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Highlights
The labyrinth patterns of
quasicrystals are discovered

The walls of labyrinth patterns of
quasicrystals consist of hexagons

The curve walls of labyrinth can be
switched to straight by heating

He et al. report labyrinth patterns of quasicrystal in AlggCrz4Sie, as shown by TEM.
The arrangement of the domain walls resembles that of ferroelectric or magnetic
domain structures, although these are of different origin and on different scales.
The labyrinth patterns of quasicrystals have the potential for exploring materials
with unusual properties.
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Labyrinth pattern in a decagonal quasicrystal

Zhanbing He,"** Yanguo Wang,” Tiantian Zhang," Shuzhao Huang," and Walter Steurer®

SUMMARY

The unique properties of quasicrystals are closely related with their
complex crystal structures and microstructures. Here, we report the
labyrinth structures of decagonal quasicrystal in AlggCr,6Sis, which
is scarcely found in quasicrystals. An electron microscopic study of
as-cast AlggCro4Sis shows a structure of quasiperiodic nanodomains
with overall decagonal diffraction symmetry. The quasiperiodic
nanodomains are separated by a labyrinthine pattern of edge-con-
nected structural building blocks shaped like squashed (fat) hexa-
gons. The arrangement of the domain walls resembles that of ferro-
electric or magnetic domain structures, although these are of
different origin and on different scales. By annealing Al,gCr,4Sis at
1,223 K, the domain wall density is strongly increased and appears
to be arranged periodically in a specific way.

INTRODUCTION

Labyrinths have been widely built for fun in our macro world, but labyrinthine pat-
terns are also quite common in the microstructures of magnetic materials,” ferroelec-
trics,” and even in ice crystals during irradiation,® for instance, but they have not
been observed in quasicrystals so far. For a theoretical study on labyrinth formation
and transformation, see, e.g., Echeverria-Alar's work.”* Generally, domain structures
on the micro- or nanoscale can have influence on the physical and mechanical prop-
erties of materials. They may have potential for exploring novel materials with un-
usual properties, for developing nanotechnologies such as nanolithography and
nanoelectricity,” for instance.

The discovery of quasicrystals by Shechtman et al.® has garnered great interest in
their strange crystal structures, defects, and unusual physical properties they may
have. For a review, see, e.g., Steurer's work.” We will focus on decagonal quasicrys-
tals (DQCs), because this is relevant to the samples of AlggCrySis we studied. Gener-
ally, the structures of quasicrystals can be discussed in terms of structural building
blocks or geometrical clusters, respectively.” The shapes of the basic structural
building blocks of DQCs can be described by decagons (D), pentagons (P), hexa-
gons (H), stars (S), rhombi (R), bow-ties (T), or boats (B), which have been widely
found in Al-based DQCs,” ' for instance. Consequently, by specific combinations
of these basic structural subunits, the structures of DQCS can be described as well
as those of their approximants and defect structures.'*'® Although different types
of structural defects'®?* have been found in quasicrystals, the counterparts to the
labyrinthine domain patterns in crystals have not been observed in quasicrystals

|.>* and references therein).

before our study (see, e.g., Honal et a
We want to have a closer look at decagonal Al-Cr-Si, which was described to exist as
metastable phase next to a metastable icosahedral quasicrystal.”>?® In the ternary
Al-Cr-Si phase diagram,”’ taken at 1,073 K, metastable phases are not included.
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However, the composition of our sample, AlggCrz4Sie, is close to that of hexagonal
72-/—\|68Cr2455i7.5 at 1,073 K.

By means of transmission electron microscopy, we discover the labyrinth domains of
decagonal quasicrystal in an AlggCr24Sie alloy. Meanwhile, the quasiperiodic domain
structure is found to be coherent even over the labyrinthine domain walls. This means
that at least a quasiperiodic coincidence sublattice exists, which is reflected in the
decagonal diffraction symmetry. Since quasiperiodic tilings are known in many exam-
ples of the medieval Islamic architecture,?® the labyrinthine pattern of quasicrystals
may also find potential applications not only in the design of new materials and nano-
technologies but also in architecture and for artificial labyrinths in the macro world.

RESULTS AND DISCUSSION

As-cast sample

Figure 1A shows a high-resolution transmission electron microscopy (HRTEM) image
of the labyrinthine domain-wall structure of decagonal AlggCro4Sis taken at over-
focus and with the contrast inversed for better displaying the domain walls (high-
lighted in white). Note that all the original images without tiling in the paper are
shown in the supplemental information (see Figures S1-S5). There are many nano-
scale domain variants separated by the domain boundaries with different curvatures,
leading to the formation of a complex domain structure with a labyrinthine pattern.
The domain labyrinth has a close relation with the distribution of the nanoscale
domain variants, because these irregularly arranged domain variants act as its com-
ponents, resulting in the observable labyrinthine pattern. Generally, coarsening of
quasicrystalline grains in decagonal AlggCr,Sis alloys has a close relation to the
size of domain variants, and consequently, the number of domain variants directly
depends on the number of these remained grains. It can be concluded from the
diffraction characteristic of a single crystal of this DQC in Figure 1C that the domain
variants in Figure TA have the same crystallographic orientations. However, the
mismatch between the neighboring variants at their interfaces makes the domain
boundaries to be out of phase. The presence of the out of phase boundaries confines
the coarsening of the domain variants via merging of the neighboring variants. It re-
sults in a structural discontinuation between the neighboring variants, leading to the
formation of many nanoscale domain variants and the domain labyrinth. Some
domain walls are connected at specific nodes and then separating again. In addition,
some decagonal structure motifs, with a circumscribed circle diameter of 3.45 nm,
resemble the famous Longleat Safari Park Labyrinth.

The HRTEM image in Figure 1B, taken at underfocus, shows the tiling structure of a
few nanodomains and domain walls from the area inside the crop marks in Figure 1A.
The labyrinth walls in Figure 1B correspond to those in Figure 1A. They are marked
by white segments passing through the waists of the fat (squashed) hexagons (Hg)
with edge lengths of 0.65 nm (some hexagons are marked in green as an example).
The basic structural blocks in between the walls are mainly quasiperiodically covered
by S and H tiles with the same edge length of 0.65 nm. All tiles appear only in the five
characteristic orientations, differing by n.360°/5 = n.72°. All labyrinth domain walls
start from (or end at) the center of S tiles. The sky-blue D tile (with a circumscribed
circle diameter of 2.12 nm) in the left part of Figure 1B has the same edge lengths
as the S and thin H tiles. However, the diameter of the D tile may be scaled up by
a factor 7 times to 3.45 nm, when the waists of the He tiles surrounding the 2.12-
nm D tile are connected (Figure 1A). Figure 1C depicts the fast Fourier transform
of Figure 1B, where the diffraction spots are relatively sharp but accompanied by
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Figure 1. Labyrinth pattern in decagonal as-cast AlggCr,4Sis revealed by high-resolution transmission electron microscopy (HRTEM) imaging
(A) HRTEM image, taken under defocus, where the labyrinth walls are highlighted in white.

(B) Corresponding HRTEM image from the marked center area in (A), where the labyrinth walls are marked by white line segments. The basic structural

units, hexagons (H) and stars (S), in between the walls are outlined in sky blue. Structure motifs (Hg) around some segments of the labyrinth lines are
marked in green.

(C) Fast Fourier transform of the HRTEM image in (B). The strong diffraction spots clearly display 10-fold symmetry indicating an on-average
quasiperiodic structure.

diffuse scattering, indicating some amount of disorder. The diffraction spots are
distributed as is characteristic for DQCs, with the strong peaks being arranged
with typical 10-fold symmetry.

Cell Reports Physical Science 4, 101578, September 20, 2023 3
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Figure 2. High-angle annual dark-field scanning transmission electron microscopy (HAADF-STEM)

image visualizing the labyrinth pattern in our DQCs

(A) Tiling pattern of the labyrinth as revealed from the HAADF-STEM image. The labyrinth walls
consist of just He tiles (outlined in green). The positions of the walls are indicated by pink lines,
which pass through the middle lines of the He tiles.

(B) Enlarged and Fourier filtered HAADF-STEM image from the area marked by the green He tiles
in (A).

(C) Schematic of the wall in (B) The overlapped smallest decagons produce a wall of decagons
without gaps, as indicated by the thick pink lines passing through the centers of the smallest
decagons. Interestingly, a local mirror symmetry (m) exists in the wall, as seen in the lower row of (C).

To further reveal the structural details of the labyrinth, we carried out high-angle annual
dark-field scanning transmission electron microscopy (HAADF-STEM) studies, as
shown in Figure 2A. The smallest structural blocks correspond to the wheel-like con-
trasts, with one white spot surrounded by ten relatively weak spots. Linking the centers
of these clusters yields the basic structural units S, B, H, Hg, etc., with an edge length of
0.65 nm—the same as those in Figure 1. As we know from other studies, these wheels
are projections of columns of vertex-connected icosahedral clusters. For instance, in
Al13Cr4Si4 and binary Al-Cr compounds, the Cr atoms are icosahedrally coordinated
by Al, mainly.””*° The projected icosahedra in our structure then appear as a small,
centered, ten-member ring at the corners of the structural building blocks. According
to the imaging properties of HAADF-STEM (atomic contrast proportional to Z2, with Z
the atomic number), we can assign the bright central contrast to Cr atoms and the weak
contrasts around them to Al or Si atoms.

We only mark a few parts of the labyrinth pattern with green H tiles for clarity, but
most labyrinth walls are indicated by pink lines through the middle of He tiles. For
clearly displaying the structures of the walls, a Fourier filtered image of a part of
one wall in Figure 2A is enlarged and shown in Figure 2B. Clearly, the two smallest
clusters inside the H tiles overlap with a rugby-ball-like shape to generate a Gum-
melt's B-type covering,’’*? as schematically shown in Figure 2C. The overlapping
ring contrasts arise from columns of face-connected Cr-centered icosahedral (Al,
Si) clusters. Interestingly, we see a local mirror symmetry in the wall although the
wall is curved (as indicated by an m in Figure 2C), which implies that the elongation
of walls also follows certain symmetry operations, occasionally.

Annealed sample
In order to study the structural stability of the labyrinth pattern, the sample was an-
nealed at 1,223 K for 120 h, and one typical pattern of the labyrinth after being
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Figure 3. Typical labyrinth pattern after annealing
(A) Low-magnification HAADF-STEM image (Cr has a much brighter contrast than Al, Si) with an
enlarged image at bottom left.

(B) Fast Fourier transform of the image in (A), where the strong diffraction spots still display 10-fold
symmetry.

(C) The walls of the labyrinth in the HAADF-STEM image in (A) are highlighted by green lines for
better visualization.

(D) The corresponding annular bright-field (ABF) image using STEM (Cr, Al, Si have comparable
contrasts).

annealed is shown in Figure 3. It shows a low-magnification HAADF-STEM image
(contrast proportional to Z?). The labyrinth walls observable in Figure 3A are marked
in green in the HAADF-STEM image (Figure 3C) and in blue on the annular bright-field
(ABF)-STEM image (contrast proportional to Z"3) (Figure 3D). Compared to the domain
walls in Figure 1, much more parallel walls have been generated, where most of them
align along the direction of Py and a few along P4, with the Py and P, differing by 72°
(marked in Figure 3D). The labyrinth walls appear to be continuous and extend densely
all over the two-dimensional plane. The distances between parallel walls are either
S=1.82nmorL=7S= 2.25nm, whereby S distances are dominating. During anneal-
ing, the labyrinthine structure was thermally excited by the activation energy KgT
(~0.105 eV at 1,223K), where Kg = 1.38 x 10723J/K and T are the Boltzmann constant
and absolute temperature of the annealed labyrinthine pattern respectively. If the acti-
vation energy is close to height of the potential barrier between the different domain
patterns, the original labyrinthine structure can change from one pattern to another
configuration after a long time at the annealing temperature. As a result, a pattern

Cell Reports Physical Science 4, 101578, September 20, 2023 5
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Figure 4. Labyrinth structure after annealing

(A) Enlarged HAADF-STEM image adopted from the center in Figure 3A.

(B) The five orientations of H tiles, marked by “1, 2, 3,4, 5.

(C) Tiling illustrating the local periodicities of the domain walls (shaded green).

(D) Tiling illustrating the coherent intergrowth of periodic and quasiperiodic areas.
(

E) The structural evolution of curve wall to straight wall through atomic jumps. The nearby straight
walls can produce a distance ”S,” as largely observed in Figure 4A.

reconstruction of the domain labyrinth happened, and the different configuration of
the labyrinth pattern with respect to Figure 1A appeared after annealing. After such
a pattern reconstruction, the resulted labyrinthine domain should be stable at
1,223K with respect to the original labyrinth pattern.

An enlarged image containing both parallel and curved walls is shown in Figure 4
for a detailed analysis. Figure 4A is an HAADF-STEM image, and the corresponding
structural tiling is depicted in Figures 4B-4D. For clarity, there the domain walls are
filled in green and the matrix in sky-blue in Figures 4B and 4C for clarity. There are
five orientations of Hg tiles (marked as 1, 2, 3, 4, 5 in Figure 4B). Interestingly, the
combinations of two of five oriented He tiles, for example the combinations of “1"
and "4" He tiles appearing at top-right as well as that of “2"” and “5" found in the
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Figure 5. Growth rules for the labyrinth walls

(A) There are only two combinations for three edge-sharing He tiles: the 144° turning angle located
at the same or at the opposite side of the middle lines of He tiles (marked by dashed lines),
represented by “+ +" and "= +", respectively. The middle lines of He tiles in the wall must be
continuous.

un u_n

(B) The continuous “+" or will generate a curved wall, but alternative “+" and “"~" will lead to a

straight wall. In other words, there are more than two orientations of He tiles in the curve wall but
only two orientations of He tiles in the straight wall. H tiles orientations are indicated by different
colors.

bottom, generate straight walls, whereas more than two oriented He tiles in one
wall bring locally curved walls, as seen in Figure 4C. The period S between the walls
is found at right and the bottom. Consequently, crystalline areas are found where
the walls are parallel; for example, one orthorhombic unit cell with a = 1.95 nm,
¢ = 3.66 nm at right and one monoclinic unit cell with a = ¢ = 1.95 nm, 8 = 108°
are outlined in the bottom right of Figure 4D, respectively. At left, a disordered
quasiperiodic tiling structure can be seen. Remarkably, there are just coherent
domain walls between the quasicrystal and crystal areas, which are reflected by
the coherent connections of structural blocks. Upon annealing, phason flipping
could happen,*-** resulting in the transformation from the curved walls of He tiles
to straight walls, which can further generate the spaces S or L locally, as shown in
Figure 4E. From the energy point of view, the transformation from curved to
straight walls will enhance the stability of the system because the interface energy
of straight walls is generally lower than that of curved walls via decreasing the inter-
facial areas.

The orientation relationships of the Hg in the labyrinth walls are discussed geomet-
rically in Figure 5. Basically, two edge-connected He tiles are tilted by 36° relative to
one another leading to a 144° kink for the equatorial lines within them (dashed lines).
Note that we use “+" and “~" to distinguish the orientations of two neighboring He
tiles. Consequently, the combination of three edge-connected He tiles can generate
two different configurations: one with two 144° angles located at the same side of
middle lines of He tiles and another with two 144° angles located at the opposite
side and represented by “+ +”, and "~ +", respectively (Figure 5A). Other combina-
tions of H tiles are shown in Figure 5B.

Decagonal AlggCr,6Siy is the first known example where such a labyrinth pattern of
nanodomain walls can be observed. The nanodomains, consisting of edge-sharing
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He tiles, on either side of the walls coherently preserve the overall decagonal symme-
try, on average. The labyrinth pattern appears drastically changed after annealing
the as-cast sample at 1,223 K for 120 h, where the domain walls form two different
periodicities (Sand L) and, therefore, extended crystalline areas besides still existing
quasiperiodic nanodomains. Hopefully, the labyrinth pattern of this quasicrystal may
shed some light on the exploration of new materials, the application in nanotech-
nology, as well as the creation of artificial labyrinths.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, He Zhanbing (hezhanbing@ustb.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data analyzed during this study are present in the article or the supplemental in-
formation. This study did not generate datasets.

Material preparation

Ternary Al-Cr-Si alloys with the nominal compositions of AlggCr,4Si, were prepared
by repeated melting of high-purity Al, Cr, and Siin an arc furnace. Some fragments of
the as-cast samples were sealed in evacuated tubes for heat treatment at 1,223 K for
120 h.

Structure analysis

The microstructures of AlggCroSi, quasicrystal alloys before and after annealing are
analyzed via HRTEM, HAADF-STEM, and ABF-STEM. Powder samples for HRTEM,
HAADF-STEM, as well as ABF-STEM observation are adopted by grinding small
pieces of bulk samples in ethanol and then dropping onto the TEM grid covered
with holey carbon film. The HRTEM images and electron diffraction patterns are
analyzed via the FEI Tecnai F30 transmission electron microscopes. The JEM-
ARM200F microscope (operated at 200 kV, point-to-point resolution of 0.78 A)
equipped with cold field emission gun, Cs-probe corrector, and Cs-image corrector
is used to analyze the HAADF-STEM images at an atomic resolution. We adopt
different modes just to clearly reveal the structural characterizations of the labyrinth
patterns in quasicrystals from different ways. For images taken at overfocus condi-
tion, it can clearly and intuitively demonstrate the domain walls of the labyrinth pat-
terns; for those taken at underfocus condition, it can show clearly the typical struc-
tural blocks of quasicrystals by recognizing the bright spots in the HRTEM images,
as widely adopted in the structural analysis from the HRTEM images of quasicrystals.
Furthermore, the structural details and atomic types can be directly recognized from
the atomic-resolution HAADF-STEM images.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101578.
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