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New properties and exotic quantum phenomena can form due to periodic nanotextures,
including Moire patterns, ferroic domains, and topologically protected magnetization
and polarization textures. Despite the availability of powerful tools to characterize the
atomic crystal structure, the visualization of nanoscale strain-modulated structural
motifs remains challenging. Here, we develop nondestructive real-space imaging of
periodic lattice distortions in thin epitaxial films and report an emergent periodic
nanotexture in a Mott insulator. Specifically, we combine iterative phase retrieval with
unsupervised machine learning to invert the diffuse scattering pattern from conven-
tional X-ray reciprocal-space maps into real-space images of crystalline displacements.
Our imaging in PbTiO,/SrTiO; superlattices exhibiting checkerboard strain modula-
tion substantiates published phase-field model calculations. Furthermore, the imag-
ing of biaxially strained Mott insulator Ca,RuQj reveals a strain-induced nanotexture
comprised of nanometer-thin metallic-structure wires separated by nanometer-thin
Mott-insulating-structure walls, as confirmed by cryogenic scanning transmission
electron microscopy (cryo-STEM). The nanotexture in Ca,RuO; film is induced by
the metal-to-insulator transition and has not been reported in bulk crystals. We expect
the phasing of diffuse X-ray scattering from thin crystalline films in combination with
cryo-STEM to open a powerful avenue for discovering, visualizing, and quantifying the
periodic strain-modulated structures in quantum materials.

epitaxial thin film | mottinsulator | X-ray imaging | coherent diffractive imaging

Strain engineering in the epitaxial thin films exploits uniform biaxial strain imposed by
substrate clamping for manipulating the electronic, magnetic, or structural properties of
quantum materials and microelectronics (1). Yet, spontaneously forming magnetic and
electronic nanotextures (2—4) or artificially engineered Moire structures (5) revealed by
scanning probe techniques (6-10) challenge the existing sophisticated X-ray characteri-
zation tools, such as JANA2006 (11), COBRA (12), and protein crystallography (13), to
perform the structural determination of nonuniform strain modulations. A possible solu-
tion for quantitative determination of static nonuniform strain modulations leverages the
X-ray diffuse scattering patterns, opening prospects for dynamical studies in the future.

In the kinematical approximation, the diffracted X-ray intensities, / (Q ), relate to the
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densityofscatterers,p(7 ), throughaFouriertransform/ (6 ) =A

where Q is the momentum transfer in reciprocal space, 7 is the real-space coordinate, and
A'is a constant. In structures with a periodically modulated p(7 ), X-ray interference gen-

erates intensity maxima, whose positions, relative intensities, and shapes allow studying the
structure of the crystal unit cell, crystal lattice (14), and mesoscale strain modulations (15).
The Fourier transform is invertible, yet the notorious phase problem—one can only measure
X-ray photon intensities, not their phases—prevents a direct inversion of the X-ray data
into a real-space structure. As proposed by Sayre (16, 17), diffraction data can be inverted
if intensities between Bragg reflections are recorded. Sayre’s idea culminated in the devel-
opment of coherent X-ray diffractive imaging (CXDI) (18-24): a lensless imaging technique
with the resolution, in principle, limited only by the wavelength and the strength of the
scattering signal. Akin to laser diffraction on a pinhole, a coherent X-ray beam scattered off
a spatially confined specimen produces interference fringes. These fringes can be inverted into
a real-space image if the entire specimen is illuminated with a spatially coherent X-ray beam
and the specimen size is small enough for the interference fringes (spaced inversely propor-
tional to the specimen size) to be measured with sufficient resolution (25, 26). CXDI has
been used for visualizing biological cells (27, 28), strain in nanocrystals (20, 29), and recently
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Significance

Coherent X-ray diffractive
imaging (CXDI) has been widely
applied to study the strain
distribution in confined systems
using an illuminating beam with
high spatial coherence. Here, we
broaden the capability of CXDI by
imaging the strained structural
motifs in periodic nanotextured
epitaxial thin films with
unprecedented nanoscale
resolution, exploiting the diffuse
scattering pattern from a
conventional, partially coherent
synchrotron beam. We
demonstrate the technique by
discovering a previously
unreported nanotexture in a
Mott insulator epitaxial thin film,
which is confirmed by cryo-STEM.
The work promises to become a
stepping stone for quantifying
periodic strain-modulated
structures in ferroics and
topological quantum materials.
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Fig. 1. Real-space imaging of nanotextures in crystalline thin films. In a
reciprocal space map (RSM), the mesoscale periodic ordering is evident from
satellite peaks around the Bragg reflection. The diffraction intensity, /(Q),
shown here is an average of the squared magnitudes of Fourier transforms
of schematic periodic textures with triangular motifs, where the dark area
has a constant strain difference compared to the surrounding light area.
The motifs are placed with stochastic intervals in the texture exhibiting a
translational ordering along the x-axis. The structural motif is retrieved by
phasing the diffraction data through a combination of phase retrieval (PR)
and unsupervised machine learning (ML). The code required for generating
results shown is available here: https://github.com/ZimingS/Periodic-Textures-
Imaging.

operando changes in energy materials (30, 31) and single macro-
molecules at free-electron lasers (32, 33).

Interference fringes can also emerge around a Bragg reflection
of single-crystalline thin films as “satellite peaks” or diffuse X-ray
scattering when a periodic strain modulation is present
(2, 4, 34, 35). These satellite peaks occur even when measured
on large samples with an X-ray beam of poor spatial coherence.
Consider an arrangement of structural motifs, which displays
short-range periodicity over small areas (see Fig. 1). Despite the
lack of long-range periodicity and the missing confinement in
the horizontal direction (x in Fig. 1), the diffracted intensity of
such a structure displays well-defined satellite peaks in addition
to the sharp central Bragg peak and Laue fringes due to confine-
ment in the vertical direction (z in Fig. 1). The satellite peaks
persist even with slight distortions in the short-range order (note
the differing distances between the triangles from spot to spot in
Fig. 1). Apart from a few exceptions, a strategy to analyze the
X-ray data entails refining a model by comparing its calculated
diffraction intensity with the measured one (34). Constructing
a model often requires sophisticated phase-field modeling (4).
Often, only qualitative agreement can be achieved between the
model and experimentally measured diffraction pattern, suggest-
ing that the refined models may remain incomplete. Here, we
develop a model-independent approach by combining conven-
tional iterative phase retrieval (36) with unsupervised machine
learning (37, 38) to extract high-resolution images of the struc-
tural motifs from the diffraction intensities measured from epi-
taxial thin crystalline films (such as the one shown in Fig. 1). The
method is akin to crystallography: We reveal the structure of the
supercell (mesoscale unit cell) by using its periodic arrangement
within the superlattice from a single reciprocal space map. The
images are extracted without prior knowledge and can perhaps
benchmark and inform physical hypotheses in phase-field mod-
eling, first-principle calculations, and molecular dynamics sim-
ulations. Distinct from nanobeam diffraction widely used to
extract two-dimensional (2D) and three-dimensional (3D) strain
in thin films (3, 39), our method produces higher-resolution
images and requires no beam focusing or spatial scanning,
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significantly reducing data acquisition time and thereby enabling
the investigation of dynamics at fast timescales.

The recent advances in atomic deposition techniques allow
synthesizing high-quality crystals of complex oxides with nanos-
cale spatial heterogeneity, which generate stunning diffraction
patterns resembling those measured with coherent X-ray beams
from single-crystalline particles in Bragg coherent diffractive imag-
ing (20). One such system is the multilayer (PbTiO;) /(SrTiO;),
(40), with an optically induced coherent 3D supercrystal phase
(4). The superlattice is revealed by the X-ray diffraction pattern
around the 004 DyScO; substrate (DSO) pseudo-cubic Bragg
peak of (PbTiO;),/(SrTiO;),c multilayer system, in which evenly
spaced off-specular satellite peaks emerge within the reciprocal
cross-section along Q,||[110]pso and Q,||[1 10]pgq (see Fig. 24).
Dueto the Fourierslice theorem, theshown cross-section 7(Q.,, Q,)is
the squared magnitude of the Fourier transform of the projection
of the structure in the Q, direction: it represents a cross-sectional
view of the film along the substrate surface in the [001]5q
direction.

To phase the diffraction data, 7(Q,, Q,), we use a conven-
tional 2D phase retrieval algorithm (see the details on the algo-
rithm and the selection of support in Merhods) (36). Fig. 2B
shows the calculated squared magnitude of the Fourier trans-
form of the structure, retrieved through an iterative algorithm
from the data (see Fig. 2A4) initiated with a fully randomized
guess. The reconstruction successfully reproduces the main
features of the measured diffraction data, such as the satellite
peaks and the Laue fringes in between (compare Fig. 2 4
and B). Akin to Bragg coherent diffractive imaging (20), the

retrieved image, p(x, z) = s(x, z)exp [i Q - td(x,z)|, consists of

the electron density of Bragg planes, s(x, 2), and the displace-
ment field projected along the measured reciprocal space vec-
tor, Q - u(x,z) = Q,u,(x,z). Fig. 2C shows the retrieved
displacement field, #,(x,2) (along Quo4), used to calculate
X-ray data in Fig. 2B. A 2D periodicity is apparent. Moreover,
calculating the derivative of the vertical displacement field
u,(x,z) along the vertical direction, z, yields normal strain
(NS), and along the horizontal direction, x, yields the local
crystal-plane inclination (CI) of the lattice planes (see Methods).
The NS and CI maps (see Fig. 2 D and E) reveal the object to
be a stack of alternating horizontal layers with a half-period
offset in the horizontal direction.

A critical consistency test of phase retrieval is the averaging over
multiple runs of the algorithm initiated by random starting con-
ditions (15, 21, 25, 36, 41). A reconstruction is successful when
the squared modulus of the Fourier transform of the average
real-space image closely resembles the measured intensity, which
requires all runs of the algorithm to converge to a unique real-space
solution. This requirement is not fulfilled here. All real-space
images display patches of short-range-ordered 2D checkerboard
texture; nevertheless, the area and position of periodic regions are
inconsistent across the differently initialized phase retrieval runs,
preventing us from efficient averaging (only 100 out of 2,000
individual reconstructions display a high mutual correlation, see
SI Appendix, Fig. S1). Indeed, the variation in the long-range order
is unsurprising: the data collected with partially coherent, unfo-
cused X-rays lack the interference between the multiple illumi-
nated areas on the film (either due to the low spatial X-ray
coherence or the interference fringes being much smaller than the
detector pixel size) (42).

Despite the failure of the conventional averaging, we extract
the characteristic structural motifs of the short-range order by
applying unsupervised machine learning to the set of reconstructed
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Fig. 2. Real-space imaging of the (PbTiO3),¢/(SrTiO5), superlattice. (A) Experimentally measured X-ray diffraction data and (B) a typical diffraction pattern
reconstructed through iterative phase retrieval from a randomized initialization (shown in logarithmic scale). The reconstructed pattern in B is the squared
Fourier magnitude of the real-space object with a displacement field shown in C. The distinct 2D periodic features in the experimental diffraction pattern are
reproduced by the reconstruction. The central sharp peak in the measured pattern corresponding to the DyScO; substrate is removed for the iterative phase
retrieval. Real-space images of the (C) displacement field (DF), (D) crystal-plane inclination (Cl), and (E) normal strain (NS) extracted from the data in A. Real-space
images of the (F) Cl and (G) NS of the characteristic structural motif found through unsupervised machine learning from 2,000 independent reconstructions
with different random initializations (C-£). The supercell has a size of 25.3 nm and 30.3 nm in the vertical and horizontal directions, respectively. The scale bar

inBis 0.05A™, in Cis 20 nm, and in Fis 5 nm.

structures. First, we define a periodic mesoscale unit cell, the
supercell, and determine its period in x and z directions (p,, p,)
from the satellite peak positions in the diffraction data. We deter-
mine the supercell locations by cross correlating the CI with a test
function, sin(2zx/p,) - sin(2xz/p,). We then partition 2 - 10°
images of CI (see Fig. 2D) into an ensemble of 2. 2 - 10* supercells
of size p,, - p,. Finally, we classify and label the supercells through
k-means clustering and call the distinct averaged supercell struc-
tural motifs (SMs) (see SI Appendix, Figs. S2 and S3). Fig. 2
Fand G shows the CI and the NS maps of the most dominant
structural motif. As expected from the synthesis, the NS map
shows the bilayer with a larger (smaller) lattice constant of PbTiO;
(SrTiO;). The CI map reveals patches of up tilt (red) and down
tilt (blue), when following the crystal planes from left to right.
‘The imaging is consistent with the phase-field modeling presented
in the original publication (4) and reveals additional features,
including the impact of the CI on the lattice constant (tensile
strain between tilt-up and tilt-down regions in the SrTiO; layer)
(SI Appendix, Fig. S4).

Having demonstrated the combination of iterative phase
retrieval with unsupervised machine learning on a previously stud-
ied system, we use it to investigate the impact of strain on the
Mott transition in Ca,RuO,—an important member of the
strongly correlated material family with a wide variety of electronic
and magnetic phenomena. Notably, Ca,RuO, features a Mott
metal-insulator transition, which strongly couples to a structural
transition from high-temperature L-Pbca phase to low-temperature
S-Pbca phase (43—46). Ca,RuO thin films have been successfully
grown upon various substrates, and the metal-to-insulator transi-
tion temperature has been tuned by biaxial in-plane epitaxial strain
(47-49). When grown on LaAlO; (LAO), instead of the abrupt
resistivity change at 357 K observed in bulk Ca,RuQy (45), the
metal-insulator transition broadens in temperature, and the tran-
sition temperature reduces to 230 K, revealed by the change in
the sign of dR/dT (resistance (R), temperature (T), see Fig. 3A4).
The suppressed metal-insulator transition temperature has been
ascribed to the compressive epitaxial strain, which impedes the
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expansion of the Ca,RuQy lattice within the 26 basal plane during
the accompanying structural transition (see Fig. 3B) (47).

To achieve a better understanding of the structural behavior dur-
ing the Mott transition in strained Ca,RuQy, we collected X-ray
diffraction reciprocal space maps at 300 K (metal) and 7 K (insula-
tor) around the 008 Bragg peak of a 17-nm-thick Ca,RuO, film
epitaxially grown on LaAlOj substrate (see Fig. 3C). Above the tran-
sition temperature, a sharp Bragg peak with Laue fringes indicates
the excellent quality of the Ca,RuQOj thin film. Below the transition
temperature, additional satellite peaks emerge perpendicular to
Q,J|[001], so- The satellite peaks are confined to two orthogonal
planes Q,~Q, and Q —-Q,, where Q [|[110]; 5, (Fig. 3D, i~iii). The
line profile along Q, (or Qy, not shown) at Q = 006, 008, and 0014
displays evenly spaced satellite peaks with a position in Q, independ-
ent of the Bragg peak (see Fig. 3£, i—ii), indicating nanoscale peri-
odicity in the Ca,RuOj film as the origin of satellite peaks instead
of lattice tilting. A tilting of large domains would lead to larger
satellite distances in Q, at higher momentum transfer Q, (50). We
estimate the corresponding periodic length as 2z / Ag = 17.5 nm
(Ag = distance between satellite peaks along Q,), which is temper-
ature independent (S/ Appendix, Fig. S5). Moreover, we observe a
peak broadening by comparing the 1st-, 2nd-, and 3rd-order satellite
peaks in the Q, direction, suggesting slight period length variations
between different patches of short-order domains.

The diffraction pattern of the 008 peak at 7 K in the Q—Q,
plane shows high-quality interference fringes with multiple satel-
lites present symmetrically in both directions (see Fig. 44), sug-
gesting an intricate superlattice structure. Because all satellite peaks
are confined to two distinct planes (Q,~Q, or Q;~Q,), we con-
clude that they emerge from two spatially distinct types of nano-
textures (87 Appendix, Fig. S6), oriented perpendicularly to each
other (indistinguishable by the symmetry of the substrate).
Diffraction confined to the Q,~Q, plane suggests nanoscale het-
erogeneity in the x—z plane, extended over a larger length in the
y-direction. The diagonal streaks in the diffraction data in the
Q,—Q, plane further indicate structural motifs with diagonally
oriented boundaries in the x—z plane of the real-space structure.
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Fig. 3. X-ray satellite peaks in strained Ca,RuQ, thin film induced by the metal-to-insulator transition. (A) The resistivity of the compressively strained 17 nm
Ca,Ru0, film grown on LaAlO; (LAO) as a function of temperature. A metal-to-insulator transition occurs around 230 K. (B) Structure of the Ca,Ru0O, L-Pbca lattice.
(€) 3D reciprocal space maps (RSMs) around the 008 peak of the Ca,Ru0O, thin film at 300 K (/) and 7 K (i) (Q, || cll[001] a0, Qll @ll[110] a0, QylI b|I[T 10],40)- The
satellite peaks visible at 7 K induced by the metal-to-insulator transition are absent at 300 K. (D) Projection of the RSMs measured at 7 K along Q, around 0014
(7), 008 (ii), 006 (iii) peaks. (E) Intensity line profiles of the diffraction pattern along the dashed line in (D). The satellite peak spacing is constant across multiple

Bragg peaks, indicating mesoscale periodicity as the origin of satellite peaks.

A typical diffraction pattern found through iterative phase-
retrieval algorithm with a randomized starting guess reproduces
most of the features in the measured data, including the diagonally
placed satellite peaks and their relative intensities (compare Fig. 4
Aand B). The displacement field of the corresponding real-space
structure exhibits a continuous periodic zig-zag-shaped modula-
tion (87 Appendix, Fig. S7). The zig-zag pattern comprises diago-
nally oriented interfaces consistent with diagonal streaks in the
diffraction pattern. Inspecting the individual phase retrieval recon-
structions with different random initializations, one notices the
presence of a similar in-plane periodicity with various types of
supercells, all reproducing the measured diffraction pattern
(SI Appendix, Fig. S7). Yet, only 200 out of 2,000 reconstructions
display a high correlation, again preventing us from conventional
averaging.

We identify four characteristic structural motifs (SM1-SM4)
composing the short-range order observed in the set 0of 2,000 recon-
structions. The features are well resolved in our ~14 nm X 18 nm
large real-space images with a pixel size of ~2 nm X 1 nm. For SM1
and SM2, the NS maps show a triangular structure with a smaller
c-axis lattice constant (see Fig. 4C, 7 and 7i). The corresponding CI
maps show a cross shape with different crystal-plane inclinations
(see Fig. 4D, i and ii). For SM3 and SM4, a 6-nm-wide diagonal
stripe is visible in the NS maps (see Fig. 4C, #ii and 7v) and in the
corresponding CI maps (see Fig. 4D, 7ii and iv). The presence of
the structural motifs is restricted by the reflection symmetry
observed in the measured diffraction pattern along the vertical axis.
Although SM3 and SM4 have no reflection symmetry within them-
selves, they are mirror reflections of each other and have an identical
population, enabling them to collectively generate a symmetric
pattern. In contrast, SM1 and SM2 are symmetric with respect to
their central vertical lines (see the displacement field in ST Appendix,
Fig. §9), allowing them to produce symmetric diffraction patterns
independently. Notably, as SM1 and SM2 are the point reflections
of each other, the possibility that SM1 and SM2 are related by
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Friedel’s law cannot be excluded. Nevertheless, the concurrent pres-
ence of SM1 and SM2 in a single reconstruction has not been
observed (see SI Appendix, Fig. S7).

To confirm the validity of our X-ray imaging, we performed
cryogenic high-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) at -100 K on the
cross-section of a similar ~34 nm-thick Ca,RuO,/LaAlO; film.
Fig. 4D shows a map of the local interplanar spacing along the
[001], 5o direction extracted from the atomic resolution
HAADEF-STEM images, which confirms the presence of mirrored
diagonal features similar to those visible in the reconstructed SM3
and SM4. Some mirrored diagonals overlap, forming triangular
patterns akin to SM1 and SM2 in our X-ray imaging. In addition
to the similar morphology, the angle of the diagonal interfaces in
the STEM measurement is ~48°, which matches the angle
observed in our X-ray imaging (see Fig. 4D, iv) as well as the angle
for the lowest-energy S-Pbca/L-Pbca interface. Although the
Ca,RuOy film shows local mesoscale periodicity, variations in the
short-range order are present, and a long-range regular strain
ordering is not observed within the STEM measurement.

The striped nanotexture of the epitaxially strained Ca,RuQO
thin film revealed by the real-space imaging likely results from
elastic energy minimization, similar to the formation of nanotex-
tures in other complex oxides (4). The nanotexture has not been
reported in bulk Ca,RuOy, suggesting that epitaxial strain stabi-
lizes it. The nanotexture disappears at high temperatures above
the Mott transition and reappears at low temperatures in the Mott
state, creating an exciting opportunity for controlling the nano-
texture by Mott physics. The out-of-plane lattice constant of alter-
nating stripes indicates that the two structures are derivatives of
the high-temperature metallic L-Pbca phase and low-temperature
insulating S-Pbca phase. Nevertheless, spatially resolved studies—
such as near-field optical nanoscopy (7), resonant scanning X-ray
microscopy, or energy-resolved electron microscopy—are needed
to better understand the correlation of the observed structural
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Fig.4. Real-spaceimaging of the nanotexture emerging during the metal-to-insulator transition in a strained Ca,RuQ, thin film. (A) Measured and (B) reconstructed
diffraction pattern near the 008 peak of Ca,RuQ, thin film at 7 K (shown in logarithmic scale). The slice shown in A is taken along the dashed white line in Fig. 3D.
The reconstructed diffraction pattern in B is the squared Fourier magnitude of the real-space object with a displacement field shown in S/ Appendix, Fig. S7.
Through iterative phase retrieval and unsupervised machine learning, we identify four characteristic structural motifs (SMs). (C and D) Real-space images of
(€) normal strain (NS) and (D) crystal-plane inclination (Cl) in the corresponding structural motifs. The structural motifs shown have a size of ~14 nm x 18 nm.
The population of the supercells with the four different structural motifs has a ratio of ~2:2:1:1. (E) A map of the interplanar spacing along [001] extracted from
HAADF-STEM images of the cross-section of a ~34-nm-thick Ca,RuQ, film at ~100 K on the [110],,, zone axis. Both zig-zag and diagonal stripe patterns are
observed in the image. The average angle of the stripes is close to 48°, which coincides with the angle determined from the X-ray images (see C and D). The scale

barinAis 0.05A™", in Cis 5 nm, and in E is 20 nm.

texture with local charge, spin, and orbital ordering. An exciting
future direction is studying and understanding the femtosecond-
to-picosecond dynamic evolution of the nanotexture in Mott
insulators such as Ca,RuO, because of the excitations and times-
cales that can form due to the periodicity.

In summary, we demonstrated the real-space imaging of the
periodic structural nanotexture in (PbTiO;),/(SrTiO;),, super-
lattice and Ca,RuQ epitaxial thin films through the combination
of iterative phase retrieval and unsupervised machine learning. In
the first step, the phase retrieval algorithm identifies an ensemble
of possible real-space arrangements that are consistent with the
X-ray data; in the second step, machine learning finds a meaning-
ful subset of structural motifs within these arrangements. Our
model-independent X-ray imaging approach agrees with the
phase-field modeling in (PbTiO;),4/(SrTiO;),¢ and cryogenic
scanning transmission electron microscopy measurement results
in Ca,RuOy. The real-space images of nanotexture structural
motifs represent averages over millimeter-large, multidomain
areas. The success of the approach, therefore, requires a nanotex-
ture with uniform periodicity over extended areas. The recent
developments in atomic deposition technologies make the tech-
nique highly applicable in visualizing the ubiquitous nanotextures
in low-dimensional quantum materials and microelectronics,
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often displaying so-called “butterfly” or more complex diffraction
patterns (2, 4, 34, 35). The averaging over extensive areas high-
lights our technique’s complementarity with local imaging probes
such as Bragg coherent diffractive imaging, ptychography, and
atomic-resolution electron microscopy, all limited to relatively
small film areas and potentially prone to local defects. Furthermore,
the approach is applied without extensive sample preparation,
which might modify the strain state or let the metastable state
relax into a more stable configuration (51). Because the imaging
is nonperturbative, its extension to in-situ and ultrafast experi-
ments at X-ray free-electron lasers appears straightforward. Finally,
the combination of iterative phase retrieval and machine learning
is a potential pathway to invert data with nonunique solutions,
and we anticipate that the combination of our approach with more
sophisticated phase retrieval algorithms, for example, using the
multimodal approach (26, 52), will allow studying more complex
systems with coexisting orders.

Materials and Methods

Sample Preparation. The Ca,RuQ, thin film was grown in a Veeco GEN10
molecular-beam epitaxy (MBE) system on a (001),-oriented LaAlO; substrate
from CrysTec GmbH. The film was grown at a substrate temperature of 870 °C as
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measured using a pyrometer operating at 1,550 nm. Elemental calcium (99.99%
purity) and elemental ruthenium (99.99% purity) were evaporated from a low-
temperature effusion cell and an electron beam evaporator, respectively. The films
were grown with a calcium flux of 1.8 x 10" atoms-cm™s~" and a ruthenium
flux of 1.7 x 10" atoms-cm%s~" in a background of 7 x 107" Torr of ozone
(10% 05 + 90% 0,). At the end of the growth, the shutter on both calcium and
ruthenium sources was closed and the sample was cooled down to 250 °Cin the
same background pressure as used during the growth. The sample thickness of
17 nm was determined by fitting the Laue fringes in Fig. 3C, i of the main text.

Resistivity Measurement. The resistance is measured with the standard four-
probe method, with four electrical contacts attached to the thin film near the cor-
ners ofa 10 mmx 10 mm wafer.The square edges of the wafer are aligned along
the [100] and [010] pseudo-cubic directions of LaAlO;. Resistance is converted
to resistivity using van der Pauw's formula for a 17-nm-thick conducting sheet.

X-Ray Diffraction (XRD). The PbTIO4/SiTiO, (PTO/STO) XRD data are taken from
Stoica etal. (4). Detailed PTO/STO XRD experimental specifications can be found in
the cited work. The Ca,Ru0, synchrotron XRD data were measured atA2 beamline
of the Cornell High-Energy Synchrotron Source (CHESS) with the incident photon

energy of 19.75 keV (wavelength 4 = 0.6278 A).The beam is unfocused during
the diffraction measurement with the approximate illuminate size of ~200 um x
400 gmon the film. A Pilatus3 300 K-pixel area detector (487 x 619 pixelsin an
83.8 mmx 106.5 mm active area) was positioned 574.34 mm from the sample.
The 3D reciprocal space around Bragg peaks of interest was acquired by @ -scan
(rocking-curve) of the sample, rotating in 320 steps of 0.0125° with one image
recorded per step. The acquisition time is 15 with an average of 2.7 x 10°photons
collected for each image.

2D Phase Retrieval Algorithm and Strain imaging. The phase retrieval algo-
rithm implemented in this workis a custom version of the Fienup's output-output
(00) algorithm (36) (code posted in the Supplementary Information). For each
reconstruction initialized with a random start, we run 20 mini-iterations, which
is composed of 60 00 [0.6] iterations (output-output algorithm with feedback
parameter g = 0.6), then 20 00 [0.8] iterations followed by 20 00 [0.98] iter-
ations in the end. Also, we assume the object we reconstructed is a phase object
(i.e., the objectamplitude, s(x, y), is constant). We assume the slight modulations
in the amplitude intensity to be insignificant for the phase retrieval: in far-field
diffraction, the phase information has more contribution to the resulting diffrac-
tion pattern compared to the amplitude information of the object (24). Afinite
rectangular support is used as the real-space constraint. The vertical size of the
support is determined by the thickness of the film, determined from thickness
fringes in the diffraction pattern. By fine-tuning the vertical support size and
comparing the Laue fringes of the corresponding reconstructions with the meas-
ured pattern, the optimal vertical support size calculated is 75 nm for PTO/STO
and 14 nm for Ca,Ru0,. Compared to the vertical support size, the horizontal
support size is not well defined because the film is homogeneous over millime-
ters, and the X-ray beam size is on the scale of hundreds of microns. We assume
the measured intensity is a sum of intensities from many short-range ordered
domains.The interference between separated domains, which should be present
if multiple domains were coherently illuminated and the detector resolution was
high enough to resolve these small interference fringes, is not visible because of
the poor spatial coherence of the X-ray beam and the interference fringes being
too small to resolve with the given experimental setup (a situation similar to ref.
42). Therefore, we choose a support size in the horizontal direction mimicking
a domain size of the short-range ordered domain. To check the validity of this
approach, we tested various sizes of the support in the horizontal direction. Our
analysis shows that the horizontal support size has no significantinfluence on the
phase retrieval results and a negligible impact on the structural motifs (compare
Fig. 4Cand D with S/ Appendix, Fig. S12B). The horizontal support size selected
in this work is the maximum size allowed without violating the oversampling
principle, which is 172 nm for PTO/STO and 170 nm for Ca,RuQ, reconstruction
(horizontal supportintroduces intensity modulations in the horizontal direction;
at least two detector pixels per modulation are required for oversampling. See
Sl Appendix, Fig. S11 for further discussion on support size selection).

After the diffraction pattern is phased by the phase retrieval algorithm, the corre-
sponding real-space complex phase object p(x, 2) = s(x, z) - exp[i @(x, z)]can be
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directly inverted by Fourier transform. The real-space phase ¢(x, z) represents the
local atomic displacement from the ideal lattice projected onto the scattering vector
ata Bragg condition (15),i.e., ¢(x,2) = 0- iz =0Q] - ug (x, 2).The @
of the specular Braggs peak in our work is parallel to the z direction (out-of-plane
direction of thin film). Therefore, by dividing the phase ¢ (x, z) by| Q|, we can get the
displacementfield (DF)u, (x, 2) of the real space object. Notably, because the cyclic
nature of the phase g(x, z) and shifting the phase of the real-space object p(x, 2)
by a constant will make no change to the corresponding diffraction pattern (can-
celed when calculate squared modulus), there is no physical difference between DF
maps with constant cyclic difference, which can be interpreted as viewing the same
displacements with different point of references (see SI Appendix, Figs. S1B and
S7B). Instead of the indeterministic DF maps, more structural information can be
gained by calculating the derivatives of the DF u, (x, z)with respect to position x orz,

AUy (x.2 . AUy (x.Z
ﬁand normal stram(NS)ﬁmaps(pxand
p, are the pixel size in the corresponding direction). The Cl maps describe the local

lattice tilting angles resulted from shear strain and relative rotation. The NS maps
describe the relative lattice interspacing in z direction, analogous to tensile strain.

Note that a Patterson function approach fails because the measured object is
dense (because we only measure signal around one Bragg peak) and complex-
valued (because the crystal is distorted and the displacement field leads to asym-
metric diffuse scattering around the Bragg peak).

leading to crystal-inclination (CI)

Unsupervised Machine Learning for Determining the Supercell. We
first determine the size of the supercell according to the mesoscale periodicity
length, which can be calculated from the average of the reconstructed object
autocorrelations (Fourier transform of the measured intensity). It's equivalent
to determining the size of the supercell from the interspacing of the satellite
peaks of the diffraction pattern. For the PTO/STO, the 2D calculated periodicity is
(P p,) = (30.3 nm, 25.3 nm). For the Ca,Ru0, thin film, the autocorrelations
show no periodicity in the vertical direction. Therefore, we split the real-space
reconstructions into supercells arranged in 1D with a calculated periodicity of
p, =18.0 nm.Then, the supercells can be located by finding the local maximum
of the crosscorrelation between the individual reconstructions and the sinusoidal
test function, which is built with the same size as the supercells. Finally, to separate
the collected supercells with different patterns, we cluster the supercells using the
square-Euclidean-distance k-means++ algorithm (38) with 1000 initializations
and a maximum number of iterations of 10,000. The clustered supercells are
subsequently averaged as the characteristic structural motif of that cluster (see
SI Appendix, Fig. S2). The code required for generating results shown in Fig. 1
is freely available here: https://github.com/ZimingS/Periodic-Textures-Imaging.

Cryogenic Scanning Transmission Electron Microscopy (cryo-STEM). Cryo-
STEM characterization was performed on a cross-sectional lamella prepared with
the standard focused ion beam (FIB) lift-out procedure using a Thermo Fisher
Helios G4 UX FIB. Cryogenic HAADF-STEM imaging was performed on an FEI/
Thermo Fisher Titan Themis CryoS/TEM with a Gatan 636 double-tilt liquid nitro-
gen cooling holderat 300 kV with a 30-mrad convergence semi-angle. For high-
precision structural measurements, a series of 20 rapid-frame images (~ 1.6 s. per
frame) were acquired and subsequently realigned and averaged by a method of
rigid registration optimized to prevent lattice hops (53), resulting in high signal-
to-noise ratio, high-fidelity images of the atomic lattice. The c-axis interplanar
spacing was extracted from the HAADF-STEM images using the strain mapping
technique developed by Smeaton et al. (54) on the 001 peak of the Ca,Ru0,
film.To show a sufficient area of the film, two STEM images of overlapping areas
of the sample were aligned and montaged together. Unprocessed images and
corresponding interplanar spacing maps are shown in S/ Appendix, Fig. S10.

Data, Materials, and Software Availability. The X-ray reciprocal space map-
ping data presented in this work are available for download at the Open Science
Framework for the Ca,Ru0Q, thin film (https://doi.org/10.17605/0SF.I0/KDYPR)
(55) https://doi.org/10.17605/0SF.I0/KDYPR and for the PbTiO3/SrTiO3 super-
lattice (https://doi.org/10.17605/0SF.I0/XJBWE) (56). The cryogenic scanning
transmission electron microscopy data of the Ca2Ru04 thin film is available for
download atThe Platform for the Accelerated Realization, Analysis, and Discovery
of Interface Materials database (PARADIM) (https://doi.org/10.34863/3tms-hn27)
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(57). All data needed to evaluate the conclusions presented are included in the
article and/or SI Appendix.
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