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Buried moiré supercells through SrTiO; nanolayer relaxation
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We identified a highly ordered moiré lattice at the buried SrTiO; (STO)-(La,Sr)(Al,Ta)-oxide (LSAT) interface
by high-resolution x-ray diffraction reciprocal space mapping. We found long-ranged ordered supercells of
106/107 unit cells of unstrained STO-LSAT caused by complete lattice relaxation through high-temperature
annealing. Transmission electron microscopy images show that this periodicity is based on line dislocations at
the interface region. The presence of such ordered superstructures in such widely used complex oxides sets the
ideal conditions for moiré-tuned interfacial electronic modifications and ferroelectric supercrystallinity, opening
the possibility for interface functionalities and impacting findings on vortex structured multilayers systems.

DOLI: 10.1103/PhysRevResearch.3.013225

Complex oxide heterostructures with their unique set of
physical and chemical properties are of looming interest for
magneto-electronic devices [1-8]. Intrinsic material proper-
ties, such as (i) spin-interactions [9], (ii) strong multiferroric
character [10], and (iii) high thermal and operational stability
[11], are extended by electronic interactions at the hetero-
interface [8,12-14]. Indeed, accurate interface engineering
has led to a new functional repertoire [15], including obser-
vations of quasi-two-dimensional (2D) electron gas (2DEG)
[14,16,17], charge writing [18], resistance switching [19],
occurrence of electronic [20] and magnetic order [21], giant
thermoelectric effect [22], and colossal ionic conductivity
[23]. The origins of these collective phenomena lie in site-
specific spin and charge interactions [24-26] that are in turn
governed by the local atomic arrangement [27]. Indeed, sim-
ple misalignment of two equal lattices induces a long-range
ordered superstructure termed “moiré motif” that manifests
itself in new collective properties, e.g., plasmonic minibands
[28] or moiré excitons [29]. Precise knowledge of the atomic
structure at the interface, even between seemingly equal lat-
tices, is hence key to understand and enhance the collective
material system behavior.

Prominent candidates for such oxide-based heterostruc-
tures are perovskite titanates, including SrTiO3 (STO) that
presents an exceptional high and tunable dielectric con-
stant [30,31]. Quantum fluctuations of the cell-centered
Ti-atom suppress the paraelectric-to-ferroelectric transition
[32], whereas these fluctuations are driven by the STO soft
phonon mode [33]. Lattice straining effects that drastically
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alter the respective phonon modes therefore determine the
dielectric anisotropy of the material, which plays a crucial
role in heterostructures of STO, leading either to (i) a polar
structure [34,35] or to (ii) suppression of lattice polarizability
and strong reduction in dielectric character [31,36]. Obtaining
ideal bulk material properties in STO films hence requires
perfect relaxation of the crystalline lattice by structural de-
coupling from the substrate. Indeed, this lattice relaxation
might also be crucial for the occurrence of ferroelectric three-
dimensional (3D) vortex structures [37,38], room temperature
skyrmion structures [39], or laser-induced supercrystallinity
[40] in STO-based nanolayer heterostructures, yet the struc-
tural origin of these phenomena is not fully understood.

Here, we look at the interface between a nanolayer of STO
grown on a (LaAlO3)03(Sr,TaAlOg)o7 (LSAT) substrate.
Both compounds have a cubic lattice (aso = 3.905 A [41);
ALSAT = 3.869 A [42]) and a mismatch of +0.93%. Despite
this small lattice mismatch, straining from lattice matching of
the grown STO layer is sufficient to suppress the soft phonon
mode [32,43]. As previously shown, one can recover the
bulklike phononic landscape by high temperature annealing in
ambient atmosphere [32,43] for a 82 nm thick film, suggesting
structural relaxation of the STO nanolayer, in contrast to an
ultrathin 8.2 nm thick film. We follow this approach and use
a ~30 nm thick film of STO on LSAT (001) grown by pulsed
laser deposition, followed by 12 h of annealing at 1200°C
at ambient atmosphere [43]. We find that this heat treatment
leads to complete relaxation of the STO nanolayer, resulting in
a moiré pattern at the STO-LSAT interface. Comparison with
theoretical calculations shows that this moiré interference oc-
curs if the atomic bond length at the interface varies. Indeed,
the atomic displacements at the interface correspond to a
highly ordered network of line dislocations, as observed by
high resolution transmission electron microscopy (HRTEM).
Our explanation not only helps to understand recent reports
of 3D vortex structures [37—40] but also implies a long-range
ordered modulation of the interfacial electronic states [44],
opening applicative perspectives for 2D ferroics.
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The STO on LSAT film is the same as in Ref. [43]. X-ray
diffraction (XRD) experiments were performed at the surface
XRD (SXRD) endstation of the MS beamline [45,46] at the
Swiss Light Source. The x-ray beam (12.65 keV) was focused
and cut to a beam size of 500 x 500 um (H x V) at the
sample, which was mounted on a (2 + 3)-type surface diffrac-
tometer (vertical geometry) [47] with an angular resolution
of 0.002°. During scans, the intensity of the incident beam
is automatically adjusted (by a variable transmission-filter
array) to optimize the effective dynamic range of each scan.
The orientation-matrix describing sample alignment in the
beamline coordinate system was defined by manual align-
ment of three nonorthogonal and two orthogonal reflections,
resulting in an accuracy of k, k, [ £ 0.0005 reciprocal lattice
units (r.l.u.). Reciprocal space scans (200 images, 1 s each)
over each reflection were made along the [001] and [112]
directions to check for possible distortion or misalignment ef-
fects. Angular-to-reciprocal space conversion of each detector
pixel was done according to Schlepiitz er al. [47]. For each
scan, an array of all 3D reciprocal space coordinates with
the corresponding scattering intensities were interpolated onto
an orthogonal, equidistant (voxel size h, k, [ = 0.0005r.1.u)
3D matrix, constituting the reciprocal space volume (RSV).
The convolution product of (i) experimental accuracy and
(ii) the RSV voxel size yields the effective resolution of the
RSV, which in this case is A, k, [ & 0.0007 rl.u. RSVs are
transferred into the STO-HKL space [named indices relate to
STO where capital indices (e.g., H, K, or L) denote reference
positions in reciprocal space, while lowercase indices (e.g.,
h, k, or 1) denote scanning variables]. A detailed descrip-
tion of the fast Fourier transform (FFT) model calculations
can be found in Appendices C and D on 2D and 3D model
calculations, respectively. Samples for transmission electron
microscopy were prepared in cross-section geometry parallel
to the (100) planes of the LSAT substrate by means of a FEI
Helios NanoLab 600i focused ion beam instrument operated
at 30 and 5 kV accelerating voltages. High angle annular
dark-field scanning transmission electron microscopy was
performed using a FEI Titan Themis microscope equipped
with a hexapole-type probe spherical aberration corrector
(CEOS DCOR) operated at 300 kV.

Since structural motifs of the hetero-interface are often pro-
jected onto the sample surface [48], we characterize the STO
nanolayer morphology by atomic force microscopy (AFM),
as detailed in Appendix A. As seen in Fig. 4(a), AFM shows
disordered islands with 5-8 nm thickness and 146 nm mean
lateral correlation length [see Figs. 4(b) and 4(c) for Fourier
analysis of the AFM image]. Such an island pattern has been
linked to segregation effects during annealing and is usually
found to seed at lattice defects, such as dislocations and/or
surface atomic steps [48-51]. The absence of a long-range or-
dered island arrangement (here evidenced by disorder) hence
points towards an isotropic STO nanolayer morphology and
gives no further information on the interface properties.

To obtain information on the atomic lattice strain state,
we collect reciprocal space slices (scattering images) by syn-
chrotron XRD, which we map and assemble into 3D RSVs.
First, we select the low symmetry (2, 0, L) family with L =
2,3, and 4, which provides information on the out-of-plane
strain state of the STO film. As shown in Fig. 1, we observe
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FIG. 1. Slices through the reciprocal space volume (RSV) ob-
tained by x-ray diffraction (XRD) at the (2, 0, L) family peaks. The
reciprocal space distance between substrate and surface layer peak
increases linearly with L diffraction order, yielding an out-of-plane
lattice difference of 1.07 &= 0.10%. The scattering intensity is scaled
logarithmically according to the color bar.

rodlike scattering features extending along the [ axis, typical
for nanolayers. For all Bragg peaks, oscillations at k =0
along / can be observed, corresponding to layer thickness-
dependent fringes [see rocking curve in Fig. 5(a), confirming a
STO film thickness of 33 & 3 nm]. For more information, see
Appendix B. More evidently, the RSV presents two significant
scattering contributions along the [ direction, from (i) the
layer (at lower /) and (ii) the substrate (at higher /). From
the distance between the two scattering centers, we calculate
the difference in out-of-plane d spacing of STO and LSAT,
yielding a mismatch of +1.07 & 0.10%. This value is only
slightly above the theoretical prediction for a perfectly relaxed
lattice (+0.93%).

Interestingly, the scattering rods, seen as streaks along the
out-of-plane / direction (see Fig. 1), present repetitions along
the in-plane k direction. Note that the small distance between
these rods in reciprocal space must relate to a large period in
real space. Indeed, such scattering features are characteristic
of a large-scale and long-range order as found in superstruc-
tures [20,52-54], here relating to an in-plane d spacing of 41.1
nm (reciprocal space distance of Ak = 0.0096r.1.u. between
the modulations—see Figs. 5 and 6 for peak fits). Interest-
ingly, the scattering rods appear to be commensurate with the
atomic LSAT and STO Bragg reflections, as both peaks (of
an H = 2 type reflection) are linked by exactly two scattering
rods.

To understand if there indeed exists a relation between
the scattering rods and the underlying atomic lattices, we
vary the in-plane index within the same (2, K, 4) family, as
shown in Fig. 2(a). Remarkably, by varying k between —2
to 2, the substrate peak (at [ = 4.045) and the STO peak (at
! = 4.00) always fall on superstructure scattering rods. For
example, at the (2, —2, 4) reflection, the substrate peak lies
on the second scattering rod from STO, whereas increasing
k to —1 translates the substrate peak to the neighboring rod.
This effect becomes even clearer when looking at orthogonal
projections that show the full in-plane relation [see Fig. 2(b)].
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FIG. 2. (a) Out-of-plane and (b) in-plane sliced projections of the reciprocal space volume (RSV) obtained by x-ray scattering on the (2, K,
4) family peaks, showing a commensurate relation between atomic lattice reflections and the superstructure scattering rods. Black dashed lines
mark the center of the Bragg reflection in the SrTiO; (STO) reference frame. The scattering intensity is scaled logarithmically according to the
color bar. (c) The intensity of two-dimensional (2D) Fourier transform of a theoretical 106/107 moiré lattice reproduces the same scattering

behavior if an induced phase shift is considered.

At all reflections, the superstructure rods form an in-plane 2D
lattice with square symmetry [see Figs. 5(b) and 5(c) for com-
parison of cuts along / and k trajectories]. Along h, substrate
and layer peaks are always spaced two scattering rods apart
(note that H = 2 for this reflection), while the substrate peak
varies along k on the 2D scattering rod grid with increasing
diffraction order. This commensurate relation between atomic
reflections and scattering rods therefore suggests a structural
relation between the atomic crystalline lattices and the formed
superstructure.

Regarding the origin of the observed scattering rods, it is
important to realize that the superstructure scattering pattern
is seen on both the substrate (LSAT) and layer (STO) peaks,
implying that the underlying structural feature originates from
the LSAT-STO interface. (We can rule out surface topology
as the origin of the observed scattering rods, since we find
a coherent domain size of the dislocation network >300
nm—see Fig. 6 for corresponding peak fits—which is sig-
nificantly larger than the surface features with approximately
150 nm identified by AFM—see Fig. 4.) Further, the ratio
between the STO lattice constant (3.905 A) and the observed
superstructure d spacing (42.5 nm) corresponds to 0.92%,
closely matching the theoretical STO-LSAT lattice mismatch
of 0.93%. The observed scattering behavior hence stems from
scattering interference of LSAT and the perfectly in-plane

relaxed STO layer, classified as a moiré-like motif [28,55,56].
In short, such moiré motifs appear through superposition of
two (in this case square) base lattices with different periodicity
Asmait and ajarge, such that spatial interference gives rise to a
new pattern with the same symmetry but a lattice constant
of amoire = (alargeasmall)/(alarge — Ggman) [57-59]. Here, these
two base lattices relate to STO and LSAT, where it takes 106
unit cells of STO and 107 unit cells of LSAT to compensate
the lattice mismatch of 0.93%, yielding a moiré lattice con-
stant of 40.8 nm. Indeed, and as shown in Fig. 2(c), a 2D
Fourier transform of such an idealized 106/107 Moiré lattice
shows the same scattering motif as observed experimentally:
the two strong reflections correspond to the original 106
and 107 base lattices, whereas the weak and smaller-spaced
reflections correspond to the moiré interference terms (see
Appendix C for a discussion on the origin of such superlattice
reflections). Noteworthy, the periodicity of a 106/107 type
moiré motif found here is 3—4 times larger than that reported
for few layer such as graphene on boron-nitrite moiré systems
[55,56,59-61].

The observation of such a moiré pattern allows us to draw
conclusions about the LSAT-STO interface. First, it is evi-
dence of an in-plane relaxed STO layer without remanent
substrate-induced strain. Second, when moving along one of
the principal crystallographic in-plane axes, one reaches a
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FIG. 3. (a) Structural illustration of the SrTiO;(STO) —
(LaAlO3)p3(Sr;TaAlOg)o7(LSAT)  interface due to lattice
relaxation, shown along the STO (100) direction. Starting from
perfect overlap of the corresponding unit cells (uc; see black dashed
area at ucsto = 0), the local mismatch of the interfacial oxygen
atoms increases until it is maximal at half the moiré periodicity (see
red dashed area at ucgro = 53). Eventually, the LSAT and STO
unit cells overlap again (see black dashed area at ucsyo = 106),
effectively forming a two-dimensional (2D) 106/107 moiré pattern.
(b) High resolution transmission electron microscopy (HRTEM)
images of the sample cross-section, showing a highly ordered
arrangement (mean distance of 44.6 nm) of dislocations that form
where the local mismatch is largest.

point of maximal local lattice mismatch [see Fig. 3(a)], set-
ting the ideal energetic conditions for the formation of a line
dislocation. Indeed, HRTEM images show a highly ordered
arrangement of dislocations at the interface with similar peri-
odicity (44.6 nm) as the moiré motif, as shown in Fig. 3(b)
(note that a dislocation network has been observed, e.g.,
at the (La,Sr;_,)MnO;3/LaAlOj3 interface [62]). As shown
in Fig. 3(a), this presence of recurring dislocations creates
an in- and out-of-plane strain modulation that is maximal
around the dislocation and negligible where the STO Ti-O-
octahedra within a 106 x 106 square fall directly on top
of LSAT (Ta;Al)-O-octahedra. Third, in contrast to pseudo-
morphic growth that induces bulk strain on the surface layer,
the strain field around a dislocation is highly localized and
decays with % along the film thickness [63]. Indeed, when
calculating the diffraction intensity of such a moiré pattern
from a 3D sample, superstructure-reflections become visible
if a repetitive in- or out-of-plane displacement as found for a
line dislocation is taken into account—even if the displace-
ment occurs only within the first two unit cells of the STO
layer (see Appendix D for details). Notably, in case a 2DEG
was initially present at the interface [44], it likely does not
survive such an annealing process. However, it is known that

defect sites in STO show metallic conducting behavior [64].
Such a long-range ordered network of defects might therefore
constitute the ideal environment for 2D grid conductivity at
the interface. That this is likely a property of STO and not
the substrate is shown by depositing a thin STO film on
NdGaOs, which (after the exact annealing step) shows the
same type of superstructure and dislocations but with dif-
ferent lattice spacing due to the different lattice mismatch
(see Fig. 9).

The concept of moiré motifs also helps to understand more
complex structural arrangements, spanning over 3D. In a se-
ries of papers [37—40], x-ray superstructure reflections similar
to the ones shown in this paper have been linked to the for-
mation of 3D vortex structures in the heterostructured system
of STO and PbTiO3; (PTO) [Superlattices of (STO),/(PTO),
grown on 5 nm SrRuO; (SRO)-buffered DyScO; (DSO)].
In all cases, prominent superstructure scattering rods corre-
sponding to real-space d spacings of 9-11 nm have been
observed, which are thought to arise from vortex-antivortex
pairs of ferroelectric PTO. Without the need to understand the
complex physics behind the vortex structures and considering
the data presented in the paper by Stoica et al. [40] (show-
ing that a single laser pump induces metastable ferroelectric
domains with long-range order spanning over all three crys-
talline dimensions), we can now correlate the observations of
these scattering rods within the framework of a simple moiré
interference. In this sample system, PTO grows isomorph
(yet slightly strained) on pseudocubic SRO (asgro = 3.923 A)
in one direction, yielding PTO in-plane lattice constants of
apro = 3.929 A and cpro = 4.099 A (note that in-plane PTO
polarization is favored by electrostatic alignment with slightly
strained STO [40]). Interference of the cpyo dimension with
the strong scattering DSO substrate (pseudocubic apso =
3.944 A) then yields a moiré constant of 10.4 nm, which
agrees with the observation of scattering rods in the g.-q.
plane [37—40]. In the normal direction, interference of the
apro dimensions with fully relaxed STO (asto = 3.905 A)
yields a moiré constant of 64.0 nm, which corresponds well
with the easily overlooked scattering rods in the g, — ¢, plane
corresponding to a d spacing of 63.8 nm (found on the STO
and PTO (0 O 4) reflections of the high quality dataset in
Fig. 1(a) of Stoica et al. [40]). Considering the mismatch be-
tween the contributing lattices offers a simple route to predict
the resulting vortex superlattice dimensions. More generally,
such moiré patterning could be used to induce purely struc-
tural long-range order in 2D and 3D ferroic systems, which
will project the same periodicity on the corresponding elec-
tronic states. In this regard, it will be crucial to investigate
and understand possible alterations of moiré periodicity with
decreasing film thickness, particularly for ultrathin (<20 unit
cells) nanolayers, where elastic compensation of the mismatch
energy is expected.

In summary, we observe near perfect relaxation of a thin
STO film grown on a low lattice mismatch LSAT substrate,
leading to a 2D square Moiré pattern. The resulting Moiré
domains with approximately 40 nm relate to a commensurate
106/107 supercell relation—an unprecedented and extraor-
dinary observation since the periodicity here is 3—4 times
larger than reported (few layer) systems and is predicted to
be tunable depending on the substrate-nanolayer combination.
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FIG. 4. (a) Atomic force microscopy (AFM) image of the SrTiO;
(STO) surface after annealing, showing a common lateral disordered
arrangement of islands. (b) Reciprocal space image of the surface
morphology obtained via two-dimensional (2D) fast Fourier trans-
form (FFT) (using Hanning window function) of the AFM image
shown in (a). The radial-symmetric intensity distribution confirms
no preferred alignment direction of the surface features. (c) Average
of 20 radial cuts together with a Gaussian fit to quantify the mean
correlation length.

This perfect lattice relaxation is based on a highly ordered
2D line dislocation network. Further, the possibility to detect
and characterize the atomic order at the interface, particularly
over macroscopic length scales, will be of significant interest
for design and optimization of such promising heterostruc-
tured material systems. Regarding the recent and exciting
observation of 3D ferroelectric vortex structures and polar
supercrystals, our explanation now allows one to predict the
expected polar domain sizes simply based on the atomic lat-
tice, which will greatly facilitate the design of new 2D and
3D ferroelectric vortex geometries. Furthermore, the presence
of a highly ordered dislocation network at the interface could
result in 2D conductivity along the defect lines, which might
open a range of unforeseen potential applications of the LSAT-
STO material system.

Experimental and derived data are accessible from the PSI
Public Data Repository [65].
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APPENDIX A: SURFACE ANALYSIS

For surface analysis, AFM images were acquired on a
Bruker Dimension Icon Scanning Station in tapping mode,
and images were analyzed using the Gwyddion package.
To correct for sample nonplanarity, a sloped background
(fitted polynomial) was subtracted. For correlation analysis,
the AFM image was Fourier transformed using a Hanning
window function for spatial filtering. Radial averaging to
obtain the mean correlation length was performed by averag-
ing 20 radial cuts (width = 4 pixels = 0.007 nm~') through
the reciprocal space images, as shown in Fig. 4. Here, the
peak center at ¢ = 0.043 £ 0.002 nm ™! relates to a real-space
mean correlation length of 27 /g = 146.1 = 7.2 nm.

APPENDIX B: RSV—LINE CUTS

For a more detailed analysis, we retrieved orthogonal line
cuts through the RSV of the (2, 0, 2) reflection (see Fig. 2
for RSV projections). The width of each cut was 3 voxels,
corresponding to 0.0015 r.l.u. in H-K-L-space. As shown in
the out-of-plane cut in Fig. 5(a), clear layer fringes are visible,
which were fit (see blue line) to obtain a film thickness of
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FIG. 5. Line cuts through the (2, 0, 2) reciprocal space volume (RSV; see Fig. 2) along (a) (0, 0, 1), (b) (4, 0, 0), and (c) (0, k, 0). The
out-of-plane fringe pattern in (a) was fitted (blue line) to obtain the film thickness of 33 £ 2 nm. In (b) and (c), along both directions, clear
satellite peaks around the central (2, 0, 2) reflection are evident.
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Figs. 5(b) and 5(c).

33 £ 2 nm. Further, both in-plane cuts along the (&, 0, 0)
and (0, k, 0) direction (see Figs. 5(b) and 5(c), respectively)
show clear satellite peaks around the central (2, 0, 2) reflec-
tion. Note that data points with significantly larger error bars
[e.g., at h ~2.03 rl.u. in Fig. 5(b)] stem from attenuation
correction of detector images close to the LSAT substrate
reflection. Here, an x-ray absorber attenuates the direct beam
to avoid damaging the detector, which in turn reduces the
diffuse scattering. When mapping together all images into the
RSV, the recorded intensity is corrected for the primary beam
attenuation, which in turn drastically amplifies counting noise
in the diffuse scattering regime.

To quantify the in-plane scattering features, we fitted the
first satellite peaks by a Gaussian peak function, as shown
in Fig. 6. The fits show a reciprocal spacing between the
main (2, 0, 2) reflection and the first satellite peak of Ah =
0.0094 £ 0.0001 r.1.u and Ak = 0.0095 £ 0.0001r.l.u., cor-
responding to a real-space d spacing of 41.1 + 0.4 nm.
The obtained peak widths of w;, = 0.0013 4 0.00007 r.1.u.
and wy = 0.0012 £+ 0.00015r.1.u. yield a coherent scattering
length of 300.0 & 24.5 nm, which is significantly larger than
the surface morphologies seen in the AFM Fourier analysis

(see Fig. 4). By correcting the fitted peak width for broadening
effects stemming from the RSV resolution (0.0005 r.l.u.),
one obtains a corrected coherent scattering length of
325.4 £ 30.1 nm.

APPENDIX C: 2D MODEL CALCULATIONS

To reproduce the scattering behavior from interfacial in-
terference effects, we reduce the scenario to a 2D problem.
Hence, we define 2D matrices representing artificial scattering
length density (SLD) real-space grids of 300 x 300 nm? for
LSAT (matrix A) and STO (matrix B; both: size = 10° x 10°
voxels, real-space resolution = 0.03 A/voxel). First, we as-
sume SLD = 0 for all points in both matrices. Second, we
write lattices with unit cell parameters corresponding to LSAT
(in matrix A) and STO (in matrix B), such that we obtain
square lattices with SLD =1 at the base points of the unit
cells. Third, we calculate the interference matrix I45 by simple
matrix addition—an example of such an interference matrix
(here, for a % base lattice) is shown in Fig. 7(a). When the
base points of the lattices overlap (lattice overlap points), the
SLD is increased compared with base lattice sites. However,
a FFT of such a lattice [see Fig. 7(b)] does not reproduce the
experimentally observed superlattice Bragg rods.

If, however, we introduce a nonzero imaginary contribution
to the lattice overlap points (which is the equivalent to a phase-
shifted contribution in the scattering experiment), higher order
superlattice peaks appear in the reciprocal space image [see
Fig. 7(c)]. Regarding the LSAT-STO material system, such
a phase-shifted scattering contribution is caused by a change
in out-of-plane or in-plane atomic displacement surrounding
the lattice overlap points (within the H-K plane, reciprocal
space distances between the scattering contributions are only
sensitive to in-plane order, while out-of-plane order modulates
the scattering intensities by altering the Fourier contributions).
See Appendix D for confirmation of the corrugation-induced
phase shift.
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P (1.2) reﬂed('gnsz) P Moiré lattice Base lattice A
2 5 0.2 : 5 0.2 ‘
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FIG. 7. (a) Real-space interference matrix I, illustrating occurrence of a moiré lattice from two exemplary 19—0 base lattices, as shown in
green and blue. After sufficient unit cell repetitions, the two lattice base points overlap, causing an increase in the scattering length density
(SLD) in our model (lattice overlap points marked by orange arrows). These overlap points reoccur in a square symmetry, which constitutes
the “moiré lattice” (see red box). (b) and (c) Intensity of the fast Fourier transforms (FFTs) of the interference matrix Zyz. (b) FFT where all 145
matrix elements have no complex terms. Only the two reflection families stemming from the base lattices A and B (green and blue) are visible.
(c) FFT where an arbitrary complex constant has been added at the overlap points shown in (a). In addition to the two base lattice reflections
(green and blue), higher order contributions from the interference superstructure appear. These moiré lattice reflections are consistent with

experimental observations (see Fig. 2).
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FIG. 8. Results of the three-dimensional (3D) model calculations, showing the intensity of the fast Fourier transforms (FFTs) that yield
reciprocal space volumes (RSVs) along the (a) out-of-plane and (b) in-plane direction. (c) Illustrative sketches of the underlying geometries.
The left column shows results from two lattices of different sizes and no out-of-plane corrugation, yielding only Bragg-like reflections that
correspond to the two unit cell parameters. The middle column shows results from two lattices of different sizes and 10% out-of-plane
corrugation, and the right column shows results from two lattices of different sizes and 10% in-plane atomic displacements. Here, a strong
superstructure scattering contribution is observed, confirming both in- and out-of-plane corrugation as a cause for the experimentally observed

scattering features.

APPENDIX D: 3D MODEL CALCULATIONS

To investigate if atomic displacement in the form of a
dislocation network can cause the scattering peaks observed
in the experimental data, we perform 3D calculations on a
perovskite system with reduced size. Due to the massive com-
putational overhead of 3D FFTs, we reduce the system to a
% supercell geometry (note that a 3D representation of the
above used 2D model would contain 10° x 10° x 10° = 10"
voxels, which would require several petabytes of random ac-
cess memory). In quantitative terms, we define a matrix of
1500 x 1500 x 1000 voxels (X x Y x Z), where we fill the
lower 0 < z < 612 voxels with ABO5 unit cells with a lattice
parameter of 18 voxels, representing the LSAT substrate. On
top, we place 10 layers (from 630 < z < 830 voxels) of ABO3
unit cells with a lattice parameter of 20 voxels, representing

the STO nanolayer. Hence, we have a % = 19—0 supercell sys-

tem with a moiré lattice with a size of 180 voxels. Orthogonal
slices through the 3D RSV obtained from FFT of this system
are shown in Figs. 8(a) and 8(b)—left (the final FFT was
weighted by a Gauss function). In analogy to the experimental
data, the reciprocal space was scaled to A, k, and [ units of the
surface layer.

Most evident, we observe faint rodlike scattering within the
(out-of-plane) A-I scattering plane. On the (1, k, 1) substrate
peak [see Fig. 8(a)], this is an FFT artefact caused by the finite
length of the input matrix [note that the same effect is weaker
but present within the (in-plane) A-k plane, where the input
matrix is significantly larger]. On the (1,k,1) surface layer
peak, the finite thickness of the surface broadens the Bragg-
like scattering peak and also causes the thickness-related Laue
oscillations along the / direction. Within the (in-plane) h-k
plane [see Fig. 8(b)], the scattering rods appear as simple
peaks—very similar to our 2D model calculations shown in
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Fig. 7(b). In summary, for this case of two unit cell types
with no interfacial structural effects, we only observe Bragg-
like scattering corresponding to the two lattice parameters of
substrate and surface.

We now induce two separate atomic displacements like the
local strain field around a dislocation: (i) an out-of-plane cor-
rugation and (ii) a radial in-plane displacement [see Fig. 3(b)
for HRTEM images of such a dislocation]. For both types
of displacement, we first find the position of maximal local
mismatch, which occurs exactly half-way between the moiré
overlap points [e.g., see Fig. 3(a)]. At this position, we assume
that the strain field around the dislocation is highly local-
ized: in-plane, it only affects unit cells up to the second next
neighbor (so +40 voxels), whereas out of plane, the strain
decays with % and is hence only significant in the first two
layers above the substrate. The effective displacements are
then calculated according to a 2D Gauss function with (a) an
amplitude of 4 voxels at the point of maximal local mismatch
and (b) a period of the structural moiré motif of 180 voxels
[see Fig. 8(c) for a sketch of these structures compared with
the nondisplaced system].

As shown in Fig. 8(a), the 3D FFT calculations of both
geometries clearly show the presence of superstructure scat-
tering in the form of Bragg rods extended along the (out
of plane) [ direction. Noteworthy, the intensity of the su-
perstructure scattering is stronger on the scattering plane
from the surface layer (e.g., [ = 1,2,...) than on the sub-
strate peak. Within the (in plane) h-k plane [see Fig. 8(b)],
a squared and highly ordered superstructure lattice becomes
evident. Also, here, both types of displacement induce the
same superstructure periodicity. However, the in-plane inten-
sity modulation of these superstructures is slightly different,
which likely stems from a different dislocation form factor
scattering (in-plane displacement changes the shape of the
repetitive phase-shifting motif). In summary, for the case
of two unit cell types with either in-plane or out-of-plane
displacement of the surface layer close to the interface, we ob-
serve Bragg-like scattering convoluted with the superstructure
scattering motif caused by the phase-shift contributions of the
moiré lattice. Note that this is likely an oversimplification of
the exact process.

APPENDIX E: SrTiO; ON NdGaO;

To confirm that the observed moiré motifs are not only
intrinsic to the LSAT-STO material system but occur also in
other material combinations, we performed the exact same
heat treatment procedure on a sample of ~25 nm STO grown

(a) (b)
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2.04
El _
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1.96

-0.02 0.00 0.02
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log. scattering intensity
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FIG. 9. (a) In-plane and (b) out-of-plane cuts through the re-
ciprocal space volume (RSV) of the (0, 0, 2) reflection of SrTiO;
(STO)- NdGaO; (NGO) sample system. Also, in this case, we
observe the same moiré superstructure scattering motif as in the
STO — (LaAlO3)03(Sr2TaAlOg ) 7(LSAT) system but with a spac-
ing of Ah = 0.0106, relating to a real-space d spacing of 36.8 nm. (c)
High resolution transmission electron microscopy (HRTEM) images
of a sample cross-section, showing the sample lattice dislocation
pattern at the interface as for the STO-LSAT system [see Fig. 3(b)]
but with a periodicity of 38.2 + 1.8 nm.

on NdGaOj; (NGO). Considering the unit cell dimensions of
NGO (apc.nGo = 3.864 A) and STO (asto = 3.905 A) with a
lattice mismatch of 1.21% (compare with LSAT with aysar =
3.869 A and lattice mismatch of 0.93%), we expect a slightly
smaller moiré motif with 37.3 nm periodicity.

Also, in this case, we performed XRD experiments to re-
construct the RSV around the (0, 0, 2) reflection (reciprocal
space units are given in the STO reference system). As shown
in Fig. 9, we observe the same superstructure scattering rods
as in LSAT (see Figs. 1 and 2). However, here, the distance
between the scattering rods is Az = 0.0106. This corresponds
to a real-space d spacing of 36.8 nm, which is in excellent
agreement with the expected moiré periodicity.
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