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Topological defects—extended lattice deformations that are robust against
local defects and annealing—have been exploited to engineer novel
propertiesin both hard and soft materials. Yet, their formation kinetics and
nanoscale three-dimensional structure are poorly understood, impeding
their benefits for nanofabrication. We describe the fabrication of a pair of
topological defects in the volume of a single-diamond network (space group
Fd 3m) templated into gold from a triblock terpolymer crystal. Using X-ray
nanotomography, we resolve the three-dimensional structure of nearly
70,000 individual single-diamond unit cells with a spatial resolution of

11.2 nm, allowing analysis of the long-range order of the network. The
defects observed morphologically resemble the comet and trefoil patterns
of equal and opposite half-integer topological charges observed in liquid
crystals. Yet our analysis of strain in the network suggests typical hard
matter behaviour. Our analysis approach does not require a priori
knowledge of the expected positions of the nodes in three-dimensional
nanostructured systems, allowing the identification of distorted
morphologies and defectsin large samples.

Therole of defects depends on their nature. Although point defects can
alter the local material properties, extended defects involving topology
can have far more profound consequences that affect the global mate-
rial properties. Topological defects have been found to underpin many
known physical phenomena. They can lead to new or enhanced mate-
rial properties, making understanding their formation important for
fundamental physics and next-generation nanotechnology'. Research
on topological defects spans both soft and hard artificial condensed
matter systems. They were first extensively studied in liquid crystals?
where visible light techniques can be employed. In hard condensed
matter, topological defects include Dirac chains and emergent mag-
netic monopoles in spinices, skyrmions, and vortices and flux tubes
insuperconductors®”. Recently, topological defects and textures have

been found in the actin fibres of single-celled organisms®, colonies of
motile bacteria’® and nacre in bivalves’, where they play a critical role
in development and regeneration.

Anoutstanding question, therefore, concerns whether mesoscale
topological defects can be observed in ‘bridge’ systems that share
biological and condensed matter properties. Soft condensed matter
covers synthetic structures that combine macromolecular flexibility
and formation kinetics with the periodic ordering of rigid atomic
crystals. A convenient pathway to experimentally realizing soft con-
densed matter systemsis block copolymer (BCP) self-assembly'™, which
offers access to a wide range of morphologies” whose properties can
be tuned by the molar mass and copolymer composition and by the
processing (annealing) conditions'?. Among these, three-dimensional
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O Grain1

Fig. 1| Volume rendering and identification of (multi)grain structure. a, 3D
rendering of the model structure (2 x 2 x 2 unit cells) determined from the level-
set equations for asingle diamond. b, 3D rendering of three grains spanning the
largest part of the single-diamond network, isolated micrograins near the top
surface and the grain boundary. ¢,d, Extracted renderings fromgrain1 (c, yellow)
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and grain2 (d, green) from the regions marked with dashed boxes inb. The two
grains are oriented at 50° from each other. e, Matching subvolume found in

the level-set generated single diamond (647 x 617 x 889 nm®). The angles
between the planes are a =92°, =77° and y = 96°. The top plane normal vector is
(0.71,0.70, 0.03), which is approximately <110>.

(3D) ordered continuous networks*'* are relatively rare. A particularly
well-known example is the gyroid morphology, which has attracted
wide interest due to the chiral*'® and topological ™ properties of the
single gyroid network of three-connected nodes formed by triads of
nanowire-like struts. The single-diamond morphology™" (space group
Fd3m), atetrahedral network with four struts per node (see the level-set
model in Fig. 1a), has also been predicted to be stable both in linear'
andbranched” BCPs. It has attracted enormous interest because of its
potential to generate a complete photonic bandgap when it has the
correct dimensions and refractive indices***. However, it has proven
highly challenging to generate a single-diamond network as a
well-ordered phase, even in additive-laden BCPs*>*, We report our
observations of the single-diamond morphology templated from a
neat linear BCP ina separate publication.

In the current work, we observed mesoscale topological defects
in an extended sample of a single-diamond network replicated from
aneat BCP (triblock terpolymer) template. Using synchrotron-based
hard X-ray nanotomography, we imaged a cylindrical sample 8 umin
diameter and 3 pm in height containing a 600-nm-thick layer of the
single-diamond network. We achieved a3D spatial resolution of 11.2 nm
(asdetermined by line profiles across sharp interfaces or 7.6 nm using
Fourier shell correlation). This high spatial resolution allowed us to
resolve the structure of individual single-diamond unit cells (around
49 x 75 x108 nm?) and analyse the long-range order of the network. This
long-range order analysis allowed us to identify a pair of topological
defects—a‘comet’-like and a ‘trefoil -like texture—thatemerged at the
boundaries between diamond grains of different orientations. We
confirmed the topological nature of the defects by analysing their
winding number and inferred their formation mechanism by map-
ping distortions in the diamond network. Our analysis suggests that
the topological defects emerged from the BCP/substrate interface

simultaneously, thus balancing the topological charge of the system
and dissipating the accumulated strain. This suggests that manipulat-
ing the substrate geometry can control the formation of mesoscale
topological defects in BCP networks.

Nano-imaging over mesoscale

Three-dimensionalimaging techniques are indispensable for directly
observing and classifying defects in 3D nanostructured networks.
Transmission electron microtomography has been successfully used
to provide high-resolution 3D images®%. However, the accessible
samplevolumeis limited, particularly in thickness, due to the electron
mean free path (typically about 100 nm; ref. 29). Alternating rounds
of focused-ion beam (FIB) slicing and scanning electron microscope
(SEM) imaging, known as FIB-SEM or slice-and-view SEM***, affords
anincreased sample volume with a spatial resolution set by the depth
oftheFIBslices (aslow as approximately 3 nm). However, FIB-SEMis a
destructive technique, asthe sampleis progressively removed during
imaging, meaning that subsequent measurements of the system’s func-
tionalities are not possible. Onthe other hand, X-ray nano-imaging tech-
niques are both non-destructive and offer high spatial resolution®**,
Here, we employed projection-based synchrotron X-ray nanotomog-
raphy to non-destructively image and visualize a single-diamond
network with a monoclinic unit cell (49 x 75 x 108 nm?®) (ref. 24). The
network was formed by self-assembly during controlled slow dry-
ing (solvent vapour annealing®*°) of films of the triblock terpoly-
mer ISG (polyisoprene-b-polystyrene-b-poly(glycidyl methacrylate)
or PI-b-PS-b-PGMA) that were initially swollen with tetrahydrofuran
vapour. After forming the Pland PGMA phases into the inversion-paired
networks of the alternating diamond morphology, the Pl network was
selectively removed by ultraviolet exposure and ethanol immersion,
followed by backfilling the voided polymer template with gold by
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electrodeposition. Using ptychographic X-ray computed tomogra-
phy (PXCT)**%, we produced a high-resolution 3D image of the entire
volume of a cylindrical micropillar sample containing approximately
70,000 unitcells of the polymer-encased Au single-diamond network.
Inthis study, we benefitted from recent instrumentation and algorith-
mic advances at the cSAXS beamline of the Swiss Light Source®*,
which allowed us to achieve the high spatial resolution needed to
resolve the unit cells of the lattice. Detailed descriptions of sample
preparation and the PXCT experiment are provided in Methods and
the Supplementary Information.

Owing to the 11.2 nm spatial resolution, we were able to resolve
individual unit cellsand struts, analyse their connectedness and orien-
tation in the network, quantify the distortions of the unit cells across
thevolume, and segment and render the grains. After data segmenta-
tion and rendering, we observed that the single-diamond network
comprised individual grains of different orientations separated by
boundaries (Fig. 1 and Extended Data Fig. 1). More specifically, we
identified the following: (1) grain 1 (approximately 46,550 unit cells,
colour-coded in yellow), (2) grain 2 (approximately 16,800 unit cells,
colour-coded in green), (3) grain 3 (approximately 5,250 unit cells,
colour-codedinblue), (4) micrograins (approximately 1,400 unit cells,
colour-coded in purple) that formed at the top of grain 2 and (5) a
grain boundary that extended throughout the fabricated sample.
The cross-sectional patterns of the two largest grains (grains1and 2in
Fig.1b) are consistent with the single-diamond space group, in which
the nodes are connected to four neighbours. We describe in detail
our analysis of the exact grain geometries in a separate publication®.
Bothgrains had the <110> crystallographic direction out-of-plane and
were rotated in-plane relative to each other by approximately 50°.
Extracted subvolumes from these two grains (Fig. 1c,d) were mapped
onto the single-diamond level-set model (see Fig. 1e and ref. 24 for
details). For the smallest grain in the fabricated sample (grain 3 in
Fig. 1b), it was impossible to identify the underlying structure of the
grain unambiguously. Although this was most probably due to the
formation of an imperfect bicontinuous structure, either during the
drying of the terpolymer template or during the metal deposition, we
could notcompletely exclude imaging artefacts due to the position of
thegrainatthe sample edge. A detailed discussion of the methodology
for identifying grains can be found in ‘Segmentation of grains’ in the
Supplementary Information.

Identification of topological defects

The three grains were separated by a branched grain boundary that
was one to two unit cells wide (approximately spanning 100 nm,
colour-coded inred in Figs. 1b and 2a). We identified two points of
interest along this grain boundary as it travelled from the edge of the
fabricated sample: (1) akinkin the direction of the boundary between
grainsland 2 (marked withared dashed boxinFig.2b)and (2) abranch-
ing where grains 1, 2 and 3 met (marked with a blue dashed box in
Fig.2b). To better understand these features of the grain boundary
and the emergence of the three grains, we present athorough investi-
gation of the grain geometry in the vicinity of the boundary including
adetailed characterization of the overall grain topology based on a
segmentation and two-dimensional (2D) slicing of the high-resolution
3D tomogram.

First, we analyse the orientation pattern of the diamond unit cell
atthetopsurface of the grain structure (Fig.2). Two striking textures,
with their centres separated by approximately 2.7 um, were observed at
the previously identified points of interest within the grain boundary.
Morphologically, the collective orientational rearrangements gave rise
to one comet-like texture (approximately 0.4 umby 1 pm insize) with
the ‘tail’ aligned approximately perpendicular to the grain boundary
and one trefoil-like texture (approximately 1 um by 1 pm in size) with
a120° symmetry, as schematically shown in Fig. 2d,e, respectively.
Note that, from a fast Fourier transform (FFT) analysis, the peaks in

reciprocal space corresponding to the two textures were ona contour
of constantradius (Fig. 2f,g) whereas those of the ‘defect-free’ areas of
grains1and 2 formed arectangular lattice corresponding to the (110)
surface of its underlying approximately cubic symmetry (Fig. 2h,i).
The central areas of the defect patterns therefore exhibited higher
symmetry than the rest of the diamond network. The preservation of
the high symmetry is characteristic of topological structures ranging
from vortex cores in hard and soft condensed matter systems* to the
hypothetical cosmic strings**. It, thus, points to a topological nature
of the textures observed in our study.

To confirm our hypothesis, we assigned awinding number to each
texture by assessing the orientation changes of the struts of the dia-
mond unit cells surrounding these defects. Note that the network was
continuous across the grainboundaries and between the two topologi-
cal defects, as the grains remained connected despite their different
in-plane orientations. However, due to the discrete nature of the recon-
struction, we defined the winding number as the radial sum (instead
of anintegral) over the angle 6in the vicinity of the topological defect
asl= EZ(;%Z @(0,R,2), where @ is the orientation of the structures
averaged within the area AR (see shaded area in Fig. 2j) and over the
slices of the reconstruction z. The textures show fractional winding
numbers of opposite signs with [ =+0.57 for the comet-like texture and
[=-0.51for the trefoil-like texture (Fig. 2i,j). The difference between
the calculated values (+0.57 and -0.51) and the values expected for this
kind of defect (+0.5and —0.5) were due to local variations of the orienta-
tion, which were probably caused by averaging over the slices and the
presence of local defectsin the vicinity of the topological defects. Itis
important to note that through the approximately 230 nm thickness
wherethe centres of topological defects can be traced, they moved by
only approximately 160 nm laterally together with the grain boundary.
This and the relatively small variation of the orientation between the
top and the bottom interfaces suggests that the topological defects
have a 2D character.

Analysis of distortion fields and strain

Tounderstand the origins of the topological defects and how they are
involved in the process of grain formation, we analysed distortionsin
the single-diamond network (Figs. 3 and 4). We started with a simple
undistorted model structure based on the single-diamond level-set
equation. We observed complex patterns when the model structure
was sliced at different angles relative to the vertical axis (Extended
Data Fig. 2a). When the model structure was rotated, these patterns
were altered (Extended Data Fig.2b-d). This suggested that slicing the
experimental data along the vertical axis and analysing the distortion
of the diamond cross-sectional patterns could be used to investigate
distortions (that translate into strain) in the network. Slices 1-3 (Fig. 3d)
show cross sections through the comet-like texture and then through
theboundarybetween grains1(yellow graininFig.1) and 2 (green grain
inFig.1). Atthe textureitself, the single-diamond lattice shows distor-
tions that propagated away fromthe grainboundary and appeared asa
uniform bending of the diamond patternin grainlandarippling effect
ingrain 2. Although lattice strains are expected in solvent-annealed
BCPs*7¢, these produce uniform compressive or shear distortions of
the unit cellglobally across the sample**. However, for the distortions
observed here, the associated strain appeared to decrease progressively
withincreasing distance from the defect alongthe boundary between
grainsland 2 (seenas progressively reduced bending of the diamond
cross-sectioned patterns in slices 1-3 in Fig. 3d), suggesting that it
was associated with the presence of a topological defect, in accord-
ance with their conventional far-field behaviour* rather than with a
common grain boundary. Slices 5-7 show similar information for the
trefoil-like defect, although the small size of grain 3 changes both the
orientations and distances from the relevant defect of slices 5-7 relative
toslices 1-3, making direct comparison difficult. Finally, slices4 and 8
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Fig.2|Identification of topological defects. a, 2D slice through the sample
volume with colour-coded grains and the grain boundary as well as marked
zoom-inregionsin b and c¢. b, Magnified region with two points of interest on
the grainboundary. ¢, Magnified region away from the points of interest.

d, Schematicillustration of a comet-like topological texture in f. ¢, Schematic
illustration of a trefoil-like topological texture in g. f, View of highlighted area
(red dashed box) in b with inferred topological texture and corresponding FFT.
g, View of highlighted area (blue dashed box) in b with inferred topological
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texture and corresponding FFT. h, View of highlighted area (dashed box) in
cand corresponding FFT. i, View of highlighted area (dotted box) incand
corresponding FFT. j, Struts orientation map averaged over 26 slices of the
tomogram, corresponding to 157 nm. The dashed circle marks a comet-like
topological defect with winding number 0.57. The solid circle marks a trefoil-like
topological defect with winding number -0.51. k, Angular dependence of the
average orientation along the line plots marked by circled areas inj. The shading
onthegraphindicates one standard deviation error.

show grains 1and 2, respectively, at a distance from the textures and
grainboundary equivalent to several tens of unit cells. The distortions
observedinslices1-3 are absent in both cases.

Finally, we mapped distortion fieldsin the single-diamond grains
by analysing the orientation of aselected cross-sectional pattern. The
fringesinslice 5inFig.3d area compelling choice, as their orientation
can be unambiguously segmented and mapped. Figure 4b,c shows
how arotation of the structure based on alevel-set model rotated by
2°resultsinasubstantial changein the fringe orientation from paral-
lel to the substrate (chosen as 0° reference) to an angle of 62° with
respect to the substrate. This substantial change in fringe orientation
suggests a high sensitivity to distortions, with a specific fringe rota-
tion of 62° corresponding to a2% rotational scalar strain. We applied

this approach to the experimental data for each grain (Fig. 4d,e)
to qualitatively assess the deviations from the dominant (undis-
torted) grain structure. We observed that the largest grain (grain 1,
colour-coded as yellow in Fig. 3a) had two areas where the rotational
scalar strain varied slightly between 0% and -0.93%, indicating a sub-
1% distortion. This, inturn, suggested that there was anon-negligible
difference in the unit-cell orientations and indicated the presence of
two regions with coherent distortions withina single grain. The most
distorted areas (+1.93% and -1.93%) with near 2% unit-cell distortion
met at the comet-like topological texture. Moreover, Fig. 4e shows
that the distortion field had a depth profile with one of the distorted
regions rolling onto the other. This observation of spatial localiza-
tion of two distorted regions within asingle grain allowed us to infer
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Fig. 3| Visualization of the topological defects inside the 3D diamond
network. a, Topography of the glass substrate, which is coated with fluorine-
doped tin oxide, with marks for the locations of topological texture and the grain
boundaries. b, Topography of the top surface of the diamond network layer

with marks for the locations of topological textures and the grain boundaries.

¢, Schematic of the grains, grain boundary and the topological textures with
lines indicating the locations of the perpendicular views ind. d, Cross sections
through the reconstructed 3D diamond network corresponding to the lines
marked in ¢, showing fringe patterns indicating distortion of the network.
Scalebars, 500 nm.

the influence of the free surface of the single-diamond network and
its interface with the substrate on the nucleation of the grains and
topological textures.

Inthe strainmapsinFig. 4f,g, which were derived by ageometrical
phase analysis*® (‘Strain analysis’ in the Supplementary Information),
local defects manifest as discernible discontinuities. Although the cur-
rent work was focused on the observation and analysis of mesoscale
topological defects spanning tens of unit cells, we also observed het-
erogeneity in the distribution of local defects (one to five unit cells).
Specifically, the concentration of local defectsincreased near the grain
boundary, suggesting that there was a potential correlation with the
increased strain in this region. This observation is consistent with the

notion that topological defects sustain long-range structural correla-
tions by attracting local defects through strain gradients.

From our observations, we postulated that both topological
defects emerged simultaneously, thus balancing the strain produced
by impinging grains. The defects, thus, act as pinning points by fixing
the direction and positions of the boundaries between the grains.
The comet-like texture emerged due to the two mismatched grains
whereas the trefoil texture formed at the intersection of three grains.
This mechanism may emerge as amethod for fine-tuning the structural
quality of grains, as the comet-like topology preserves long-range
orderinitshostgrains,as seenin particular fromgrain1. Thisstructural
synchronization and stress-reducing property of topological defects
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Fig.4|Strainmapping. a, 3D rendering of the model structure. b, Cross section
through the model structure shown in awith a fringe at 0° orientation. ¢, Cross
section through the model structure that has been rotated by 2° around the z
axis. Thisresultsin a fringe rotation by 62°. d, Map of the rotational scalar strain
obtained from the fringe orientation analysis. Dashed lines indicate the locations

1e]eds euoliieloy

- 215
P 41
hﬂllmimmn ‘

g 0.4

! @

s

0 5

2

-~ -0.4

% - e lim

S RS —
of the cross-sectional views in e. e, Cross sections taken from the map of the
rotational scalar strain along the lines marked in d. The triangle in subpanel 4
marks the location of the tail of the comet-like texture. f,g, Strain maps of €, (f)
and ¢, (g) obtained from the geometric phase analysis.

has previously been observed inbiological systems® ™, but this has yet
to be exploited in self-assembled artificial materials.

Conclusions

Our X-ray tomography study of a large volume (about 70,000 unit
cells) of aself-assembled BCP single-diamond network backfilled with
Aurevealed pairs of extended topological entities with subtle orien-
tational changes over several tens of unit cells. The observed defects
were cross-grain entities, centred on the grain boundary yet belonging
toseveral grains. They differ substantially from the topological defects
withinindividual grains previously observedin other self-assembled 3D
networks®**'*, At first glance, the comet-like and trefoil-like textures
studied here morphologically resemble topological defects that occur
indiblock copolymers such as PS-b-poly(methyl methacrylate), which
forminto cylinders parallel to the substrate or substrate-perpendicular
lamellae*®*, However, in such systems, the defects are abrupt disclina-
tions that break across quasi-2D stripe patterns rather than collective
orientational changes.

Instead, the micrometre-scale comet and trefoil in the BCP-
templated single-diamond network have more incommon with analo-
goustopological textures known from studies of nematic liquid crys-
tals>*’ and recently also observed in Hydra single-celled organisms®
and colonies of motile bacteria’®. By contrast, the disclinations in
cylinder-forming and lamella-forming BCPs in biological systems more
closely resemble the (millimetre-scale) +1/2 and —1/2 defects in the
skinonthe fingertips, which occur in topological charge-conserving
pairs. In all previously reported non-BCP systems, order is gov-
erned by a director, a modulo-m vector defined by the long axes of
the rod-shaped bacteria in the colonies, the preferential local order
axis of nematic molecules in liquid crystals, actin filaments in the
single-celled organism Hydra and theridgesin fingerprints. Our identi-
fication of analogous defects in BCP diamonds suggests that adirector
may also exist in this systemin the form of the strain field revealed by
comparing experimental patterns with undistorted patterns froma
level-set diamond model. Topological defects of the observed type can
existin the diamond network, as similar self-assembled 3D networks

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01735-w

in biological samples rather exhibit dislocations*, analogous to ‘hard
matter’ atomic crystals.

The methodology devised in our study can be applied to future
studies of topological defects in self-assembled 3D networks, both
natural and synthetic. Moreover, the 3D fringe orientation analysis
used in our work can be extended to other 3D periodic structures to
investigate the role of displacement fields in systems for which the
analytical modellingis challenging. The achieved high 3D spatial resolu-
tion combined with large sample volumes can be used to study defect
formation over macroscopic distances in self-assembly processes.
Gaining an understanding of defects naturally leads to the possibility
of defect engineering that can realize new phenomena and improve
material properties.

More fundamentally, the extended topological defects in the
self-assembled system observed in our work share characteristics of
synthetic (for example, liquid crystals) and biological systems. This
supports the emerging consensus that topology-driven physicsis one
of the leading mechanisms for structure formation in soft matter™ and
further suggests that self-assembly can be used as amodel process to
investigate the role of topology in nature.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41565-024-01735-w.
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Methods
Sample preparation
Films of a nanostructured 3D diamond morphology were prepared
as detailed in the Supplementary Information by self-assembly of the
triblock terpolymer ISG under solvent vapour annealing. The number
average molar mass M, of ISG was 67.4 kg mol™, and its polydisper-
sity index was 1.08. The volume fractions were f;, = 0.29, f,s = 0.52 and
froma = 0.19,as described elsewhere?. The resulting Pl diamond minor-
ity network was selectively removed from the ISG terpolymer film by
ultraviolet exposure and ethanol immersion, followed by backfill-
ing of the voided network space with gold by electrodeposition. The
polymer-encased Au single-diamond film thus formed was around
600 nm thick, and its unit cell had a monoclinic lattice distortion®.
To study the nanoscale morphology of the diamond network, we
extracted apillar 8 pmin diameter that contained the single-diamond
layer from the substrate and transferred it onto a custom sample
mounting pin (Extended Data Fig. 3 and ‘Micropillar fabrication by
focusedionbeam’in the Supplementary Information).

Dataacquisition and tomographic reconstruction
The experiment was performed at the cSAXS beamline of the Swiss
Light Source using the flexible tomography nano-imaging end sta-
tion (Extended Data Fig. 4)***°. The 2D projections of the sample were
obtained using X-ray ptychography?®. In this imaging technique, the
sample is raster scanned with a monochromatic and spatially coher-
ent focused X-ray beam in a manner that guarantees a partial overlap
between adjacent illuminated areas. The beam scatters from each
scanned point on the sample and the resulting diffraction patterns
are collected in transmission in the far field by an area detector.
The recorded diffraction patterns are then iteratively inverted into
real-space images with quantitative phase and absorption contrast
using phase retrieval algorithms®®*2, Instrumental characteristics such
asdetector noise and vibrations of the sample will contribute to aloss
ofresolution, asin otherimaging techniques. However, in X-ray ptych-
ography, the absence of a physical imaging lens allows the recovery
of high-resolution information that is aberration-free and, in theory,
limited only by the X-ray wavelength and the acceptance angle of the
detector rather than the size of the illumination or scanning steps.
Two-dimensional ptychographic images acquired at different
rotation angles of the sample were used for the final tomographic
reconstruction of the sample volume. This extension of X-ray ptychog-
raphy to 3D is PXCT*"*, In recent years, PXCT has found diverse appli-
cations such as the non-destructive imaging of integrated circuits*’,
biophotonicstructures* and magnetization structures*. It can achieve
aresolutionin3D of 14.6 nm (ref. 40). In our measurements, we demon-
strated that PXCT canachieve auniform 3D spatial resolution of 11.2 nm
(as determined by line profiles across sharp interfaces or 7.6 nmusing
Fourier shell correlation; Extended Data Fig. 5), which was sufficient
forvisualizing the structure of theindividual single-diamond unit cells.
To reconstruct the volume of the 8-um-diameter and 600-nm-thick
Au single-diamond layer in the sample, we acquired 2,400 projec-
tions of the sample equally spaced over an angular range of 180°. The
measurement of a single projection took about 50 s, resultingin 35 h
for the high-resolution tomogram. We estimated that a dose of about
1x10' Gy was delivered to the sample during the measurement.
More details about the PXCT measurement and the real-space
reconstruction of the Ausingle-diamond networkin3D as well asimpli-
cations for low-contrast samples can be found in ‘Consideration for
low-contrast samples’in the Supplementary Information.

Data availability

The raw data supporting the findings of this study are perma-
nently deposited at the Paul Scherrer Institute repository and can
be accessed from http://doi.psi.ch/detail/10.16907/409237cf-
63de-43ca-b525-a68025a93d63. The derived data, including the

reconstructed ptychographic projections and the reconstructed
tomogram, are available at the same repository and can be
accessed from http://doi.psi.ch/detail/10.16907/a961ab58-de00-
40b4-ad6c-bc096776¢c476. Further details and any other datarelated
to this study are available from the corresponding author upon rea-
sonable request.

Code availability

The code for data reconstruction is available for download directly
from cSAXS beamline pages https://www.psi.ch/en/sls/csaxs/software.
The package with input/output functions can be downloaded from
‘cSAXS beamline software packages: Base package’. The package for
ptychographicreconstruction canbe downloaded from ‘cSAXS beam-
line software packages: PtychoShelves’. The package for tomographic
reconstruction can be downloaded from ‘cSAXS beamline software
packages: Tomography package’.
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rendering of the small volume marked with arectangle in d. (f) Slice through the
blue grain perpendicular to the sample surface and its Fourier transform. (g) 3D

grain perpendicular to the sample surface and its Fourier transform. (e) 3D
rendering of the small volume marked with arectangleinf.

Extended Data Fig.1| Rendering of 2x2x2 unit cell volumes within individual
perpendicular to the sample surface and its Fourier transform. (c) 3D rendering
of the small volume marked with arectangle inb. (d) Slice through the green

grains. (a) Aslice through the volume (parallel to the substrate) indicating
the grainboundary with triangular marks. (b) Slice through the yellow grain
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Extended Data Fig. 2| Changes to the stripe patterns that result from the patterns onrotation. (c) 3D rendering and slices through the model rotated
rotation of the model volume. (a) 3D rendering and slices through model by 15° around the y-axis showing the dependence of the patterns on rotation.
diamond structure showing the different patterns. (b) 3D rendering and slices (d) 3D rendering and slices through the model rotated by 15° around the z-axis
through the model rotated by 15° around the x-axis showing the dependence of showing the dependence of the patterns on rotation.
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surrounding material. (b) SEM image of the micropillar sample mounted on the OMNY pin. Scale bars are 10 pm.
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Recorded
diffraction

Extended Data Fig. 4 | Principal scheme of the ptychographic experiment.
X-rays with a high degree of coherence are focused by a Fresnel zone plate (FZP)
incombination with a central stop (CS) and an order sorting aperture (OSA)

to define a coherentillumination onto the sample. X-rays propagate through

)

Coherent
X-ray beam

the sample and are recorded by a2D detector in the far field. The sample is
scanned along x and y for ptychographicimaging, and then rotated in theta for
tomographic acquisitions.
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Extended Data Fig. 5| Evaluation of the resolution. (a) 2D resolution estimate
of asingle ptychographic projection. We show the Fourier ring correlation (FRC)
between two ptychographic projections acquired at the same angle as a function
ofthe spatial frequency. The point at which the FRC intersects the threshold
curve calculated according to the 1-bit criterion is used as an estimation for the
resolutionin 2D corresponding to each of the images. (b) 3D resolution estimate
of the tomogram. We show the Fourier shell correlation (FSC) between two sub-
tomograms, each computed with half of the available projections, as a function

Distance, (nm)

80
Distance, (nm)
of the spatial frequency. The point at which the FSC intersects a calculated
threshold for the V2-bit criterion is an estimation of the 3D resolution of the full
tomogram, using all the available projections. 2D slices through the tomogram
showing (c) XZ, (e) YZ, and (g) XY planes. (d, f, h) Magnified regions are indicated
by redboxesin (c, e, g), respectively. (i-k) Line profiles associated with the red
dotted linesare shownin (d, f, h), respectively. The numbers indicate the width

of the profile line across sharp features of the image using the 10%-90% intensity
criterion.
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