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Atomic-scale manipulation has long been regarded as a fundamental capability for
realizing next-generation quantum devices"*, novel functional materials”!, and
programmable matter!®’. Advances in scanning probe microscopy'”, ion
implantation', and electron microscopy' have demonstrated that atoms can be
displaced, assembled and transformed into artificial structures with increasing spatial
precision. The concept of manipulation with atomic precision by a focused electron
beam was proposed as early as 2014""°!. Among existing platforms, scanning
transmission electron microscopy (STEM) offers a particularly attractive realization
of this vision because its sub-angstrom focused electron probe enables localized
momentum and energy transfer while simultaneously imaging structural evolution at
atomic resolution'.

Despite these promises, electron-beam-based atomic engineering remains largely
exploratory. Previous demonstrations were mostly restricted to surfaces and
atomically thin materials where knock-on collisions and localized radiolysis drive
lattice reconstruction and defect migration. Such approaches have enabled
subtractive sculpting of sub-nanometer structures''?’, localized polymorphic

[14-16

transitions"*, and the creation of unconventional structure and chemistry"*'*. In

bulk three-dimensional (3D) solids, electron beam engineering was applied to dopant
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Figure 1. (A) Schematics and images showing the effect of a periodic beam motion on CrSBr crystal with a frequency of 0.5 kHz for 1sin
two directions. Cr atoms are displaced into the van der Waals gap, creating a Cr interstitial and a Cr vacancy at each layer of the crystal;
(B) Three-dimensional mesoscopic defect crystal consisting of 79 X 58 locations in a volume of 150 nm X 100 nm X 13 nm. Diffraction
pattern on the bottom right shows sharp superlattice Bragg reflections (inset) revealing the periodically modulated crystal-scale
superstructure, indicating mesoscale order. Scale bars in the lower and higher magnification images are 0.1 um and 2 nm, respectively.
This figure reproduced from™, Copyright 2026 Springer Nature.

positioning and assembly"”, localized crystallization of amorphous phases"®, and patterned structural phase
transitions!">**). These earlier works mostly relied on empirical trial-and-error, lacking a deterministic
framework for predefining fabrication outcomes from beam parameters. Extending atomic manipulation
into scalable manufacturing therefore remains a central challenge, requiring quantitative understanding of
beam-matter interactions, programmable control of structural evolution, and preservation of structural
integrity across the 3D architectures.

Writing in Nature, Klein et al."! demonstrate deterministic atomic engineering via the creation of an ordered
mesoscale defect crystal embedded within a bulk 3D lattice. Using a 200 keV focused electron beam, the
authors manipulate individual Cr atoms in a 16-layer-thick (12.7 nm) CrSBr crystal, a magnetic
semiconductor, and selectively displace them into adjacent interstitial sites, forming stable vacancy-
interstitial defect complexes [Figure 1A]. This process is facilitated by electron channeling, which guides
electron propagation along atomic columns and promotes cascading atomic displacements throughout the
sample thickness. Density functional theory calculations identify a plausible minimum-energy pathway
involving bond switching that could minimize structural disruption during atomic displacement.

A key advance of this work lies in demonstrating a paradigm shift of atomic manipulation from a local
stochastic process into a deterministic programmable fabrication strategy. In this particular case, achieving
reproducible defect formation at designated atomic positions required sub-20-picometer precision in
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electron beam positioning, and even slight beam offsets could lead to structural variations. By combining
precisely designed beam trajectories with automated targeting workflows, the authors directed the beam
between programmed target sites to create ordered arrangements of 4,582 defect columns, comprising over
40,000 user-defined defects across a 150 nm x 100 nm x 13 nm volume, in approximately 40 min [Figure 1B].
Importantly, the resulting structures remain stable at room temperature and outside the vacuum
environment, showing the potential for device implementation. It is worth noting that the specific
mechanism utilized is intrinsic to the layered structure of CrSBr and does not represent a universal pathway
for all materials. Rather, the broader significance of this work lies in extending deterministic atomic
manipulation beyond surfaces and monolayers into a bulk lattice.

While this achievement establishes the viability of 3D mesoscale atomic engineering and represents a major
step forward, translating deterministic fabrication into practical atomic manufacturing will require extending
this capability across broader materials systems and establishing predictive control over fabrication
outcomes. This requires identifying material-specific physical principles that govern energy transfer, atomic
migration, defect formation, and structural stabilization under electron irradiation, and developing tailored
strategies for different bonding environments, whether van der Waals, covalent, or ionic. Bridging this
understanding to practice further demands quantitative beam-matter interaction models and inverse design
frameworks that systematically connect electron beam parameters, such as incident energy, dose rate, and
spatiotemporal trajectory, to targeted atomic configurations and functionalities. Data-driven approaches and
deep learning may further accelerate this transition by navigating the complexity of high-dimensional
fabrication parameter spaces and identifying fabrication strategies that remain transferable across materials

21]

systems!

Equally important, the next frontier of atomic manufacturing lies in extending structure
modification/creation toward designed functionality realization. Integrating predictable fabrication with
simultaneous characterization of emergent properties via techniques such as four-dimensional (4D)-STEM,
electron energy loss spectroscopy, in-situ electrical transport or optical measurements, could enable
dynamical mapping of local structure, chemistry, electronic states, optical responses and transport behavior
during manipulation. A central challenge in this integration is the intrinsic write-read conflict: the same
electron beam used for atomic manipulation also serves as the imaging and characterization probe, risking
unintended modification of the as-modified structure. Nevertheless, advances in direct electron detection
and deep-learning-enabled low-dose measurements are rapidly lowering the dose threshold for atomic-
resolution readout®?", suggesting that the integration of fabrication and characterization into a unified
workflow is becoming increasingly feasible. Establishing such closed-loop fabrication-characterization
workflows would allow direct optimization of structure-property relationships and ultimately transform
electron microscopy from a fabrication/imaging tool into a platform for creating and validating functional
matter.

Realizing truly scalable atomic manufacturing will likely require a closed-loop framework that integrates
prediction, fabrication, characterization and feedback optimization [Figure 2]. Artificial intelligence enabled
control algorithms can automate electron-beam targeting and structural manipulation to improve
reproducibility and to minimize unintended structural damage”"’. On-the-fly real-time detection and
analysis further allow the microscopes to verify atomic configurations, dynamically adjust beam parameters,
and steer specific structural rearrangements toward desired outcomes without continuous human
intervention*.

Implementing this vision requires orchestration of beam positioning and dose allocation strategies that
balance the disparate requirements of fabrication and different characterization modalities. Temporal
synchronization of beam blanking, scan coils, and multimodal detectors must accommodate trade-offs
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Figure 2. Conceptual illustration of closed-loop functional atomic engineering based on STEM.

among dwell time, signal-to-noise ratio, and acquisition speed, while spatial registration and drift correction
need to maintain the positioning precision required for manipulation. Furthermore, feedback latency and
real-time data throughput must be managed to ensure that in-situ measurements can inform subsequent
beam-parameter adjustments without introducing unintended beam-induced damage. Importantly,
integrating the aforementioned predictive beam-matter interaction models into the architecture enables an
inverse design workflow: given a target atomic structure or functionality, the system could determine optimal
fabrication parameters and initial manipulation strategies, while multimodal in-situ measurements
continuously update these decisions during fabrication. Establishing such a closed-loop design-fabrication-
characterization-feedback cycle may ultimately enable predictive, deterministic, and scalable functional
atomic manufacturing.

The transition from deterministic atomic engineering to scalable atomic manufacturing could ultimately
unlock transformative opportunities across multiple technological domains. Precisely arranging interacting,
multi-orbital defect arrays may establish programmable platforms for solid-state quantum simulation and
correlated quantum matter"!. Controlled modulation of local crystal structures and phases could further
enable direct electron-beam patterning of in-plane heterostructures, functional circuitry, and architected
interfaces beyond the resolution limit of conventional nanofabrication. More broadly, tailoring structural
symmetry and local interactions at the atomic scale may open new routes toward programmable
metamaterials and devices with emergent functionalities””’.
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Looking forward, advances in machine learning, integrated instrumentation, and autonomous
experimentation™ will further expand the scale, throughput, and complexity of electron-beam fabrication.
The ultimate impact of atomic manufacturing will be determined not only by how precisely atoms are
positioned, but also by how effectively their functionalities can be predicted, created, measured, and
optimized. By integrating fabrication with multimodal characterization and closed-loop feedback, electron
microscopy may ultimately transform from a structural characterization platform into a programmable
atomic foundry capable of creating, measuring and optimizing functional matter across atomic, nano- and
mesoscale dimensions.
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