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Atomic-resolution scanning transmission electron microscopy (STEM) offers local, real-space measurements of material crystal
structure, particularly in quantum materials where local inhomogeneities can confound ensemble characterization techniques. In
many quantum materials the phases and properties of interest only emerge at low temperatures, making cryogenic characteriza-
tion essential. Reduced mechanical stability under cryogenic conditions presents significant challenges for atomic-resolution
STEM imaging and analysis, but advancements in technique have made routine sub-A resolution imaging at liquid nitrogen tem-
peratures possible, providing access to a wide range of exotic phases absent at ambient temperature [1, 2]. Beyond stabilizing low-
temperature ground states, cryogenic temperature control is a powerful thermodynamic tuning knob for driving phase transi-
tions. With conventional cryogenic sample holders, however, atomic-resolution STEM is limited to a single base temperature
set by the cryogen, as actively heating above this point causes rapid boiling and accordant instability. Developments in
MEMS-based cryogenic holders now allow local heating of the sample without significantly disturbing the thermal equilibrium
of the cryogenic system, enabling atomic-resolution imaging at variable cryogenic temperatures, ranging to even above room tem-
perature [3]. In addition, advances in high speed, high-dynamic-range electron counting detectors now provide sufficient perform-
ance for cryogenic 4D-STEM multislice ptychography datasets to be collected and reconstructed. Here, we apply this full range of
cryo-STEM capabilities to structurally characterize phase transitions in strongly correlated oxide materials.

CaRuQy4 undergoes a metal-insulator transition in the bulk at 357 K, but epitaxial strain can alter this transition temperature
as well as the nature of the phases on either side of the transition [4]. Under compressive strain, for example, as stabilized in an
epitaxial thin film on LaAlO;, the metal-insulator transition is suppressed to ~230 K and generates a nanotextured phase coex-
istence below the transition temperature. Here, we leverage atomic-resolution cryo-STEM to both visualize the extent of the
nanostructure over hundreds of nanometers and resolve the lattice structure of the component phases (Fig. 1a-b). Variable tem-
perature measurements of the nanostructure provide insight into its origin in the competition between the elastic and electronic
degrees of freedom governing the film (Fig. 1c¢).

Next, we study the double-perovskite manganite SmBaMn;Og, which undergoes a series of thermally driven electronic and
magnetic phase transitions. Like Ca;RuQO4, SmBaMn,Og also has a metal-insulator transition — here driven by charge order,
which also is suggested to break symmetries to stabilize a putative low temperature polar phase [35,6]. Precisely tracking the pos-
ition of the oxygen sites is critical to characterizing these broken symmetries and building a mechanistic understanding of these
phase transitions, but conventional STEM imaging techniques (Fig. 2a) lack either the sensitivity or precision to do so in this com-
plex heavily distorted system. Here, we demonstrate the capability of cryogenic multislice electron ptychography, achieved here
with the 100 ps frame time of the EMPAD-G2 detector, to resolve the oxygen sublattice and thus fully characterize the coupling of
the charge order to every site in the unit cell (Fig. 2b) [7-9].
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Fig. 1. Low temperature phase coexistence in Ca,RuQy,. a) Atomic-resolution cryogenic STEM image overlaid with the in-plane (020) spacing, revealing a
striped second phase. b) Larger field of view maps of the in-plane lattice spacing show a bifurcation at low temperatures absent in the fully strained film at
room temperature. c) A series of maps of the ratio of the out-of-plane to in-plane lattice parameters extracted from montaged variable temperature
cryo-STEM measurements visualize the dissolution of the nanostructure into the homogenous high temperature phase.
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Fig. 2. Cryogenic multislice electron ptychography of a low temperature charge ordered phase in SmBaMn,QOg. a) A high angle-annular dark field image
acquired at ~100 K shows well resolved cation (Sm, Ba, Mn) sites but is insensitive to the light oxygen atomic columns. b) A multislice ptychographic
reconstruction, also at ~100 K and cropped to show the same field of view as (a), reveals both the cation and oxygen sublattices with the high resolution
and contrast needed for quantitative analysis. A small residual shear from sample drift is present in the reconstruction. Insets: Hann-windowed, log
transformed FFTs indexed to the low temperature P2,am structure show the increased information limit of the ptychographic reconstruction.
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