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Quantitative Electron Beam-Single Atom Interactions
Enabled by Sub-20-pm Precision Targeting

Kevin M. Roccapriore,* Frances M. Ross, and Julian Klein*

The ability to probe and control matter at the picometer scale is essential for
advancing quantum and energy technologies. Scanning transmission electron
microscopy offers powerful capabilities for materials analysis and
modification, but sample damage, drift, and scan distortions hinder single
atom analysis and deterministic manipulation. Materials analysis and
modification via electron—solid interactions can be transformed by precise
delivery of electrons to a specified atomic location, maintaining the beam
position despite drift, and minimizing collateral dose. Here a fast, low-dose,
sub-20-pm precision electron beam positioning technique is developed,
“atomic lock-on,” (ALO), which offers the ability to position the beam on a
specific atomic column without previously irradiating that column. This
technique is used to lock onto a single selected atomic location to repeatedly
measure its weak electron energy loss signal despite sample drift. Moreover,
electron beam-matter interactions in single atomic events are measured with
us time resolution. This enables observation of single-atom dynamics, such

electronic configuration through
spectroscopy,l*”! and control matter at
the atomic scale by displacing atoms to
trigger material reactions.®'2l Controlled
nanoscale material modifications are par-
ticularly intriguing, since single atomic
defects in layered materials can serve as
sources of quantum light;3l however, their
deterministic generation has not yet been
achieved. Despite advances in microscopy
technique, several major challenges re-
main. The interaction of high-energy elec-
trons with the atoms in the sample often
leads to unwanted sample damage.['] Ad-
ditionally, sample drift and scan distortions
during acquisition, even at the Angstrom
level, complicate signal collection and
interpretation.['>16] Overcoming these chal-

as atomic bistability, revealing partially bonded atomic configurations and
recapture phenomena. This opens prospects for using electron microscopy
for high-precision measurements and deterministic control of matter for

quantum technologies.

1. Introduction

Modern aberration-corrected scanning transmission electron mi-
croscopy (STEM) underpins our understanding of the struc-
ture, chemistry and bonding of materials. It enables us to
probe atomic arrangements,['* measure elemental identity and
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lenges would revolutionize our capability
to analyze materials through imaging and
spectroscopy as well as to drive and quantify
electron-solid interactions,'*1718] ideally at
the single-atom level.

The remarkable measurements of which
STEM is capable, such as electron energy
loss spectroscopy (EELS) of individual atom
columns, are generally achieved by raster scanning a finely
focused beam over a sample area and recording data at
each point, which is then presented as a map of intensity
or energy.!%2] Repeated raster scanning allows dynamic pro-
cesses to be studied, including amorphization, recrystalliza-
tion, phase transformations!?'2)] or the movement!®24-28] or
displacement(?*32] of atoms. However, at the single-atom level,
measuring fast dynamics or highly localized signals requires the
ability to systematically target a single atomic column, bond, or
defect with the beam, without dosing nearby locations. This capa-
bility has so far been out of reach, but is fundamental to enabling
compositional analysis of specific sites and the manipulation of
individual atoms or columns of atoms.

In situ electron beam positioning has been an unsolved chal-
lenge mainly because positional information requires exposing
the area of interest to a high electron dose. Moreover, conven-
tional raster scanning limits acquisition speed and exacerbates
imaging distortions and sample drift (Figure 1a). Sample drift
results in a deviation of the measured from the real lattice coor-
dinates, L'(x, y) # L(x, y), while, even more critically, the nonlinear
distortions prevalent in raster scans!!>1¢l nontrivially convolve the
real lattice coordinates into different measured coordinates L’(x,
y) =f(L(x, y)), due to the nonuniform beam movement, inertia of
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Figure 1. In situ positioning inaccuracy due to linear and nonlinear imaging distortions in STEM. a) Conventional raster scan showing the “fast” and
“slow” scan axes and a non-uniform electron beam velocity (v(t) # const.), illustrated with CrSBr. The real atomic lattice L' (x, y) (light gray) or target
atom position (green) deviates from the measured lattice L(x, y) (dark gray) or target atom position (red). b) Annular scan with a near-constant electron
beam velocity (v(t) & const.). The minimization of scan distortions in the annular scan allows the real atomic lattice to be inferred from sparse atom

column information using atomic lock-on because L’ (x, y) ~ L(x, y).

the magnetic scan coils at high scan speeds, and abrupt changes
in scan direction that take place along the “fast” and “slow” scan
axes and during rapid repositioning (“flyback”).

These challenges substantially complicate single atom mea-
surements, particularly when performed manually!®!!! or (more
recently) assisted by deep convolutional neural networks
(DCNNs).2334 Although atom column positions can be extracted
using DCNNG in images, they do not reflect the real position of
the site of interest due to the accumulation of scan distortions
and drift in the collected image (Figure 1a). Moreover, since all
current approaches for positioning require an image to be ob-
tained, the material experiences a high electron dose that can
change or damage it, including at the area of interest. Correct-
ing image distortions can be achieved but requires a substantial
dose; furthermore, since the correction is applied during post-
processing steps it is not suitable for in situ experiments./3>3]
This combination of challenges strongly motivates the develop-
ment of an in situ electron beam positioning strategy that cir-
cumvents the effects of drift, scan-based distortions and excessive
irradiation dose.

We address these challenges using a sparse annular scan pat-
tern (Figure 1b). This has several advantages. First and most criti-
cally, the target region receives no dose. Sparse scanning requires
significantly fewer total electrons for lattice reconstruction; there-
fore, it is fast and minimally invasive for the studied material,
preventing unintended structural modifications. Second, the ra-
dial symmetry and uniform velocity of the electron beam together
substantially reduce the scan distortions.[*”38! The sparse annu-
lar scan parameters are optimized to collect just enough infor-
mation to reconstruct the lattice structure when combined with
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a priori structural information of the crystal under study. Using
this approach, the measured atomic lattice now matches the real
atomic lattice coordinates much more closely, L'(x, y) ~ L(x, y)
(Figure 1b).

We refer to this in situ electron beam targeting technique as
“atomic lock-on” (ALO). We show below that ALO enables po-
sitioning of the electron beam on a chosen location of a crys-
tal rapidly, with low dose, and with sub-20pm precision. We
have developed a workflow that achieves positioning by perform-
ing a sparse annular scan followed by a fast lattice reconstruc-
tion that makes use of prior knowledge of the target material’s
crystal structure. Using typical annular scan radii in the range
~1nm, we avoid exposing the target area with electrons before
the beam is placed accurately on the target, and we require only
low dose for the annular scan. After describing the workflow,
we show high-precision STEM experiments that are enabled by
ALO (Figure 2a). These include targeted spectroscopic measure-
ments essential for quantitative analytical studies at the single-
atom level, the monitoring and control of material modifications
such as the generation of single atomic defects, and the quan-
tification of single-atom dynamics accessed with high time reso-
lution through targeted beam positioning. The precise beam po-
sitioning of ALO reveals single-atom dynamic phenomena that
have not previously been resolved using electron microscopy,
such as single atom bistability behavior with the highest tempo-
ral resolution so far achieved, 10 ps, limited only by the detector
and measurement noise. We suggest that positioning the elec-
tron beam in STEM using ALO will offer further exciting possi-
bilities by establishing a pathway towards quantitatively probing
and deterministically controlling matter.

© 2025 Oak Ridge National Laboratory and The Author(s). Advanced
Science published by Wiley-VCH GmbH
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Comparison with DCNN

Figure 2. “Atomic lock-on” for few-picometer in situ electron-beam targeting in STEM. a) Illustration summarizing use cases, where precision in atomic
targeting enables quantitative single-atom dynamics and spectroscopy. Scale bar is 1nm. b) Atomic structure of CrSBr. c) Atomic structure of MoS,.
d) The accuracy of positioning on a Cr atom column over multiple experiments using atomic lock-on, showing a precision of 18 + 10 pm in 16L CrSBr.
Targeting the Mo atom in 1L MoS, with atomic lock-on shows a precision of 29 + 15 pm in multiple experiments. e) Result of multiple positioning
experiments using a deep convolutional neural network (DCNN) with Cr as the target atom column in 16L CrSBr and Mo as target atom in a monolayer

(L) of MoS, both with a precision >100 pm.

We first demonstrate the effectiveness of ALO for beam posi-
tioning and compare it to targeting using a DCNN. We perform
two experiments, selecting as target sites a Cr atom column in a
thick crystal of CrSBr (16 layers (L), ~13 nm thick), and a Mo atom
column in a MoS, monolayer (1L, ~0.8 nm thick) (Figure 2b,c).
We obtain the target position by using either the ALO algorithm
or from analyzing a “parent image” using a state-of-the-art DCNN
similar to that used in Refs. [33, 34].

After targeting with either method, we then assess the accu-
racy with which the site was located. This assessment is done
by collecting a small (1nm FOV) spiral high-angle annular dark
field (HAADF)-STEM image, centered around the beam position,
from which the target atom column position is visible (Figure S1,
Supporting Information). The distortions in this small area scan
are low and allow us to determine the precision from the atom
column position. The offset between the desired location and the
center of this small image tells us the precision of the targeting
process. We repeat the process multiple times to obtain a scatter
plot of offset values.

Consistently throughout our experiments using the DCNN, we
obtain a spread of beam positions around the Cr target atom in
thick CrSBr (Figure 2e), extending up to half a unit cell towards
an incorrect atom column. This is expected, since the parent im-
age from which positions are predicted shows effects of the ac-
cumulated scan distortions and sample drift. In contrast, we re-
peatably achieve a robust, sub-20 picometer precision in targeting
the Cr atom column by using ALO (Figure 2d). Even on 1L MoS,,
the more experimentally challenging sample, we demonstrate re-
peated precision of sub-30 pm in targeting a Mo atom (Figure 2d).
Multiple attempts using the DCNN again show a broad spread of
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positions relative to the target site (Figure 1a,b). We attribute the
slightly lower precision for ALO in this sample to lower signal-to-
noise ratio and geometric lattice inhomogeneities in freely sus-
pended monolayers. Table S1 (Supporting Information) summa-
rizes the advantages of in situ beam positioning using ALO.

We therefore conclude that a sparse HAADF-STEM scan is
successful in identifying atomic columns and positioning an
electron beam on an individual atomic location. The precision
of this positioning is limited by thermal lattice vibrations that in-
troduce dynamic displacements of atoms from their equilibrium
positions, blurring the atomic potential seen by the beam. Addi-
tionally, the finite probe size, delocalization due to inelastic scat-
tering, and long-range Coulomb interactions can further reduce
spatial precision. The interaction volume and spatial uncertainty
are broadened compared to the accuracy of the algorithm, setting
a fundamental upper limit for the positioning precision.

The ALO scan typically takes 100ms at a beam current of
20 pA, resulting in a low dose of D = 9.2 - 10*¢~/A? at a dose rate
of D=9.2-10°¢"/A? s (see more details in the Experimental Sec-
tion). Following the scan, lattice reconstruction requires less than
10 ms, with additional operating system processes accounting for
the remainder of a 200 ms “off” time. Throughout this “oft” pe-
riod, the beam is electrostatically blanked to prevent damage to
the material. We emphasize that ALO can be performed without
prior imaging, as long as the sample is in focus; the lattice can be
reconstructed from any scan position.

Figure 3 summarizes the workflow of ALO. Figure 3a shows
the sparse HAADF-STEM annular scan which here consists of
three loops and has an outer radius of 1nm and inner radius
of 0.8 nm. This is performed (instead of a full-area raster scan)

© 2025 Oak Ridge National Laboratory and The Author(s). Advanced
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Figure 3. In situ lattice reconstruction via atomic lock-on, without prior observation of the target site. a) Annular scan and corresponding HAADF
detector signal (blue = low counts, yellow = high counts) showing sparsely scanned S/Br atom columns. b) Histogram of HAADF-STEM scan with
threshold filtering used to identify pixels that are in S/Br atom columns. Pixel clusters are merged and the center of mass determines the experimental
atom position E;. ¢) Prior knowledge is used to construct an artificial lattice L;(x, y) from lattice parameters (a and b) and rotation angle 6. d) Mathematical

minimization to obtain the optimal translation vector KXY that results in the minimum residual e (inset) between artificial and experimental lattice. e)

The S/Br sub-lattice is reconstructed by translating the artificial lattice.

immediately before targeting a desired site, and can be repeated
as needed during extended experiments over time intervals that
depend on the stability of the microscope, the sample, and other
factors, as we discuss below. As the beam on its annular path
passes over the atom columns they generate a higher detector
output signal: for the example of CrSBr, the sub-lattice of S/Br
columns appears the brightest. We then isolate the pixels asso-
ciated with this sub-lattice by thresholding the annular scan sig-
nal (Figure 3b). We merge clusters of pixels dispersed along the
circumferential and radial directions to obtain the experimental
lattice positions E,(x, y) of the sparsely measured S/Br sub-lattice.
We use atomic lattice constants as a priori information (Figure 3c)
to generate an artificial lattice L(x, y) (Figure 3d). This is followed
by a mathematical minimization to find the best overlap of the
artificial lattice with the experimental points via residual mini-
mization to obtain the optimal translation vector ny. In the final

step, we add &xy to the lattice point locations (Figure 3e) to ob-
tain the translated lattice Lj’ (x,y). Now any position is known by
a translation relative to the reconstructed sub-lattice. This allows
us to determine the location of any site within the unit cell with-
out directly observing that site with electrons. In this example
we reconstruct the S/Br sub-lattice, but the approach is indepen-
dent of crystal symmetry and we have applied it to mono- and
multi-atomic compounds combining different atomic numbers,
provided the material is periodic. Despite the presence of crystal
distortions and defects in monolayers, we find ALO to be robust,
attributed to the detection of multiple atoms in the annular scan.
This minimizes the effects of defects and distortions, maintain-
ing a sub-30 pm accuracy even in monolayers (Figure 2d). The
precision provided via ALO consequently enables us to repeatedly
target individual atoms with the electron beam without previously
observing them, even in the sensitive monolayer case.

We systematically optimized the scan parameters for ALO,
such as inner and outer radius, number of roundtrips and pixel
dwell time, to achieve the highest precision with the least elec-
tron dose (Figures S2, S3, and S4, Supporting Information). This
involved performing a grid search simulating ALO and then re-
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ducing the dwell time to a level where we reconstruct the lattice
with < 50 pm precision 100 percent of the time. While ALO works
for many choices of inner and outer radii, we found that three
roundtrips are necessary for robust positioning. The details of
the optimization are discussed in the Supporting Information.

The most challenging of STEM measurements involve prob-
ing a specific location in a sample over an extended time, for ex-
ample to integrate weak spectroscopic signals or measure single-
atom dynamics. We describe below examples of both of these
measurements, where the beam is placed on the target with sub-
20pm precision and unnecessary dosing of the target area is
avoided. Instead, repeated operation of ALO, which can be car-
ried out in an automated sequence, compensates for sample drift
to locate, track and measure one specific atom within a particular
unit cell.

By keeping the beam on a single dopant atom for times ex-
ceeding 1 second we measure its weak EELS core loss signal.
This is shown for a single V dopant atom in 1L MoS, in Figure 4.
Quantifying a single dopant atom is a challenging task,['** and
therefore ideal for this demonstration. Because our target is a sin-
gle, non-periodic feature (a V dopant atom), we first must col-
lect a single parent image. (We emphasize that this step is not
necessary if the sample is periodic.) We then identify the ini-
tial location to be targeted with a pre-trained DCNN.*! From
this point on, ALO is used; we find that the DCNN alone is not
sufficiently accurate to provide the correct dopant location. We
carry out repeated operations consisting of ALO at the selected
dopant atom followed by collection of a single-shot EEL spec-
trum from this location with a sampling time of 830 ms. We re-
peat the lock-on and spectroscopy 12 times over 10 s. This time
interval is chosen based on the drift rate of the microscope: it
is important to re-center the dopant atom before the drift ap-
proaches one unit cell, since the annular scan analysis algorithm
can not distinguish between unit cells. The value of ny obtained
in each operation is effectively the (compensated) sample drift
in time. Figure 4a shows the values of ny obtained during an
experiment while Figure 4b shows the EELS spectra obtained

© 2025 Oak Ridge National Laboratory and The Author(s). Advanced
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Figure 4. Dynamic targeting and single-shot localized EELS on a V dopant atom in 1L MoS,. a) Time-dependent tracking performing 12 consecutive
atomic lock-ons on the V dopant atom. The accumulated and compensated drift A, is shown in time alongside collected small HAADF-STEM images.
Inset: Automated experimental sequence. b) Corresponding single-shot EELS spectra collected following atomic lock-on showing the L; , edge of the
V dopant atom. The EELS integration time per spectrum was 250 ms at a beam energy of 60 keV and a beam current of 20 pA corresponding to 3.12 -
107¢~ at a dose of D= 6.2 - 107¢™ /A% and a dose rate of D = 2.5 - 10%¢~/¥2s.

after selected ALO operations. Each EELS spectrum shows the
L, , edge with expected energies of 513 eV and 521 eV. The exper-
iment has therefore successfully tracked the V dopant atom for
multiple seconds while compensating for maximum drift rates
of >1A s7!. We have also demonstrated extended operation for
even higher drift rates of 2 A s~! (Figure S5, Supporting Informa-
tion).

To validate the positioning and observe the environment
around the dopant atom, in this experiment we also recorded a
small (1nm FOV) HAADF-STEM spiral image after each EELS
measurement. Acquiring these images is not strictly necessary
for the primary measurement, and adds dose to the target area
which can influence the local environment. However, the images
provide valuable diagnostic information: confirming the stabil-
ity of the target site during acquisition, monitoring changes in
atomic coordination, and identifying transient states. In princi-
ple, the dose in such images can be optimized to yield only the es-
sential information, such as the continued presence of the dopant
atom. In the images, Figure 4a, the V atom appears as a darker
feature compared to Mo. It is successfully tracked for over 8 s. At
this time the recorded images change, as the accumulated dose
has visibly damaged the material. The spectroscopic and imaging
data present opportunities for correlation. The changing inten-
sity ratio and line broadening throughout later iterations (5" to
10"} is suggestive of electronic changes, potentially due to the for-
mation of S vacancy defects visible from lattice distortions. The
increasing prevalence of lattice distortions due to repeated mea-
surements have slightly displaced the V dopant atom from the
corrected center location of ALO, but it is still close enough to
the beam location to provide an EELS signal.

The approach in Figure 4 offers the advantage of significantly
reducing the electron dose needed to obtain the same informa-
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tion, compared with grid-based spectrum imaging techniques
(Figure S6, Supporting Information). In techniques where a spec-
trum is collected from each point and those spectra that came
from the area of interest are selected afterwards, there is a greater
possibility of inducing structural modifications during acqui-
sition. An intriguing possibility suggested by the approach in
Figure 4 is to collect spectroscopy data not only at individual
atoms but also at bonds or other specific points within the lat-
tice (Figure S6, Supporting Information). We finally note that this
experiment is scalable in the sense that for any material and spec-
troscopic measurement, the atom can be tracked without directly
observing it for as long a time as needed via repeated lock-ons,
terminating when sufficient data is collected or the sample be-
comes damaged.

The ability to position the electron beam precisely on one spe-
cificatom then record a detector signal as a function of time offers
a pathway to study the interaction between electrons and individ-
ual atoms. In Figure 5a we show such an experiment performed
on monolayer thick WS, where the HAADF signal is recorded in
time. For both the W and the 28 sites, lock-on obtains consistent
sub-30 pm precision (Figure 5b; Figure S7, Supporting Informa-
tion). In the automated experiment (Figure 5c), we therefore first
perform ALO to position the electron beam on either a W or 2S
site. We then monitor the HAADF intensity with a fast sampling
frequency of 100kHz (10 ps) for a total time of 1s. Due to the
relationship between HAADF signal and atomic number, we in-
terpret the intensity in terms of the atomic configuration at the
target site as a function of time (Figure 5d). As in the spectroscopy
experiment, this data acquisition is followed by the collection of
a small (1nm FOV) diagnostic HAADF-STEM image of the final
structure, centered on the target site. We carry out 50 such target-
ing experiments automatically and sequentially on different W

© 2025 Oak Ridge National Laboratory and The Author(s). Advanced
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Figure 5. Single-atom dynamics with sub-millisecond time resolution in 1L WS,. a) 1L WS, crystal structure. b, Atomic lock-on targeting of the W atom
and 2S atom column with 28 + 18 pm ad 27 + 17 pm precision, respectively. c) Experimental workflow. d) HAADF intensity as a function of atomic
number Z. The dashed grey line is a model o« Z'¢ =17 to the data. Atomic lock-on targeting of e~f) W atom column and g—i) 2S atom column for 1s and
corresponding HAADF-STEM image before and after experiment. The corresponding HAADF intensity histogram depicts different structural states. A
moving average of 3 ms was applied to the time traces. A beam energy of 60 keV and a beam current of 20 pA were used, corresponding to 1.25 - 108¢~
for 1s at a dose of D = 6.2 - 107¢~ /A2 and a dose rate of D = 2.5 - 10%¢™ /¥?s.

and 28 sites to obtain statistics regarding the range of behavior.
A single experiment takes ~1.5 s resulting in a total experimental
acquisition time for each type of target site of ~75s. The ability
to repeat the measurement quickly makes this approach highly
scalable for rapidly collecting statistical data.

We show a selection of recurring experimental behaviors at the
W atom site in Figure 5e,f and at the 2S atom site in Figure 5g—i.
Additional data is shown in Figure S8 and Figure S9 (Support-
ing Information). When targeting W, 25% of experiments show
no appreciable change in the time-dependent HAADF intensity
(Figure 5e). The final image is also unchanged. In these exper-
iments, positioning the electron beam on a W atom has there-
fore not led to rearrangement, which can be attributed to the
high displacement threshold energy.*®) However, 4% of the ex-
periments do show displacement, visible both from the step-like
drop in HAADF intensity (Figure 5e at ~0.7 s) and from the final
image, in which the W atom is displaced and its final location
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at a neighboring 28 site. Other experiments (Figure S8, Support-
ing Information) show step-like changes in the HAADF inten-
sity that may even be an increase over the initial intensity. We
attribute these to diffusion of adatoms across the target location.
The remaining experiments (making up the majority, 60%) ex-
hibit intensity fluctuations that can be identified as arising from
distortions due to defects induced in the 28 sites in proximity to
the W atom (Figure S8, Supporting Information).

Targeting the 28 site, Figure 5g-i, is even more interesting be-
cause of the lower displacement threshold energy of S[% that re-
sults in the formation of a mono-sulfur vacancy V. The experi-
ments frequently (28%) show a signature of S atom ejection and
V,s formation in the form of a step-like decrease in the HAADF
intensity (Figure 5g—i; Figure S9, Supporting Information). In
many instances, this is followed by a second drop, directly sug-
gesting the ejection of a second S atom and formation of a di-
sulfur vacancy V,;.

© 2025 Oak Ridge National Laboratory and The Author(s). Advanced
Science published by Wiley-VCH GmbH
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More unexpected is that 66% of the experiments exhibiting
an S atom ejection show the recapture of S atoms after the
initial assumed displacement (Figure 5h at ~0.35s; Figure S9,
Supporting Information). In the other 34%, we observe random
telegraph noise (RTN) (Figure Sk at >0.28 s) between the HAADF
intensity levels associated with the 2S and 1S configurations. This
suggests fast movement of the S atom between the targeted 2S
atom column (“on” state) and a proximal site (“off” state). We in-
terpret the recapture and RTN as indications that the S atom re-
mains partially bonded to the lattice. In this scenario, the energy
of an electron is sufficient to drive the transition between the two
metastable states (25 1S), thereby effectively acting as a bistable
atomic system. The shortest duration we can resolve the S atom
in the 2S state is <1 ms (<1.2 - 10°¢”) suggesting even faster time
dynamics. Our interpretation is further sgupported by examina-
tion of the final HAADF image, which shows increased intensity
in one of the three nearest neighbor W sites. Based on the excel-
lent agreement of the intensity at this location with the expected
atomic number of 1W + 1S (Figure 5d), we tentatively attribute
this intensity to the S atom residing in a potential “off” state.

We have shown two quantitative high-precision STEM exper-
iments: measuring the weak spectroscopic signal of a single
dopant atom with acquisition times of up to a second, even in the
presence of sample drift, and characterizing the dynamics of in-
dividual atoms with sub-ms time resolution. These experiments
were enabled by precision beam positioning through a rapid algo-
rithm that does not dose the area of interest and can be repeated
as needed to locate and track a single atomic site. We showed
that ALO can be applied to both thick and thin crystals and we
find it particularly promising for challenging beam-sensitive and
atomically thin materials.

The ability to integrate ALO within virtually any STEM work-
flow, as used in our measurements of beam-induced displace-
ment, offers exciting possibilities for collection of large num-
bers of datasets. This enables a statistical quantification of phe-
nomena of interest, which can otherwise be a limitation of tra-
ditional STEM observations. We also anticipate that minor algo-
rithm modifications may extend ALO to moderately disordered
systems or those with specific structural features (such as twin
boundaries), increasing the range of materials that can be exam-
ined. For example, ALO could look for multiple characteristic ar-
rangements in a sparse annular scan to accurately determine a
phase boundary or interface region and perform positioning on
either side. In the experiments described so far, the target loca-
tion was within the annular scan, but the beam can be positioned
far from the scan area, with accuracy depending on intrinsic im-
perfections in the sample (due to defects, strain fields or sample
bending) and the magnetic scan coil hardware and voltage to pi-
cometer calibration. Moreover, while ALO enables precise posi-
tioning within the xy-plane, future advances may include mitigat-
ing drift in the out-of-plane (z) direction.

The high temporal resolution combined with single-atom sen-
sitivity and real-time single-event detection lay the foundation for
algorithmic schemes to drive and control atomic modifications.
An immediate outcome could be the deterministic generation
of single-atom defects in materials, which is essential for scal-
ing quantum technologies.!"*! We further anticipate other uses
of ALO for in situ STEM studies to observe or control dynamic
processes, such as the early stages of nucleation and growth of
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atomic assemblies. Here, the combination of knowledge of the
lattice coordinates and precise positioning of the beam allows
single-atom events to be monitored. The measured intensity pro-
vides a natural avenue for end-point detection. After a displace-
ment event is triggered, as measured by the change in ADF sig-
nal, the beam can be repositioned to another atom column. This
would be useful if we need to continue acquisition, for example,
of EELS signals, or move a series of atoms in minimal time. ALO
is applicable generally to crystalline materials, with high Z con-
trast specimens most readily amenable, but we anticipate its use
even for low-Z materials such as graphene and hexagonal boron
nitride, for example if we wish to generate defects. Atomic ma-
nipulation by ALO can be synchronized with a range of analytical
measurement techniques such as EELS, energy-dispersive X-ray
spectroscopy or even 4D-STEM, to perform multimodal studies
that obtain chemical and electronic information with minimal
disturbance to the local environment. Combining simultaneous
data collection with the ability to move between equivalent loca-
tions as a function of the evolving atomic configuration could en-
able acquisition of weak spectroscopic signals, for example for a
single S vacancy in MoS, or WS,, which is otherwise challenging
due to the low signal to noise ratio. Such measurements could
benefit experiments where external sample parameters (current,
doping density, electric field, light, temperature or even the gas
environment) are controlled, for example in catalytic processes.
Precise positioning might also be useful to locally inject electrons
to trigger single-defect cathodoluminescence or electron beam-
induced current measurements.

We finally suggest that ALO will open a pathway towards a
more systematic understanding of elastic and inelastic scattering
mechanisms of individual atoms or columns, their dependence
on beam energy and dose rate, and their evolution over differ-
ent time and energy scales. We anticipate that site-specific mon-
itoring will help to clarify the complex kinetics of beam-driven
structural phase changes(?23] or the effects of beam-generated
secondary electrons. We believe this will contribute to verify-
ing and improving existing classical and quantum mechanical
formulations of electron-beam matter interactions,['”*0] refining
element-specific displacement cross sections,!?*-2] and studying
how the electron beam drives defect formation, migration, and
annihilation, with individual atom precision.

2. Experimental Section

Sample Fabrication:  Bulk CrSBr flakes were exfoliated using the Scotch
tape method onto SiO, /Si substrates. Flake thickness was determined by
atomic force microscopy and optical phase contrast. Selected flakes were
transferred onto S/TEM compatible sample grids using cellulose acetate
butyrate (CAB) as polymer handle. After transfer, CAB was dissolved in ace-
tone and the S/TEM grids were rinsed in isopropanol prior to critical point
drying. MoS, and WS, were MOCVD and CVD grown and then transferred
to S/TEM grids using PMMA and water transfer.

Scanning Transmission Electron Microscopy: A Nion UltraSTEM operat-
ing at either 60 or 200 kV, a nominal probe current of 20 pA, and 32 mrad
semiconvergence angle was utilized for the CrSBr, MoS, and WS, atomic
lock-on studies. The HAADF collection angle was 80-200 mrad.

For STEM-EELS, a Nion Iris spectrometer and direct electron detector
(Dectris ELA) were used with a dispersion of 0.90404 eV / channel.

Custom scan trajectories were performed using a National Instruments
(N1) multifunction 1/O field programmable gate array (FPGA, USB-7856)

© 2025 Oak Ridge National Laboratory and The Author(s). Advanced
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connected to the external scan input and HAADF output using NI termi-
nal block SCB-68A. This platform operates on LabVIEW but commands
are accessible via Python directly from the microscope user interface,
Nion Swift, which allows the user to change annular spiral scan or other
parameters.[41]

An operating field of view (FOV) of 16 nm was used for all experiments.
At larger fields of view (e.g., >100 nm), voltage noise on the scan coils
can begin to limit positioning precision. On our system (total scan range
of +£2.5V), a 100 x 100 pixel scan over a 2nm annular ALO scan within
a 100nm FOV corresponds to voltage steps of approximately 1mV. The
scan controller used exhibits a root mean square (RMS) voltage noise of
~250pV (DC to 1MHz), which translates to a spatial noise of roughly
5pm at this scale. Based on this, we estimate that fields of view up to
~200nm remain compatible with sub-20 pm targeting precision using
this controller.

Calculation of Electron Dose and Dose Rate for Atomic Lock-on:  We con-
sider the total trajectory covered during the three loops of the annular scan,
and the area of the focused electron beam with a FWHM = 0.8 A. To cal-
culate the dose rate D and dose D, we start by determining the number of
electrons reaching the surface over the total exposure time. For the ALO
scan time of 100 ms and for a beam current of 20 pA, the number of elec-

. 1012 A
trons, N,, is calculated as N, = % = 210 “ADQTs 1,248 - 107 electrons.

1.602-10-19 C
The beam makes three loops with radii 10A, 9A, and 8 A. The area cov-
ered for one donut is Ay = 7 - (R2 — r?) with R = radius + w

and r = radius —

Adonut, 1 F Adonut, 2 + Adonus, 3 = 135.72 A 2. The dose rate is given by

1248107 _ 105 .- /A 2 .
= o viors = 92+ 10°¢” /A “s and the corresponding dose for a

100 ms ALO is given by D =9.2 - 10%¢~ /A 2.

During the time to process the atomic lock-on scan (~200ms),
the beam is electrostatically blanked to avoid dosing the material.
We note that the atomic lock-on algorithm itself is fast, <10ms.
The atomic lock-on scan can be performed without obtaining
a parent image of the area of interest as it obtains lattice in-
formation during the atomic lock-on scan, assuming a focused
condition.

Calculation of Electron Dose for a Single Spot Exposure: The total elec-
tron dose for a time-dependent single spot exposure is calculated by the to-
tal number of electrons in time divided by the effective area of the focused
electron beam. We consider a focused electron beam with a diameter equal

to the FWHM = 0.8 A resulting in an area of A=« (@)2 =05 A
The total number of electrons deposited to the spot during exposure is
Ny=1-t- 1 For a beam current of 20 pA and an exposure time of 1s
we determine the total number of electrons of N, = 1.25 - 103 ¢~. Di-
viding the total number of electrons N by the effective area of the fo-
cused beam A we obtain an electron dose of 2.5 - 108¢~ /A2 . For an ex-
posure time of 250 ms we obtain a total number of electrons of N, =
3.1-107¢™ at an electron dose of D = 6.2 - 107¢~ /A% at a dose rate of

. ]
D=12810 —75.10% /v2s.

Data Post Processing: No additional post-processing steps of the
HAADF-STEM images were used to generate the Figures, which are shown
as-acquired and unfiltered.

For the EELS data, a power law background was fitted to the region 420
- 900 eV and was subtracted from each spectrum.

Neural Network Architecture:  Atom detection used in this manuscript
for CrSBr, MoS,, and WS, and utilized the ensemble learning approach
described in Refs. [33, 42]. This consists of DCNNs based on the UNET
architecture.[*3] V dopant detection was based on a previously described
learning approach in Ref. [34].
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