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CONSPECTUS

In this account, we describe challenges and promising applications of transmission electron microscopy
(TEM) imaging and spectroscopy at cryogenic temperature. Our work focuses on two areas of
applications, to delay electron beam-induced degradation and to follow low temperature phenomena
in a continuous and variable temperature range. For the former, we present a study of LiMni.5Nio.504
lithium-ion battery cathode material that undergoes electron beam-induced degradation when studied at
room temperature by TEM. Cryogenic imaging allows imaging of the true structure of LiMni1.5Nio.s04
nanoparticles in its discharged state. Improved stability under electron beam irradiation was confirmed
by following the evolution of the O K-edge fine structure by electron energy-loss spectroscopy. Our
results demonstrate that the effect of radiation damage on discharged LiMni.sNiosO4 was previously
underestimated and that atomic resolution imaging at cryogenic temperature has a potential to be
generalized to most of the Li-based materials and beyond. For the latter, we present two studies in the
imaging of low temperature phenomena at local scale, namely, the evolution of ferroelectric and
ferromagnetic domains walls, in BaTiO3 and Y3FesO12 systems, respectively, in a continuous and variable
temperature range. Continuous imaging of phase transition in BaTiOs3, a prototypical ferroelectric system,
from its low temperature orthorhombic phase continuously up to its centrosymmetric high temperature
phase is shown to be possible inside a TEM. Similarly, the propagation of domain walls in Y3FesOi2, a
magnetic insulator, is studied from ~120 K to ~400 K and combined with application of magnetic field
and electrical current pulses to mimic the operando conditions as in domains wall memory and logic
devices for information technology. Such studies are promising to study the pinning of the ferroelectric
and magnetic domains versus temperature, spin polarized current and externally applied magnetic field
to better manipulate the domain walls. The capability of combining operando TEM stimuli such as
current, voltage, and/or magnetic field with in situ TEM imaging in a continuous cryogenic temperature
range will allow the uncovering of fundamental phenomena at nanometer scale. These studies were made
possible using a MEMS-based TEM holder that allows an electron transparent sample to be transferred
and electrically contacted on a MEMS chip. The six-contact double-tilt holder allows alignment of the
specimen into its zone-axis while simultaneously using four of the electrical contacts to the regulation of
the temperature and two contacts for the application of the electrical stimuli, i.e., operando TEM imaging.
This account leads to the demonstration of (i) high-resolution imaging and spectroscopy of nanoparticles
oriented in the desired [110] zone-axis direction at cryogenic temperature to mitigate the electron beam



degradation, (ii) imaging of low temperature transitions with accurate and continuous control of the
temperature that allowed single-frame observation of the presence of both the orthorhombic and
tetragonal phases in BaTiO3 system and (iii) magnetic domain wall propagation versus temperature,
magnetic field and current pulses (100 ns with 100 kHz repetition rate) in the Y3FesO12 system.
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Introduction

There are an increasing number of reports on atomic resolution imaging at cryogenic temperatures in
transmission electron microscopes (TEMs) to delay the structural changes induced by electron beam
irradiation [3-8] or to study low temperature induced reorganization [9-18]. For the former, the main
challenge in studying electron beam sensitive emerging materials is to maintain TEM resolution while
cooling the specimen to the cryogenic temperature to delay the electron beam induced damage (or
radiation damage). For the latter, the imaging of low temperature phases and charge transitions at local
scale are related to the ongoing efforts to further understand low temperature phenomena such as
quantum materials’ phase diagrams [9,11-13,15,17,18] and local pinning of domains walls in ferroelectric
[10] and ferromagnetic [14,16] materials. The imaging of temperature-dependent phenomena requires
not only accurate continuous and variable temperature control but also application of external stimuli
(electric, magnetic, light, etc.) to study devices in operando conditions. In section 1.1, we first describe
the range of applications of low temperature imaging and spectroscopic capabilities in a TEM with the
aim of mitigating electron beam-induced degradation. In section 1.2, we describe the perspective of
applications to study low temperature phenomena in a TEM. The following sections 2.1 and 2.2 describe
the state-of-the-art experimental setup and sample preparation techniques for in situ and operando
cryogenic TEM experiments. Section 3 illustrates three examples: low-temperature mitigation of
electron beam-induced degradation at atomic resolution (section 3.1), the observation of phase transition
in ferroelectric materials (section 3.2), and the pinning of the magnetic domains (section 3.3) over
variable temperature range, applied magnetic field, and current pulses.

1. Challenges to in situ and operando TEM experiments at low temperature

1.1 Mitigation of electron beam-induced degradation through cryogenic temperature imaging
and spectroscopy

Electron beam-induced degradation mechanisms involve complex physical and chemical processes,
namely radiation damage mechanisms: (i) knock-on damage, (ii) thermal damage caused by electron-
beam heating, (iii) electrostatic charging, and (iv) radiolysis [19-22]. Knock-on damage for a given
material depends on the incident energy of the electron beam and is not affected by specimen temperature.
Damage through electrostatic charging, i.e., local depletion of electrons, occurs when the resistivity
between ground and the region under observation is high. This mechanism is temperature-dependent in
the sense that the specimen conductivity is temperature-dependent. It can be mitigated by using more
conductive supports for imaging; for example, a graphene support has been shown to decrease the
electrostatic charging in a liquid cell [23]. The other two degradation mechanisms, thermal damage and



radiolysis, have a decreasing cross-section with lower temperature [19]. Thus, imaging at cryogenic
temperature has made possible the imaging, at atomic resolution, of Li metal [4] in addition to its
spectroscopic characterization using electron energy-loss spectroscopy (EELS) [4, 7]. An alternative
approach which has also been successful is to use low dose techniques, at the price of a lower signal-to-
noise ratio, having recently been successfully implemented for imaging organic-inorganic lead halide
perovskites [24-26]. For the most challenging specimens, a combination of cryogenic temperature
imaging and data post-processing will be needed.

TEM studies using cryogenic temperature to delay the degradation caused by electron beam irradiation
have regained interest in recent years due to the development of (i) imaging [27] and spectroscopy [28]
at atomic resolution that has resulted in an increase of the electron dose compared to conventional
imaging techniques; (i1) new materials that are very sensitive to electron beam irradiation, such as Li-
based compounds used for battery applications [3-6, 8], metal-organic frameworks [25], organic-
inorganic lead halide perovskites [24-26], and materials for electrocatalytic reactions [3]; and (iii) new
TEM holders and numerical analysis techniques that allow imaging beam sensitive materials at cryogenic
temperature which could not otherwise be imaged [28-30, 42].

1.2 In situ and operando TEM experiments in a continuous and variable temperature range

To study low temperature transition phenomena at local scale in a TEM, an accurate and tunable control
of the temperature is needed — typically to follow in situ a TEM the microstructural reorganization
happening across phase transitions [9-17]. In addition, thermally activated processes and their
interactions with devices’ performance need to be studied operando, i.e., with application of external
stimuli. Moreover, the in situ and operando TEM experiments require the observation of devices in their
native state and under operating conditions. For biological experiments, this has been achieved by
moving from cryo-TEM [31] to in situ experiments in a liquid environment inside the TEM [33]. For
material science, the observation of devices and materials at various temperatures, under external
stimulus (electrical, magnetic, light, etc.), or ideally with a combination of both is still challenging [2,
34-41].

2. MEMS-based TEM holder to reach atomic resolution and perform operando studies at low
temperature

2.1 Low temperature TEM holder experimental setup

Most of the low temperature in situ TEM measurements reported to date have been realized using a
cryogenic TEM holder holding 3 mm grids. Unfortunately, the drift of such a holder has made it difficult
to record high resolution images, which have been achieved through complex data post-processing to
enhance the signal-to-noise ratio and correct for specimen drift [42, 43]. Other drawbacks are the limited
available time to perform the experiments due to the small volume of the liquid nitrogen dewar, the
formation of ice during experiments which limits the spatial and spectroscopic resolution, and the
difficulty in precisely controlling the temperature in a continuous way. Despite the limitations of this
technology, the imaging of Li metal [5] and phase transition [13] at cryogenic temperature was achieved.
To overcome these drawbacks, a MEMS-based TEM holder was developed by HennyZ (Fig. 1a) [29]. In
brief, this holder is cooled down by immersing a copper braid in a 4.5-liter liquid nitrogen dewar fixed
to the TEM column that prevents vibration which would limit the ultimate resolution. Through a
thermally conductive rod, the tip of the holder is cooled down to the lowest achievable temperature. The
specimen drift is tackled by using active temperature regulation near the tip of the holder, allowing
thermal isolation between the cold tip where the specimen sits and the holder rod which is in contact with
the TEM column. An image of the tip of the holder is shown in the insert of Fig. 1a, where the location
of the MEMS chip (1), the six needles contacting the MEMS chip (2), and the active temperature
regulator (3) are indicated. After the tip (along with the specimen) has reached its lowest temperature,
corresponding to a thermal equilibrium between the cold transferred from the copper braid though the
holder and the radiation inside the TEM that tends to increase the tip’s temperature, the sample drift is
decreased to below 1 nm/min. Such stability allows sub-Angstrom resolution imaging in a single frame



without further averaging or other post-processing treatment (Fig. 1b). The temperature at the specimen
location is controlled by a heating element directly patterned onto the MEMS-chip, similar to what is
done for elevated temperature MEMS-based TEM holders [43, 44]. The temperature at the specimen
location is varied by passing a current through a Pt track on the MEMS chip, with the temperature
obtained by measuring the resistance across the Pt heating element. A great advantage of the accurate
and fast temperature control allowed by the MEMS chip is the possibility of increasing the specimen
temperature to sublimate any ice that may have deposited onto the samples, a problem which had also
been limiting the overall experimental time with a conventional 3 mm grid cryogenic holder. Two other
advantages of the six-contact double tilt holder available in our laboratory are the possibilities of
specimen alignment along a zone axis and electrically contacting the devices deposited on the MEMS
chips by following the specimen preparation procedure detailed elsewhere [1, 46]

2.2 Sample preparation

In situ and operando TEM experiments require the preparation of electron transparent specimens and
their transfer on support enabling the low temperature characterization. Most of the studies reported so
far are based on the observation of nanoparticles or 2D materials which can be directly deposited on
conventional substrates without further processing [3]. When bulk samples or devices are of interest, an
electron transparent TEM lamella should be extracted, possibly at the location of interest. Lamellae are
today extracted using focused ion beam (FIB) milling combined with in situ lift-off in a SEM-FIB
workstation and transferred, either to a dedicated copper grids [46, 47] or directly onto MEMS-based
chips [1]. Using such an approach, we have transferred electron transparent TEM lamellae from bulk
BaTiOs3 and Y3FesOr12 crystals to MEMS chips. A typical image of an electron transparent lamella
electrically contacted on a MEMS chip is shown Fig. 1c, with the red arrow indicating the location of the
lamella.

Figure 1. (a) Photograph of the HennyZ liquid-nitrogen double-tilt specimen holder used for low
temperature investigations. A high magnification image is shown as inset, the numbers 1, 2 and 3 indicate
the location of the MEMS chip, the six needles for electrical biasing and the active temperature regulator,
respectively. (b) Fast Fourier Transform of a single frame high resolution TEM image where the 400 and
331 Au reflections are indicated by the respective arrows. (¢) Low magnification STEM micrograph of
the Y3FesO12 lamella deposited onto a MEMS chip and observed at low temperature (see section 3.3).
The scale bar is 50 um.

3. Applications



3.1 Atomic resolution imaging of electron beam sensitive materials at cryogenic temperature to
mitigate radiation damage

A strong focus in current energy research is towards the development of sustainable, inexpensive, and
high energy density storage systems. Li-ion batteries are efficient devices for electrical energy storage,
having high energy and power density compared with other type of batteries. A promising alternative to
the conventional cathode material is LiNio.sMni.5s04 (LNMO) due to its possible use for new generation
high-voltage Li-ion batteries. However, various factors including the oxidation states of ions, atomic
coordination of the Mn and Ni cations, and the morphology of the particles influence the performance of
LNMO as a cathode material [49, 50], preventing the widespread commercialization of LMNO cathode
in Li ion-based batteries.

Previous results obtained using the high-angle annular-dark field scanning-TEM (HAADF-STEM)
imaging technique have shown the presence of different crystallographic phases at different states of
charge of LMNO-based batteries, which may be the origin of the capacity fading upon cycling. During
the discharge, apart from pristine spinel and Mn3Os-phases, the rocksalt-like phase has been observed on
the subsurface. However, rocksalt and intermediate (Mn3Os-like) phases were not observed by XRD and
no correlation between those phases and cell performance were found [51]. On the contrary, the phase
transformation from spinel to rocksalt phase was observed due to electron beam irradiation in LiMn20a,
which has the same spinel structure as LNMO [52]. It has been shown that upon continuous electron-
beam irradiation during HAADF-STEM imaging, Mn/Ni atoms move first into tetrahedral sites, and
afterwards into empty octahedral sites forming the rocksalt phase (Fig. 2g). Thus, more research is
needed in order to investigate the stability of the LNMO cathode material under the electron beam, and
to find a correlation between evolution of the LNMO microstructure and its charging/discharging
behavior during battery operation.

Figures 2a,b presents the evolution of the atomic structure of a discharged LNMO particle under
HAADF-STEM imaging at room temperature. The estimated total dose for the first image of the series
(Fig. 2a) is 1.1x10%e"A2, that is defined as the electron dose used to align the particle into the zone axis
and to record the image. The nanoparticle comprises the spinel structure over the whole area being
imaged. A consecutively acquired image, with a total dose of 2.3x10%¢” A 2 (Fig. 2b) shows the presence
of an additional contrast in the octahedral site. This new structure corresponds to the rocksalt phase,
induced by electron beam irradiation.

Similarly, two consecutive images of LMNO nanoparticles were recorded at cryogenic temperature
(Figs. 2d,e) by following the same protocol as for images acquired at room temperature (Figs. 2a,b).
Under cryogenic imaging conditions, there is no extra contrast visible at the octahedral sites, indicating
that the spinel phase is preserved.

Series of electron energy-loss spectra (EELS) recorded at room temperature (Fig. 2¢) and at cryogenic
temperature (Fig. 2f) at the O K-edge show the evolution of the fine structure versus total electron dose.
For the series recorded at room temperature, the intensity of the pre-peak below 530 eV decreases and
the main peak at ~540 eV shifts toward high energies with increasing total electron dose. For a total
electron dose of 1.1x10° ¢. A% (used to record Fig. 2a) the electronic structure of the O K-edge is strongly
modified as compare to the pristine spectra recorded at 2x10° e”.A™2. Despite the observation of the spinel
structure at a total dose of 1.1x10° e". A2, the atomic environment has already been modified by the
electron irradiation at room temperature. Conversely, the EELS series recorded at cryogenic temperature
shows the O K-edge is still in its pristine state for 1.1x10° e”. A2 and lightly affected for doses up to 5x10’
e A2, which is more than one order of magnitude larger than the dose used to record the second HAADF-
STEM images at cryogenic temperature.

This delay in electron beam-induced degradation at cryogenic temperature offers the possibilities of
studying the pristine structure of Li-based materials and correlating the local atomic arrangement with
electrochemical performance and capacity fade.
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Figure 2. (a, b, d, ) HAADF-STEM images of discharged LiNio.sMn1.504 nanoparticle imaged along the
[110] orientation recorded with an electron-beam energy of 200 keV using a dwell time of 16 s, a pixel
size of 21 pm and inner and outer collection angles of 68 and 280 mrad, respectively. (a-b) Images
recorded at room temperature (a) with a total electron dose of 1.1x10° e. A2 and (b) consecutively to a
with a total dose of 2.3x10° e A2, (d-e) Images recorded at cryogenic temperature (d) with a total
electron dose of 1.1x10° e. A2 and (e) consecutively to image d with a total dose of 2.3x10° e~ A2, (c, f)
Series of EELS spectra recorded at the O K-edge at (e) room temperature and at (f) cryogenic temperature.
The total electron dose ranging from 2x10° A to 5x10” e”.A.. (g) HAADF-STEM simulations and
the overlay of the atomic structures of the proposed structural transformation under electron beam
irradiation from the spinel to the rocksalt structure. The scale bars are (a, b, d, e) 10 A and (g) 5 A.

3.2 Mapping of the ferroelectric phase diagram of BaTiO; across continuously variable
temperatures

BaTiOs is a prototypical ferroelectric system that exhibits several phase transitions. Above the Curie
temperature (Tc[1393 K), it is centrosymmetric (Pm-3m) and it becomes tetragonal (P4mm) upon cooling
to room temperature. Further cooling to [1278 K induces a transition to the orthorhombic phase (Amm?2)
whereas at ~183 K the final transition to the rhombohedral phase (R3m) is induced. All three ferroelectric
phases exhibit spontaneous polarization in different crystallographic directions and thus the domain
structure depends highly on the temperature. In the tetragonal, room temperature phase, the spontaneous
polarization is directed parallel to the facet of the pseudocubic (PC) unit cell of the perovskite structure
(along [001]rc), and reorganizes along a face diagonal in the orthorhombic phase (in the [011 Jpc direction)
and the body diagonal ([111]pc direction) in the rhombohedral phase. Additionally, due to the
piezoelectric properties of BaTiOs, the domain structure at different temperatures is highly sensitive to
the sample geometry, the mechanical stress, and possible external electric fields. [53]. This redistribution
of the ferroelectric domains across the different phases and their interplay with local interfaces, local
defects, and geometrical constraints is of particular importance for device engineering. However,
progress on understanding such complex dynamic phenomena in ferroelectrics has been limited by
available techniques.

Here, we are concerned with the phase diagram of single crystalline BaTiOs as a function of temperature,
with particular focus on the relative stability of the low-temperature phases. We take advantage of the
versatility of the continuously variable low temperature MEMS-based holder to follow the formation of
the ferroelectric domains in real space. Temperature cycles from the high temperature phase down to




~200 K are performed inside the TEM while imaging the redistribution of the ferroelectric domains. The
montage of the bright-field (BF-)TEM micrographs corresponding to this temperature cycle is shown in
Fig. 3 and the associated video is provided in the supporting information. The dark lines in most images
are so-called bending contours due to the slightly varying diffraction conditions across the sample and
are the only visible contrast in the cubic paraelectric state observed above Tc (400 K in Fig. 3). For the
images below Tc, the characteristic diffraction contrast from the domain walls can easily be separated
from the background bending contours.

Upon cooling, the structure becomes tetragonal with the polarization being along the [100]pc direction
with 90° domain walls becoming visible (392 K in Fig. 3). At 324 K, both 90° and 180° domain walls
are visible in the same TEM micrograph. Further cooling in the tetragonal phase induces the
reorganization of the domain structure to fully contain 180° domain walls. This appearance of tetragonal
phase 180° domain walls close to room temperature is associated with the constrained geometry of the
system since the specimen is attached on the MEMS chip on the two sides along the [100]rc
crystallographic direction [40]. At around 249 K, a subtle transition to the orthorhombic phase is induced
and it is followed by similar domain structure although this time the polarization direction is along the
[110]pc. Even though a similar domain wall shape is retained after the transition, the rotation of the
polarization indicates that the domain walls in the orthorhombic phase, if considered neutral, are 90°. At
the lowest temperature accessed in this experiment, 200 K, the orthorhombic domain walls become less
well-defined, suggesting that the final phase transition to the rhombohedral phase is imminent.

Upon heating, the orthorhombic to tetragonal phase transition occurs at ~260 K which is ~10 K higher
as compared to the temperature upon cooling. Close to room temperature, the 180° domain walls in the
tetragonal phase obtained upon heating have a larger periodicity as compared to the domain walls
obtained upon cooling. Their periodicity is linked to the rearrangement of local stresses. Additionally,
the micrographs show that upon heating the 180° domain walls of the tetragonal phase are pinned at the
same sites as their low temperature orthorhombic counterpart. It is interesting as this effect was not
observed upon cooling, i.e., the domains of the tetragonal phase have merged upon cooling but do not
split upon annealing across the phase transition to the orthorhombic structure. The increase of the 180°
domain wall density happens at temperatures above ~325 K. This behavior shows the importance of
studying the displacements of the domain walls across temperature phase transitions at nanometer scales
in situ in a TEM. Similarly, the change of the tetragonal phase from 180° to 90° domain walls is observed
at ~10 K higher temperature upon heating as compared with its redistribution upon cooling. A similar
hysteresis is observed from the tetragonal to the cubic phase.
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Figure 3. BF-TEM micrographs of a temperature cycle of BaTiOs (heating from high temperature,
cooling to the lowest point (200 K) and heating back to high temperature sequentially). The scale bar is
400 nm.

3.3 Cryogenic TEM imaging of magnetic domain dynamics in Situ in a variable temperature
range and operando

In situ low temperature magnetic domain studies at nanoscale play a major role to unlock the fundamental
physics of magnetism and its associated effects. The domain structure of magnetic thin films is generally
analyzed using magnetic force microscopy (MFM), which is sensitive only to stray fields near the surface
[57], and magneto optic Kerr effect (MOKE) microscopy [58], which has a limited spatial resolution.
Lorentz microscopy is an alternative technique which can provide qualitative information about the
magnetization within the material and can be used to study the domain wall propagation [9,60]. Here,
we perform Lorentz TEM imaging at cryogenic temperature to investigate the magnetic domains in the
ferrimagnetic insulator Y3FesOi2 [61].

The monocrystalline epitaxial 10 pm-thick Y3FesOi2 films were grown on Gallium Gadolinium Garnet
(GGQG) substrates using liquid phase epitaxy (LPE) technique [62, 63] and covered by a 5.5 nm-thick Pt
layer and a 200 nm-thick Al2O3 dielectric layer (Fig. 4a). =7 —! 7 v 7 v — 7 BREZBIN TN EH
/v, The TEM was operated in a magnetic field free condition where the objective lens was switched
off (Lorentz mode) [9,56,57,59,60]. Figure 4b shows the in-focus image of the Y3FesO12 lamella, while
Fig. 4c and Fig. 4d show underfocused and overfocused Lorentz images, respectively. Figure 4c¢ has a
line with a bright contrast in the middle of the lamella and a dark contrast line at the bottom of the lamella.
An opposite contrast to Fig. 4c is seen in Fig. 4d indicating that the lines correspond to magnetic domain
walls [64].
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Figure 4. (a) STEM image of the top Al203/Pt/Y3FesO12 interface, (b) in-focus, (¢) under-focus and (d)
over-focused Lorentz TEM images showing magnetic domain walls in Y3FesO12 (e, i-v) Micrograph
series recorded with increasing magnetic field. (f, i-v) Micrograph series recorded while applying current
pulses for increasing current densities. The associated video is provided in the supporting information.
The scale bars are (a) 50 nm and (b — ) 1um.

The operando studies were conducted on Y3FesO12 lamella (1) by applying the magnetic field
near the sample which was generated by passing the current through the objective lens, (2) by applying
a pulsed current though the Pt layer, and (3) by changing the temperature of the sample. The coercive
field for the Y3FesO12 thin films is very small, thus the domain walls are expected to move easily (in-
plane saturation field Hs=30 Oe [59]). Figures 5e(i-v) show the switching between two pinning sites by
varying the applied magnetic field. Even though the magnetic field of the objective lens is orthogonal to
the MEMS chip, the Y3FesO12 lamella experiences a small in-plane magnetic field due to the 13-degree
tilt of the lamella with respect to the MEMS chip. In the absence of any external magnetic field, a pinned
domain wall (with a bright contrast) was found ~2 um below the top interface. By increasing the magnetic
field, the domain wall was found to move from one pinned location to a second one as made visible in
Figs. 5e (i, v). This change was reversible over 10 cycles of external magnetic field (from positive to
negative tilts or vice versa).

Figure 4f show the motion of magnetic domain walls versus pulsed current density (100 ns pulses with
100 kHz repetition rate). The current pulse is applied through the Pt layer sandwiched in between the
Y3FesO12 and Al2Os layers. The applied charge current in the Pt layer will generate the spin current due
to the spin Hall effect [60, 61]. The generated spin current will exert the torque on the magnetization
direction of Y3FesO12 thin film which allows control of the domain wall motion operando inside the
TEM. We observe the domain wall motion is well visible above a current density of 2.4x10° A.cm™,



compared with a 5x10° A.cm™ current density reported in ex situ experiments [62]. This will allow control
of the position of a magnetic domain wall with an electric current more suitable for new types of non-
volatile memory and logic devices [63, 64]. Moreover, our measurement will also be useful to understand
the intrinsic pining sites available in the magnetic materials due to the magnetic anisotropy, which affects
domain propagation [65].

e ——

Figure 5. A montage of TEM images in Lorentz mode showing the motion of domain walls in Y3FesO12
with temperature. The associated video is provided in the supporting information. The scale bar is 1 pm.



Finally, we have also studied the motion of the domain walls with the temperature. The
temperature was varied from 118 K to 409 K and then back to 121 K (Figs. 5). The phase transition of
Y3FesO12 from ferromagnetic to paramagnetic state was studied by increasing the temperature of the
sample while observing its magnetic structure. Different magnetic states are found with temperature,
namely a low temperature configuration is found below 130 K-140 K, with a strong contrast of the
domain wall. A second, higher temperature state, is found in the 140 K to 300 K range with a weaker
contrast than in the low temperature state. At temperatures near Tc, the signal from the magnetic domains
weakens and disappears toward the bottom of the lamella. The transition between the two low
temperature states is shifted more than 20 K when comparing the cooling and heat series. Moreover, the
domain seems to be pinned at this location, reappearing at the same location while cooling back to 300
K and being pinned till about 236 K.

4. Conclusion and Perspectives

As this Account has demonstrated, the atomic resolution STEM imaging in single frame at cryogenic
temperature is possible for randomly dispersed nanoparticles, thanks to the double-tilt MEMS-based
cryogenic holder recently made available. Further, cryogenic temperature imaging allows delaying the
electron beam induced degradation of LMNO, revealing its true micro-structure. More subtle changes in
the local atomic environment of the oxygen atoms versus electron dose were probed by EELS, showing
that even if the micro-structure seems to be in its pristine state when imaged at room temperature, the O
K fine structure is altered for doses as low as 10° e". A2, typical for high-resolution HAADF-STEM
imaging.

The second aspect demonstrated in this Account is the possibility to image ferroelectric domain
transformation and magnetic domain wall propagation versus temperature varied in continuous manner.
Moreover, the temperature modulation can be combined with other stimuli applied to the specimen under
observation. As an example, we have imaged the displacement of magnetic domain walls by applying
magnetic field and pulsed current stimuli. The demonstration of these initial capabilities is a promising
step toward the study of operando AC phenomena in a continuous cryogenic temperature range. Based
on these results, the challenges of combining temperature, magnetic, and electrical stimuli are expected
to soon be possible in situ and operando in a TEM.
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SUPPORTING INFORMATION

Video 1: Video associated to montage of the bright-field BF-TEM micrographs shown in Figs. 3.

Video 2: Video associated to the micrograph series recorded while applying current pulses for increasing
current densities shown in Figs. 4 ().

Video 3: Video associated to the montage of TEM images in Lorentz mode showing the motion of domain
walls in Y3FesO12 with temperature shown in Figs. 5.
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