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Abstract:

Transmission electron microscopes use electrons with wavelengths of a few picometers,
potentially capable of imaging individual atoms in solids at a resolution ultimately set by the
intrinsic size of an atom. Due to lens aberrations and multiple scattering of electrons in the sample,
the image resolution reached is 3 to 10 times worse. By inversely solving the multiple scattering
problem and overcoming the electron-probe aberrations using electron ptychography, we
demonstrate an instrumental blurring of under 20 picometers and a linear phase response in thick
samples. The measured widths of atomic columns are limited by thermal fluctuations of the atoms.
The method is also capable of locating embedded atomic dopant atoms in all three dimensions
with sub-nanometer precision from only a single projection measurement.



Main Text

Transmission electron microscopy (TEM) plays critical roles in studying micro and nano-
structures in many fields including physics, chemistry, structural biology, and material science.
Progress in aberration-corrector optics for electron microscopes (/, 2) has significantly improved
the quality of the imaging system, pushing the spatial resolution to sub-50 pm (3, 4). Nevertheless,
these resolution limits in practical samples are only achievable in extremely favorable conditions.
One major obstacle is that multiple electron scattering is unavoidable in samples thicker than a
monolayer due to the strong Coulomb interaction between the beam electrons and the electrostatic
potentials from the atoms (5). The multiple scattering changes the beam shape within the sample
and leads to a complicated intensity distribution at the detector plane. Nonlinear or even non-
monotonic contrast dependences on the sample thickness occur when imaging samples thicker
than a few dozen atoms, which hampers direct structure determination by phase-contrast imaging.
Quantitative structure-image interpretation usually relies on intensive image simulations and
modeling (6). Direct retrieval of the sample potential requires solving the nonlinear, inverse
problem of multiple scattering. Efforts have been made through different approaches mostly based
on Bloch wave theory by phasing different Bragg beams of crystalline samples (7, §8).
Unfortunately, these approaches become extremely difficult for general samples with large unit-
cells or aperiodic structures, because a large number of unknown structure factors needs to be
determined.

Ptychography is another phase retrieval approach stemming back to Hoppe in the 1960°s
(9) and modern robust setups use multiple intensity measurements, usually a series of diffraction
patterns collected by scanning a small probe across the extended sample (/0). No periodicity or
symmetry constraints on the sample structure are required as a-priori knowledge. This approach
has been widely used in visible light (//) and X-ray imaging communities (/2). Until recently,
electron ptychography has been limited by sample thickness and the limited detector performance
in electron microscopy. Two-dimensional (2D) materials and the development of direct-electron
detectors have led to a wider renewed interest (/3-15). Electron ptychography for thin samples
such as 2D materials has demonstrated an imaging resolution 2.5 times beyond the diffraction limit
of the lenses, down to a 39 pm Abbe resolution (/5). Such super resolution approaches can,
however, only be applied reliably to samples thinner than a few nanometers, and the resolution is
little different from conventional methods in thicker samples (/6). Such thin samples are
practically difficult to achieve for many bulk materials, which currently limits applications to 2D-
like systems, such as twisted bilayers (/7). For samples thicker than the probe’s depth of focus,
multislice ptychography using multiple slices to represent the sample has been proposed (/8). The
structures of all slices can be retrieved separately. There are several successful demonstrations of
multislice ptychography using either visible light (/9) or X-ray (20, 21). Due to experimental
challenges, however, only a few proof-of-principle multislice electron ptychography
demonstrations (/4, 22) have been reported, limited either in resolution or stability.

We demonstrate multislice electron ptychographic reconstructions experimentally,
recovering a linear phase response vs. thickness and push the lateral resolution close to the intrinsic
atomic size, limited by thermal fluctuations of the atoms themselves. The experimental setup is
shown schematically in Fig. 1A. A focused electron probe is raster scanned across a slab-like
sample, with one electron diffraction pattern recorded at each probe position using a high-dynamic
range pixel array detector (fig. S1) (23). For thick samples, the probe function within the sample
changes shape due to both wave propagation and strong dynamical scattering. A profile of the



probe’s evolution with depth into the sample is shown in Fig. 1B. In conventional ptychography,
we approximate the wavefunction at the exit-surface of the sample as a multiplication of the
incident wave function with a single projected sample function (/0, 24). For thick samples,
however, portions of the sample at different depth positions are effectively illuminated with
different wave functions due to the beam spreading by diffraction. Following the well-known
Cowley-Moodie multislice solution of the electron dynamical scattering problem (5), the sample
can be considered as many thin slices until each slice satisfies the multiplicative approximation
(10, 12). The whole scattering procedure is modelled as sequential scattering from each slice
followed by a free-space progagation to the next slice. For the inverse problem, a similar multislice
procedure can be adopted on each iteration as in multislice ptychography (/8). In this work, there
is no a-priori assumption about the sample structure, and reconstructions start from random initial
phases for all slices. The specimen potential for each slice is separately recovered through the
phase of the transmission function, as illustrated in Fig. 1C (23).

We first compare the performance of multislice and single-slice electron ptychography on
datasets simulated for crystalline PrScOs, the same system used for our experimental
measurements. For samples as thin as 8§ nm, our simulation shows that multislice electron
ptychography gains resolution improvement (Fig. 1D) over the single slice approximation. For
thicker samples up to 30 nm, multislice electron ptychography demonstrates stronger performance
improvements, showing the 59 pm separation of Pr-Pr dumbbells, while single-slice electron
ptychography fails to even capture the basic structure. For even thicker samples such as 50 nm,
reconstructions are still possible, but higher sampling densities (2/) are required to obtain a
convergent solution from multislice electron ptychography (fig. S2).

Multislice electron ptychography provides quantitative phase information with the phase
increasing linearly as more layers are added into the sample. Figure 1E shows the phase change at
different atomic positions from reconstructions with different sample thicknesses. Such linearity
is crucial for retrieving three-dimensional structural information, especially for phase-contrast
electron tomography which requires a monotonic contrast dependence of sample thickness (24).
Nevertheless, conventional imaging methods such as scanning TEM (STEM) annular dark-field
and annular bright-field or high-resolution TEM (HRTEM) images always have a nonlinear or
even non-monotonic dependence on thickness (figs. S3 and S4), and extensive simulations are
required for quantitative image interpretation. Additionally, fast data acquisition and low dose
imaging capabilities outperforming conventional imaging techniques are retained in the multislice
ptychography similar to single-slice ptychography (figs. S10 & S11) (/7). At present, a
conventional imaging mode is still needed to align the microscope and survey the sample as the
present detector technologies and reconstruction algorithms are still too slow for live feedback.

We shift to experimental data collected on a 300 keV Titan Themis with an electron
microscope pixel array detector (EMPAD) (25). Full experimental details are given in the
supplementary (23). Figure 2A shows one region of the phase image reconstructed using an
experimental dataset from a PrScOs3; sample with a thickness of 21 nm projected along the [001]
zone-axis, where the c-axis of PrScOs is taken as the longest axis; this is the non-standard Pbnm
setting of space group #62 (a=5.61 A,b=5.78 A, and ¢=8.03 A) (26). The phase image resolves all
atoms in the structure and outperforms state-of-the-art conventional electron microscopy (Fig. S6)
in terms of contrast and resolution: all sublattices including both heavy-metal atoms, Pr and Sc,
and light O atoms are resolved with a high contrast and signal-to-noise ratio. For this experimental



data, both a partial coherence treatment of the electron probe (/7, 27) and multiple slices (/8, 21)
are critical factors to obtain a high quality reconstruction (fig. S7).

The high spatial resolution phase image of Fig. 2A is borne out by quantitative analysis. In
real space, the Pr-Pr dumbbells with a separation of only 59 pm are resolved with a contrast of 63%
(Fig. 2B), which is better than the contrast of two point objects separated at the Rayleigh criterion,
73%. Therefore, the image has a Rayleigh resolution much better than 59 pm. Nevertheless, the
exact resolution can only be determined after considering the finite atomic size instead of assuming
point objects (28). We can also resolve the O-Sc-O triple atom projections even though the light
O atoms are only 63 pm (26) away from the heavier Sc atoms (Fig. 2C), and these cannot be
resolved using conventional imaging techniques. The power spectrum from the Fourier
transformation of the phase image (Figs. 2D and 2E) shows an isotropic information transfer that
is larger than 4.39 Al corresponding to 23 pm in real space.

In order to estimate the spatial resolution of the ptychographic reconstruction, the intrinsic
width of the atoms needs to be taken into account. The static projected potential of PrScOs (i.e., at
zero Kelvin and neglecting zero-point thermal fluctuations) is very narrow (Fig. 3A). Nevertheless,
the experiments were carried out at room temperature (300 K), and thermal fluctuations of atoms
greatly broaden the potential (Fig. 3B). Additionally, imaging conditions, such as the finite
illumination dose and maximum scattering angle of the collected diffraction patterns (/5), will
further impose a broadening factor in the reconstructed phase image (Fig. 3C). The combined
effects of limited resolution and thermal fluctuations on the measured potential (Fig. 3D), each
being roughly Gaussian in profile, can be added in quadrature and approximately modelled as a
convolution of one Gaussian function with the static, frozen potential (23). From the experimental
data, the measured widths (full width at half maximum, FWHM) of each atomic column estimated
from more than 60 atomic columns are 44 + 1 pm, 45 = 1 pm, and 54 + 2 pm from Pr, Sc and O,
respectively. By comparing the measured column widths with the Gaussian convolved potential,
we can obtain the combined broadening factors (i.e., the FWHM of the convolved Gaussian) of 28
pm, 25 pm, and 34 pm for Pr, Sc, and O, respectively (fig. S12 and Table S1).

Thermal broadening factors of atoms can be calculated from Debye-Waller factors (DWFs)
obtained from X-ray diffraction (XRD) measurements. We also measured DWFs from quantitative
convergent beam electron diffraction (QCBED) (Table S2 and fig. S17) (29). The DWFs of Pr and
Sc atoms from our QCBED measurements agree well with XRD measurements from PrScOs3 single
crystals (26). For example, after converting to the FWHM of the thermal displacement, the thermal
broadening factor for Pr from both XRD (26) and QCBED is 23 pm, compared to the measured
total broadening of 28 pm for our reconstructed image. In other words, most of the measured
broadening is already accounted for by the thermal vibrations in the sample. The remaining
residual broadening can be attributed primarily to the uncertainty imposed by the finite incident
dose and uncorrected instabilities (/5). We estimate the residual instrumental contribution via
quadratically subtraction, which gives the residual blurring (as a Gaussian FWHM) of our
ptychographic reconstruction at Pr and Sc sites of 16 + 1 pm and 15 + 1 pm, respectively. We note
that QCBED gives a larger DWF for oxygen site #2 (O#2) than does XRD. The resolution of O#2
1s 23 + 2 pm or 19 + 2 pm, depending on whether the QCBED or XRD result is adopted. It is not
surprising that the resolution estimated from different elements is different, because the quality of
the ptychographic reconstruction at a finite illuminated dose is dependent on the scattering power
of the object (15). Therefore, the Abbe resolution of the ptychographic reconstruction, which
approximately corresponds to the FWHM of point-spread function (23), is better than 15 = 1 pm



and its Rayleigh criteria with a factor of 1.22 correspondence is 18 = 1 pm. In all cases, the column
width of the ptychographic reconstruction is mainly limited by the finite size of atoms determined
by their thermal fluctuations instead of the imaging system itself. Going forward this method
should be capable of measuring directional anisotropies of thermal vibrations for individual point-
defect-like structures such as diamond Nitrogen-vacancy centers being explored for quantum
computing and quantum communications.

Besides the resolution improvement, the precision for measuring the atomic positions is
also significantly improved. Figure 3E shows the repeated measurements of Pr-Pr atomic distances
with a standard deviation of 0.7 pm, which indicates that we have achieved a sub-picometer
precision simultaneously with the 16 pm resolution. More importantly, the positions of the light
oxygen are also measured precisely. Since there are two different bond lengths in the distorted
ScOg octahedra in PrScOs, the Sc-O distance along two vertical directions, labelled as d; and d,
on Fig. 3D, are not equal. The precision is close to 1 pm and the histogram in Fig. 3F shows
distinguished d; and d, values, 203.0 + 1.5 pm and 205.2 + 1.3 pm, respectively. d; and d, only
differ by ~ 2 pm and picometer precision is required to distinguish such a small difference.
However, high precision of atomic positions from conventional imaging techniques can only be
realized for heavy metals (30), but not reliably for light elements such as oxygens (37). The high
precision together with the high resolution measurement for both heavy and light atoms are crucial
for correlating structures and functionals in materials. Multislice ptychography does not rely on
lateral periodicity, so it can be applied equally to defects and grain boundaries as it can to single
crystals.

Multislice electron ptychography also allows for three-dimensional structure determination
since it iteratively retrieves the sample structure at different layers. The depth resolution and the
optimal depth sampling are determined by the out-of-plane curvature of the Ewald sphere and the
largest scattering vector at which usable information can be collected (27). First, we check the
reconstructed structures at different slices from the experimental results; three example slices are
shown in Fig. 4A (all slices given in Movie S1). We find that the slices at the beginning and at the
end (Movie S1) show very small phase shifts. In middle slices, the phase images show strong
contrast and clear structural features. Figure 4B shows a depth profile of the phase change cut
along the Pr-O direction (marked as a dashed line on Fig. 4A). This depth evolution comes from
the fact that the sample is close to a parallel-sided film and there are vacuum layers above and
beneath the film (Fig. 4C). The electron beam changes shape as a function of depth into the sample,
which is properly accounted for in the multislice electron ptychography algorithm, and as a result
recovers a phase shift that is linearly proportional to the electrostatic potential of the sample at
each different depth slice. The broadening of the depth profile from each surface of the rectangular
slab is fitted by an error function (23) and gives a depth resolution of ~ 3.9 nm estimated from the
width of the error function fitted to the phase variation vs. depth at Pr sites (Fig. 4D). This is better
than the aperture-limited depth resolution of 5.1 nm from conventional optical sectioning imaging
(23).

We also find through simulations that multislice electron ptychography can enable the
detection and locating of interstitials and single atomic dopants in all three dimensions. We
constructed a structural model by introducing single dopants in a 15 nm-thick PrScOs crystalline
matrix and generated diffraction data using mutislice simulations (23). Dopant atoms with different
atomic numbers (Z) will exhibit different visibilities in multislice electron ptychography since their
potentials vary in width and magnitude. Therefore, we introduced defect atoms with a range of



scattering strength, from heavy Pr (Z = 59) to light O (Z = 8) and placed them at both interstitial
(Fig. 4E, F) and substitutional (fig. S14) sites, and at different depth positions. Figure 4E shows
the reconstructed phase images from three slices out of 30 total slices (Movie S2) from the two Pr
dopants at depths differing by 3 nm. The depth profile across the two single dopant (Fig. 4F) shows
well localized contrast in all three dimensions. The depth resolution estimated from the full width
at 80% of the maximum (FW80M) at the dopant peak in the depth profile (Pr2 in Fig. 4G) is 0.9
nm. Depth profiles from single Pr, Sc, and O dopant (Fig. 4G) are similar and show FW80M in
depth of 0.9 nm, 1.6 nm, and 2.0 nm, respectively. This also shows that the depth resolution
depends on the scattering power of the dopant, which in turn depends on the atomic number, as
noted for the lateral resolution discussed earlier. A strong contrast and good depth resolution are
also retained for single substitutional dopants on the atomic columns (fig. S14). Importantly, the

. C . .. . A
depth resolution from multislice electron ptychography exceeds the aperture-limited resolution (;,

where A is the wavelength and « is the probe-forming semi-angle), and it has an illumination-dose
dependence (Fig. 4H). Additionally, the depth resolution depends on contrast and transverse
resolution and can be potentially improved by collecting electrons scattered to higher angles and
using a more converging or diverging electron beam (21).

Since conventional imaging methods are based on projections through the entire sample,
single dopants embedded in a relatively thick matrix usually show little or no contrast (fig. S16).
Only dopants with large atomic numbers in a light element matrix and a very thin sample may be
detectable. For example, a Sb atom in a silicon matrix can only be distinguished using STEM
annular dark-field images in samples thinner than 5 nm (32). Furthermore, there is strong multiple
electron scattering in crystalline samples and the resultant rechanneling of the electron beam may
result in incorrect column locations for dopants via conventional optical sectioning methods (33).
These artifacts also have consequences for electron tomography, the most commonly used
technique for determining three-dimensional structures of samples, because poor or incorrect
contrast from single dopants in the projection images used for electron tomography hinders their
identification and correct localization. The recovered linear signal provided by our full inversion
of electron multiple scattering via multislice electron ptychography addresses these deficiencies.
Therefore, multislice electron ptychography provides a powerful tool for locating single dopants
at more than double the resolution in all three dimensions compared to conventional approaches.
Combined with tomography, robust atomic-resolution details of defect clusters should be possible
in all three dimensions.
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Fig. 1. Principle of multislice electron ptychography.

(A) Experimental setup for electron ptychography. (B) Intensity distribution of electron probe
during free-space propagation. The sample position is illustrated by a dashed rectangle. (C)
Transmission functions of multiple objects at different depth positions reconstructed via multislice
electron ptychography, y; (i=1, 2, ..., n). (D) Total phase images summed from each slice
reconstructed via multislice electron ptychography (MS-ptycho) using simulated detector data for
PrScOs; [001] samples with different thicknesses. The slice thickness used is 0.5 nm.
Corresponding phase images reconstructed via single-slice electron ptychography (SS-ptycho) are
also shown for comparison. The scale bar is 2 A. A structural model of PrScO; is shown as an
inset. (E) Phases at Pr, Sc, and O atomic sites (marked by a circle, triangle, and rectangle on the
first image of (D), respectively) from samples with different thicknesses obtained via multislice
ptychographic reconstructions. Linear fits are shown as dashed lines.



Fig. 2. Multislice electron ptychographic reconstruction of PrScOs.

(A) Total phase image, from summing all slices, of [001]-oriented PrScOs from a multislice
electron ptychographic reconstruction of experimental data. The scale bar is 2 A. (B) and (C) Phase
profiles across Pr-Pr dumbbells and O-Sc-O directions, respectively. The red shading illustrates
the variation from about 60 profiles at different atomic columns and black lines are their average.
Example positions are marked as dashed blue lines on (A). (D) Intensity of Fourier transformation
of the reconstructed phase image. The scale bar is 1 A™'. (E) Power spectrum along the direction
marked by the dashed arrow in (D). The intensity of power spectrum in (D) and (E) is weighted as
a power of 0.2 to highlight the high-frequency information transfer. The Bragg peak of 020 is
labelled on (E).

Fig. 3. Spatial resolution and measurement precision from multislice electron ptychography.

(A) Projected electrostatic potential of PrScOs3 in the absence of thermal vibrations. (B) Projected
potential after the thermal broadening at 300 K. (C) Ptychographic reconstructed potential from
simulated data including thermal fluctuations from 21 nm thick PrScOs sample. (D) A cropped
region of the ptychographic reconstructed potential from experimental data. The potential in both
(C) and (D) is normalized to the unit-cell thickness (8.03 A). (E) Histogram of projected Pr-Pr
distances from experimental measurements. The average Pr-Pr distance is 0.586 + 0.007 A. (F)
Histogram of the projected Sc-O bond-length from experimental measurements. d; and d,
indicate different Sc-O distances along the two vertical directions as labelled on (D). The average
Sc-0 distances are 2.030 + 0.015 A and 2.052 + 0.013 A, respectively. The scale bar in (A)-(D) is
1 A.

Fig. 4. Depth sectioning of multislice electron ptychography.

(A) Ptychographic reconstructed phase of three selected slices at different depths, z, from
experimental measurements of PrScOs. The sample thickness is initially assumed as 30 nm during
the reconstruction, but the retrieved sample thickness is 21 nm. (B) Depth profile of phase intensity
along the Pr-O direction marked on (A) by the blue dash-dotted line. (C) A cartoon showing the
electron beam spreading into the sample. (D) Measured depth profile of the phase at different
atomic columns in (A). The full width at 80% of the maximum from the error function fittings are
3.9 nm, 3.5 nm, and 4.2 nm of Pr, Sc, and O sites, respectively. (E) Simulated ptychographic
reconstructions of the phase for three selected slices from a model with two interstitial Pr atom
dopants located at a depth separation of 3 nm. (F) Depth variation of phase intensity across the Pr
dopants. The two Pr dopants are marked with arrows. (G) Depth variation of the phase for different
dopant positions. The solid lines are Gaussian fits. The results in (E) to (G) are for a modeled
illuminated dose of 108 e- A*2. (H) Computed depth resolution for multislice electron ptychography
as a function of illuminated dose. The aperture-limited depth resolution (4.3 nm) is shown as a
dashed horizontal line. The scale bar in (A) and (E) is 2 A.
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Materials and Methods

Experimental conditions

Single PrScOs crystal used in this study was grown by the Czochralski melt growth technique (36).
A stoichiometric mixture of Pr¢O11 and Sc2O3 was used as the starting material and melted in 40
ml iridium crucible. Crystallization was initiated by immersing a seed crystal perpendicular to (101)
in the melt and the crystal was pulled at a rate of 1.0 mm/h. The whole thermal process was carried
out in N2 protective atmosphere. PrScO3 exhibits a strong tendency towards spiraling and — due to
the very high melting temperature — the crucible failure. These issues are discussed in some detail
in (36).

Transmission electron microscopy (TEM) specimen was prepared from a PrScOs single crystal
with Ga+ ion beam using the standard lift-out method on a focus-ion-beam (FIB, FEI Strata 400).
Subsequent lowering the energy of the ion beam down to 2 keV was used to reduce sample damage
during thinning. The thinnest part of the wedge-shaped sample is smaller than 10 nm.

TEM experiments were performed on an aberration-corrected electron microscope (Thermo Fisher
Scientific, Titan Themis) with a probe-forming aperture semi-angle of 21.4 mrad at 300 keV. The
four-dimensional scanning transmission electron microscopy (4D-STEM) dataset from PrScOs;
single crystal along [001] zone-axis was acquired using a high-dynamic range electron microscope
pixel array detector (EMPAD) with 128 x 128 pixels (26). We adopted a defocused electron probe
focusing ~ 20 nm above the sample top-surface plane. The acquisition conditions of 4D dataset
are as follows: the scan step size is 0.41 A, total scanning points are 128 x 128 with a scanning
area of 5.2 x 5.2 nm?, the beam current is ~ 33 pA, the acquisition time per diffraction pattern is 1
ms with an additional 0.86 ms readout time, giving an illumination dose of 1.2 x 10° e A2 A
proper camera length was chosen to ensure the maximum scattering angle of the acquired
diffraction is about 2.5 times of the probe-forming semi-angle with a sampling of 0.823 mrad per
pixel in the diffraction patterns.

Reconstruction algorithms

Modern electron ptychography usually uses the diffraction patterns acquired from partly
overlapped positions in the scanning setup (Fig. S1). For thin samples such as 2D materials,
electron ptychography is based on the approximation that the wavefunction at the exit-surface
plane of the sample, ¥;(r), is a multiplication of the incident wavefunction and a single complex
transmission function (37),

Y;(r) =P(r—r)o(r), (S1)

where P is the probe function, O(r) is the transmission function or the object function of the
sample, r is the real-space coordinates and 1; is the probe position of the j-th diffraction pattern.
In the generalized phase object approximation, we can write, O(r) = A(r)exp (ioV(r)), where



the phase of O(r) is the sample electrostatic potential, V' (r), containing the sample’s structural
information and the interaction constant, o, which depends only on the energy of the incident
electron beam. A(r) is the amplitude in the sample reflecting electrons scattered outside the
detector, A(r) =1 for a pure phase object. Atomic resolution electron ptychography
measurements on 2D materials that outperform conventional imaging modes have been
demonstrated recently (/5,17).

However, for samples thicker than a few nanometers where significant multiple scattering occurs,
the multiplicative approximation no longer holds. The thickness limit, 7, is empirically given as

1.34
T<—

5 if only the probe propagation effects are considered (27), where 0,,,4 is the maximum

scattering angle of the diffraction pattern and A is the wavelength of electron beam. Typical
imaging conditions in TEM gives a thickness limit of only a few nanometers (/7). Multiple
scattering in conventional imaging techniques has been intensively investigated via numerical
simulations (6, /6). Following the well-known multislice theory in TEM (5), schematically shown
in Fig. S1D, the object function of the sample can be divided into multiple slices. For each slice,
there is a separate potential V;(r) (i=1,2, ..., n, n is the number of slices) representing the projected
potential of the slice within slice thickness of Az;. If each slice is sufficiently thin, the
multiplicative approximation holds within the slice and the exit wave at the j-th probe position be
calculated as,

1/)exit,j(r) = On(r)]P)(r:AZn—l) ®[02 (r)]P’(r,Azl)®[P(r - 1']-)01(r)]], (SZ)

with a free-space Fresnel propagator between each slice that accounts for, and encodes depth
information, into the wavefunction. The Fresnel propagator IP(r, 4z;) can be rewritten in Fourier
space (k-space), p(Kk, 4z;), within the small-angle paraxial approximation as,

p(k,Az) = exp (—inAz;Ak|?), (83)

Based on these ideas, multislice ptychography, firstly proposed in 2012 (/8) inversely retrieves
the object function at each slice and at the same time the incident probe function at each slice. We
implemented multislice electron ptychography in the framework of the generalized maximum-
likelihood method with gradient descent optimization algorithms (/7, 38, 39). The partial
coherence of the electron probe is treated via a mixed quantum state (27) similar to that used for
conventional electron ptychography for thin samples (/7). Each probe mode propagates separately
through all slices to form separate exit-surface wavefunction, and the total diffraction pattern is
the incoherently summation of the diffraction patterns from each probe mode.

After reconstruction, which decouples the effects of beam propagation from the phase shift at each
slice, three-dimensional structures are recovered in the depth-dependent object functions of
multiple layers [ O;(r), O,(r),--, O,(r)]. To compare with the phase from single-slice
ptychography, , the projected object function is obtained by a product of the object function from
all slices (21),

0(r) = [l 0:(r), (S4)



The total projected potential from multislice ptychography can be numerically calculated by
summing the contributions from each slice and converted to an effective phase,

Ptotal = 2?:1 (Pi(l') = 02?:1 Vi(r) = O-Vtotal(r)’ (S5)

where ¢; (1) is the phase of the object function for the i-th slice, 0;(r), V;(r) is the potential of the
i-th slice, and V;,;4; () is total projected potential.

Figure S5 shows a multislice electron ptychography reconstruction from a 128 x 128 experimental
diffraction patterns, including the phase and amplitude of the sample as well as the intensity of all
12 probe modes. We find that for the experimental data from PrScO3 sample, both multiple slices
of the object and a mixed-state probe must be employed in order to obtain a high-resolution
reconstruction (Fig. S7). Similar to the single slice ptychography demonstrated recently (/7),
probe position refinement and variation of probe wavefront is also critically important for
multislice ptychography. The difference here is that there are many slices. In principle, the probe
position can be refined from the gradient of the object or probe in any slice (27, 38) . But we find
that position refinement based on the object function of some middle slice works the best.

The number of slices, n, depends on the total sample thickness and the slice thickness (or more
accurately, the propagation distance of each slice). We tested the effects of the slice thickness on
the quality of the reconstruction with a fixed total thickness of 20 nm using simulation data from
20-nm-thick PrScOs (Fig. S8). We find that a high-resolution reconstruction can be obtained when
slice thickness, Az; is smaller than ~ 2 nm. Further resolution improvements of the total object
function can be seen when the slice thickness is reduced, down to 0.5 nm. However, smaller slice
thickness means that a larger number of slices is required for a fixed sample thickness and more
object functions need to be reconstructed. It is worth mentioning that the slice thickness is not
correlated to the periodicity along z-direction of the sample since multislice ptychography
algorithm does not require any periodicity in the z-direction (nor the lateral dimensions) of the
sample. If a more strongly converging or diverging probe with a resulting smaller depth of focus
is adopted, the sample potential could be depth sectioned using thinner slices. With the most
modern instruments, it should be possible to increase the angles so that sufficiently thin slices of
the potential can be retrieved by multislice ptychography at the depth resolution needed to resolve
the periodicity along z-direction encoded in high-order Laue zones. Therefore, we chose Az;=0.5
nm for all the reconstructions except for those explicitly specified. It is worth mentioning that the
best slice thickness may be dependent on the convergence angle of the probe (27) and the scattering
power of the sample. We note that for thick samples or experimental data with large errors from
the probe position measurements, artifacts may appear if too many slices are used. This is mainly
due to the intrinsic ambiguity to decouple the object and the probe when depth of focus of probe
is much larger than the slice thickness (/8). To avoid such artifacts, we implemented a new
regularization algorithm. For each iteration, low spatial frequencies information of object functions
from different slices are weighted by a regularization factor in Fourier space after unwrapping the
phase of object layers (39). This is basically to model the information mixing between slices due
to small phase factors of probe at low spatial frequencies in Fresnel propagator (27). A strong
regularization making all slices near identical helps for probe position refinement and can be
employed as a first step to get a better initial start. Additional reconstructions with lighter



regularization parameters allow for a good sectioning of structural features at different depths,
such as identifying the single atomic dopant.

We treat the sample thickness as a free parameter. The correct thickness can be determined from
two different criteria (Fig. S9). First, the numerical difference between the diffraction patterns
generated from ptychography and the measured ones reaches a minimum when the thickness is
correct because a best match to the reconstruction is achieved at this condition. Second, the total
phase from all slices reaches about the maximum at the sample thickness. Maximum phase
negligibly increases when the sample thickness further increases because the depth part of the
sample larger than the real thickness is basically vacuum layers and has negligible contribution to
the total phase. The sample thickness determined from these two separate strategies agrees very
well and both give the correct thickness when tested by simulation (Fig. S9).

For thick samples, it may be difficult to get a converged reconstruction from multislice electron
ptychography. Firstly, object functions at many slices must be determined, and more unknown
parameters may lead to insufficient data diversity required for the phase retrieval problem.
Secondly, the electron intensity distribution within the sample can be very diffused due to the
multiple scattering and beam propagation. Under the conditions studied in this article, it is
relatively straightforward to obtain high-resolution reconstructions from samples thinner than 30
nm in PrScOs. With increasing sample thickness, the electron probe spreads laterally to larger
sample regions due to the longer propagation distance within the sample, and thus each diffraction
pattern includes scattering events further away from the probe position. Consequently, larger
scanning regions in real space and better samplings in diffraction space are needed for thicker
samples, such as the simulated 50 nm thickness shown in Fig. S2.

Importantly, the phase image from multislice electron ptychography (Fig. 1E and Fig. 2A) has a
strong atomic-number dependent contrast (~ Z*%") and allows for visualizing both heavy (Pr) and
light (O) elements, which can provide rich structural information in complicated compounds with
multiple elements. The similar phase magnitude from Pr and Sc columns is from there being double
the atomic density along Sc columns compared to Pr columns. Moreover, although we did not need
to do so here, we note that small sample mis-tilts (< 20 mrad) away from zone-axis condition can
be corrected with multislice electron ptychography because it retrieves the object function
separately at different depth positions. The mis-tilt would then appear as a systematic depth-
dependent shift of each slice and can be corrected by using a post-image registration of all slices.
The aligned image would retain high resolution provided the projected blur from each slice is small.

Multislice electron ptychography also retains the advantage of faster data acquisition as with
single-slice out-of-focus electron ptychography (/7) compared with conventional scanned imaging
techniques. As we know, the real space sampling in the ptychographic reconstruction is determined
by the largest scattering angle of the diffraction patterns instead of the scan step size, i.e., the
interval between two neighboring positions where the diffraction pattern is acquired. Scan step
sizes as large as 4 A using EMPAD detectors can be used in conventional single-slice electron
ptychography for thin samples such as 2D materials (/7). In that case, the scan step (4 A) is about
10 times larger than the real-space resolution (0.4 A) and 20 times larger than the scanning step
size (0.2 A) that would be required to obtain such resolution following Nyquist sampling. For
conventional imaging, in practice, the scan step should be smaller than Nyquist sampling (~ 0.2 A)



and thus 20 x 20 times more scanning points are required. Consequently, ptychography can
potentially gain a four-hundred-fold increase in the data acquisition speed compared to
conventional scanning TEM (STEM) imaging due to its capability of sparse scanning, for the cases
when the imaging speed is limited either by the scanning or detector speed. For thick samples,
there are more features in the diffraction patterns due to strong multiple scattering. Furthermore,
more unknowns about the multiple object functions also require a higher data diversity. Therefore,
a higher sampling for both diffraction patterns and scanning plane is expected. Whether there is
still a gain in data acquisition speed for multislice electron ptychography needs to be revisited.
Using the experimental data from a 21-nm-thick PrScOs; sample, we find that high-quality
reconstructions can still be achieved with a scan step size up to ~ 1 A, which is ~ 5 times of the
resolution or ~ 10 times larger than the pixel size in the reconstruction (0.093 A) (Fig. S10). This
gives about one hundred times gain in data acquisition speed, which is smaller than that for thin
samples but still significant. It is possible that an even larger scan step size can be used if the probe
coherence is improved, number of camera pixels is increased, or the local fluctuation of the probe
position during data acquisition is reduced.

Another advantage of electron ptychography is its dose efficiency. In conventional single-slice
electron ptychography, low dose imaging has been demonstrated using 2D materials or biological
materials (17, 40-42). For thick sample, phase contrast imaging techniques such as conventional
high-resolution TEM (HRTEM) (6) or in STEM such as integrated center-of-mass/differential
phase contrast (iCoM/iDPC) (16) or single-slice electron ptychography (43, 44) do not show a
good resolution or direct interpretable structural information. We usually use high angle annular
dark-field (HAADF) or annular bright field (ABF) images to resolve heavy or light elements,
respectively. We compare the dose efficiency between HAADF, ABF and multislice electron
ptychography via simulations for a 15 nm thick PrScO3 sample (Fig. S11). Ptychography achieves
a factor of more than ten times dose reduction for identifying light atoms such as oxygen atoms
and 3-5 times for heavy atoms such as Pr atoms.

The main limitations for the routine application of multislice electron ptychography include the
need for fast-detector technologies and the computational demands of the reconstruction. Present
2D detector arrays are still 100-1000 times slower than the point detectors used for conventional
STEM imaging modes such as HAADF or ABF imaging (25, 45, 46). This hampers distortion-
free data acquisition especially for in-situ experiments where the sample is evolving dynamically,
and at present, the reconstruction algorithms are too slow for live feedback. The required
computational resources are mainly dependent on the sample thickness, number of probe modes
and number of pixels in each diffraction pattern. For the reconstruction in Fig. S5 using 256 x 256
pixels of the detector, 128 x 128 diffraction patterns, 12 probe modes and 42 slices, ~ 45 minutes
per iteration are needed on a Nvidia Quadro P5000 GPU card. We only need fewer than 100
iterations to get a converged solution if the initial probe is firstly retrieved from a small sub-region
of the same dataset. Further optimization of the codes, especially better parallelization, is needed
to realize live reconstructions during data acquisition.

Resolution and thermal fluctuations

From linear imaging model, the measured image, I(r) is the convolution of the true object by a
point spread function (PSF),



I(r) = PSF ® O(r).

For a point object, expressed as a Dirac delta function, §(r), the width of the PSF is the width of
the final image, since the final image, I(r) equals to the PSF. However, the atomic potential is not
point object but has a finite width. For the potential from the ptychographic reconstruction, V(r),

V(r) = PSF @ Vr (1),

where V(1) is the potential at room temperature of 7=300 K. It is worth mentioning that the PSF
here is not the commonly-used, probe-based distribution in conventional STEM images such as
ADF images (47). It is a numerical blurring function that is used to model the residual blurring
from ptychography for contributions other than lattice vibrations. The PSF can be approximately
considered as a Gaussian function,

r2
PSF = a,, exp <——>
pty 2
205y

The full-width at half-maximum (FWHM) of the PSF can be defined as the resolution,
approximately following the Abbe resolution,

The thermal broadened potential at 300 K can be calculated from the Debye-Waller factors
(DWFs), B and the potential at 0 K, V,(r) (47),

r2

Vr(r) = ajexp (— ) ® Vo (1),

20Bwr
where opywr = \/g. The width of the thermal broadening, dpwr = 2+/2 In(2) opwr. Therefore,

V(r) =G(r) @ Vy(r), where, the total broadening can be expressed as a Gaussian function,

2
G(r) =aexp(——), and Oy = /agty + ofwr » the total width dyor = 24/21n(2) 0ot -

2
200t

Therefore, the width of the PSF can be determined via dpy, = /d: — dfe-

To determine the resolution of the ptychographic reconstruction from the experimental data, we
firstly measured the width of each atomic column from the reconstructed phase image. We used
Voigt functions to fit the profiles across the atomic positions. The width (FWHM) of Pr, Sc, and
O (O#2) are 44 £ 1 pm, 45 £ 1 pm and 54 + 2 pm, respectively, statistically averaged from more
than 60 Pr-Pr dumbbells, Sc or O columns. Only the isolated oxygen columns (O site #2) are used
for the width measurements. The oxygen atoms that in projection are near Sc (O site #1) are too
close to Sc to be reliable width to be extracted from the curve fit. The O-Sc-O triple atoms cannot
be resolved even for the simulated projected potential (Fig. 3B) where there is no instrumental
blurring. Then we calculated the potential at 0 K excluding zero-point fluctuations using the
scattering factors from relativistic Hatree-Fock atomic wavefunctions (48, 49). Starting from the
simulated potential at O K, we can obtain a broadened potential by convolving Gaussian functions



of different widths. The width of the atomic columns in the broadened potential is approximately
linearly dependent on the width (FWHM) of the Gaussian function (Fig. S12D). A total broadening
factor (diot) can be determined by matching the width of the broadened potential with the
experimental ones. From the Debye-Waller factors refined from X-ray diffraction of single crystals
(26), the thermal broadening widths (dpwr) from Pr, Sc, and O columns are 23 pm, 20 pm and 28
pm, respectively. The resolution (dpy) of our ptychographic reconstruction estimated from Pr, Sc,
and O columns are 16 pm, 15 pm and 23 pm, respectively. Such a resolution estimation from the
width of the point spread function is close to the Abbe resolution definition. Therefore, the
corresponding Rayleigh resolution are 20 pm, 18 pm, and 28 pm. All related quantities are listed
in Table S1.

We also measured Debye-Waller factors (DWFs) of PrScOs3 using quantitative convergent electron
diffraction (QCBED). Firstly, the electron beam energy of the microscope that is crucial for DWFs
measurements was calibrated using energy filtered (EF) CBED pattern from a standard silicon
sample near the [320] zone axis (29). EF-CBED was performed using a post-column Gatan GIF
Tridiem energy filter through an energy window of 10 eV, with a probe size of ~ 1 nm at FWHM
(full-width at half-maximum) on a Titan Themis electron microscope. The beam energy was
determined as 300.4 keV by comparing the intersection of experimental high-order Laue zone
(HOLZ) lines with calculated HOLZ lines (50). The DWFs are estimated by matching the
experimental EF-CBED patterns with Bloch-Wave simulations using the EXTAL program (29, 51,
52). To improve the precision of DWFs, we deliberately tilted the sample to a systematic row
orientation to excite the HOLZ Bragg reflections. The CBED and the fitting results are shown in
Fig. S17. The DWFs from our QCBED are listed in Table S2. Compared with previous X-ray
diffraction (XRD) measurements, we find that our measurements are similar to that from XRD of
single crystals in 2009 (XRD2009) (26) but have some deviations from that of XRD measurements
from polycrystals in 2004 (XRD2004) (53). Compared to XRD2009, the only obvious difference
is the DWF of oxygen site #2, which is not surprising since XRD has large uncertainties in
determining DWFs from light elements. It should be noted that the expected electron beam induced
temperature change of the sample using the current density of ~10° A/cm? for both CBED and
ptychography is less than 1 K (54), which causes a negligible change of DWFs. Therefore, the
Abbe resolutions of our ptychographic reconstruction estimated using DWFs from QCBED are 16
pm, 15 pm and 19 pm from Pr, Sc, and O columns, respectively, and the corresponding Rayleigh
resolutions are 20 pm, 18 pm, and 23 pm.

Electron diffraction simulations

To investigate the performance of multislice electron ptychography in different experimental
conditions, such as the sample thickness or illumination dose, we simulated 4D-STEM diffraction
patterns using PrScO3 sample as a model system and multislice simulation program, uSTEM (55).
Projected potential was constructed from 8 x 8 unit-cells with an area of 4.49 x 4.62 nm? under a
periodic boundary condition. Thermal diffuse scattering is included under the frozen-phonon
approximation with 20 phonon passes. Debye-Waller factors of PrScOs from X-ray diffraction
refinement results (26) were adopted for simulations of crystalline samples. A larger Debye-Waller
factor of Pr (B=0.12 A?) in dopants simulations for depth resolution studies is used to model a
deeper potential. Parameters such as beam energy and probe forming semi-angle from the
experiments were used in the simulations. A series of different sample thickness was performed.



For sample thickness from 0.8 nm to 30 nm, we used a probe focusing 20 nm above the sample
and generated 35 x 36 diffraction patterns with 256 x 256 total pixels per pattern and a sampling
of 0.856 mrad per pixel during the ptychographic reconstructions. But for the sample thickness of
50 nm in Fig. S2, a better sampling with 0.428 mrad per pixel and 512 x 512 total pixels for a real-
space sampling of ~ 9 pm is required. Furthermore, we find that more diffraction patterns from a
larger scanning area (68 x 70 diffraction patterns) are required to obtain a good convergence during
ptychographic reconstruction for the 50 nm thick sample, because the electron probe spreads to
larger sample regions due to longer propagation distance within the sample. We also used a smaller
defocus value of 10 nm to ensure that the beam is not too diffused within the sample. Scan step
for all simulations is about 46 pm and the pixel size in the final reconstructions is 9 pm. Poisson
noise was added to model the finite illumination dose conditions. Illumination dose used for Fig.
1 and 2 is 10° e- A2, which is close to experimental data (1.2 x 10° e-A2).

Depth resolution of multislice electron ptychography

The spatial resolution along the optical axis, or depth resolution, dz, is limited by the probe
forming aperture, «, in conventional imaging techniques. Using the full width at 80% of maximum
(FW80M) intensity of the probe along the optical axis, the depth resolution of incoherent imaging

modes is dz = % (56). For the 300 keV electron beam and a = 21.4 mrad used in this work, the

aperture limited depth resolution is 4.3 nm. Chromatic aberration of the microscope also introduces

a defocus blurring, df = C, 2—}3 , where C, is the chromatic aberration coefficient, AE is the energy
0

spread of the electron beam with total energy of E,. Here in our electron microscope, C, = 2 mm,
AE =0.4eV (FW80M), and E, = 300 keV, and then df = 2.7 nm. These effects should be
convolved with each other. Therefore, the total depth resolution from conventional imaging
techniques is approximated by adding these two terms in quadrature to give a combined depth
resolution of 5.1 nm.

We investigated the possible depth resolution at the atomic resolution regime in multislice electron
ptychography using two different methods. First, we examined the depth broadening of the phase
change at the sample top and bottom edges, as the sample can be considered as a parallel slab
shape. Depth resolution can be measured as the width of the step function, which can be fitted
using an error function at each side of the sample. We adapted the width of FW80M and the
averaged value from both surfaces using the phase profiles at Pr atomic column positions. The
results from experimental data have been discussed in the main text Fig. 4. Depth resolution from
simulated data for a 20-nm-thick PrScO3 sample is 2.0 nm using a dose of 10° e- A2 similar to the
experiment (Fig. S13). Compared to the results from the experiments, the depth resolution from
simulation is about two times better. There are two main reasons. Firstly, there is further depth
blurring due to the chromatic aberrations (57) and partial spatial coherence in the experimental
data. Secondly, a stronger regularization imposing a further broadening between slices has to be
employed to get a good reconstruction for the experimental data. Because uncertainties from probe
partial coherence and refined probe positions introduce additional difficulties during decoupling
the object and probe.



We also studied the depth resolution by directly measuring the depth positions of single dopants
by model simulations. We introduced single dopants into a 15 nm thick crystalline matrix of
PrScOs. Since depth sectioning for dopants at different depth positions and within atomic columns
or in interstitial positions performs very differently in conventional optical sectioning methods due
to the strong dynamical scattering (33), we introduced two different types of dopants. Firstly,
single Pr, Sc, and O atoms are put in the intersitial sites between atomic columns of the matrix, ~
1 A apart from the nearest atomic columns in the [001]-axis projection. The depth positions (z) of
Pr, Sc, and O single dopants are at 10.7 nm, 4.6 nm, and 7.5 nm, respectively. We also put two Pr
atoms at the same lateral position but 3 nm apart along the optical axis to directly demonstrate the
real-space depth resolution. Two Pr atoms are at z=7.5 nm and z=10.5 nm, respectively. We can
resolve the two Pr dopants in real space if the illumination dose is higher than 10° e- A? (Fig. S15).
Secondly, we replace one Pr atomic site (z=7.4 nm) with one Sc atom and one Sc atomic site
(z=7.5 nm) with one Pr atom to demonstrate whether the dopant in the atomic column can be
resolved. We can also distinguish the substitutioinal dopants in high illumination dose condition
(Fig. S14C and D). However, there are extradinary difficulties for conventional optical sectioning
in such a condition (32). The phase images of all slices are shown in Movie S2, sequentially from
top to bottom of the sample. All the single dopants are not visible in conventional STEM images,
such as HAADF and ABF images (Fig. S16), even with a very high signal-to-noise in high
illumination dose conditions.
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Fig. S1.

Workflow of multislice electron ptychography. (A) Schematic of the scanning data acquisition.
The defocused probe, illustrated as red circles, scans across the sample. An annular dark-field
image synthesized from the scanning diffraction patterns is shown. (B) One diffraction pattern
from a single probe position. (C) Position averaged diffraction pattern from the whole region. (D)
Representative illustration of multi-slice electron scattering theory. V; is the electrostatic potential
of each slice, i, o is the interaction constant, Az is the thickness of each slice. P is the wave
function of incident probe, and Y, (i=1, 2, ..., n) is the exit-surface wave function of slice i. The
scale bar in (A) is 1 nm and in (B) and (C)is 1 A™.
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Fig. S2.

Multislice ptychographic reconstruction of a 50 nm thick PrScO3 sample from simulated data with
a probe focusing 10 nm above the sample. The sampling in the diffraction pattern is 0.428 mrad
per pixel, which is two times smaller than that used for thinner samples (< 30 nm). Each diffraction
pattern contains 256 x 256 pixels and is padded to 512 x 512 pixels for a better real-space sampling
during reconstruction. Scan step size is 0.46 A, probe forming semi-angle is 21.4 mrad, and the
illuminating dose is 10° e-A2. (A) One selected diffraction pattern. (B) Position averaged
diffraction pattern. (C) Total phase summing of all slices from ptychographic reconstruction. (D)
Averaging amplitude of all slices from ptychographic reconstruction. The scale bar in (A) and (B)

is 1 A! and the scale bar in (C) is 5 A.
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Fig. S3.

Simulated atomic-resolution images of PrScOs sample with different thicknesses for different
imaging techniques. Probe forming semi-angle for ptychography, high angle annular dark-field
(HAADF) and annular bright-field (ABF) images is 21.4 mrad. The contrast of the ABF images is
inverted for direct comparisons with other image modes. Conventional high-resolution TEM
(HRTEM) uses the optimal negative spherical aberration condition for imaging (58) with spherical
aberration, C;=-13 pum, defocus, 5.8 nm, and information limit, 1.25 Al The scale baris 2 A.
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Intensity at atomic column positions of Pr, Sc and O from different images in fig. S3 as a function
of thickness.
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Fig. SS.

Phase (A) and amplitude (B) image of multi-slice electron ptychographic reconstruction from the
whole experimental dataset. Intensity of all the probe modes from mixed-state algorithm are shown
in (C). Indexes of modes and the corresponding fractional intensity in the total incident beam are
labeled on the probe intensity images. The phase image is the summation of the phase of all object
functions from different slices. The amplitude image is the average of the amplitude of all object
functions from different slices. The scale bar is 1 nm.
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Fig. S6.

Image resolution from a conventional scanning transmission electron microscopy (STEM) high-
angle annular dark-field (HAADF) image. (A) Single frame image of a large region. The scale bar
is 1 nm. (B) Averaged image after image registrations using cropped regions from (A) as multiple
frames to improve the signal-noise-ratio. The scale bar is 0.5 nm. (C) Fourier transformation of
the image in (A). The resolution determined from (C) is 0.71 A. The scale baris 0.5 A™.
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Fig. S7.

Reconstructed phase images from single-slice (A), multislice electron ptychography with single-
state (B), and mixed-state (C) for four probe modes and (D) for eight probe modes for experimental
dataset acquired from a 21-nm-thick PrScO3 sample. The scale bar is 0.5 nm.
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Fig. S8.

Reconstructed phase from multi-slice electron ptychography using different slice thicknesses. The
data used is the simulated data from 20-nm-thick PrScO3 sample. The scale bar is 0.5 nm.



Trial thickness (t)
t=1nm t=10 nm B

sample thickness c sample thickness
14 - T D
- 12 7
5 = !
= © i
i g |
: s |
t=20 nm t=30 nm = ® E
£ 9 |
© |
2 = 3 :
v 2 '
0.5 f 0 ;
0 10 20 30 0 10 20 30
Trial thickness (nm) F Trial thickness (nm)
14
~12;
©
o
— 10
a
; ! = 8 |
t=21 nm = . ©
]
| o 6 i
' T
. [ : 4 l
. 2 ; i
0 10 20 30 0 10 20 30
Trial thickness (nm) Trial thickness (nm)
Fig. S9.

Determining the sample thickness from multi-slice electron ptychography. (A) Reconstructed
phase images using different trial sample thicknesses for data simulated from a 20 nm thick PrScOs
sample. (B) Normalized error from reconstructions using different trial thicknesses between the
retrieved and experimental diffraction patterns. (C) The total phase change at Pr atomic site from
reconstructions using different trial thicknesses. At the true sample thickness, the error shows a
minimum and the total phase change reaches the maximum. (D) to (F) Similar as (A) to (C) but
from experimental data. From the minimum of the error and the maximum of the total phase
change, the thickness of the sample can be determined to be 21 nm. Thickness per slice is 1 nm
during all reconstructions. The scale bar in (A) and (D) is 0.5 nm.
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Fig. S10.

Reconstructed phase and amplitude from multi-slice electron ptychography using different scan
step sizes from the experimental data. The sample is PrScO3 with a thickness of 21 nm. The scale
bar is 0.5 nm. Slice thickness of 1 nm was used during ptychographic reconstructions.
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Fig. S11.

Simulations of multi-slice electron ptychography, annular bright-field (ABF) and high angle
annular dark-field (HAADF) images at low dose conditions. Sample thickness is 15 nm. The scale
bar is 0.5 nm.
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(A) Projected potential of PrScOs3 at 0 K. (B) One example potential after convolving a Gaussian
function of the full-width half-maximum (FWHM), 0.28 A. (C) One line profile along the Pr-Pr
dumbbell (marked as blue line on (B)). The black dots are the data points, and the red line is the
fitting of two Voigt functions. (D) The width of atomic columns in the potential broadened by
Gaussian functions of different widths. The cross markers show the width of atomic columns from
the experimental ptychographic reconstruction. The broadening factors (FWHM) for Pr, Sc, and
O are 0.28 A, 0.25 A, and 0.34 A, respectively. The scale bar in (A) and (B) 1s 1 A.
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Fig. S13.

Depth profiles of phase at different atomic columns in ptychographic reconstruction from
simulated data. Sample thickness is 20 nm and the dose is 10° e A2, The depth resolution estimated
from the averaged width (full width at 80 % of the maximum) of two error functions fitted to the
phase variations at Pr, Sc, and O positions is 2.0 A, 2.3 A, and 2.3 A, respectively.
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Fig. S14.

Depth profiles of phase across single Sc dopant and Pr/Sc anti-site dopants from simulations. (A)
Phase image at depth, z=4.5 nm, showing the Sc dopant position. (B) Depth evolution across the
direction marked on (A). (C) Phase image at depth, z=7.5 nm, showing the Pr/Sc anti-site dopant
position. One Pr atomic site is replace by a Sc atom and one Sc atomic site is replaced by a Pr
atom. (D) Depth evolution across the direction marked on (C). The illumination dose is 10® e A2
Scale bar in (A) and (C) is 2 A.
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Fig. S15.

Depth profiles of the phase image from different dopants using different illumination doses by
simulation. Better than 1.6 nm depth resolution can be achieved at a 10° e-A2 dose, the former
was estimated from the full-width at 80% of maximum of the fitted Gaussian to the phase variation
at Pr atomic sites.
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Fig. S16.

Dopant visibility from conventional projection imaging methods for the structural model used in
Fig. 4. The blue, red, and purple circles mark the positions of the double Pr, single Pr and Sc dopant,
respectively. For conventional high-angle annular dark-field (HAADF) and annular bright-field
(ABF) imaging techniques, no contrast can be seen at any dopant site. In phase image summed up
all layers from multislice electron ptychography, a very weak contrast shows up only at the double
Pr site. Contrast from single dopants is hidden by the strong tails of atoms from the matrix PrScOs
structure. The scale bar is 2 A.
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Fig. S17.

Debye-Waller factors determination of PrScOs using quantitative convergent beam electron
diffraction (QCBED). (A) Experimental energy-filtered CBED pattern acquired with sample
oriented ~10.6° away from the [001] zone axis, along the <O10> mirror plane, through a 10-eV
energy window around the zero-loss peak. High order Laue zone (HOLZ) Bragg disks sensitive to
atomic positions and thermal vibrations were selected for refinement. (B) Debye-Waller factor
refinement results by comparing the experimental diffracted intensities (Expt), calculated HOLZ
lines (Fit), and their difference image (Diff). The isotropic Debye-Waller factors (B-factors) were
determined as Pr: 0.737 10&2, Sc: 0.595 AZ, O#1 0.842 A2 O#2: 1.145 Az’ in close agreement with
reported single crystal X-ray diffraction results (26). The CBED is indexed using lattice parameters
a=5.6081 A, b=5.7801 A, and ¢=8.0252 A, and spacegroup of Pbnm (No. 62).



Different Atomic columns

Pr Sc O#2

Column Width (A) 0.44+0.01 | 045+0.01 | 0.54+0.02

Total Broadening (A) 0.28 0.25 0.34
Thermal Broadening (A) 0.23 0.20 0.24/0.28
Abbe Resolution (A) 0.16 0.15 0.24/0.19
Max. Phase (rad) 2244+ 0.6 21.2+0.3 6.7+0.2

Phase per Atom (rad) 0.86+0.02 | 0.41+£0.01 | 0.26+0.01

Table S1.

Statistical analyses of the ptychographic reconstructed phase from the experimental data. Column
width is the fitted full-width half-maximum (FWHM) of each atomic column using one Voigt
function for Sc and O, and two for Pr columns. Total broadening is the FWHM of Gaussian
determined from Fig. S12(D). Thermal broadening is the FWHM of thermal displacement from
Debye-Waller factors (B factor) determined from X-ray diffraction in (27) and QCBED. Abbe
resolution is the FWHM of the broadening from ptychography, calculated from quadratically
subtraction of the total broadening and thermal broadening. Thermal broadening factors and their
corresponding Abbe resolutions of O#2 from both XRD and QCBED are listed. Max. phase is the
maximum phase intensity at each atomic site. There are 26 unit-cells in the 21 nm-thick sample
used in the experiment. In one unit-cell along the projection direction, there are only one Pr and O
atom and two Sc atoms at each atomic column. The uncertainties of all quantities are the
corresponding standard deviation.



Debye-Waller B-factor (A2)

Elements . ]
Polycrystalline XRD | Single crystal XRD .

(ref. (52)) (ref. (26)) QCBED (this study)
Pr 0.88 0.74 0.74
Sc 0.70 0.60 0.60
O#1 1.00 0.84 0.84
O#2 1.00 0.90 1.15

Table S2.

Debye-Waller factors (B factors) from two X-ray diffraction measurements and our quantitative
convergent beam electron diffraction (QCBED).



Movie S1. Ptychographic reconstructed phase images of all slices from experimental data of
PrScO; for main text Fig. 4A. The slice number is overlaid on the bottom-right corner of the images
starting from the sample top surface. Each slice represents a thickness of 1 nm and there are 30
slices in total. The field-of-view of the region is 2.6x2.6 nm?.

Movie S2. Ptychographic reconstructed phase images of all slices simulated from model structure
with dopants for Fig. 4E in the main text and Fig. S14 in the supplementary materials. The slice
number is overlaid on the bottom-right corner of the images starting from the sample top surface.
Each slice represents a thickness of 0.5 nm and there are 30 slices in total. The field-of-view of the
region is 1.6x1.6 nm>. Sample thickness is 15 nm and the illuminated dose is 10%e - A2 The blue,
red, purple, and yellow circles mark the positions of the double Pr, single Pr, Sc and O dopant,
respectively. The positions of the anti-site Pr/Sc dopant are marked by white circles.
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