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Real-Space Observation of Potential Reconstruction at

Metallic/Insulating Oxide Interface

Qingxuan Jia and Alexandre Gloter*

Electric field reconstruction at interfaces plays a crucial role in device
performances controlling, for example, Schottky potential barrier and
interfacial Rashba effect. Here, scanning transmission electron microscopy
(STEM) and ab-initio calculation are used to estimate the atomic-scale and
large-scale potential reconstruction at the interface between a metallic
oxide SrRuOj; (SRO) thin film and an insulating DyScO; (DSO) substrate.
The intensity and the symmetry of the large-scale electrostatic reconstruc-
tion at the interface is probed by 4D-STEM discussing the center-of-mass
shift for different angular ranges detection. Numerical simulations indicate
that thermal diffuse scattered (TDS) electrons can be sensitive to large-
scale electric field and experiments based on these diffused electrons near
the interface confirm that the electric field extends more in the insulating
DyScO; (DSO) side. The magnitude of the electrostatic drop at the interface

1. Introduction

Interfaces play a crucial role in device
performance controlling, for example,
Schottky potential barrier¥ or interfacial
Rashba effect.”) In case of oxide hetero-
structures, the potential discontinuity at
the interface can greatly vary depending
on the bulk electronic structures but also
the plane termination, the atomic recon-
struction, the valence distribution, and
the interdiffusion. Techniques allowing
simultaneous structural and potential
determination at interfaces will thus
meet a great need. Scanning transmis-
sion electron microscopy (STEM) has

estimated by the 4D-STEM experiment is in accordance with the ab-initio
values for a p-type reconstruction of the interface plane. Furthermore, an
atomically resolved TDS potential asymmetry is observed in real-space at
the SRO/DSO interface by 4D-STEM. This asymmetry is associated with
the formation of a local ferroelectric type dipole at the interfacial unit-cell
revealing unambiguously the balance evolution between antiferrodistortive
and ferroelectric instabilities at the interface between a metallic SRO and an

insulating DSO.
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played an important role in determining
structural aspects at interfaces, notably by
imaging heavy atoms and their displace-
ments by high angle annular dark field
(HAADF) detection with an accuracy that
can be well below 5 pm.Bl More recently,
annular bright field (ABF) imaging has
extended the STEM imaging capability
to light elements such as oxygen, ena-
bling the oxygen octahedral reconstruc-
tion at interfacesl’! or in super-lattices!®! to
be elucidated.

Meanwhile, 4D-STEM techniques, where a part of the dif-
fraction pattern is collected at every position of the electron
probes have strongly developed. Combined with different
numerical procedures such as differential phase contrast (DPC)
or ptychography, it has enable to improve the contrast in low-
dose imaging,”! the spatial resolution’® or to visualize magnetic
or electric field.”) The case of electric field imaging, either con-
cerning atomic-scale or longer range modulation, has motivated
many recent 4D-STEM works.[*5] When the electron feels the
in-plane electric field contribution of the material, it will suffer
a deviation, id est, displacing the center of mass (COM), or
the first moment, of the diffraction pattern. Many works have
used this COM displacement to image the electric field distri-
bution occurring at the vicinity of the atomic columns due to
the screened strong nucleus attraction. Since the electric field
measurement by the COM displacement is mostly valid in the
weak phase approximation, 1%l the technique is very adapted
for the investigation of thin lamelar materials. The atomic elec-
trostatic maps have thus been obtained for graphene,® hex-
agonal boron nitridel'”! and 2D monolayers transition metal
dichalchogenide.'>'® From the differentiation or integration
of the electric field, it is possible to retrieve the charge or the
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potential. In the case of these thin materials, the obtained
experimental charges and potentials are in a good agreement
with the volumetric data obtained by first principle calculations,
including in the case of defects such as vacancy lines in MoS,1l
or nanopores in graphene.l’ It is here to note, that these inves-
tigated defects also imply brusque potential discontinuities
with spatial variations at the order of the atomic-scale. Such
COM based techniques have also been used for bulk sample.
The electric field in GaN and SrTiO; have then been reported
using 300 keV electrons while being collected at the thinnest
part of the samples (<5 nm).l! The atomic electric field distri-
bution was also measured for low symmetry ABO; perovskite.
The case of the ferroelectrically distorted BiFeO;! and of the
antiferrodistortive oxygen-octahedron rotation in DyScOs™!
were successfully reported. For both cases, the sample thick-
ness was below 10 nm. By comparing experimental and calcu-
lated 4D-STEM data of SrTiO;, Addiego et al.l'!! reported that
qualitative electric field can still be measured for sample thick-
ness up to 15 nm. The case of electric field slowly varying over
several unit-cells, as encountered at interface or junction, has
also been investigated by 4D-STEM. The built-in electric field at
a p-n junction in GaAs has been measured using a 0.13 mrad
semi-angle probe forming aperture and a corresponding 12 nm
spatial resolution.?”) The obtained electric field was in agree-
ment with the expectation taking into account the presence of
inactive layers on both surfaces of the STEM lamella. MacLaren
et al.?!l also observed a DPC signal at a charged antiphase
domain boundary in a doped bismuth ferrite. They point out
that, despite the use of a rather low convergence angle of
1.5 mrad resulting in non-overlapping disks, care is required
in the interpretation of the DPC signal since diffraction effect
can still prevail. Similar cares have been point-out in the case
of a COM approach for measuring the electric field across
AIN/GaN system.[?>23] While the polarisation induced internal
electric field was properly measured, even for lamellae as thick as
110 nm, 2%l the electric field associated to the interfaces between
the two materials was more difficult to quantify. Indeed, the dif-
ferences of the mean-inner potential gives rise to a strong COM
at the interface between AIN and GaN, but it is also shown that
dynamical scattering can redistributed the intensity in such a
way that the COM sign can even be reversed.?!l Yang et al.l*
reported the electrostatic characteristic of a grain boundary in a
SrTiO; bi-crystal. They used two sets of collection semi-angles,
20 mrad for atomical resolved electric field investigation and a 6
mrad for the large-scale electric field measurement as encoun-
tered next to the grain boundary. The electric field distribution
observed by the 4D-STEM was then in agreement with the one
expected for a double-Schottky-barrier model and extended over
ca. 10 nm.

In this Article, we first evaluate how the COM based atomic
images are changing as a function of the collected angles and
thicknesses by discussing the cases of a symmetric SrTiOs
(simulation and experiment) and a distorted perovskite, for
example, DyScO; (experiment). We numerically demonstrated
that thermal diffuse scattered electrons can be sensitive to
large-scale or homogeneous external electric field. We then
investigate the potential reconstruction at the interface between
a metallic oxide SrRuOj; thin film (SRO) and the insulating
DyScOj; substrate (DSO). Both have perovskite structures and
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are, respectively, used as an oxide electrode and a straining
substrate in ferroelectric nano-devices.>>?% We measured by
4D-STEM the COM components across the interface for dif
ferent angles and we separate the large-scale and atomic-scale
contributions for a further comparison with ab-initio mod-
eling. When estimated on the medium-angle, the intensity of
the large-scale electric field is in fair agreement with the cal-
culated potential step. We also observe a TDS based potential
asymmetry within the last interfacial unit-cell that is related to
the formation of a polar displacement at the last unit-cell. This
asymmetry demonstrates unambiguously the balance evolu-
tion between antiferrodistortive and ferroelectric instabilities at
these oxide interfaces.

2. Results and Discussion

Figure 1a shows the norms of COM (i.e., the estimation of in-
plane electric field intensity) and the corresponding electron
phases as obtained by simulating 4D-STEM data of SrTiO; at
different thicknesses. The simulations have been done by com-
puting the COM displacement for different sections of the
diffraction pattern corresponding to the bright field disk (BF,
0-30 mrad), the whole pattern (WP, 0-100 mrad) and an inter-
mediate region, mostly corresponding to the so-called medium
angle annular dark field imaging (MA, 40-100 mrad). For the
BF-COM and WP-COM cases, the atomic electric field distribu-
tion stay circular around the columns for thicknesses up to 16
nm confirming the work of Addiego et al.'l For thicker slabs,
the electric field exhibits square like features and several addi-
tional nodes occurs, due to the stronger dynamical contribu-
tion. The resulting phases deviate strongly from the expected
phase distributions, with maxima even being located away from
the atomic columns. On the other hand, the momentum trans-
fers associated to the MA-COM exhibit more circular features
and the corresponding integration are stable with thickness,
keeping optima located at the atomic columns. Such angular
region is usually discarded since it corresponds to electron
mostly scattered through thermal diffuse scattering (TDS),
with a rather negligible total cross-section for thin samples.>’
Furthermore, the origin of these scattered electrons resides in
the absorptive part of the potential and is not representative
of the atomic electric field around the atoms. The similarity of
the images is in fact due to the similar shape of the elastic and
TDS inelastic scattering potential near the atoms.’! Figure 1b
shows the COM intensity for the Sr and O columns as a func-
tion of the selected angle and thicknesses. All curves exhibit
similar trends. The COM first increases for thicknesses up to
ca. 5 nm, as already reported.™ For higher thickness, the COMs
show a continuous decay, indicating that the probe intensity
has strongly delocalized, further, suffering dynamical effect and
that the COM values do not accumulate anymore when propa-
gating through the sample. The intensity of the COM obtained
from the MA region is substantially larger than from the
BF/WP angles for all thicknesses. The COM ratios between the
two types of columns also indicates that the MA-COM exhibit
a rather constant ratio (for thickness above 10 nm) avoiding
any intensity inversion between the two columns intensities.
Similar calculations have been done for electrons propagating
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Figure 1. a) Calculated COM and phase of SrTiOs as obtained from different part of the diffraction pattern (BF: 0-30 mrad, WP: 0-100 mrad, MA: 40-100
mrad, for 100 keV electrons). At every thickness, the COM and phase values are completely mapped by the value range of ‘greyscale’ and ‘summer’
color map separately. b) Calculated averaged intensity of the COM of the strontium and oxygen columns and their ratios as a function the thickness.
The average has been done within the circles indicated in (a) with, respectively, red and green circles for O and Sr columns. c) Experimental COM and
phase of SrTiO; as obtained from different part of the diffraction pattern (BF: 0-30 mrad, WP: 0-100 mrad and MA: 45-90 mrad). The inset parts of the
BF and WP figures have been set to the same scale intensity as for the MA figures to clarify their relative intensities. d) Calculated average intensity of
the COM due to an external electric field of 5V nm™ superimposed to the SrTiO; unit-cell. The straight line corresponds to the BF disk deviation for

a similar electric field in the vacuum.

at 200 keV and it shows that the same BF-COM, WP-COM
and MA-COM comparison holds for different acceleration volt-
ages (see Figure S1, Supporting Information). Experimental
4D-STEM measurement is reported (Figure 1c) for a SrTiO,
(STO) sample of ca. 40 nm. Three images of the COM inten-
sity have been obtained by selecting the BF (0-30 mrad), WP
(0-100 mrad) and MA (45-90 mrad) part of the diffraction pat-
tern. For such thick sample, the BF based COM has very weak
intensity and shows no meaningful features. As expected from
the numerical simulations, the MA-COM map exhibits optima
at the atomic columns, with a more circular distribution. The
phase maps retrieved from the three different atomic COM dis-
tributions clearly evidence that, qualitative results can also be
obtained for thick samples by considering the COM contribu-
tions of the electron scattered out the BF disk.

The similarity of the images obtained by estimating the
COM at the bright field angles for thin sample and at the
medium angles for thick sample is due to the similar shape

Adv. Mater. Interfaces 2023, 10, 2202165 2202165 (3 0f9)

of the elastic and the absorptive scattering potentials at the
vicinity of the nuclei.3! This similarity also confirms that, while
4D-STEM is theoretically measuring electric field at the atomic-
scale, many details on the electronic structures of the mate-
rials are often hidden or lost, due various experimental effects,
such as the shape of the probe gradient.?” Nevertheless, while
the similarity between the BF and the MA-COM images is on
somehow spurious, it can be experimentally useful to collect
MA-COM images since they shows a high contrast. A second
reason is that the electrons that have been scattered by TDS are
not suffering anymore from a strong diffraction process and
they might imprint the presence of an homogeneous large-
scale electric field while the rest of the electrons is maintaining
an atomic-scale resolution. This second point has been tested
by numerical simulations where an electric field of an inten-
sity of 5 V nm™! have been superimposed to the SrTiO; unit-
cell (see details of calculation in Figure S2, Supporting Infor-
mation).3334 For such homogeneous electric field (without
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the presence of the material), a displacement of the BF disk of
0.275 h nm™ is typically expected for every 10 nm of thickness
(for 100 keV electrons). Numerical simulation obtained without
the material confirms this value by showing a straight line
(Figure 1d). When a material is present, the averaged COM have
been calculated by integrating their values over the whole STO
unit-cell, here again, for different angles. The averaged COM
estimated on the BF has almost no deviation associated to the
homogeneous electric field, while the WP-COM imprint part of
it. For thicknesses up to 50 nm, and electric field of 5 V nm,
the MA based COM is in fair agreement with the expectations.
Many effects play a role such as the amount of TDS scattered
electrons at a given thickness or the increased contrast due
to the measured COM over an annular geometry.*l It might
explain the overshoot of the MA-COM at low thickness and
then a reduction for ca. 50 nm. On the other hand, it seems that
measuring the COM displacement associated to TDS scattered
electrons might be a complement for measuring the large-scale
electric field, to experiments with reduced convergences angles,
that furthermore are also not always quantitative.

The atomic-scale electric field maps of a low symmetry
DyScOj; perovskite (Pbnm) was also experimentally investigated.
In a similar approach, the COM intensities have been measured
from the BF, MA and WP angles for two areas corresponding
to ca. 33 and 98 nanometers thick lamellae (Figure 2a). For both
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thicknesses, only the COM as estimated from the MA ranges
give clear minima at the columns position combined with a
rather spherical symmetry around the collumns. The profiles
(Figure 2b) obtained across a Dy-OO direction [-110] evidence
that the intensity of the COM norm is larger for the MA-COM
and that the intensity is decreasing for the thicker sample as
expected for such thickness range (>10 nm). The numbers of
electron scattered in the MA range is rather weak and the COM
images and profiles measured with sub milli-second exposure
times are thus noisy. In order to increase the signal-to-noise
ratio of the MA-COM map, STEM-4D data have been collected
using an hybrid detector with a counting depth limited to 1 bit
(see Figure S3, Supporting Information). In such condition,
acquisition times down to ca. 0.1 ms can be obtained with non-
saturated pixels in the MA range. It is then possible to collect
series of 4D-STEM images with on-line spatial drift correction.
The image in Figure 2c is acquired following this approach. The
4D-STEM data are collected in ca. 8.5 s (256x256 pixels, 10 pm
scanning step) and the final COM maps are obtained after the
on-line drift compensation and the summation of a ten of data.
The atomic MA-COM maps in Figure 2c (50 nm thick sample)
show very resolved features, with sharp minimum at the posi-
tion of the Dy atoms (and a clear Dy zig-zag chain visible along
the [001] axis), in correspondence to the atomic crystal struc-
ture. The profile (Figure 2d) extracted across a Dy-O-O series

D
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Figure 2. a) HAADF-STEM images and intensity of the COM as measured from the BF, MA and WP angular ranges. The sample is oriented along the
[1-10] zone axis (Pbnm) and the thicknesses of 33 and 98 nm are, respectively, for the top and bottom part. b) Profiles of the intensity of the HAADF
and COM as extracted from the lines indicated on the images of (a). The profiles are for the 33 (top) and 98 nm (bottom) thick areas. c) MA-COM
intensity for a 50 nm (left) thick DyScO; with an improved signal-to-noise ratio (SNR) obtained by an on-line drift cancellation and a multiple data
accumulation. d) MA-COM and HAADF profiles for the 50 nm thick sample (position of the profile indicated by the red dotted line in (c)). Please note
the strong asymmetry of the MA-COM due to the presence of O-O doublet columns at the right side of the Sr columns.
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of columns evidences an almost symmetric HAADF signal and
a very asymmetric MA-COM around the Dy columns whose
origin is discussed in Figure S4, Supporting Information.

We now turn to the investigation of the electric field across
the StRuO;/DyScOjs interface. Figure 3 compares the 4D-STEM
results at the SrRuO;/ DyScOs; interface. At first, the STEM
images (Figure 3a) and the 4D-STEM data (COM intensity in
Figure 3b and intensity component COMx perpendicular to the
interface plane in Figure 3c) have been obtained for different
angles in the diffraction patterns. In order to have sufficient
counting dynamic the images have been acquired in 12 bits
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depth mode (leading to a 0.9 ms acquisition time) and the scan-
ning step was then limited to 15 pm due to the experimental
spatial drift. The BF and ABF images (100 keV) do not have
enough spatial resolution to clearly evidence oxygen atoms. The
MA-ADF images show stronger white contrast at the SRO inter-
face side and the HAADF contrast is in-line with the expected
atomic number of the atoms. The COM intensity evaluated
from the BF gives rather “tetragonal” shapes around the atoms
(Figure 3b) and its component perpendicular to the interface
exhibit a small “decrease then increase” of the electric field
toward the DSO at the interface (Figure 3c). For the WP-COM

com () - COMx

- BF-COMX  -0.4 h.nm"! ¢msjumssp 0.6 h.nm™

Large-scale
Atomic-scale

T
0 1 2, 3 4 5 nm

Figure 3. a) STEM images of a SRO/DSO interface, b) 4D-STEM COM intensity, and c) components of the COM across the interface, for different
angular conditions. d) HAADF-STEM images, COM component across the interface (MA-COMx) and its decomposition between a large-scale and an
atomic-scale component. ) Profiles of the total MA-COMx and its two components. f) Profiles of the potentials estimated by integrating the MA-COMx
and a thickness normalisation. In (e,f), the cyan plain curve is for the total COM or the total potential. The red lines are for the large-scale components
and the dark lines are for the atomic-scale components for COM and potential.
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and even more for the MA-COM, the intensity distribution of
the COM around the atoms are more spherical, as it was
already observed previously. For the large-scale electric field
near the interface, they both show an intense electric field
pointing toward the DSO (increased of the green contrast). This
is also in agreement with the numerical simulations on STO
that had evidence that an large-scale electric field was
imprinting more deviations to the MA electrons. It is here to
note, that the intensity of the MA-ADF STEM images increases
at the SRO side, while the MA-COMx intensity is smaller at that
side. In brief, more electrons are TDS scattered at the SRO side
of the interface but their angular distributions remain sym-
metric. The disorder that gives more MA-ADF contrast could
arise from more chemical disorder or more inter-diffusion at
the SRO side (see EELS in Figures S5 and S6, Supporting Infor-
mation) or from a different vibrational scatterings for the few
SRO unit-cells close to the interface. Indeed, transport and
magnetic properties are known to behave differently for very
thin SRO films (e.g., <4 u.c.’% that can further couple to phon-
onic modes®)) and similar behavior might exist for the SRO
confined next to the interface. On the other hand, the strong
increase of the electric field pointing toward the DSO (green
color) is observed from the WP-COMx and even more for the
MA-COMx map (Figure 3c). It is also in agreement with the
expectation for such interface, where the interfacial electric
field is propagating more in the insulating side, that is, the
DSO side. Figure 3d shows the MA-COM measured at the
interface for a thinner area. The 4D-STEM data quality has also
been improved since it is then possible to collect the diffraction
with a 1 bit depth allowing rapid multiple acquisitions with on-
line drift compensation. The HAADF obtained during the
4D-STEM acquisition is visible with the corresponding inter-
face plane reconstruction (see the EELS at Figure S6, Sup-
porting Information for its determination). We have then focus
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on the MA-COMx map and decomposed it by FFT filtering into
a large-scale and an atomic-scale component. The corre-
sponding COM profiles are plotted in Figure 3e. The potential
profiles (Figure 3f) across the interface have been obtained by
integrating these COM profiles assuming that they are repre-
sentative of the electric fields. As shown before, it might be the
case for the large-scale electric field which is deviating the
MA-COM electrons. When taking into account the estimated
thickness (55 nm), the potential increase from the SRO to the
DSO is at ca. 4 eV for the case presented here. Different
MA-COM measurements have resulted in potential steps com-
prised from ca. 3 to 5 eV. Several main sources of errors are
present. For instance, the thickness measurements estimated
by EELS can suffer rather large uncertainties. Different contri-
butions from the lamella surfaces might also play a role. Small
COM offsets from one or the other side of the interface can also
easily give a substantial potential offset since it will accumulate
over the spatial integration. The field heterogeneity at the inter-
face will also play a role for the TDS electrons that, being scat-
tered at large angles, get delocalized. Nevertheless, the
MA-COM seems enough robust for a qualitative measurement
of the large-scale potential gradient at the interface. An atomi-
cally resolved potential is also obtained from this MA-COM
integration and it shows no deviations from the base line con-
firming that the large-scale electric field contribution has been
properly extracted by the FFT filtering. A modification of the
shape of that atomic-scale potential is observed near the inter-
face plane (see arrow in Figure 3f) and will be discussed with
respect to ab-initio calculation. The EELS investigation of the
interface can be seen in Figure S6, Supporting Information and
it indicates that the interface is a p-type, id est, the plane termi-
nation is RuO,-SrO-ScO,-DyO. Ab-initio calculations have been
done with a model comprising two p-type interfaces (see
relaxed structural model at Figure 4a) and comprising a p- and

p-type

I
(@) SrRuO;  pupe DyScO, ptype (c) Sype T (d) SrRuO; : DyScO,
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Figure 4. a) Ab-initio relaxed structural model of a -p,-p type symmetric SRO/DSO interface, with b) a corresponding electrostatic potential images
and electric field component across the interface (Ex). c) ab-initio electrostatic potential profiles for two interfaces models (-p,-p type interface and
-p,-n type interface) with two different spatial filtering (red and blue-cyan plain curves). The spatial filtering for the red curve has been set to vanish out
the atomic-scale variations of the electrostatic potentials. d) Comparison between 4D-STEM experiments and ab-initio calculation of a n-type interface.
HAADF-STEM profile and the 4D-STEM atomic-scale potential profiles are compared to the ab-initio electrostatic potential and the relaxed atomic
model. The two blue arrows indicate where the potential increase and decrease in the left and right part of the interfacial unit-cell around the last Sc
plane. The Sr, Ru, Sc, Dy and O atoms are, respectively, in green, blue, white, cyan and red. Please note that the ab-initio profile is the electrostatic
potential while the 4D-STEM profile is the TDS potential. Both are sensitive to a FE structural distortion at the interface unit cell.
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n- type interfaces (model not shown). The electrostatic potential
(black and white map) and the corresponding electric field (Ex,
red and green map) across the interface can be seen in
Figure 4b. The potential increase from the SRO to the DSO is
estimated at ca. 3 eV for the p-type interfaces (Figure 4c) that is
in rough agreement with the obtained 4D-STEM value. The
n-type interface has a smaller potential step. Similar potential
step differences have been reported for different plane termina-
tions in the case of SRO/vacuum or SRO/Ti0,.3%3 In the case
asymmetric comprising a p- and n- type interfaces, the DSO
layer shows a linear potential drop, evidencing the occurrence
of an inner electric field in the insulating DSO (SRO being
metallic has a constant inner potential). This is also in-line with
the 4D-STEM observation of an electric field propagating
deeper in the DSO side. These ab-initio peak-to-peak amplitude
of the atomically varying potential is in the range of a ten of eV
while the potential drop at the interface is of ca. 3 eV (Figure 4c).
On the other hand, the atomic-scale TDS potential amplitude as
measured by 4D-STEM was order of magnitude lower
(Figure 3f) and, as expected for a MA-COM based would not
directly related to the electrostatic potential. Nevertheless, due
to the shape similarity between the elastic and TDS potential,
we investigate if the TDS potential shape of the interface recon-
struction might be similar to the electrostatic reconstruction.
Figure 4d compares the atomic-scale electrostatic potential
shape across the interface obtained by ab-initio and the poten-
tial obtained by the 4D-STEM. The 4D-STEM potential show a
small increase and decrease in the last unit-cell at the interface.
Similar behaviour is observed in the ab-initio profile. It can be
interpreted by measuring the atom positions in the ab-initio
relaxed model. Far from the interface, the oxygen atoms bar-
ycentres are matching with the scandium central atoms,
resulting in a symmetric potential distribution within the cell
(both experimental and theoretical). It corresponds to the bulk
DSO or SRO structural situation where the rotation of oxygen
octahedra is non-polar (antiferrodistortive distortion (AFD))
and the potential distribution within the unit cell is symmetric.
Close to the interface, an asymmetry is observed in both poten-
tials (electrostatic potential from the ab-initio calculation and
TDS based potential from the MA-COM). It is related to a polar
displacement of the cation and anion sublattices against one
another (ferroelectric distortion (FE)). At the interfacial unit-
cell, the average oxygen displacements with respect to the scan-
dium is of 11 pm, moving backward from the interface. This
distortion is observed in the DSO side, and is certainly related
to presence to a larger-scale electric field at this side of the
interface. It indicates here a small ferro-electric type distortion
of the interfacial unit cell superimposed with the octahedra
rotation of DSO. Competitive or cooperative evolution of the
AFD and FE distortions have been reported in LaAlO3/SrTiO,
interfaces.*’) The present 4D-STEM experiments clearly evi-
dence coexistence of both modes at the insulating side of the
interface between metallic and insulating perovskite oxides.

To conclude, 4D-STEM experiment at interfaces can be done
including also the MA-COM component. This latter component
had given a fair estimation of the large-scale electric field at the
interface for a rather thick sample. It has also given an atomic-
scale TDS potential whose shape was sensitive to minute
atomic displacement near the interface, that can be further
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interpreted with the help of ab-initio relaxed structure. Pres-
ence of local electric dipoles have then been observed with unit-
cell resolution revealing unambiguously the balance evolution
between antiferrodistortive and ferroelectric instabilities at the
interface between metallic and insulating oxides.

3. Experimental Section

SrTiO; 4D-STEM Simulations:4D-STEM data of SrTiO; without external
electric field have been computed by multi-slice software QSTEM.I*I The
probe is set with 100 keV accelerating voltage, convergence angle of
30 mrad, focus at the entrance plane. Typical slice thickness of 0.1 nm
is used and thermal diffuse scattering is included through multiple
calculations of the probe propagation with different sets of thermally
displaced structural inputs. The COM and phases in Figure 1 are
calculated with the py4DSTEM library.’l The averaged COM of the Sr and
O columns in Figure 1b is calculated by averaging the values within the
circular areas indicated in Figure 1a. 4D-STEM data of SrTiO; with the
presence of an external electric field have been computed by multi-slice
software abTEM.3l The probe is set with 100 keV accelerating voltage,
convergence angle of 30 mrad, focus at the entrance plane comparable
to the experimental conditions. It is also checked that results obtained
without an external field at 100 keV (behavior of the BF-COM, MA-COM,
and WP-COM with thickness) with abTEM was comparable to the one
obtained previously by QSTEM. Furthermore, similar simulations have
been done with a probe set with 200 keV accelerating voltage and
convergence angle of 23 mrad (Figure S1, Supporting Information).

High Resolution STEM, EELS, 4D-STEM:STEM experiments have been
done using a Cs corrected NION microscope. All experiments have been
done at 100 keV with a probe-current of ca. 10 pA and convergence semi-
angles of 30 mrad. A MerlinEM in a 4x1 configuration (1024 x 256) has been
installed on a Gatan ENFINA spectrometer mounted on the microscope.*2
The EELS spectra are obtained using the full 4 X 1 configuration and
the 4D-STEM by selecting only one of the chips (256 x 256 pixels).
For 4D-STEM, the EELS spectrometer is set into non-energy-dispersive
trajectories. Detectors have been used with different bit counting depths
(b1, b6, b12, b24). The 1- bit counting depth is resulting in a saturated BF
disk that is not a limitation for MA-COM measurement and allow fastest
measurement. On-line spatial drift correction of the EELS and 4D-STEM
datasets have been used. The spatial drift is estimated on-line by the
HAADF images acquired simultaneously with the 3D or 4D datasets
(spectrum imaging — 3D dataset or diffraction — imaging 4D dataset).
The cross-correlations between successive HAADF images are used to
estimate the drift occurring during each scan. The first two datasets
enable a first estimation of the spatial drift and then the probe scanning
array is adapted to anticipate and cancel the drift at every probe
positions of the following datasets acquisitions with an accuracy that can
be as small as 1/16 of the probe step. The EELS and 4D-STEM datasets
could then be summed on-line, limiting the total amount of stored data
Throughout the article, the COM direction is always displayed as -COM,
in order to ease a comparison with the electric field direction. The COM
unit is “h.nm™". A COM deviation of 1 mrad corresponds to a lateral
momentum of 0.27 h.nm™' (at 100 keV) and of 0.40 h.nm™" (at 200 keV).
When converted in EAz, 1 mrad COM is 184 V (at 100 keV) and 344 V (at
200 keV). Hence, a 100keV electron propagating within a lateral electric
field of E=5V nm™ along a thickness Az =10 nm will acquire 0.27 mrad
of deviation. The thicknesses have been estimated by EELS using the
log-ratio methodl and a mean free path estimated according to Malis
et al.*l Mean inelastic free paths of ca. 53 nm and 58 nm have been
estimated for, respectively, DSO and STO. Experimental EELS spectra
have been obtained with a small dispersion allowing the collection from
the zero-loss peak (ZLP) to ca. 1000 eV loss. In order to avoid saturation
effects a 24 bits counting depth has been used and a good linearity of
the counting has been maintained by keeping an electron flux at every
pixel of the MerlinEM detector below 1e5 electrons per second (even for
the most intense part of the ZLP).
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Ab-Initio Simulation of DSO and of SRO/DSO Interfaces:Ab-initio
calculations based on density functional theory (DFT) in a plane-wave
pseudopotential approach as implemented in QUANTUM ESPRESSO
were done.>#l Structural relaxations have be done with ultrasoft
pseudopotential, including, respectively, 6, 8, 10, 11 and 12 valence
electrons for O, Ru, Sr, Sc and Dy with an energy cutoff of 50 Ry for
the plane-wave basis expansion./l DyScO; bulk (40 atoms) has been
converged with 4 x 4 x 4 k-points mesh. Interface models comprise
240 atoms and the charge density has been converged with 4 x 4 x 1
k-points mesh. For potential and electric field calculation, an energy
cut-off above 100 Ry is used for the plane-wave basis expansion with
corresponding pseudopotentials. For comparison with the 4D-STEM data,
the exchange and correlation contributions are removed from the total
potential. The electrostatic potentials are expressed with the dimension
of an energy (exV), id est, a minimum is observed at the nuclei positions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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