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Operando and in situ in a TEM imaging in a cryogenic temperature range
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We present two temperature dependent operando studies inside the TEM, namely, the evolution of ferroelectric
and ferromagnetic domains walls, in BaTiO3 (BTO) and Y3FesO1, (YIG) respectively. Continuous imaging of
the sample as a function of electric or magnetic fields at different temperatures allows us to quantify the
activation energy of the specific pinning sites. Hence, we study the pinning of the domains with different
stimuli like temperature , externally applied magnetic field, electric fields and currents to better manipulate the

domain walls. These studies in a continuous cryogenic temperature range will allow us to unravel the

fundamental understanding of these physical phenomena at nanometer scale.

The TEM lamellae, used for these studies, were transferred from bulk YIG and BTO single crystal sample,
onto the MEMS chip and electrically connected [1, 2]. The high-resolution cryogenic imaging using MEMS-
based holder have been shown to delay the irradiation damage [3], but the combination of low temperature
imaging in a continuous variable range under operando conditions is still be be demonstrated. The study of
ferroelectric domain wall pinning in BTO crystal, 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 under externally applied electrical field [4, 5]. 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 while this effect is 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 operando TEM experiments allows us to study the domains formation across phase transitions

under externally applied electrical field as a function of cryogenic temperature.
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The propagation of magnetic domain walls in YIG, a magnetic insulator, is also studied by varying the
temperature (from ~120 K to ~400 K), external magnetic field and electric current [6]. We use Lorentz TEM
conditions (magnetic field-free conditions at the sample location) to image the displacement of domain walls
in Y1G crystal, first under different applied magnetic fields and then by applying different current densities in
the adjacent metallic layer. We establish a three dimensional magnetic field, current density and temperature
phase diagram of the control of magnetic domains based on direct observations using Lorentz TEM imaging.
These outputs can then be used to improve the design of spintronics based switching devices which play a

critical role in designing low loss memory devices for future computational era.
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