switching, the switching kinetics and possible pathways. However, while visualizing local 
polarization switching with the scanning transmission electron microscope (STEM) seems 
impressive,[1] an overview onto the established polar domain structures within w-type ferroelectric 
thin films in support of the theoretical models remains elusive; a fact which is strongly coupled to the 
crystalline quality of sputtered films, whereas the accessibility of monocrystalline films grown by MBE 
remains limited.  
 
Methods 
We exploit annular-bright field STEM, differential phase contrast (DPC) and 4D-STEM methods to 
visualize the local atomic structure, polarization direction and large-scale distribution and strain of 
polar nano-domains. 
 
Results 
Recently, we reported on the analog switching capabilities achieved in sub-5 nm thin films and 
demonstrated for the first time the realization of a multiple domain state within a single grain of 
AlScN linked to the presence of horizontal polarization discontinuities.[2]  Moreover, here we report 
on the first large scale observation of ferroelectric domain patterns in monocrystalline-like epitaxial 
AlScN films enabled by the realization of 250 nm thin ferroelectric AlScN films grown on 
GaN/Sapphire templates by metal organic chemical vapor deposition.[3] The analyses reveal cone-
like shaped pinned interfacial domains of opposite polarization present for the “fully” polarized 
states even after wake-up and 400 x cycling and their spiking extension into the bulk after further 
biasing. The lateral dimensions of pinned and spiking domains suggest that lateral growth is 
complicated by the vertical grain boundaries. 
 
Conclusions 
The results will be discussed with respect to the proposed domain propagation models for w-type 
ferroelectrics. The existence of pinned domains with opposite polarization serve as nucleation sites 
which mainly reduce the overall required energy to domain wall motion rather than the formation of 
new nucleation sites. These results provide the next step in understanding of the ferroelectric 
switching mechanisms of epitaxially grown wurtzite-type ferroelectrics driving research on 
ferroelectric memory, power electronics and innovative computing applications. 
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Background incl. aims 
Skyrmions are circular magnetic textures whose topologically protected nature makes them great 
candidates for the development of novel information storage devices which are both power efficient 
and non-volatile [1]. Effective control of the skyrmion nucleation process is required for the 
development of such devices. Previous research has demonstrated how a focused ion beam (FIB) 
microscope can be used to engineer skyrmion nucleation sites in ferromagnetic multilayers by 
creating artificial point-life defects [2]. Such defects induce intermixing at the interfaces between the 
layers, which results in local modifications of the magnetic properties in this kind of samples where 
the strength of exchange interactions is highly correlated with the sharpness of the interfaces.  
The present work builds on this research by applying this technique to a synthetic antiferromagnetic 
(SAF) multilayer sample. SAF multilayers are characterized by the presence of the RKKY interaction, 
which creates antiferromagnetic coupling between individual ferromagnetic layers. SAF skyrmions, 
which have been found to arise in such systems under specific field regimes, are characterised by 
minimal dipolar fields and are not susceptible to the skyrmion Hall effect. These properties make 
them more stable and better suited for spintronic applications than ferromagnetic skyrmions [3].  
 
Methods 
In this project, an array of point-like defects was irradiated on a SAF multilayer using the 10 nm probe 
(FWHM) of a Ga+ FIB. Defects were induced by a range of Ga+ ion doses, spanning from 10¹³ ions/cm² 
to 10¹⁸ ions/cm². The magnetic behaviour of the sample within the irradiated region was observed 
under Lorentz transmission electron microscopy (L-TEM) in the Fresnel mode, which allows for the 
direct visualization of magnetic textures. This led to the in-situ observation of the skyrmion 
nucleation and pinning behaviour in the presence of an external magnetic field. The magnetic 
behaviour of the sample outside of the skyrmion phase was also recorded.  
 
Results 
Nucleation and pinning of skyrmions were observed at the location of the defects. This behaviour 
was observed in the ferromagnetic regime of both sides of the hysteresis loop (Fig.1). We note that, 
in the non-irradiated state, skyrmion nucleation is only observed when starting from a saturated 
state, and only after the field had passed through zero.  
 
Conclusion 
The behaviour recorded in the irradiated areas of this SAF system differs from the behaviour 
recorded prior to irradiation. The field regime at which we observe skyrmion nucleation and pinning 
at the location of the artificial defects indicates that these skyrmions are likely to be ferromagnetic in 
nature in this initial study. The effects of FIB irradiation on the SAF phase of the sample are currently 
under investigation. 
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PbTiO₃ is a ferroelectric material with the perovskite structure that exhibits polarization below a Tc of 
765 K. PbTiO₃ thin films are known to have complex domain configuration as a function of deposition 
temperature, epitaxial strain, film thickness and electrostatic boundary conditions. In this work, 
atomic resolution scanning transmission electron microscopy (STEM) characterization is used to 
investigate the ferroelectric polarization configuration in PbTiO₃ films grown under 0.2% biaxial 
compressive strain on a (110)o -oriented DyScO₃ substrate, separated by a SrRuO₃ bottom electrode. 
 
Ferroelectric polarization in PbTiO₃ is commonly mapped by carefully monitoring small displacements 
of the Ti atomic columns relative to neighboring Pb columns in aberration-corrected high angle 
annular dark-field (HAADF) STEM images. However, the thickness of our film of interest is around 
240nm, with domains of similar size. Following this approach therefore implies tracking the position 
of tens of thousands of atomic columns over many tens of nanometers with picometer precision, 
over large images having high enough pixel density that each atomic column is separated by ≥ 40 
pixels. To this end, we acquire 8k x 8k pixel images at relatively low magnifications, while aiming to 
keep the associated scan distortions to a minimum and maintaining a probe with atomic resolution.  
 
Even when the acquisition of these large experimental images is successful, the challenge of 
analyzing them remains. In this work, we innovate an approach where each large-scale image is split 
into sub-images, each containing just one perovskite unit cell. Compared to whole-image analysis, we 
find that tracking the positions of atomic columns in these sub-images is greatly facilitated. It further 
yields a dataset that is suitable for multivariate analysis (figure 1a-d); an approach analogous to that 
shown by Ziatdinov et al.¹,². 
 
The results are large-scale polarization maps that reveal novel a/c domain configurations in the form 
of needles, stacked a-domains (figure 1 g-h), as well as strongly and weakly charged 180° domain 
walls (figure 1 e-f).  Interestingly, a potentially new type of line defect is observed, that may play a 
role in stabilizing the observed domain walls that we hypothesize to be of high energy.  
 
In conclusion, we present ongoing analyses of novel domain configurations in strained films of 
ferroelectric PbTiO₃, where we combine large-scale atomic resolution STEM imaging with machine-
learning analyses to identify and understand domain boundary and structural defects. 
 
Figure 1 . a-d) Non-negative matrix factorization results on unit-cell subimages revelaing the complex 
structure of a-c configuration with both 90° and 180° domain walls. Scale bars correspond to 2 Å for 
panels a,c and 15 nm for panels b,d. e-f) Polarization angle of maps of different observed 180° 
domain walls across a and c domains. Polarization up, down, right and left directions correspond to 
blue, red, black and white colors respectively. Scale bars correspond to 20 nm. g-h) Stacked needles 
configuration of a-c domains revealed by geometrical phase analysis. 
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Many industrially relevant steels are ferromagnetic such as ferritic-pearlitic steel characterized in this 
study. Ferritic-pearlitic steels are commonly used, for example, in automotive components. 
Microstructural features of ferromagnetic materials influence their mechanical and micromagnetic 
properties. Traditionally, the microstructure, for example, cementite (Fe₃C) content, has been 
studied with destructive methods. To save time and money, destructive methods should be replaced 
with non-destructive testing (NDT) techniques. One of the potential NDT methods is magnetic 
Barkhausen noise (MBN) testing. It is used in industry to detect for example localized microstructure 
and stress variations. MBN testing is based on the motion of magnetic domain walls in ferromagnetic 
materials exposed to a time-varying external magnetic field. The motion of domain walls is hindered 
by the microstructural pinning sites such as carbides, grain boundaries, and dislocations. In the 
varying magnetic field, domain walls stop and finally jump over the pinning features, causing 
discontinuous and abrupt changes in the magnetization of the workpiece. These changes result in 
electromagnetic burst-like signal, i.e., Barkhausen noise, measured with an inductive coil. However, 
the applicability of the Barkhausen noise method is currently limited due to the stochastic nature of 
the phenomenon itself. Thus, more scientific knowledge is needed. Recently, we mimicked and 
visualized the Barkhausen noise measurement by in-situ Lorentz microscopy. This study gives general 
information about the behavior of domain walls in ferromagnetic steel. In addition, we have utilized 
magnetic force microscopy and micromagnetic simulations to deepen our knowledge on the 
magnetic behavior of steels. 
 
In this study, we used multi-instrumental and computational approach. Traditional microstructural 
characterization of ferritic-pearlitic steel was carried out by SEM-EBSD-TKD and (S)TEM-EDS. The 
magnetic structure of the thin sample was studied by Lorentz microscopy (Fresnel mode), while the 
bulk sample was studied by magnetic force microscopy (MFM). The dynamics of domain walls were 
studied by in-situ Lorentz microscopy. A varying, external magnetic field was generated by a normal 
objective lens of TEM, and the images were collected in LOW MAG mode using objective mini lens. 
The recorded frames of each sample were jointly post-processed as a single video using video 
denoising and frame alignment procedures. To measure a single point magnetic flux density 
generated with different excitation values of the normal objective lens inside the TEM, we used a 
custom-made holder equipped with a Hall-effect sensor. We also run micromagnetic simulations to 
verify domain wall dynamics in certain magnitudes of magnetic fields. 
 
Our multi-instrumental characterization, dynamical in-situ Lorentz microscopy studies, and 
micromagnetic simulations with the complex ferritic-pearlitic structure revealed the interaction of 
different domain walls and pinning sites. Thus, we could visualize and verify hypotheses related to 
the origin of Barkhausen noise signal. Comparing Lorentz microscopy and MFM results, we indicated 
that thin and bulk samples studied have similar magnetic structure. So, TEM studies are also relevant 
from the industrial point of view, although usually bulk samples are used in industrial applications. To 
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measure the magnetic field strength generated by the normal objective lens of TEM in dynamical in-
situ studies, we built a custom-made Hall-effect sensor holder. It measures the flux density at the 
same location as the TEM sample. Based on the measurements, the objective lens of our TEM has 
almost linear response to the magnetic field strength, and when the objective lens is switched off, 
the magnetic field in the sample area is close to 0 mT.  
 
Based on our studies, the carbides are very strong pinning sites for domain walls. In addition, larger 
globular and thicker lamellar carbides can have their own magnetic structure. In the increasing 
magnetic field, domain walls in the ferritic matrix perpendicular to the lamellar cementite carbides 
begin to move first. Then, the domain walls inside the carbides start to disappear. Finally, domain 
walls parallel to the lamellar carbides move. However, some of them are very strongly pinned by 
carbides. When the magnetic field is decreased back to 0 mT, the domain walls appear in the 
opposite order. We simulated the magnetization dynamics where microstructural information is 
extracted from the SEM-TKD and (S)TEM results. To explain the domain wall behavior in certain 
magnitudes of the magnetic field as observed using in-situ Lorentz microscopy, we ran dynamical 
micromagnetic simulations to reproduce the domain wall disappearance in the globular carbide. In 
general, the simulations supported very well the interpretation of the experimental findings, 
although the re-appearance of the domain walls with decreasing field could not be reproduced. In 
the next step, our multi-instrumental and computational approach will be extended by transport of 
intensity equation (TIE) method and off-axis electron holography. These results will be reported in 
the near future.  
 
Imaging methods and micromagnetic simulations have their own limitations. Despite using multi-
imaging techniques, it is probable that not all magnetic features can be visualized by microscopes 
and on the other hand, simulations cannot always reproduce all events observed experimentally. 
However, our combined multi-instrumental and computational approach gives novel knowledge on 
how iron-based carbides affect magnetic domain wall dynamics in ferromagnetic steel. 
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Background incl. aims 
Among various candidates for the rare-earth free permanent magnets, the ferromagnetic τ-MnAl-C 
(L10, P4/mmm) shows great potential to replace ferrites and bonded Nd-Fe-B magnets for its 
attractive magnetic properties and the non-critical nature of the raw elements [1, 2]. Further 
magnetic properties enhancement will depend on understanding of the effect of various 
crystallographic defects in the magnet, e.g. twin boundaries, and on developing novel processing 
routes for microstructure optimization.  
Twin boundaries are frequently observed in both the as-transformed and hot deformed τ-MnAl-C 
magnets [3]. Three different types of twin boundaries have been discovered in the τ-MnAl-C magnet 
and they are described as true twins, order twins and pseudo twins [4]. Considering the tetragonal 
structure of the chemically ordered τ-MnAl-C magnet, it is reasonable to assume that a different 
atomistic structure exists at these three types of twins, as well as its local magnetic properties.  
Methods 
In this study, aberration-corrected scanning transmission electron microscopy coupled with electron 
energy-loss spectroscopy (STEM-EELS) was used to investigate the atomistic structure and chemical 
composition at various twin boundaries in τ-MnAl-C [5].  
Results 
The results show differing levels of structural disorder at the various types of twin boundaries and 
EELS data reveal the presence of a Mn-enriched layer at the twin boundary surrounded by Al-
enriched layers. The thickness of these layers and the magnitude of the chemical segregation vary 
with the level of structural disorder. Micromagnetic simulations based closely on the experimental 
results showed that the coercivity tends to increase with increasing structural and chemical disorder 
at the twin interface.  
Conclusions 
These results suggest that targeted doping of interfaces in τ-MnAl may be a promising strategy to 
increase the coercivity of the material for applications. 
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Background 
Twinning, a phenomenon observed in a variety of crystalline solids, often arises during growth, 
deformation, and phase transformations [1]. The symmetry connecting adjacent crystal twins differs 
from the point group symmetries of the parent crystal. These additional symmetry operations, 
known as twin operations, typically include rotation, reflection, and inversion [1]. 
Materials with polar point group symmetries exhibit spontaneous polarization. An emergent 
polarization from twinning is anticipated when the additional symmetry coincides with a polar point 
group’s symmetry. Nonetheless, the complex interplay between twinning and polarization has been 
scantily addressed in the literature. 
The twinning associated with the tetragonal to monoclinic phase transformation in ZrO₂ and HfO₂ has 
undergone extensive study. Twin planes are commonly observed on the (100) plane and potentially 
on others, such as (001) and {110} [2]. A thorough understanding of twinning necessitates resolving 
both the heavier metal and lighter oxygen atoms.  
The negative spherical aberration (Cs) imaging (NCSI) technique provides optimal negative phase 
contrast under conditions of negative Cs and overfocus in conventional transmission electron 
microscopy (TEM ) mode [3]. Comparative studies have demonstrated the superiority of NCSI over 
positive Cs imaging in terms of image contrast, signal intensity, and noise robustness. Notably, NCSI 
excels in visualizing all atoms, including oxygen, in metal oxides. 
This work aims to elucidate the atomic structure of twin boundaries in HfO₂nanocrystals using the 
NCSI technique [3]. 
 
Methods 
In this study, NCSI TEM images were captured at 200 kV with a Gatan OneView phosphor-CMOS 
camera on an FEI Titan 50-300 PICO electron microscope, featuring a Schottky field emission electron 
gun and a CEOS Cc/Cs corrector. Additional NCSI images were obtained at 300 kV using a Thermo 
Fisher Scientific Spectra 300 microscope equipped with a high-brightness X-FEG source, a piezo-
enhanced CompuStage, a CEOS CETCOR Cs corrector for the S-TWIN objective lens, and a fast Ceta 
CMOS camera. The monoclinic HfO₂ nanocrystals under study were synthesized via a sol-gel method 
[5]. 
 
Results 
Using the NCSI TEM technique, we resolved both hafnium and oxygen atoms within individual HfO₂ 
nanocrystals (Fig. 1). The NCSI findings disclosed both individual and unit-cell-wise multiple 
consecutive twinning on the (200) plane of colloidal HfO2 nanocrystals. Each twinning event involves 
two-fold screw symmetry, leading to a unit-cell scale polar orthorhombic phase with a Pbc2₁ space 
group at the twin boundary. The unit-cell-wise multiple consecutive twinning gives rise to a novel 
antipolar phase with the Pbca space group. These interpretations were corroborated through an 
iterative two-step optimization process for image matching between experimental and simulated 
images. 
 
Figure 1 Top: Atomic resolution TEM image of an HfO₂ nanocrystals recorded using the negative 
spherical aberration (Cs) imaging (NCSI) technique. Middle: Map of polarization vectors and structure 
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model (blue: Hf, orange: O, grey: bond) superimposed on the NCSI image of the region marked in the 
top. Bottom: Structural illustration of polarization resulting from twinning. 
 
Conclusions 
We have revealed the correlation between twinning and polarization in HfO₂ colloidal nanocrystals 
via the NCSI technique [3]. The polarization induced by twinning correlates with sub-nanometer 
ferroelectric and antiferroelectric phases. The discovery of twinning-induced polarization may offer a 
new avenue for identifying novel ferroelectric phases in ionic compounds beyond oxides. 
 



PS-08 - Magnetic, Ferroelectric, and Spintronic Materials 

 

 



PS-08 - Magnetic, Ferroelectric, and Spintronic Materials 

 
Keywords: 

NCSI, Twinning, Polarization, HfO₂ 

Reference: 

[1] W. D. Nesse, Introduction to Mineralogy, 2017, Oxford University Press, New York. 
[2] J. E. Bailey, Proc. R. Soc. Lond. A, 1964, 279, 395. 
[3] H. Du, C. Groh, C.-L. Jia, T. Ohlerth, R. E. Dunin-Borkowski, U. Simon, J. Mayer, Matter, 2021, 
4, 986. 
[4] C.L. Jia, L. Houben, A. Thust, J. Barthel, Ultramicroscopy, 2010, 110, 500. 
[5] T. Ohlerth, H. Du, T. Hammoor, J. Mayer, U. Simon, Small Science, 2024, 2300209. 
  



PS-08 - Magnetic, Ferroelectric, and Spintronic Materials 

 
476 

Atomically Sharp Domain Walls in an Antiferromagnet 
Jan Michalička1, Filip Křížek2, Sonka Reimers3, Zdenek Kašpar2, Ondrej Man1, Jan Rusz4, Juan Carlos 
Idrobo5, Peter Wadley3, Tomas Jungwirth1,3 
1CEITEC - Brno University of Technology, Brno , Czech Republic, 2Institute of Physics of CAS, Prague, 
Czech Republic, 3School of Physics and Astronomy, University of Nottingham, Nottingham, United 
Kingdom, 4Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden, 5Center for 
Nanophase Materials Sciences, ORNL, Oak Ridge, USA 

Poster Group 1 

Introduction 
Efficient manipulation of antiferromagnetic (AF) domains and domain walls has opened up new 
avenues of research towards ultrafast, high-density spintronic devices [1,2]. AF domain structures are 
known to be sensitive to magnetoelastic effects, but the microscopic interplay of crystalline defects, 
strain and magnetic ordering remained largely unknown. Recently, we have explored 
antiferromagnetic CuMnAs thin films in which imaging by x-ray photoemission electron microscopy 
(XPEEM) revealed that its AF domain structure is dominated by nanoscale crystalline defects [3]. 
However, even smaller magnetic objects were indirectly observed in the material, but they remained 
below the detection limit of the used established XPEEM methods.  
Materials and Methods 
Scanning transmission electron microscopy (STEM), differential phase-contrast (DPC) and 4D-STEM 
techniques are utilized CuMnAs epilayers grown by molecular beam epytaxy.  
Results 
Here, we achieve atomic resolution imaging of abrupt AF magnetic domain walls in CuMnAs epilayers 
[4]. The identification of the magnetic domain DPC signal is based on the specific symmetry of the 
CuMnAs crystal, where the opposite magnetic Mn sublattices occupy crystallographically distinct 
noncentrosymmetric sites, Fig. 1A. With focus on small field-of-view high-resolution imaging, we 
could associate the DPC-STEM signals with two types of abrupt Néel vector reversals, schematically 
illustrated in Fig. 1C and D: The first type occurs at a crystallographic antiphase boundary defect (Fig. 
1C), while the second type forms in a part of the epilayer with no crystallographic perturbation 
detectable by STEM (Fig. 1D).  
Conclusions 
The results emphasized the crucial role of these defects in determining the AF domains and domain 
walls, and provided a route to optimizing device performance in term of scaling limits for the data 
density in the bulk of the antiferromagnet. 
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Magnetic multilayer systems hosting skyrmions at room temperature have attracted considerable 
interest for their potential application in the forthcoming generation of magnetic data storage 
devices. Pt/Co/X multilayer systems, where X represents a metallic element, stand out as a 
prospective candidate due to their versatile adjustability of magnetic properties. Recent theoretical 
predictions indicate that the size of skyrmions within this multilayer architecture can be finely tuned 
by varying the repetition of stack layers, the thickness of individual metallic layers and the element X 
[1]. A pivotal milestone towards employing these multilayer systems in data storage devices lies in 
the capacity to both stabilize skyrmions and manipulate their movement across the material. In this 
work, in situ in Lorentz transmission electron microscopy (LTEM) is used to investigate nucleation, 
stability, and mobility of magnetic phases in [Pt/Co/Cu]x5 multilayer specimens. 
 
[Pt/Co/Cu]x5 multilayer specimens were grown on Pt buffer layer grown on an insulator substrate 
(Al2O3 [111]) using molecular beam epitaxy (MBE) [2]. Cu was chosen as a X mainly for two reasons: 
1) its close lattice parameter to Co and Pt favors an epitaxial grown of the layers, and 2) there isn’t a 
magnetic dead layer in this system [3,4]. Cross-section and plan-view specimens were prepared using 
dual focused ion beam (FIB) instrument. High angle annular dark field (HAADF) STEM imaging and 
energy-dispersive X-ray (EDX) mapping analysis in cross-section specimens was performed to 
characterize the layered structure of specimens. L-TEM in Fresnel mode with variable applied 
magnetic field was used to investigate magnetic domain structure and skyrmions in plan-view 
specimens. As a further step, biasing experiments applying current (DC and pulses) using an in-situ 
TEM holder (DENS Wildfire-Lightning) connected to a pulse generator were performed to explore the 
stability of magnetic phases and its dynamics. 
 
Room temperature magnetic phases as a function of applied magnetic field (from 0mT to 300mT) are 
identified by LTEM imaging, showing “labyrinth” texture at 0mT that evolves into magnetic stripes 
domains followed by a transition to isolated bubbles-like skyrmions around 135mT [2,5]. The contrast 
in the LTEM images, suggest coexistence of multitype bubbles-like skyrmions, Bloch-type and Néel-
type. This observation is quite surprising since a Néel-type configuration is expected for such 
interfacial Dzyalloshinskii−Moriya interactions (DMI) system. As a result of our biasing experiments, it 
was observed that skyrmion's type, stability and density can be modulated by the thermal effect 
caused by current pulses or DC current. Ultimately, the correlation between current density and 
applied magnetic field for this system is summarized in a magnetic phase diagram. 
 
Our findings reveal a broad range of magnetic conditions enabling the manipulation and control of 
skyrmions by varying biasing current parameters and could be considered within similar systems. 
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Background incl. aims 
Over the last few decades, the properties of ferroelectrics and their polar arrangements have been 
extensively studied in thin films or bulk systems. However, it is only recently that ferroelectric-based 
superlattices (SLs), i.e. an alternation of two layers with a chemical period Λ, have emerged and 
leaded for example to the discovery of exotic polar textures such as skyrmionic states or vortices in 
PbTiO3/SrTiO3 SLs. [1,2] Thus, SLs offer a unique and promising new platform to study these novel 
polar states which result mainly from the effects of strain, confinement, and competing interactions 
between the degrees of freedom (polar displacements, oxygen tilts) of these perovskite layers. 
BiFeO3/LaFeO3 (BFO/LFO) SLs, have also showed interesting features in recent work.[3] BFO is, in 
essence, the model multiferroic material which exhibits in its bulk form ferroelectric polar states 
coexisting with a complex magnetic state. However, when it’s incorporated in such SLs, an unusual 
antiferroelectric like-state is observed. Here, the aim of our study is to understand, through scanning 
transmission electron microscopy (STEM) characterization, how the buffer (LaFeO3 or NdFeO3) layers 
influence the polar states of BFO.  
Methods 
BFO/LFO (or NFO) SLs were grown on cubic single crystal (001) STO substrate by pulsed laser 
deposition (MECA 2000 chamber) using a KrF laser (248 nm). BFO and LFO (or NFO) layers were 
grown at the same conditions under 0.5 mbar of oxygen pressure (PO2) at 740°C at 6 Hz repetition 
rate. Cross-section transmission electron microscopy (TEM) samples were prepared on an FEI 
ThermoFisher Helios Nanolab 660 by using the standard lift-out technique. The annular bright field 
(ABF) and high angle annular dark field (HAADF) STEM images were acquired by a FEI Titan3 G2 80-
300 microscope, operated at 300 kV and equipped with a Cs probe corrector. The analysis of atomic 
displacements has been performed by the Python open-source library Atomap and Temul-Toolkit 
library for visualization.[4,5] In complement, STEM images were also analyzed by a “render-and-
compare” (RAC) method based on Principle Component Analysis (PCA). 
Results 
We analyzed several BFO/LFO and BFO/NFO SLs, with various periods Λ (3, 6, 12 and 20 nm) and 
same BFO/LFO (or NFO) thickness ratio, deposited on STO substrates. We were able to reveal various 
polar textures within the BFO layers by analyzing the relative atomic displacements as well as the 
Fourier components with Atomap and RAC respectively. Among them, we unexpectedly observed in-
plane and ~45° ferroelectric displacements, but also step-like polar arrangements resulting in a 
quadrupling of the unit cell confirmed by fast Fourier transform (FFT) images. While Atomap 
indicates an (up-up-right-right)-like shifts (see Figure), RAC rather suggests a more complex polar 
distribution with 4 different types of displacements. Moreover, some polar singularities showing 
hedgehog-like, i.e. skyrmionic textures, were also observed revealing the wild variety of the 
polarization in BFO. 
Conclusions 
STEM analysis shows that introducing BFO in SLs systems induces drastic changes of its polar 
textures, mainly by strain and confinement effects, thus showing the high potential for modulating its 
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polarization. Besides, the comparison of data analysis methods shows that Atomap and RAC are 
complementary into revealing the nature of the observed displacements. 
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Background incl. aims 
Subtle changes in stoichiometry and crystal symmetry govern the fundamental physics of perovskite 
oxides. Particularly in thin films, the interplay between chemistry and structure can be altered by 
fine-tuning the conditions for epitaxial growth. A good example is the family of multiferroics AMnO₃ 
(A = Ca, Sr, Ba) perovskite antiferromagnets in which ferroelectricity driven by the off centering of 
the magnetic cation Mn4+ can emerge through selective crystal distortions [1]. In this talk we will 
explore how the polar states of the family of epitaxial Sr1-xBaxMnO3-δ (SBMO), thin films [2] can be 
controlled by careful selection of the substrate, growth conditions and post-deposition annealing 
parameters. 
 
Methods 
Epitaxial Sr1-xBaxMnO3-δ (0 ≤ x ≤ 0.5) thin films with thickness in the range 7–18 nm were grown by 
pulsed laser deposition (PLD) using a KrF excimer laser, a fluence of 1 J/cm², and a pulse repetition 
rate of 10 Hz on single-crystalline (001)-oriented (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates. The 
crystal structure and thickness of the films were studied by X-ray diffraction (XRD) and X-ray 
reflectivity (XRR), while atomic-level analysis of the SBMO films was performed by scanning 
transmission electron microscopy (STEM). The atomic displacements were measured from the 
annular bright field (ABF) and high-angle annular dark field (HAADF) images by determining the 
displacement of the Mn and O sublattices with respect to the centrosymmetric positions defined by 
the Sr/Ba sublattice, from which the film polarization was evaluated. Electron energy loss 
spectroscopy (EELS) was performed to assess the oxygen content of the films. The fine structure of 
the background-subtracted O–K edge was fitted to a double Gaussian to quantify the Mn valence 
following the procedure described by Varela et al. [3] 
 
Results 
A combination of macroscopic XRD characterization and atomic scale STEM of the SBMO films has 
evidenced that the polar displacements are extremely dependent on the oxygen stoichiometry, Ba 
content and epitaxial strain. The parent compound SrMnO₃ grown on LSAT upon tensile strain is 
known to present in-plane polar displacements along the pseudocubic <110> directions [4]. On the 
other hand, this scenario can be altered by tuning both the Ba doping and oxygen stoichiometry. As 
an example, in the case of x = 0.4, the epitaxial strain shifts from tensile to compressive when the 
annealing conditions change from 550 ºC at 400 Torr O₂ to 650 ºC at 350 Torr O₂ (see Fig. 1a). The 
EELS fine structure of the O-K edge shows that this phenomenon is accompanied by a remarkable 
variation of the oxygen content (from δ=0.15 to 0.25), and therefore of the nominal valence of the 
Mn cation (Fig.1b). Atomic resolution ABF enables to resolve the Mn and O sublattices, revealing that 
structural and chemical variations induce a drastic change in the axis of polar displacements of Mn 
and O. While highly oxygenated SBMO (x = 0.4) presents in-plane atomic displacements with an 
estimated value of in-plane polarization of approximately 30 μC/cm² (Fig. 1c), the more oxygen 
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deficient and compressively strained film with the same Ba content, shows a predominantly out-of-
plane polarization with a deduced polarization as high as 95 μC/cm² (Fig. 1d) [5]. 
 
Conclusion 
Polarization is intimately linked to the sign and magnitude of epitaxial strain, film thickness and 
oxygen stoichiometry. It can be tuned either in-plane or out-of-plane with respect to the substrate 
plane by the adequate choice of the substrate-induced strain, Ba doping and O content ─induced by 
controlled annealing. This chemistry-mediated engineering of the polarization orientation and 
magnitude of oxide thin films opens new venues for the design of functional multiferroic 
architectures and the exploration of novel physics and applications of ferroelectric textures with 
exotic topological properties. 

 
Keywords: 

Oxides, multiferroics, STEM, films, polarization 

Reference: 

[1] H Sakai et al., Phys. Rev. Lett. 107 (2011), p. 137601 
[2] A Edström and C Ederer, Phys. Rev. Materials 2 (2018), p. 104409 
[3] M Varela et al., Phys. Rev. B, 79 (2009), p. 085117 
[4] C Becher et al., Nature Nanotechnology 10 (2015), p. 661-665 
[5] P Koutsogiannis et al., APL Materials 12, (2024), p. 011113 
  



PS-08 - Magnetic, Ferroelectric, and Spintronic Materials 

 
614 

Investigation of Ferroelectricity using Advanced Microscopy  
Xinxin Hu1, Felip Sandiumenge2, Umair Saeed1, Rohini Kumara Cordero Eduards1, Gustau  Catalan1,3, 
Jordi Arbiol1,3 
1Catalan Institute of Nanoscience and Nanotechnology(ICN2), CSIC and The Barcelona Institute of 
Science and Technology(BIST)), Barcelona, Spain, 2Institute of Materials Science of Barcelona (ICMAB-
CSIC), Barcelona, Spain, 3ICREA, Barcelona, Spain 

Poster Group 1 

Backgrounds:  
Ferroelectric materials, characterized by their ability to exhibit spontaneous electric polarization 
switchable under applied electric fields, manifest intricate interactions among electrical, thermal, and 
mechanical properties. These materials, pivotal in various applications such as spintronics, 
computing, communications, memories, actuators, motors, and sensors, undergo changes in 
behavior and properties in response to factors like temperature, electric field, pressure, and strain. 
To explore ferroelectricity, some basic techniques, such as single-crystal X-ray diffraction, second 
harmonic generation measurement and dielectric measurement, were used to investigate the crystal 
structure, symmetry and dielectric anomaly. However, it is difficult to accurately determine whether 
the crystal structure is centrosymmetric or non-centrosymmetric down to nanoscale level by virtue of 
these basic measurement. This has hindered the progress of investigating the ferroelectricity related 
properties in the past.  
 
Methods:  
Advanced microscopies including Piezoresponse Force Microscopy (PFM) and Scanning Transmission 
Electron Microscopy (STEM), have been regarded as powerful approaches for evaluating the physical 
properties of materials down to nano, or even atomic scale. PFM has already been an essential 
method to investigate materials with piezoelectric properties. Especially, PFM shows its superiority in 
the studies of local non-destructive visualization of ferroelectric domain structures. In addition, 
Scanning Transmission Electron Microscopy (STEM), a fundamental tool in nanoscience, facilitates 
the acquisition of atomic-scale images and spectra. These images and spectra provide information on 
the structural and chemical properties of the studied nanostructures. As a result, STEM aids in a 
comprehensive understanding of the physical properties of functional materials at the atomic level. 
Consequently, combining advanced microscopies such as PFM and STEM has been shown as a 
powerful approach for evaluating the ferroelectric properties down to nanoscale even atomic level.  
 
Results:  
This study delves into a comprehensive examination of several ferroelectrics including organic-
inorganic hybrid perovskites and traditional inorganic ferroelectrics utilizing advanced microscopies 
including PFM and STEM. These approaches enable a profound understanding of the intricate 
relationship between domain structure, electric polarization, lattice structure, and electronic states, 
thereby offering control over the nuanced mechanisms of ferroelectrics. Leveraging advanced 
microscopy including PFM and high-resolution STEM, we precisely investigated ferroelectric domain 
structures, the atomic and electronic structures of ferroelectric materials, shedding light on the 
impacts of domain properties, atomic displacements, and electronic configurations on ferroelectrics. 
 
Conclusions: 
The findings of this research hold significant implications for deepening the understanding on the 
ferroelectric properties, including changes in the ferroelectric domain structure and atomic level 
displacements, potentially paving the way for the creation of more efficient and reliable memory 
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storage, sensors, and energy converters. We anticipate that our research will establish a robust 
foundation for the examination of ferroelectricity and other complex functional materials down to 
atomic level. 
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Ferroelectric thin film material is positioned to be a strong candidate for nano/microelectronics 
component with ultra-high energy storage density with low electric field [1]. One of the key 
strategies to achieve such high energy storage density is by creating a secondary phase 
nanostructure around the morphotropic phase boundary.  
 
Here we show detailed characterisation of (Bi, Na)TiO3 (BNBT) thin films grown on SrTiO3 single 
crystal substrate. The nanostructures in the thin films as well as their electronic structures and 
composition variations were characterised using 4D STEM. Due to the presence of Na, it has been 
found that the BNBT structure can change under the electron beam, causing by the migration of Na. 
The ultra-fast ARINA detector allows acquisition of 4D STEM data with only few pA current, and short 
dwell time to avoid the electron beam damage to the BNBT film. Moreover, electron energy loss 
spectroscopy (EELS) was acquired using the K3 detector, to probe the composition and the electronic 
structure across the nanostructured domains.  
 
We found that there is Bi segregation forming strips of half unit cell wide Bi2O3 layers. Such 
composition is confirmed by the atomic resolution EELS maps, showing no presence of Ti within the 
Bi2O3 bright strips. The effect of the Bi2O3 layers is to laterally displace the lattice above the defect 
by half a unit cell, resulting a morphotropic anti-phase domain boundary. In addition, the Bi2O3 
segregation layer gives about 22% longer c-axis for the 3 unit cell around the defect. Such large 
expansion of c-axis is attributed to the presence of the super-tetragonal phase (super-T) [2-3]. The 
electronic structures of Ti and O sites adjacent to the Bi2O3, measured using EELS Ti L edge and O K 
edge, is consistent with the lattice distortions. Density functional theory calculations were carried out 
to probe that the origin of the super-T structure is likely due to the oxygen vacancies around the 
Bi2O3 strips. 
 
Such complex nanostructures with multiple structure phases con-existent forming nanodomains is 
found to be the key for the ultra-high performance of such ferroelectric thin films. 
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Background incl. aims 
Recent improvements in spintronics led to new types of non-volatile Magnetoresistive Random-
Access Memories (MRAM) with low power consumption and short switching times, such as the 
current-induced Spin-Orbit Torque (SOT). So far, studies of such devices mostly rely on the 
measurement of their electrical and magnetic characteristics using external electrical methods [1]. 
However, their optimization ultimately requires a deeper understanding of the internal processes 
through direct observation. Given the usual dimensions of these components (<60 nm lateral, <1nm 
in thickness), observing magnetization textures and reversal during their activation requires the use 
of large-scale instruments [2]. 
In particular, Transmission Electron Microscopy (TEM) is a tool of choice for this matter, offering the 
combination of nm-scale spatial resolution and magnetic sensitivity. Indeed, Electron Holography 
(EH) gives access to 2D projected electric field and magnetic induction maps with a sensitivity in the 
nm.T range [3], which can lead to information about various electrical properties of the sample. 
This work aims for a better understanding of the switching processes taking place inside these 
devices upon writing and reading data by performing an operando analysis (e.g the quantitative 
dynamic imaging of their inner magnetic structure) on electrically biased samples using EH [4]. We 
will present here the study of the free layer reversal process inside Magnetic Tunnel Junctions (MTJ) 
in both isolated and array-like SOT devices. Given that the zone of interest is a ferromagnetic layer 
less than 1nm-thick with weak internal fields close to the detection limit, we also chose to study the 
reversal process in a wider in-plane MTJ as preliminary results less sensitive to the measurement 
quality. 
 
Methods 
Most of the EH measurements presented here use Phase Shifting (PS) by combining several 
holograms recorded with different beam tilting angles as a mean to enhance both spatial resolution 
and magnetic sensitivity. While this method gives an exact analytical solution to the PS matrix 
equation, it comes at the expense of limiting ourselves to study the reversal processes in a pseudo-
static regime. 
In any case, separating the electric and magnetic components of the electron wave phase requires 
two holograms to begin with. We perform all image alignments using points with strong Mean Inner 
Potential (MIP) gradient and theoretical zero magnetic field in an iterative correction process. 
In order to ensure the best measurement quality regardless, the device under observation must be 
sufficiently thinned down below 100 nm to limit the electron beam absorption through heavy 
materials, while remaining intact regarding its electrical behavior. Additionally, the injection of an 
external electrical bias on the sample inside the microscope chamber remains a technological 
challenge [5]; these conditions for accurate measurements require a highly controlled preparation 
process that will be presented. 
 
Results 
We first performed PS electron holography on a 8nm-wide in-plane double MTJ without any 
electrical bias, where a controlled external magnetic field acted as the trigger for the free layers 
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switching. In this experiment, we were able to witness the reversal on phase maps approaching the 
pixel resolution for an external field of around 9mT [Fig.1] 
We also conducted experimentations leading to a complete preparation process for the electrical 
connections of SOT samples inside the TEM chamber in order to perform PS on them, this time with a 
voltage bias for triggering the layer switching. Although the MTJ in SOT are typically smaller than that 
of our previous experiment, they still exceed the 0.12 nm spatial resolution limit of our image pixel 
size. 
 
Conclusions 
These first results on unbiased samples show that a pixel-precision magnetic induction map is 
obtainable through the PS method with some image realignments and additional precautions. Given 
our advancement on the SOT preparation, we thus expect to be able to measure the free layer 
switching in these particular devices with a similar spatial resolution, keeping in mind the study of 
domain wall motion as the next step towards a deeper understanding of the SOT mechanisms. 
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Background incl. aims 
Tungsten oxides (WO3-δ) have in the past received attention for their gas sensing, catalytic and 
electrochromic properties. Recently, ferro- and piezoelectric properties123 coupled to local 
mechanical strain and even supercondutivity45 have been reported in tungsten (tri)oxide as well, 
inspiring interest in the electronic properties of these materials. However, this behavior is not yet 
fully understood and investigations of epitaxial films of tungsten oxides are particularly scarce. In this 
work, we aim to provide some insight into the nature and formation of ferroelectric domains and 
domain walls and their structural and electronic properties. 
 
Methods 
Epitaxial films of tungsten (tri)oxide were grown by pulsed laser deposition at different thicknesses 
on a number of different substrates to reveal the effects of (epitaxial) strain. The substrates used are 
yttrium aluminate, lanthanum aluminate and strontium titanate. Atomic force microscopy and 
piezoresponse force microscopy were used to visualize the surface topography of the resulting films 
and to image the ferroelectric domain structures, respectively. In addition, conducting atomic force 
microscopy was utilized to show local electrical conductivity. The nanoscale structure of the films was 
probed using aberration-corrected scanning transmission electron microscopy (STEM). Differential 
phase contrast imaging enables the imaging of the lighter oxygen anions. Real-space analysis of the 
STEM images using an in-house developed software tool provides a sensitive means for visualizing 
local strain gradients and polarization. 
 
Results 
Our results suggest an intricate coupling between the epitaxial strain imposed by the substrate, film 
thickness and the ferroelectric domain structure in the film. Low-strain films grown on yttrium 
aluminate show a fairly traditional domain structure consisting of a combination of purely polar, non-
ferroelastic and ferroelastic domain walls, distinct from the type of domain structure reported for 
thicker films on the same substrate1 in which the polar nature of the film is localized to the domain 
walls, as well as those reported for bulk tungsten trioxide based on theory2. Electrical conductivity is 
found to be enhanced in the vicinity of the domain walls. In contrast, a higher degree of epitaxial 
tensile strain suppresses the formation of domains altogether, favoring strain accommodation 
through an extended planar defect. 
 
Conclusion 
We provide some new insights into the formation of  polar domain walls and strain accommodation 
in epitaxial thin films of tungsten trioxide under different conditions of epitaxial strain and show that 
there is potential for the functionalization of domain walls therein. 
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Complex correlated oxides are quantum materials characterized by unshielded d-electrons. Their 
interaction across competing energy scales leads to diverse functionalities, which can be altered by 
slight changes of their structure, composition, or boundary conditions [1]. In this context, recent 
studies on ferroelectric oxides have shown the formation of complex polar topologies, which are 
related to a delicate interplay between the intrinsic tendency of the material towards a uniform 
polarization and the electrical and mechanical constraints placed upon them [2]. However, the cube-
on-cube epitaxial structure of these materials forces the use of single crystalline substrates for their 
growth, which restricts the possible mechanical boundary conditions and, therefore, the formation of 
new topological structures. To overcome this limitation, we have isolated the ferroelectric materials 
from their parent substrate by a selective chemical exfoliation method, thus obtaining freestanding 
layers of just a few unit cells in thickness. This new approach vastly increases the potential for novel 
hetero-integration approaches by stacking various freestanding layers and avoiding the chemical, 
structural, or thermal limitations of conventional synthesis and growth processes [3]. 
 
In this work, we show how a polar vortex pattern is induced by stacking twisted freestanding 
ferroelectric BaTiO₃ layers [4]. We study the formation of these topological polar structures in 
relation to the twisted angle and layer thickness by aberration-corrected scanning transmission 
electron microscopy and density-functional theory calculations. 
 
These results show an exciting opportunity to create novel polar topologies using the unique 
modulations that are possible in moiré bilayers and pave the way for potential applications in future 
high-density ferroelectric memory devices. 
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Over the last decade, it has been recognized that different topological structures formed in 
ferroelectrics significantly influence the physical properties of the material system. Ferroelectric 
oxides deposited on a semiconductor substrate are of particular interest for applications in 
nanoelectronics or photonics. A particularly attractive candidate of ferroelectric materials is BaTiO₃. 
We investigated the crystalline structure, defects and the polarization patterns in (BaTiO₃/SrTiO₃)₁₀ 
superlattices epitaxially grown by molecular beam epitaxy (MBE) on a silicon substrate. A thin 
epitaxial SrTiO₃ template directly grown on the substrate is mainly used to compensate for the lattice 
mismatch between BaTiO₃ and Si. 
To determine the spontaneous polarization within the (BaTiO₃/SrTiO₃)₁₀ superlattice, the in-plane and 
out-of-plane strain components of the lattice were determined using Geometrical Phase Analysis 
(GPA) and using a direct peak finding method. Furthermore, a more refined peak finding algorithm 
was used to analyze the displacements of the Ti atoms relative to the center of their respective unit 
cells in real space. Therefore, high-resolution HAADF-STEM images, which show a direct visualization 
of the atom columns in a crystal, were recorded. 
The analyses resulted in two-dimensional displacement maps of the Ti atoms, in which the areas of 
the BaTiO₃ layers revealed periodic, wave-like polarization patterns. These patterns are also partially 
continued in the SrTiO₃ layer. The two-dimensional strain maps show a strong modulation of the out-
of-plane strain component and a periodic variation of the in-plane strain component in the region of 
the BaTiO₃ layers. The combination of the displacement maps and the strain maps shows a significant 
correlation between the two. 
These investigations of (BaTiO₃/SrTiO₃)₁₀ superlattices contribute to the understanding of two-
dimensional oxide ferroelectrics for the future integration of topological polar nanostructures in 
devices. 
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Background incl. aims 
For magnetic materials, in situ synthesis offers an additional advantage by enabling the exploration 
of the magneto-structural relationship. Understanding magneto-structural phase transitions is crucial 
for the development of materials such as those used for magnetocaloric applications. One such 
material is MnAs, in bulk known for the ferromagnetic transition around 315K coupled with a 
structural transition from hexagonal (α-MnAs) to orthorhombic (β-MnAs). However, experimental 
studies of MnAs nanoparticles have shown discrepancies where the ferromagnetic transition occurs 
even in the absence of the structural transition. 
 
Nanomaterial synthesis is usually done ex-situ, which can sometimes be tedious and time-inefficient, 
especially when exploring new or metastable materials. An environmental TEM (ETEM) specifically 
designed for exploring new material systems, allows for simultaneous exploration of synthesis 
parameters while observing the changing nanostructures with atomic resolution. Parameters can be 
fine-tuned, and even metastable material systems and crystal structures have been synthesized this 
way, showing promise for exploring not only new material systems but also those that have 
previously been discarded. 
 
In this study, we focus on transition metal pnictides, particularly MnAs, due to their promising 
applications in spintronics, magnetic refrigeration, and data storage devices. During the preliminary 
work, the goal is to explore the diffusion behaviour of manganese, how to control the growth rate of 
MnAs and explore the various structural phase transitions, laying the groundwork for a deeper 
understanding of magnetic transition metal pnictides. In the long term, we would like to integrate 
Lorentz imaging techniques to also explore the magnetic properties. This way, material growth could 
be paired with atomic resolution imaging, chemical analysis, and even information about magnetic 
domains, and pave the way for a new approach to fundamental studies and phase engineering of 
magnetic nanomaterials. 
 
Methods 
MnO₂ nanoparticles were prepared via spark ablation and sputtered directly onto a MEMS chip for 
further work in the Hitachi HF-3300S 300kV ETEM. In the ETEM, arsine (AsH₃) was used as the 
precursor gas to facilitate the growth of MnAs nanostructures. Various parameters, including 
temperature, gas flow, and electron beam effects, were explored to map the parameter space of this 
material system and optimize the stability of both MnO₂ and MnAs. For analysis, HRTEM, FFT, SE and 
Z-contrast in STEM mode, and both TEM- and STEM-EDX were performed during the experiments. 
 
Results 
It was observed that AsH₃ diluted with H₂ during electron beam irradiation causes MnAs to form 
outside of the MnO₂ particles. Together with the oxide reducing in size and eventually disappearing, 
this might indicate that the manganese atoms diffuse out of the oxide particles to crystallize into 
MnAs. This effect seems to be correlated with electron dose and is not observed in STEM mode. The 
fact that MnAs only form under a strong electron beam can be advantageous in the exploration of 
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the parameter space, as no changes were observed for the non-exposed oxide particles. However, 
using manganese oxide particles instead of pure manganese also introduces some limitations. At 
lower temperatures, around 200°C, the stability of the MnO₂ nanoparticles under the electron beam 
was compromised, even without any AsH₃ supplied. However, at higher temperatures, around 400°C, 
the MnO₂ particles were observed to be more stable and thus preferable for control of the diffusion 
of manganese into MnAs. 
 
Conclusion 
MnAs was successfully synthesized from MnO₂-particles under AsH₃ atmosphere using an in situ 
ETEM due to what seems like an electron beam-activated process. These preliminary findings 
demonstrate the feasibility of synthesizing stable MnAs nanostructures in the ETEM environment and 
underscore the potential of this approach for exploring transition metal pnictides and similar 
material systems. The results show that this method is promising for future studies of magneto-
structural relationships in transition metal pnictides, especially if magnetic imaging techniques are 
well integrated into the system. Additionally, the results are laying the foundation for further 
investigations into phase engineering and combinations with semiconducting III-V nanowires, such as 
GaAs and InAs, which already have been greatly explored in this system. 
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Background incl. aims 
Nanoscale 3D imaging techniques, such as electron tomography, are increasingly essential in material 
science and engineering. Extracting quantitative information from these techniques requires robust 
processing methods. This study presents several approaches for evaluating magnetic properties, such 
as magnetic shape anisotropy energy and demagnetization factors, as well as of magnetic 
nanoparticle ensembles using electron tomography data. 
 
Methods 
We extend a previously developed in-house software for processing 3D data to retrieve quantitative 
morphological information about nanoparticle systems [1]. Our focus is on iron oxide (magnetite) 
nanoparticle systems prepared via coprecipitation methods. Transmission electron microscopy (TEM) 
tomographic series were acquired using a JEOL 2100 TEM, and the reconstruction was performed 
using GENFIRE software. The raw 3D data is segmented with an in house developed software and the 
retrieved quantitative morphological information on nanoparticle size and shape is saved in a 
suitable format for use by the Object Oriented Micro Magnetic Framework (OOMMF) [2]. 
 
Results 
The micromagnetic simulations are employed to obtain several magnetic features including 
demagnetization energy maps of the nanoparticles as well as a statistical perspective of magnetic 
shape anisotropy energy and demagnetization factors of the studied system. By comparing magnetic 
information obtained from OOMMF simulations with approximation based morphological data, we 
seek a better understanding of how morphological features influence the magnetic phenomena. 
 
Conclusion 
Morphological information, such as size and shape, coupled with magnetic parameters like 
demagnetization factors and shape anisotropy energy, holds significant importance in diverse fields 
such as gas sensing [3], catalysis, spintronics, and magnetic hyperthermia-based therapies [4]. By 
integrating electron tomography with micromagnetic simulations, this study aims to advance our 
understanding of the intricate relationships between morphology and magnetic behavior in 
nanoparticle systems. 
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Background incl. aims 
Perovskite relaxor ferroelectric materials are very interesting for a variety of applications due to their 
extraordinary piezoelectric properties. However, understanding the complicated local order/disorder 
phenomena within these materials is crucial for optimizing their performance. Transmission Electron 
Microscopy (TEM) and Scanning Transmission Electron Microscopy (STEM) techniques were 
employed to study the local order/disorder phenomena in (1-x)Na₁/₂Bi₁/₂TiO₃-xBaTiO₃ (NBT-BT) 
compositions with varying BaTiO₃ concentration (x = 2.5, 7.5, and 15 mol%). 
 
Methods 
The samples with mol fractions of 0.025, 0.075, and 0.15 were prepared using conventional synthesis 
methods for mixed oxides. High-purity powders of Bi₂O₃, Ti₂O, Na₂CO₃, BaCO₃, and K₂CO₃ were 
combined in stoichiometric ratios and then milled in a planetary mill at 250 RPM for 2 hours. After 
drying, the mixture was calcined three times at 920°C for 5 hours to ensure the formation and purity 
of the perovskite-type phase. The resulting powder was ground again and passed through a 100 µm 
sieve. Afterward, the powders were compacted uniaxially and isostatically at 180 Mpa pressure into 
discs, then sintered at 1080°C for 10 hours in a powder bed of the same composition to minimize 
element volatilization. Cross-sectional samples were prepared using the ThermoFischer Scios 2 
DualBeam in the Scientific and Technical Resources Service of the Universitat Rovira i Virgili. 
Our research was aimed at understanding the chemical composition, domain configurations, and 
structural evolution of these materials. The crystalline structure was analyzed by selected area 
diffraction (SAED); local changes in lattice parameters were monitored using HAADF-STEM and the 
presence of polar nanodomains (PNRs) was assessed by iDPC imaging techniques. The samples were 
observed in a ThermoFisher SPECTRA (S)TEM 300 at 300 kV (ALBA synchrotron), in a JEOL 2010F TEM, 
and in a JEOL 2100 TEM, both working at 200 kV (Scientific and Technological Centers of the 
Universitat de Barcelona). 
 
Results 
Our findings showed the presence of various phases within the samples. For lower x value, R3c 
symmetry coexisted with Pm-3m, but higher BaTiO3 ratios resulted in a transition from Pm-3m to 
P4bm symmetry. For the sample with x=0.15 mol, only P4bm symmetry was observed. Conversely, 
for x=0.025 mol, R3c and Pm-3m symmetries were detected, and for x=0.075 mol, all three 
symmetries were observed in distinct grains. The analysis of the lattice parameters through HAADF 
and iDPC images also showed the transition from a rhombohedral phase for x=0.025, to a cubic phase 
for x=0.075, and to the tetragonal phase for x=0.15 mol. Polarization maps from iDPC technique will 
highlight the presence of PNRs. Electron Energy Loss Spectroscopy (EELS) also exhibited particular 
features in the spectra when increasing the BaTiO₃ ratio. Low-loss energy loss spectroscopy was also 
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conducted to observe variations in the optical response and to compare them with Density 
Functional Theory (DFT) simulated data of BaTiO₃, BiTiO₃, and NaTiO₃ using the Vienna Ab initio 
Simulation Package (VASP). 
 
Conclusion 
This study explores the general panorama of domain configurations and structural complexities in 
these materials, as well as the spectroscopic properties observed, including the dielectric function 
and ELF, as the BaTiO₃ ratio is incrementally increased. 
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Magnetic skyrmions are, topologically protected, vortex-like magnetization patterns which can form 
a two-dimensional lattice. Skyrmion lattices, just as crystal lattices, can be deformed by both internal 
and external influences, resulting in dislocations or skyrmion grain boundaries. Understanding the 
rise of skyrmion lattice deformations is important to find the correlation between local and external 
influences on skyrmion lattice formation and stability. We apply geometric phase analysis (GPA), a 
widespread image analysis technique for measurement of deformation fields in high-resolution 
transmission electron microscopy images (TEM), to simulated Lorentz TEM images. Lorentz TEM 
images have been calculated by means of micromagnetic simulations based on FeGe chiral magnet 
which supports stabilization of skyrmion lattice. We have simulated Lorentz TEM images with and 
without the application of the spin-polarized current. The strain and dislocation maps were obtained 
by applying GPA to all simulated images. Our findings suggest that applying spin-polarized currents 
can lead to further stabilization of skyrmion lattice compared to ground state. We demonstrate that 
GPA can be successfully used for the analysis of Lorentz TEM images both at static and dynamic 
conditions. Strain analysis of skyrmion lattice in Lorentz TEM images can further enhance the 
knowledge of deformation mechanisms and skyrmion lattice dynamics. 
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Background incl. aims 
Spintronics is an expanding field in nanoscience, attracting attention in the last decade due to its 
potential to revolutionize CMOS based logic and data devices by utilizing the spin of electrons. Spin 
manipulation via spin current generation, propagation, and spin injection and detection, are key 
steps for the realization of fast, non-volatile, and low power computational devices. The successful 
achievement of these goals is challenging as it requires atomic level control of interfaces and thin film 
structures in multi-layered heterostructures. The 100% spin polarization in ideal L21 structured 
Heusler alloys is very sensitive to both extended defects (i.e. dislocations) due to strain effects, as 
well as anti-site defects, and which results in variety of lower symmetry ordered Heusler phase, like 
B2, DO3, and A2. Hence methods that can detect differences between phases in nano-volumes is 
critical for optimizing performance of spintronic devices based on Heusler alloys. 
 
Methods 
We have investigated the nano-grain structure of Co2FeSi films using correlative microscopy, fusing 
simultaneously acquired Energy Dispersive X-ray (EDX) spectroscopy and 4D-Scanning TEM datasets, 
on a Thermo Fisher Talos F200X operated at 200kV. The convergence angle achieved was 1.5 mrad, 
using a 10 μ C2 aperture. A Thermo Fisher Super-X SDD detector, with 0.9 srad collection angle, was 
used to acquire EDX. CBED patterns were recorded using a Quantum Detectors Merlin Quad detector 
with 512x512 pixels. For the scans used in this study a dwell time of 2–25 ms was used to scan 
regions with a step-size of 1–2 nm. Unsupervised machine learning algorithms have then been 
employed to identify nano-grains in the Heusler Co2FeSi thin films. Fuzzy C-means clustering, using a 
Gustafsson-Kessel approach allowing for elliptical clustering, was applied to a robustly scaled and 
dimensionally reduced combination of CBED and EDX data. The dimensional reduction was achieved 
using Principal Component Analysis. Density Functional Theory (DTF) studies were performed using 
the Vienna Ab-inito Simulation Package (VASP) using the SCAN functional with PAW 
pseudopotentials. A k-point mesh of 8 x 8 x 8 and planewave cut-off of 700eV were used for 
geometry optimisations with a finer density used for spectral calculations.  
 
Results 
Clustering of individual signals from the 4D-STEM and EDX of Co2FeSi thin films was unable to 
identify any higher ordering within the Heusler structure. However when the signals were combined 
the finer details of the film texture became apparent. Specifically, the correlative acquisition has 
allowed the unsupervised clustering algorithm to separate regions inseparable via noncorrelative 
techniques. The analysis of the clustered nano-grains, of differing structural and chemical 
composition, revealed a novel phase of CoFeSi that has been confirmed via further HAADF imaging. 
The structure has been optimised using DFT calculations and shown to be more stable than other 
known CoFeSi phases, emphasising the structure’s relevance. Further computational calculations 
have predicted the structure to be a semi-metal rather than a half-metal and as such it’s inclusion in 
a Co2FeSi is potentially a, previously hidden, defect compromising spin polarisation.  
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Conclusion 
By combining Energy Dispersive X-ray (EDX) spectroscopy and 4D-Scanning TEM datasets, we have a 
unique structure and chemical composition that is invisible when the data is treated independently. 
Subsequent analysis of the identified nano-size secondary phase shows that it contains ordering 
peaks that overlap with the full-Heusler L21-ordering, making it difficult to detect via standard 
characterization techniques (e.g. X-Ray Diffraction).  Furthermore, we show that this new phase has 
unique ordering nor reported for Heusler phases in current literature. Additional magnetic 
measurements and density functional calculations have shown that the secondary phase is not fully 
spin polarized, has lower magnetic moment per unit cell, which can be detrimental when films with 
such inhomogeneities are incorporated in a device structure. 
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The effectiveness of ferroelectric materials is fundamentally dependent on their ability to switch 
polarization, a process driven by complex dynamics that include the movement of ferroelectric 
domain walls (DWs), domain growth, and the nucleation of new domains. Traditionally, the 
behaviour of ferroelectric domains and DWs has been examined using indirect methods, such as 
nonlinear ferroelectric / piezoelectric measurements or in situ x-ray diffraction techniques. While 
these methods have significantly enhanced our understanding of the relationship between domain 
structures and functional properties, they only offer an averaged, collective response that may mask 
the details of individual events. In contrast, in situ transmission electron microscopy (TEM) provides a 
direct observation method for ferroelectric switching and domain dynamics. This approach reveals 
phenomena that are often concealed in macroscopic studies, offering a clearer, more detailed view 
of the microscale processes that govern the macroscopic properties of ferroelectric materials. 
One key aspect of ferroelectric research involves determining the direction and magnitude of polar 
ordering, typically achieved through precise measurements of atomic displacements from their 
equilibrium positions in centrosymmetric structures. The adoption of advanced atomic-scale 
Scanning Transmission Electron Microscopy (STEM) technologies, especially those equipped with 4D 
STEM pixelated detectors, combined with the insights from STEM image simulations and first-
principles calculations, has not only enabled the direct determination of polar directions but has also 
expanded the research to include analysing various defect types such as oxygen vacancies, strain 
fields, and charge density distributions around defects. Moreover, the use of in-situ biasing/heating 
holders for structural examinations under applied external stimuli has enriched our understanding of 
the dynamic nature of ferroelectrics. 
This presentation will focus on a series of structural studies exploring the dynamic properties of 
potassium sodium niobate. The STEM analyses were conducted using Jeol ARM 200CF and Thermo 
Fisher Scientific Spectra 300 Cs-corrected microscopes, both equipped with advanced Merlin and 
EMPAD pixelated detectors, respectively. Our studies of potassium sodium niobate materials focus 
on directly observing domain growth, coalescence, and interactions among different types of domain 
walls within the microscope’s environment under applied voltage. Through these investigations, we 
aim to elucidate how the type, quantity, and dynamics of structural defects influence local material 
properties, offering opportunities for tailored manipulation and optimization. 
In the study, we explore the voltage-driven dynamics of mobile, needle-like domains and DWs within 
a (K,Na)NbO₃ single crystal (KNNsc) utilizing in situ Transmission Electron Microscopy (TEM) in a 
miniaturized capacitor setup [1]. Our findings suggest that the immobile DWs act as random bound 
pinning centres, capable of pinning larger regions while the edges of the sample facilitate the 
nucleation of new domains. The process of domain growth and coalescence is not consistently 
continuous; specific voltages can disrupt it, leading to fine domain splitting and the creation of 
nanoscale domains. Discontinuities in the functional response also occur when two orthogonal, 
needle-like domains intersect, resulting in soft-pinning events. These insights deepen our 
understanding of ferroelectric domain behaviour and may extend to other perovskite-based 
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ferroelectric materials that exhibit similar domain morphologies or coexistence of dynamic and 
stationary DWs. 
Slovenian research and innovation agency (ARIS) is acknowledge for financial support through 
projects J2-3041, J7-4637, P2-0105 and P2-0421. 
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The phase transition from spinel to rock salt structure has significant implications for information 
storage and energy conversion applications. Previous studies have employed various techniques, 
such as X-ray diffraction (XRD), neutron scattering, and X-ray absorption spectroscopy (XAS), to 
investigate the mechanism and pathway of this transition.[1] However, due to technical constraints, 
a comprehensive understanding of the transformation of local structures during this transition 
remains elusive, particularly regarding how local lattice and chemical environments influence the 
process. Moreover, the role of local structural order and chemical environment in this transition 
process has not been fully elucidated.[2] To bridge this knowledge gap, our study utilizes advanced 
transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS) techniques to 
monitor atomic migration and electronic structure alterations in real-time during the phase 
transition. By employing TEM and EELS, we aim to provide new insights into the mechanism and 
pathway of the spinel to rock salt phase transition, shedding light on the influence of local lattice and 
chemical environments on the process.  These enable us to gain a deeper understanding of the local 
structural and chemical changes occurring during the transition, which have not been fully explored 
in previous studies. 
Methods 
This study employs a combination of advanced scanning transmission electron microscopy (STEM) 
techniques to investigate the phase transition in NiFe2O4's spinel structure under electron beam 
irradiation. Specifically, we utilize high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) and annular bright-field scanning transmission electron microscopy (ABF-
STEM) to dynamically observe the migration of Fe atoms within the spinel structure. In addition to 
the structural analysis, we employ a nanobeam electron magnetic circular dichroism (nanobeam-
EMCD) method to observe the variation in magnetic information during the phase transition. This 
technique enables us to probe the local magnetic properties at the nanoscale and correlate them 
with the structural changes observed through HAADF-STEM and ABF-STEM. 
Results  
Through the integration of STEM image simulations and quantitative image analysis, we have 
unraveled the reconstruction dynamics of octahedrally-coordinated Fe/Ni atoms during the phase 
transition in NiFe2O4. Our findings provide valuable insights into the lattice dynamics and Fe atom 
rearrangement pathways across varying coordination environments. By tracking the movement of 
these atoms in real-time, we have gained a deeper understanding of the atomic-level mechanisms 
driving the phase transition.Simultaneously, we have employed real-time electron energy loss 
spectroscopy (EELS) to monitor the changes in the chemical valence states of Fe, Ni, and O 
throughout the various stages of the phase transition. This approach has allowed us to correlate the 
structural changes observed through STEM with the electronic structure evolution, providing a 
comprehensive picture of the phase transition process.Furthermore, we have investigated the 
magnetism evolution during the phase transition using EMCD.[3] By correlating the structural 
information obtained from STEM with the magnetic information derived from EMCD, we have gained 
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insights into the interplay between the atomic structure and magnetic properties of NiFe2O4 during 
the phase transition.[4] 
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