Cryogenic electron microscopy for
quantum science
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Electron microscopy is uniquely suited for atomic-resolution imaging of heterogeneous
and complex materials, where composition, physical, and electronic structure need to be
analyzed simultaneously. Historically, the technique has demonstrated optimal performance
at room temperature, since practical aspects such as vibration, drift, and contamination limit
exploration at extreme temperature regimes. Conversely, quantum materials that exhibit
exotic physical properties directly tied to the quantum mechanical nature of electrons are
best studied (and often only exist) at extremely low temperatures. As a result, emergent
phenomena, such as superconductivity, are typically studied using scanning probe-based
techniques that can provide exquisite structural and electronic characterization, but are
necessarily limited to surfaces. In this article, we focus not on the various methods that have
been used to examine quantum materials at extremely low temperatures, but on what could
be accomplished in the field of quantum materials if the power of electron microscopy to
provide structural analysis at the atomic scale was extended to extremely low temperatures.

Introduction

Quantum phenomena such as superconductivity, charge den-
sity waves, skyrmions, magnetic spin ice, and device physics
for quantum information science applications are more eas-
ily and commonly studied at low temperatures (closer to mK
than 77 K).! In most cases, these phenomena only exist at low
temperatures. However, electron microscopes are designed to
work optimally at room temperature.

Currently, most ultralow-temperature experimental meas-
urements for quantum materials are performed spectroscopi-
cally or with only near-surface imaging. Scanning tunneling
microscopy (STM) can provide atomic imaging and electronic
structure information with spectroscopic resolution of 11 peV
for exploring quantum phenomena at temperatures down to
10 mK.? Scanning tunneling microscopes can provide a wide
array of information,** providing direct observations of inho-
mogeneous structures such as charge puddles in graphene at
4.8 K7 and atomic-scale surface features in Weyl semimetals.®
Beyond the impressive advancements in scanning probe meas-
urement technology of the recent three decades, one of the
primary reasons low temperatures provide inherent stability
is that as temperatures approach zero K, so do coefficients of
thermal expansion. Therefore, even if there is drift and move-
ment, it is small, allowing modern atomic force microscopes

and scanning tunneling microscopes to image the same atoms
for weeks at a time.” However, scanning probe techniques
only provide information from near the sample surface, which
by definition cannot provide structural information about
internal defects or the three-dimensional microstructure.
Liquid He-based cryogenic sample stages for electron
microscopy have been available since the 1960s.'"'* While it
has been technically possible to cool samples down to as low
as 1.5 K in a transmission electron microscope,'* mechani-
cal vibrations and sample drift have limited the resolution,
stability, and practical possibilities of ultralow-temperature
transmission electron microscopy (TEM). Nonetheless, TEM
has been used to image phenomena in quantum materials at
more limited resolutions than is available at room temperature.
Harada et al. produced the first-ever images of “real-time”
observations of vortices in high-T, superconductors at 9 K.!®
Mori and colleagues'” used TEM imaging at 95 K to observe
patterns of charge localization in the charge-ordered phase
of a manganese oxide that displays colossal magnetoresis-
tance. More recently, cryo-transmission electron microscopy
(cryo-TEM) with modern electron microscopes has enabled
direct imaging of quantum phase transformations in relation
to defects and external stimuli. For instance, Carbone and
colleagues used Lorentz TEM (a method of phase contrast
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Figure 1. Atomic resolution mapping charge-lattice coupling in manganite, obtained by cryo-
transmission electron microscopy, showing local variations and disorder in an incommensurately
ordered charge-stripe phase. (a, b) Picometer-scale shear deformations of striped modulations at
(@) 93 K and (b) 293 K. Shear deformation appears as a bending of the wavefronts. The black
line traces the direction perpendicular to the modulation wave vector (1) and helps visualize
the deformation of the wavefront. (c) Stripe dislocation at 293 K, in which one wavefront
terminates abruptly. The color (i.e., blue, yellow) indicates the direction of modulation, and the
size of the arrowheads the magnitude, with the largest distortions, approximately 14 pm.2!

tradeoffs even on the most stable electron
microscope platforms. A weakness of mod-
ern electron microscopes used in materials
science is the side-entry sample-rod design,
where the sample is thermally coupled to a
cryogenic coolant at the end of the sample
rod, leading to short hold times, thermal
drift, and coupling to external vibrations.
Current high-performance biological cryo-
genic electron microscopy (cryo-EM) sys-
tems have abandoned this design, using a
cartridge that is transferred into a cooled
stage. These systems used in biology
research, unfortunately, lack a five-axis
goniometer that is essential for orienting
crystalline materials, but they display far
superior drift and stability performance.

imaging of magnetic domains) at 7-10 K to observe the forma-
tion of skyrmions in Cu,0SeO, under varying applied electric
fields.!”® Zhao and colleagues!® recently performed electron
energy-loss spectroscopy (EELS) at 10 K using a liquid He
stage to understand the role of the substrate on the behavior of
the superconductor FeSe. The Kourkoutis group has recently
pushed the resolution of cryo-TEM imaging through improve-
ments in image registration to correct for drift 2° that allowed for
not just direct, quantitative imaging of charge order in a man-
ganite, but also observations of their evolution®' (see Figure 1).

However, despite these examples of pioneering work on
quantum materials, instrument limitations lead to resolution

Switching to a mechanically decoupled
system will be also be essential for further
progress in materials cryo-EM.

Recent measurements by Goodge et al.? clearly illustrate that
the instantaneous drift velocities for specimen holders cooled
below room temperature are substantially worse (Figure 2), as
is the settling time to get to the most stable condition at low
temperatures. The hold times and vibrations for liquid helium
cooling are even worse than for liquid nitrogen. As one of the
main strengths of electron microscopy is the ability to measure
small (even sub-picometer) lattice distortions in real space,
the mechanical instabilities are incredibly limiting.

Given the cost and engineering challenges for designing
a stable, low-drift five-axis goniometer, it is worth asking
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Figure 2. Stability and drift of a side-entry electron microscopy sample holder when cooled with liquid nitrogen. Relatively stable imaging
is achieved across a broad temperature range using a dual-tilt microelectromechanical system (MEMS)-heated variable temperature
cryo-holder, although the nitrogen-free room-temperature measurement shows the best performance. (Top row, left to right) Data showing
instantaneous stage drift velocities at ~83 K, 123 K, 173 K, 223 K, and room temperature (RT) tracked over 4 min from registered image
stacks. (Bottom row) Corresponding histograms show instantaneous velocity values with the mean (solid line) and standard deviations
(dashed line) marked. Holder drift velocities can be somewhat reduced by extending the settling time and by controlling the nitrogen level.?
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what we could study at ultralow temperatures if we did not
have today’s instrumental limitations—especially in tem-
perature regimes rarely explored with high-resolution elec-
tron microscopy (i.e., below 77 K) or potentially even in
temperature regimes never before explored with electron
microscopy (mK).

Electron-lattice coupling

Electron microscopy can unambiguously provide local struc-
tural information on the level of individual lattice defects, pro-
viding the location of nuclear coordinates to sub-picometer
precision, and electronic structure information at the atomic
scale, essential for obtaining critical details about electron—
lattice couplings. In strongly correlated electronic materials, it
has been demonstrated that local complexity can alter critical
transitions.”> Complexity in this context means microstruc-
ture, where features such as local defects, strain fields, and
impurities can determine where a transition nucleates and
whether it occurs. It has even been suggested that disorder
could be considered as an axis for a phase diagram when
considering strongly correlated electronic systems such as
cuprate- or manganite-based superconductors.”® However, in
considering the temperature regime of quantum transitions,
there is simply much more interest in below liquid nitrogen
temperatures (77 K) than above. For example, one of the most
widely studied quantum transitions, the critical temperature
for superconductivity, is confined to temperatures mostly
below 40 K for conventional superconductors (those that can
be described by the Bardeen—Cooper—Schrieffer theory**) and
below 164 K for unconventional superconductors (such as
superconductors based on cuprate and pnictide structures) at
atmospheric pressure.?2

Quantum transitions occur through changes in electronic
structure. These changes can be imaged using STM tech-
niques, but the correlation with the lattice and electronic struc-
ture is not always clear. Electron microscopy should be able to
provide more direct structural information across a transition
related to quantum criticality, where it is proposed that new
phases start as “droplets” of nascent order.”” Structural infor-
mation with high lattice precision would lead to insights into
“remnant behavior” by imaging nucleation events at critical
temperatures. For example, it has been recently shown that
changes in the 7, (critical temperature) of 2H-NbSe, are
affected by strain-induced phase transformations.”® TEM could
then provide direct observations of the lattice around defects
and their associated strain fields at low temperatures, espe-
cially with emerging large-field strain mapping techniques
such as four-dimensional scanning transmission electron
microscopy (4D-STEM).»3!

In addition to measuring strain locally with 4D-STEM
techniques, it is also possible to measure total charge density
and the electric field directly by analyzing momentum transfer
to the electron beam in STEM mode (Figure 3).* It is worth
considering whether we could spatially resolve the quantum
Hall effect by measuring electric fields at atomic resolution
or magnetic fields induced by circulating currents at low
temperatures.

Magnetic materials

Understanding the low-temperature behavior of magnetic mate-
rials can help in the search for new materials operating at tech-
nologically relevant temperatures. For example, magnetic-spin
ices are a class of materials with interesting and unanswered
questions about their structure at very low temperatures.
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Figure 3. Imaging of atomic (predominantly the nuclear) electric fields with electron microscopy, demonstrated for SrTiO;. (a) Experimental
maps of the central diffraction disks from a probe focused to subatomic dimensions and scanned across a unit cell of SrTiO, with a 4-min
acquisition time. The intensity weighting inside each disk indicates the direction of probability current flow. (Inset) Atomic sites as indexed in
the Z-contrast image are recognized in the 20 x 20 array as points of symmetric intensity. An oxygen column is marked by the yellow arrow.
(b) Experimental momentum transfer ((p,)) obtained from (a). Length of the black legend vector is 5 z.nm". (c) Electric field, E,, derived
from the momentum transfer in (b) using the measured specimen thickness of z = 2.5 nm, superimposed on the integrated disk intensity
(labeled “BF Intensity” where BF = bright field). Length of the black legend vector is 1 V.om™". Scale bars top left in (b, ¢c) = 100 pm and also
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They can have “frustrated” interactions that are not defined by a
single minimal energy state. One outstanding question in these
materials is whether the spin lattices freeze into a disordered
“glassy” state at low temperatures similar to a quantum spin
liquid, with a possible connection to high-temperature supercon-
ductivity.!** Electron beams undergo phase shifts and deflections
when passed through magnetic fields, making them well suited to
sensitive, high spatial resolution imaging of magnetic induction
fields. Figure 4 shows Lorentz-TEM images from a frustrated
two-dimensional square artificial spin-ice lattice at room tem-
perature.** Understanding the fundamental tetrahedral structure
that is thought to lead to magnetic monopoles in real spin-ice
crystals® would require atomic resolution over a range of temper-
atures, since the ordering will change as a function of temperature.

Nanophotonics

imperative to analyze materials at their actual operating temper-
ature. At extremely low temperatures where qubits (quantum
bits) operate, it is unknown precisely how adsorbates, strain,
and interfacial materials characteristics affect materials proper-
ties, and thereby device characteristics.*’ Barkov et al.*! showed
how large island-shaped hydrides that appeared at low temper-
atures in Nb superconducting cavities led to the emergence of
“Q disease,” the deterioration of the quality factor. Cryo-
electron microscopy can provide not only structural and elec-
tronic properties for such defects, but also imaging of vortices
and flux pinning at defects, grain boundaries, and interfaces.'®

Opportunities for correlative microscopies
Understanding the structure and chemistry of materials requires
both high spatial resolution and high-energy resolution of

Nanoscale optical measurements take advan-
tage of local confinement and resonance,*® thus
electron microscopy is an attractive approach
to help identify defects and features of opti-
cal signals, especially the simultaneous local
characterization of optical response and under-
lying physical and electronic structure. The
lower the temperature for electron-enabled
measurements such as cathodoluminescence
(electron-beam excited luminescence), the
less the contamination, sample damage,
nonradiative recombination, and exciton
ionization. Bourrellier and colleagues®” used
low-temperature (150 K) cathodoluminescence
measurements in a scanning transmission elec-
tron microscope to identify a new extremely
bright UV single-photon emitter (4.1 eV)
in hexagonal boron nitride. Figure 5 shows
hyperspectral cathodoluminescence maps from
this work confirming high spatial localization
of the emission indicating a point defect ori-
gin.”” Electron microscopy has already demon-
strated the ability to manipulate single dopant
atoms*®® and fabricate structures at the atomic
level 3*% Ultralow-temperature electron micros-

Figure 4. The nanoscale magnetic structure of individual magnetic monopoles in an artificially
frustrated 2D square spin-ice lattice, obtained using high-resolution aberration-corrected
Lorentz transmission electron microscopy at room temperature. The top row shows phase
maps with color-coded magnetic induction direction for a neutral node surrounded by
four vortices, and the bottom row shows the same for a node with a magnetic monopole
defect of positive charge. (a, d) Simulated phase maps using the approximation of uniform
magnetization for each element. (b, €) Experimentally obtained high-resolution phase maps.
(c, f) Simulated phase maps using micromagnetic simulation data.** Note: N, North pole;
S, South pole of the magnetic dipoles.

copy has the potential to place defects where

we want them, know what they are, and meas-
ure their optoelectronic effects in situ.

Quantum information science

Electron microscopy has had an enormous
impact on device characterization and failure
analysis for integrated circuits. Primarily, this
has come from room-temperature microscopy,
which is close to the operating temperatures
of most electronic devices. However, to have
the same impact on low-temperature device
physics, such as is relevant to the emerg-
ing field of quantum information science, it is
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Figure 5. Spatially resolved cathodoluminescence intensity maps of bright, ultraviolet
single-photon emitters in hexagonal boron nitride measured in a scanning transmission
electron microscope at 150 K. The perfect spatial correlation of the emission peaks
at 3.73, 3.91, and 4.09 eV suggests the same underlying physical origin, in this case a
phonon replica of the 4.09 eV peak. The color bar represents cathodoluminescence
intensity (arbitrary units).?”
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the outgoing scattered probe particle. Electron optics makes
atomic imaging possible, with energy resolution below 10 meV,*
whereas x-ray optics offer easier ensemble measurements
of large fields of view for more representative statistics.
Correlative microscopy at low temperatures can thus bridge
length scales and provide complementary information. Electron
and x-ray techniques generally have analogs—such as STEM/
scanning transmission x-ray microscopy. For chemical anal-
ysis, EELS and x-ray absorption spectroscopy both provide
useful core loss information.* Soft x-ray resonant inelastic
x-ray scattering is approaching 10 meV resolution at 1 keV*
at modern, diffraction-limited storage ring x-ray sources.
New, high repetition rate x-ray free-electron lasers have the
potential,® with suitable temporal coherence, to further extend
energy and temporal resolution. Correlative microscopy offers
paths to ultimate spatial and energy resolution. At very low
temperatures, both spatial and spectroscopic resolution are
exciting new frontiers. The combination of electron and x-ray
microscopies can reach these limits. If very low temperature
electron sources are capable of low intrinsic energy spread or
high coherence, then it is possible that atomic resolution
imaging with exquisite energy resolution and coherence can
be achieved in an electron microscope.

Summary

Atomic resolution electron microscopy at cryogenic tem-
peratures without the current design limitations in spatial or
spectral resolution would enable dramatic advances in under-
standing structure—property relationships in quantum science.
Resolution is critical for direct observations of quantum
phenomena, since lattice distortions on the level of picometers
can characterize an electronic phase transformation. Reaching
this goal is not limited by fundamental physics, but rather
by engineering and instrumentation challenges, which will
require new investments in cryogenic electron microscope
designs optimized for low-temperature materials science.
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from The University of New Mexico. He was a
senior research scholar at Princeton University
in the Department of Physics. His research
interests include instrumentation to improve
microscopies, such as the development of com-
plementary metal oxide semiconductor direct
electron detectors. He has published more than
500 papers, and his awards include the 2017
Joseph F. Keithley Award for Advances in Meas-
urement Science from the American Physical
Society and the 2015 Berkeley Lab Lifetime
Achievement Award. Denes can be reached by email at pdenes@Ibl.gov.

David Muller is the Samuel B. Eckert Professor
of Engineering in the School of Applied and
Engineering Physics at Cornell University, and
co-director of the Kavli Institute for Nanoscale
Science at Cornell University. He received his
BSc degree from The University of Sydney,
Australia, in 1991, and his PhD degree from
Cornell University in 1996. He was previously a
member of the technical staff at Bell Labs. His
current research interests include hardware and
algorithms for high-speed pixelated detectors
for imaging beyond the diffraction limit, and the
atomic-scale control and characterization of
matter for applications in energy storage and
conversion. He is a Fellow of both the American Physical Society and the Micros-
copy Society of America, and recipient of the Microscopy Society of America
Burton Medal and Microanalysis Society Peter Duncumb Award for Excellence in
Microanalysis. Muller can be reached by email at dm24@cornell.edu.

MRS.ORG/AWARDS

@ Von Hippel Award

© David Turnbull Lectureship
¢ MRS Medal

¢ Materials Theory Award

© MRS Postdoctoral Awards

CALL FOR NOMINATIONS

The MRS Awards Program strives to acknowledge outstanding contributors to the progress of materials
research and to recognize their exciting and profound accomplishments. Nominations are being accepted
for the following Awards which will be presented at the 2020 MRS Fall Meeting.

@ The Kavli Foundation Early Career
Lectureship in'Materials Science

© MRS Nelson “Buck” Robinson Science and
Technology Award for Renewable Energy

Nomination Deadline —April 1, 2020
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