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Three-dimensional multi-fold twin architectures are valuable for tailoring
material properties but constructing them in man-made crystals remains
challenging due to angular misfits from incomplete 360° space filling in large
volumes, particularly lacking in-situ observations of crystal growth. Here, we
successfully create three-dimensional architectures of plural multi-fold twins
in a growing FeCoNiCuZn and the other multi-principal element alloy. The
inherent chemical composition inhomogeneity entails twin fault energy var-
iation across different {111} twinning planes, activating multiple twinning sys-
tems simultaneously. Importantly, we discover the commonly existed
geometrically necessary amorphous zones in such three-dimensional multi-
fold twin architectures. Combining in-situ transmission electron microscopy

M Check for updates

heating experiments and atomic electron tomography, we find that these
geometrically necessary amorphous zones, typically several nanometers in
size, fill the twin junctions and accommodate large geometric misfits, pre-
venting crystallization even near the melting point.

Multi-fold twins in natural minerals and crystalline materials offer
important opportunities for tuning their physical (such as the
transport of electrons, phonons, and photons'?) and chemical (such
as the increase of active catalysis sites and chemical selectivity®~)
properties. In metals and alloys, multi-fold twin-induced polyhedral
configurations and symmetrical variations in crystalline orienta-
tions can enhance the activation of multi-slip dislocations®™. Also,
the resultant changes in precipitate morphology and the addition of
interfacial boundaries strongly influence strengthening”. How-
ever, constructing three-dimensional (3D) twin architectures in
man-made materials remains challenging, as it normally requires
high external stresses or special annealing conditions (e.g., to
activate the slip of partial dislocations or decompose high-energy
grain boundaries)” ™. The primary difficulty arises from the large

closure gap due to the incomplete 360° space-filling'*". Specifically,
the accommodation of the intrinsically large angular misfit requires
the introduction of a high density of lattice defects'®?°. The asso-
ciated elastic/plastic distortion and excess energy'®??' make the
construction of 3D multi-fold twin architectures much harder to
achieve®, compared to that of single-variant parallel twins with
coherent twin boundaries (CTBs).

In nanoparticles (NPs) or nanograins with a very large surface-to-
volume ratio, the elastic strain associated with multi-fold twin structure is
relatively small and can be accommodated at nearby surfaces or
interfaces””. However, in crystals with a larger volume, the excess
energy in the angular gap is much higher due to the severe lattice dis-
tortion and a high density of stored defects. Specifically, filling the clo-
sure gap would become significantly more challenging in the presence of
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plural multi-fold twins. As a result, sporadic multi-fold twins, such as five-
fold twins, are typically observed only in small NPs and bulk nanocrys-
talline metals with grain sizes below tens of nanometers'®****, where
each NP or grain generally contains only a single multi-fold twin archi-
tecture. This raises the compelling question of whether plural multi-fold
twin architectures can be simultaneously formed during crystal growth,
and what mechanisms might enable the accommodation of angular
misfit among the intersecting twin variants.

For this challenging quest, we first need to select a suitable
material as our model. In general, the formation of parallel twins is
favored over that of multi-fold twins, even in low stacking fault
energy (SFE) materials that readily twins**”. To construct 3D multi-
fold twin architectures, it is necessary to promote the nucleation of
twins via different twinning systems at separate locations, while
suppressing the rapid growth of any given twin. The pronounced
variations in element distribution can lead to significant differences
in the energy barriers for twin nucleation and growth across different
atomic planes®~°. Such compositional inhomogeneity is commonly
observed in concentrated solid solution alloys*-*2. Motivated by this,
we selected multi-principal element alloy (MPEA) systems as an ideal
platform. The second critical question is, even if the multi-fold twin
architectures can form, how can their formation be directly observed
in situ to uncover the underlying growth mechanisms? We recog-
nized that elemental diffusion at elevated temperatures in complex
alloy systems could potentially lead to new phase formation®¢,
Therefore, we used an arc-discharge plasma method to synthesize
MPEA NPs. Due to the non-equilibrium nature of the arc-discharge
plasma process, the resulting NP compositions can deviate sig-
nificantly from thermodynamic equilibrium. Upon heating, con-
stituent atoms diffuse outward from the original NPs and nucleate
new, thermodynamically stable crystals. This approach enables
direct in-situ observation of microstructural formation and evolution
during alloy crystal growth, with the as-synthesized NPs effectively
serving as elemental reservoirs.

In this work, we chose FeCoNiCuZn MPEA as the studied system
since previous studies have reported variations in twinning fault
energy across different {111} planes due to chemical composition
inhomogeneity in similar concentrated alloys*®*°. A small amount of
Zn was added to potentially increase the concentration variation, as
its atomic size and diffusivity differ significantly from those of the
other elements. Nevertheless, Fe,;oC030Ni,;Cu,¢Zng 4 (atomic per-
cent, at%) was first synthesized as particles in the size range from 20
to 800 nm via the arc-discharging method (Supplementary Fig. 1).
The SFE corresponding to the average composition is 100.4 mJ/m? (at
0K). To directly monitor the construction of 3D multi-fold nanot-
wins, these original NPs were dispersed onto amorphous silicon
nitride membranes supported by microelectromechanical systems
(MEMS)-based heating chips, serving as the elemental sources for the
subsequent crystal growth. Figure 1a presents a schematic illustra-
tion showing the experimental design. We then resorted to a com-
bination of in-situ transmission electron microscopy (TEM) heating
experiments at the atomic scale and atomic electron tomography
(AET). Interestingly, atomic-resolution observations truly led to the
discovery of the construction process of multi-fold twin architecture.
Moreover, it was found that amorphous zones commonly exist at the
multi-fold twin junctions and the intersections of different sets of
multi-fold twins, which we term geometrically necessary amorphous
zones (GNAZs). These GNAZs are needed to effectively accom-
modate the large geometrical misfit due to incomplete 360° space-
filling, and, as such, are resistant to crystallization even at tempera-
tures near the melting point. Additionally, a similar MPEA system
FeCoNiCuNb (Supplementary Fig. 2) is also successfully constructed
with multi-fold twins, showing the generality of the twinning
mechanism.

Results
Muiti-fold twins induced by inherent chemical composition
inhomogeneity
The high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image and corresponding energy-
dispersive X-ray spectroscopy (EDS) maps of the original NPs reveal
a uniform distribution of elements, with an overall composition of
Fe40Co30Ni;Cu,6Zng 4 (“Methods”, Fig. 1b-g, Supplementary Fig. 3).
With a double-tilt in-situ heating TEM holder, the as-prepared particles
were gradually heated to 10 different temperature plateaus ranging
from 100 °C to 850 °C at a rate of 10 °C/s, then the temperature will
remain constant for 20 min at each plateau (“Methods”, Supplemen-
tary Fig. 4). At -650 °C, Fe, Co, Ni, Cu, and Zn atoms began to diffuse
outward from the original metastable FeCoNiCuZn solid-solution
phase, initiating nucleation either at their periphery or independently
on the amorphous silicon nitride substrate (Fig. 1h). As the tempera-
ture increased further, these newly nucleated crystals continued to
grow and subsequently developed well-defined twin structures (Fig. 1i,
j)- When heating to approximately 850 °C, the twin growth accelerated
and crossed the other to form a multi-fold twin structure (Fig. 1k-p,
Supplementary Movie 1). The two parallel ¥3 CTBs formed at the
beginning (named CTB-1 and CTB-2, Fig. 1k-m). As the temperature
remains 850°C at the plateau, both the matrix and top twin grain
(named Twin-1) grew in the direction of (111);,x and (11D)qyin_;
(Fig. 1k) which are parallel to both CTBs. After 4 min at 850 °C plateau,
the growth direction of the matrix abruptly shifted, resulting in the
formation of a new twin named Twin-2 (Fig. 1n). Fast Fourier transform
(FFT) patterns present a three-fold feature that the angles between two
twins and matrix are 141.36° and 140.77° (Fig. 1p). A stacking fault (SF)
was observed along the boundary between Matrix and Twin-2 (named
CTB-3), which suggests that the formation of multi-fold twins could be
caused by the activation of partial dislocations via different slip sys-
tems. The formation of such kind of multi-fold twins has been rarely
reported, since in the growth of pure metals and conventional alloys,
twins usually grow or thicken along the original direction due to a
lower energy barrier rather than forming a new CTB**%, While this was
observed during the twin growth of our FeCoNiCuZn MPEA crystals.
Consequently, at the junction of (Twin-1, Twin-2, Matrix), a stress
field arises due to geometric incompatibilities and lattice mismatch
among the junctions. The collision of Twin-1 and Twin-2 inevitably
resulted in the formation of a high-energy Y9 grain boundary (GB) at
the multi-fold twin junction (Fig. 2a, b). However, this boundary
exhibited limited mobility. While during in-situ heating, similar junc-
tions displayed dynamic behavior. As shown in Fig. 2c, Y9 GB was
revealed to be a metastable configuration that subsequently decom-
posed. Meanwhile, a series of partial dislocations were observed to be
emitted from CTB-3 near the junction, simultaneously migrating and
forming arrays of SFs in both the Matrix and Twin-1 (Fig. 2d-f, Sup-
plementary Fig. 5 and Supplementary Movie 2). The variable config-
urations of the partial dislocation arrays correspond to various widths
of the SFs ribbons (Supplementary Fig. 5b). The Burgers vector of the
partial dislocations is identified to be b= % a (ais the lattice constant
of FeCoNiCuZn MPEA), whereas the summation of the Burgers vectors
of the series of partial dislocations can be by = 1Ua or b, = [%la*
(Supplementary Fig. 5¢). The emission of partial dislocations facilitated
the movement of CTB-3, allowing the further growth of both CTB-1and
CTB-2. As a result, Twin-1 gradually propagated during the crystal
growth process, indicating that the growth of a CTB is still favored
despite the involvement of complex dislocation activities.
Nonetheless, the formation of a distinct twin structure was
achieved. EDS analysis reveals that a relative decrease in the average Fe
concentration from -39 at.% in the matrix to ~27 at.% at the junction,
accompanied by a corresponding increase in average Ni concentration
from ~29 at.% to ~39 at.%. Meanwhile, the concentrations of Co, Cu, and
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Fig. 1| Experimental design and in-situ observation of crystal growth and
twinning during heating. a Schematic illustration of conceptual framework of
the experimental design. Scale bar, 200 nm, 10 nm, 2 nm, 10 nm. b-g The HAADF-
STEM image and EDS maps of FeCoNiCuZn MPEA-NPs. Scale bar, 100 nm. h The
HRTEM images acquired from the in-situ heating experiment at 650 °C, showing
the nucleation of crystal embryos. Red dashed lines highlight the crystal
nucleation sites. Scale bar, 2 nm. i The HRTEM images acquired from the in-situ
heating experiment at 700 °C, showing the subsequent crystal growth. Scale bar,

~ Newly grown
crystal

Heating to
750°C

Heating to
850°C

—— Twin boundary Grain boundary

e

5nm. j The HRTEM images acquired from the in-situ heating experiment at
850 °C, showing the twin formation during crystal growth. Scale bar, 5 nm. k-p
The HRTEM images from the in-situ heating experiment at 850 °C and FFT pat-
terns acquired from the area indicated by the yellow rectangles of HRTEM ima-
ges. The white dashed lines mark the sites of CTBs, and the white arrows denote
the direction of twin growth. The orange overlays in the HRTEM images were
generated by adjusting hue and saturation based on the original micrographs to
highlight structural features. Scale bar, 2 nm (k, n) and 2nm™ (I, m, o, p).
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Zn fluctuate around their average values near the twin boundary (TB,
Fig. 2g-m). Notably, the compositional values were obtained from EDS
line profiles with a finite width spanning approximately three atomic
columns. Elemental concentrations for the twin domains and the
junction were averaged separately to minimize the effects of chan-
neling and local signal variation*®*’, Moreover, low-magnification EDS
measurements under non-zone-axis conditions near the multi-fold
twin junctions were performed to further exclude zone-axis-related
channeling effects. The results consistently show a reduction in Fe
concentration and an increase in Ni concentration at the junctions
(Supplementary Fig. 6, Supplementary Table 1). And the measured
elemental concentrations within the twin domains are consistent with
the composition of the original Fe;oCo3oNiy;Cu,¢Zng4 NPs prior to
annealing. Compared to the composition in defect-free regions and at
single TBs (Supplementary Figs. 3, 7), these results indicate a sig-
nificant local chemical redistribution at the twin-twin junction, which
can also lead to variations in charge density distribution among
neighboring elements and lattice distortion. Both contribute to chan-
ges in the local SFE and twin formation energy®**’. Consequently, the
resistance to Shockley partial dislocation motion varies locally, leading
to a broad distribution of energy barriers for twin thickening that often
overlaps with those for twin nucleation”®*, This facilitates the
nucleation of alternative/multiple twin variants rather than the con-
tinued thickening of existing twins via boundary migration. And our
first-principle calculations suggest that the SFE corresponding to the
average composition at the junction is 50.2 mJ/m? at OK, which is lower
than the SFE (-100.4 mJ/m?) of the original composition (“Methods”,
Supplementary Fig. 8).

Network of multi-fold twins

These observations demonstrate that local compositional fluctuations
can promote the nucleation of new twins on different crystal planes
before the original twin grows. To explore this further, we adjusted the
in-situ heating protocols to amplify elemental diffusion differences.
We found that a faster heating rate of 15 °C/s (compared to previously
used 10°C/s) and starting the first plateau at 650 °C (compared to
starting at 100 °C previously) helped promote the activation of plural
multi-fold twin systems (Supplementary Fig. 9). During crystal growth,
the advancing front is influenced by local compositional undercooling,
thermal gradients, and distribution of diffusing species. Consequently,
multiple sets of multi-fold twins with distinct orientations form at
different locations (Fig. 3a-e, Supplementary Movie 3). As shown in
Fig. 3a, after the formation of Twin-2 upon heating, the Matrix, Twin-1
and Twin-2 collided and formed a junction (named Junction-1). Initially,
Junction-1 exhibited significant lattice distortion to minimize
interface mismatches, while X3{111} CTB and X3{112} incoherent TB
(ITB) formed near the boundary of Junction-1 at Twin-1 and Twin-2
sides, respectively. Then they gradually aligned with the adjacent
matrix after several seconds. Within each set of multi-fold twins,
incoherent twin boundaries (ITBs) accommodate the orientation
mismatches at twin-twin junctions, as demonstrated by the repre-
sentative HAADF-STEM images and corresponding FFT patterns in
Supplementary Fig. 10.

As the crystal continued to grow, Twin-3 and Twin-4 gradually
formed, and a new junction (named Junction-2) emerged to accom-
modate the crystal growth since the crystal growth rate at the junction
of multi-fold twins was relatively slower (Fig. 3b-d). Different from
single multi-fold twins observed in previous studies®'**, the 3D
architectures of plural multi-fold twins were constructed successfully
in FeCoNiCuZn MPEA. The orientation of individual twin or crystal
regions is shown in Supplementary Fig. 11. Figure 3f shows atomic-scale
characterization of the multi-fold twin junction structure. Interest-
ingly, a locally blurred and structurally disordered atomic region was
observed at the junction of multi-fold twins and the intersection of
different sets of multi-fold twins (highlighted by the red dashed outline

in Fig. 3f). These disordered regions appear to play a crucial role in
accommodating the geometric misfit due to incomplete 360° space-
filling. Additionally, EDS analysis conducted at a five-fold twin junction
similarly revealed significant compositional heterogeneity, with a dis-
tinct trend of Co enrichment and Fe depletion (Supplementary Fig. 12).
The grown crystals with such 3D multi-fold twin architectures can
reach sizes up to several hundred nanometers (Supplementary Fig. 13).
In the other FeCoNiCuNb MPEA system, we also observed that the
multi-fold twin architecture was activated by nanoscale compositional
heterogeneity with the formation of planar defects (Supplementary
Fig. 14, Supplementary Movie 4).

Revealing a five-fold twin architecture in 3D atomic level by
atomic electron tomography (AET)

To identify the local structures of 3D multi-fold twins and further
investigate the disordered atoms at the junctions, AET experiments
were conducted. The AET results enable the reconstruction of a 3D
atomic model, particularly the 3D disordered structure, which is then
used to simulate the projected HAADF-STEM images. Using a STEM in
annular dark-field mode (ADF, “Methods”), tomographic tilt series
were acquired from two MPEA-NPs, named MPEA-1 (Supplementary
Fig. 15) and MPEA-2 (Supplementary Fig. 16), respectively. The NPs
remained stable under the electron beam, as confirmed by the con-
sistency of zero-degree images taken before, during, and after data
acquisition. After image pre-processing, each tilt series was recon-
structed using an advanced tomographic algorithm suitable for par-
ticles larger than 15 nm in size (“Methods”). The average diameter of
MPEA-1 was determined to be 54.77nm, and the reconstructed
volume, with sub-nanometer resolution, revealed an intersecting TB
structure identified by a machine-learning method (“Methods”, Sup-
plementary Fig. 17). A total of 24 TBs were identified, including 16
oriented along the (111) direction and 8 along the (111) direction. In
each crystallographic plane, the TBs are parallel to each other, with an
overlap region of approximately 59.30 nm? (“Methods”).

Actually, the complete MPEA-2 contains two distinct yet inter-
connected multi-fold twin sets (Fig. 4a, Supplementary Fig. 18): a
clearly identifiable five-fold twin structure on the right and a more
complex, higher-order twinning system on the left. The average dia-
meter of analyzed MPEA-2 is 22.36 nm, and the reconstruction volume
achieved atomic resolution (Fig. 4a, Supplementary Figs. 19, 20 and
Supplementary Movie 5, 6). To quantitatively characterize the 3D
atomic structures around the multiple twins, the 3D atomic coordi-
nates of MPEA-2 were traced, classified, and refined to produce an
experimental atomic model (“Methods”). Although the atomic num-
bers of the elements inside MPEA-NPs differ by only 1, making them
indistinguishable using HAADF-based AET, we were able to identify
structural information by precisely locating the atom positions in 3D*.
As shown in Fig. 4a, due to the limited field of view, the left region of
MPEA-2 cannot be fully reconstructed. In order to simplify the recon-
struction model and enhance the accuracy of the structural recon-
struction, we focus on the five-fold twin on the right, highlighted in
orange in Fig. 4a. Figure 4b shows the experimental 3D atomic model
of MPEA-2, consisting of 136,314 atoms, where the five-fold twin geo-
metry is characterized and presented®. Supplementary Fig. 20a to f
shows the image slices with a thickness of 3.4 A at different heights in
the reconstructed volume of MPEA-2. All five TBs, named as TB-1
through TB-5, exhibit anomalously large atomic steps compared to
traditional alloys, with changes in atomic distances corresponding to
height from the bottom to the top. The largest step difference from a
single TB can be as much as 7 atomic layers (Supplementary Fig. 21).
The edges of the TB-3 and TB-5 did not extend to the particle boundary
but terminated at 16.2 A and 14.5A from the boundary, respectively.
Due to the extension of the multiple twins on the other side, the edge
parts of the TB-3 and TB-5 (shown by the light-yellow part in Fig. 4b)
exhibit greater disorder.
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Fig. 2 | The anomalous twin formation and SFs ribbon slip with chemical
inhomogeneity. a Atomic structure of Y9 GB at the multi-fold twin junction.
Scale bar, 2 nm. b FFT pattern corresponding to the region in a. Scale bar, 2 nm™.
c—f The HRTEM images viewed from [011],.rix Presenting the coupled
expansion-migration of two TBs meeting at a multi-fold twin junction. Burgers
circuit analyses in (f) show Frank partial dislocations at the TB. The orange
overlays in the HRTEM images were generated by adjusting hue and saturation

h

0 1 2 3 4 5
Position (nm)

based on the original micrographs to highlight structural features. Scale bar,

2 nm. g-1 The HAADF-STEM image of atomic structure, taken along [110] zone
axis, and corresponding EDS maps for individual elements of Fe, Co, Ni, Cu and
Zn, show how the five elements are distributed on an atomic scale at the multi-
fold twin junction. Scale bar, 1 nm. m Line profiles of the atomic fractions of each
element at the junction, extracted along the orange arrow in the HAADF-

STEM image.

The center region of the five-fold twin in MPEA-2 is significantly
more disordered as illustrated by the bond orientation order (BOO)
parameters (Supplementary Fig. 22, “Methods”), exhibiting a non-
linear trajectory along the z-axis (Fig. 4b, Supplementary Fig. 20g).
Since these disordered atoms/areas appear to be needed for accom-
modating the angular deficiency created by the construction of multi-
fold twins, we have termed them GNAZs. Figure 4c shows the dis-
tribution of GNAZ of the multiple twins in MPEA-2, with the area at the
center measuring 5.97 nm? and containing 1,686 atoms. The formation
of atomic steps along the TBs is accompanied by notable changes in

the size of the GNAZ (Fig. 4c), suggesting that these zones facilitate the
accommodation of mismatches between adjacent twin variants. In
contrast, decahedral multiple-twinned traditional alloys typically
exhibit uniform shear strain with defects that compensate for the 7.35°
solid-angle deficiency. Here, the angles between the five TBs in MPEA-2
are much more anisotropic (Fig. 4d). Specifically, two angles (£12, Z45)
are, on average, larger than 72°, while Z23 and £51 fluctuate around
72°, and /34 is significantly smaller, fluctuating around 69°. The two
valleys in Fig. 4c correspond to the layers with the smallest GNAZ and
the largest fluctuations in twin angles.
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Twin-1

Fig. 3 | Atomic level observation of plural multi-fold twins formation. a-e The
HRTEM images viewed from [011].rix, Presenting the formation of plural multi-
fold twins. Scale bar, 2 nm. Different colors were overlaid on the original HRTEM
images to indicate grains with different twin orientations. Grains with different twin
orientations are denoted as Matrix, Twin-1, Twin-2, Twin-3, Twin-1’, Twin-3’ and
Twin-4. The yellow and blue squares highlight Junction-1 and Junction-2,

respectively. The inset images are the corresponding FFT patterns, where different-
colored lines highlight diffraction spots from different twin variants. Scale bar,
2nm™. f The HAADF-STEM image of a multi-fold twin junction. The red dashed
outline highlights the region with local lattice disorder, yellow dashed lines denote
the TBs, and the white dashed line marks the grain boundary. Scale bar, 1 nm.

To quantify the degree of fluctuation in twin angles, we calculated
the standard error of the twin angles at each {110} atomic layer and
found that the area of the GNAZ is negatively correlated with the
standard error of twin angles within the plane (Fig. 4e). When the GNAZ
is larger, the uniformity of the twins is higher. This suggests that
the GNAZ can relax strain and reduce the energy required for
twin migration®. The correlation can be defined by the following
equation:

A=a-B2+B 6

Where A represents the GNAZ area, B represents the standard error of
twin angle, and a and 3 are two constants. Fitting the data points with
Eq. (1) gives a=8.22 and §=0.98 (“Methods”), suggesting a negative
quadratic decay of the twin-formation energy from the amorphous
matrix. This correlation suggests that larger angular deviations (i.e.,
greater standard error) are associated with smaller GNAZ areas,
implying reduced local strain energy under conditions of enhanced TB
mobility. Therefore, the GNAZ size governs the degree of strain
accommodation and modulates the energy barrier for TB migration.
The spatial variation in the area size of GNAZ at the five-fold twin
junction makes the angles between the five TBs much more
anisotropic. GNAZ provides an alternative and effective mechanism
for accommodating angular misfit in the formation of multi-fold twin
architectures, in addition to conventional approaches such as
interfacial defects and lattice distortion. And the EDS maps of the
disordering junction indicate that the GNAZ shows noticeable
concentration fluctuations (Supplementary Fig. 23). By linearly
projecting the 3D atomic coordinates along the viewing direction,
we generated the simulated STEM projection (“Methods”,

Supplementary Fig. 24d). It shows excellent agreement with the
experimental HAADF-STEM image (Supplementary Fig. 24a).

Discussion

Formation mechanism of geometrically necessary amorphous
zones (GNAZs)

We now discuss the formation mechanism of these GNAZs. When
multiple twins/crystals of different orientations meet at their junc-
tion, an inherent geometrical gap is inevitable, see the five-fold twin
cases in Figs. 3, 4. The interfacial regions between colliding twins are
expected to be rugged with terraces and grain-boundary-like excess
space. For these regions to connect the adjoining twins seamlessly,
one could imagine that the crystal planes there would be riddled with
dislocations and large lattice distortions to accommodate the geo-
metric misfit so as to maintain the growth continuity without damage
(voids). These crystal regions would thus be stored with rather high
elastic strain energy, due to a high density of dislocations and atoms
displaced from their comfortable lattice sites. Such zones would then
rather collapse into an amorphous state, which is more lenient in
accommodating all the strains. In other words, the GNAZ is a more
favorable alternative/outlet, relative to other options (such as defect-
ridden crystal or even voids) that would demand an even higher
energy penalty. Usually, crystallization is hard to be kinetically sup-
pressed at the elevated temperature of crystal growth**~°, However,
being a must-have to accommodate the construction of the 3D multi-
fold twin architectures, the GNAZ is resistant to crystallization. It is
just that transitioning to crystalline packing would actually cause
more energy elevation, because no low-defect-density ordered
packing can accommodate the extensive geometric misfit associated
with the extended five-fold twinned structure. We therefore
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Fig. 4 | Atomic electron tomography of MPEA-2 particle. a Reconstructed image
slice of MPEA-2 at a height of 0 nm, with a thickness of 3.4 A. The orange-
highlighted region indicates the main area analyzed in AET. Scale bar, 5nm. b 3D
positions of individual atoms are illustrated, showing five TBs (light blue), exten-
sion regions (light yellow), and the central core (light red), as revealed by AET. Scale
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Standard error of twin angle (°)

bar, 5nm. ¢ The migration of five TBs and the area of GNAZ at different heights.
d The angles between five TBs at different heights, the dashed lines in each
represent 70.53° and 72° respectively. e The area size of the GNAZ inversely cor-
relates with the standard error of the twin angles and randomly varies with the
height.

conclude that GNAZ is a crystallization-defying metastable structure
that necessarily accompanies complex multi-fold twin structures.
Beyond its structural role, the GNAZs may contribute to strain
relaxation during deformation. Geometric phase analysis (GPA)
reveals that the strain field at the junction exhibits no significant
stress concentration compared to the matrix and adjacent twin
segments (Supplementary Fig. 25a). Instead, a nanoscale alternating
tensile-compressive strain distribution is observed, suggesting
effective local strain accommodation. Additionally, SFs are fre-
quently observed around the junctions (Supplementary Fig. 25b),
indicating that the multi-fold twin junctions may act as sources or
sinks for dislocations. Specifically, they may emit partial dislocations
into the surrounding twins or absorb gliding dislocations from the
crystal interior to relieve accumulated stress.

This study provides new insights into the behavior of twins, in
particular, the construction of multi-fold twin architectures during
crystal growth. In the present MPEA, atomic-scale compositional fluc-
tuations in three dimensions result in variations in the nucleation
barriers of twins on different {111} planes. These fluctuations lead to a
high propensity for heterogeneous twin nucleation on different {111}
planes while suppressing the rate of twin growth. The significant elastic
strain induced by interfacial incoherency and intrinsic geometrical
misfit leads to the formation of structurally disordered GNAZ at the
junctions. Once this complex multi-fold twin architecture, including
the associated GNAZ, is established, it remains stable even upon sub-
sequent heating to rather high temperatures, which was thought to be
unlikely before, underscoring its structural resilience. This finding
offers a new perspective on the formation mechanism of complex
multi-fold twin architectures, emphasizing the critical role of compo-
sitional heterogeneity and GNAZs. Our results indicate that by tuning

the interplay between heterogeneous twin nucleation and twin
growth, it is possible to design novel 3D multi-fold twin architectures
in alloys.

Methods

Alloy preparation

The FeCoNiCuZn MPEA-NPs were synthesized using an arc-discharge
plasma method. First, cylindrical targets were prepared by mechani-
cally mixing and compressing high-purity metal powders of each ele-
ment, then placed in the anode region of a direct current arc discharge
chamber. The chamber was evacuated to a vacuum level of 107 Pa.
Next, it was filled with reaction gas (H>) and protective gas (Ar),
reaching a pressure of 0.3x10°Pa. The arc discharge process was
sustained for 5-10 min. Finally, the NPs were collected after a 6-h
passivation period in the chamber.

TEM Characterizations and in-situ heating experiments

The FeCoNiCuZn MPEA-NPs used for characterization were ultra-
sonically dispersed in ethyl alcohol for 10 min and then deposited
onto a molybdenum grid. The microstructure of the MPEA-NPs was
analyzed using TEM (Tecnai G2 F20 S-TWIN, FEI) and spherical-
aberration-corrected TEM (Titan G2 60-300, FEI, operated at
200kV, and Spectra 300-30 operated at 300 kV). EDS analysis was
performed with the Spectra 300-30 microscope equipped with a
Super-X EDS detector.

The FeCoNiCuZn MPEA-NPs used for in-situ heating experiments
were dispersed onto MEMS-based heating chips (Nanochip, DENS
solutions). In-situ TEM heating experiments were carried out using a
double-tilt heating holder (Wildfire D6, DENS solutions). These
experiments and characterizations were performed using both
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conventional TEM instruments (Tecnai G2 F20 S-TWIN, FEI) and
spherical-aberration-corrected TEM instruments (Titan G2 60-300,
FEI, and Spectra 300-30).

Calculation of SFE at 0 K

The FeCoNiCuZn samples, containing 12 (111) layers (12 atoms per
plane) with orthogonal axes [112], [110] and [111], are constructed,
which was generated using a special quasirandom structure (SQS)*.
For the 0K SFE (stacking fault energy) calculations, a non-periodic
boundary condition was applied along the normal direction of the
stacking fault plane. A vacuum region of 10 A is inserted on the top and
bottom of the simulation cell in order to eliminate the interplay
between the two surfaces. Energy calculations and structure optimi-
zation were performed using the Vienna ab initio simulation package
(VASP 5.4.4)** with a plane wave cutoff energy of 350 eV. Spin polar-
ization is turned on for all calculations. Brillouin zone integrations
were performed using 4 x 3 x1 Monkhorst-Pack meshes. The gen-
eralized gradient approximation with the Perdew-Burke-Ernzerhof
form was employed to describe the exchange-correlation function,
and the valence electronic states of elements were handled by the
projector-augmented wave method****. lonic forces of initial and final
configurations are relaxed to <3 meV/A, and the energy criterion in
each self-consistent field (SCF) iteration is set to 1x10™*eV. The SFE
was calculated by formula®*:

1
YisF = Z(ESF —Ey) 2)

where A is the area of SF, Esp, and Eg is the energy of configuration with
and without SF, respectively. A total of 13 independent samples were
used to obtain the accurate SFE.

Calculation of temperature-dependent SFEs

Based on the first-order approximation of the axial interaction model®,
the temperature-dependent SFE can be estimated using:

3

FSF(T) =2<icp(T); chc(T)> =2 <AE0 +Ab::h + AEele)

where AE, AE;, and AE,. denote the differences in zero-temperature
energy, phonon free energy and electronic free energy between the
hexagonal close-pack (hcp) and face-centered cubic (fcc) structures,
respectively. The electronic contribution is neglected due to the very
small value®. Specifically, the phonon free energy was calculated using
the supercell method with the force constants obtained by the finite
difference approach, as implemented in the PHONOPY code’® within
the harmonic approximation. Spin-polarized density functional theory
approaches were performed to calculate the zero-temperature energy
in the VASP code. Brillouin zone integrations were performed using
4 x 4 x 3 Monkhorst-Pack meshes with an energy cutoff of 350 eV in
force calculations. Projector augmented wave potentials were adopted
with the Perdew-Burke-Ernzerhof generalized-gradient approxima-
tion for the exchange-correlation functional. The energy criterion in
each iteration is set to 1x 107 eV. 3 independent supercells, containing
72 atoms each, were generated as special quasi-random structures
(SQS). For the finite-temperature SFE calculations, both the fcc and hcp
configurations were computed under periodic boundary conditions.

Electron tomography data acquisition

The FeCoNiCuZn MPEA-NPs were deposited onto 10-nm-thick carbon
membranes (Electron Microscopy Sciences Inc., chip size 3 mm, win-
dow size 74 um x 74 pm). Two tomographic tilt series were acquired
from two MPEA NPs with different sizes (50 nm and 20 nm, named
MPEA-1 and MPEA-2) by Thermo-fisher Spectra Ultra aberration-
corrected STEM. The tilt ranges and angular increments are from

—72.4° t0 45.3° and 2° for MPEA-1, and from —68.5° to 67.4° and 2.5° for
MPEA-2. The « rotation axis and fast scanning direction were pre-
aligned for accurate Euler angle determination. At each tilt angle, high-
resolution images were collected at 300kV (MPEA-1) and 200 kV
(MPEA-2) in annular dark field (ADF)-STEM mode with convergence
angle 21.4 mrad and 25.1 mrad. To minimize sample drift and improve
the signal-to-noise ratio, 3 images per angle were measured with 5 ps
and 3 ps dwell time for two NPs. The electron current for each acquired
frame is 30 pA, and the total electron doses of each tilt series for all the
NPs were estimated to be 1.60 x10° e 'A"> and 9.57x10° e 1A"~.
Image pre-processing

The 3 ADF-STEM images acquired at each tilt angle were used to esti-
mate and correct the specimen drift*’. The spatial correspondences of
different frames acquired at the same angle were matched by sub-pixel
cross-correlation. The relative spatial shifts were used to correct the
scanning drift during the ADF-STEM images acquisition due to the
instability of the sample holder. The optimized ADF-STEM images were
denoised by a generalized denoising algorithm, termed block-
matching and 3D filtering (BM3D)***°. The denoised images from the
two tilt series were aligned to a common tilt axis using two com-
plementary methods. Along the tilt axis, sub-pixel alignment was
achieved with the common-line method, while perpendicular align-
ment was refined using the center-of-mass (CoM) approach, in which
each image was shifted until its CoM coincided with the origin. This
combined alignment ensured precise registration of all projections,
enabling high-quality tomographic reconstruction®®®. For MPEA-1,
since the field of view (80.1 x 80.1 nm?) can cover the whole NPs, center
of mass at both directions were used to align the tilt series. While for
MPEA-2, the field of view (35.2 x 35.2 nm?) cannot cover the whole NP,
so the center of mass at x direction and common line of y direction
were applied to align the images.

3D volume reconstruction and determination of 3D atomic
coordinates

The 3D volumes of two MPEA NPs were reconstructed by an analytical
gradient-descent algorithm, termed Real Space Iterative Reconstruction
(RESIRE)*. The robustness and accuracy of RESIRE have been demon-
strated by a few papers®. The refinement of Euler angles and spatial
correspondences of tilt series were performed by optimizing the cross-
correlation and L;-norm between the measured projections and simu-
lated projections of 3D reconstructions with brutal-force input Euler
angle and projection sets. After these refinement procedures, a final 3D
reconstruction was obtained by running 200 iterations of RESIRE.
Atomic positions within the reconstructed MPEA-2 volume were iden-
tified through a 3D polynomial fitting procedure weighted by a Gaussian
function of spatial distance, enabling robust localization of atomic
coordinates in regions with intensity variations®. The integer coordi-
nates of local maxima were identified in the upsampled 3D recon-
struction by a factor of three using spline interpolation. Starting from
the highest intensity, we fitted each local maximum of a
2226 x 2226 x 2226 voxel volume (258.0x258.0 x258.0A% by a 3D
polynomial method to locate its center position®. The fitted local
maxima were considered as potential atoms, and the one with the
minimum distance to potential atoms with higher intensity smaller than
2 A will be removed. For every potential atom in the list, the integrated
intensity of the 2226 x 2226 x2226 voxel volume around the center
position was calculated, and a K-means clustering method was used to
classify the non-atoms and atoms®. Since the atomic numbers of Fe (26),
Co (27), Ni (28), Cu (29) and Zn (30) are close to each other, the atom
types of them cannot be differentiated from an ADF-STEM-based 3D
reconstruction and all atoms are classified to a single type. After
excluding the non-atoms and manually checking all the atoms, we
obtained a 3D atomic model for the 3D reconstruction of MPEA-2. The
3D visualization of the atomic model was rendered using the OVITO
package (Ver. 3.14.1)¢".
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Identifying the grain boundary

The twin grain boundaries with different orientations in MPEA-1 were
segmented automatically using the machine-learning Trainable Weka
Segmentation plugin in FIJI (ImageJ, Ver. 1.54 )%, 50 representative
slices from the obtained 3D reconstruction (450 slices in total) were
annotated and used to train the classifier. For MPEA-2, the atomic TBs
were manually traced using the reconstructed 3D atomic model. The
atomic model was manually processed via slice by slice, and each slice
with a thickness of 30 pixels (10.03 A). The TBs can be well identified
within the atom slice of such thickness.

The twin order parameter
The BOO method was employed to demonstrate its capability in
distinguishing structurally ordered and disordered atomic
configurations®***’°, The twin order parameter is defined by two
normalized BOO parameters:

ABOO =BOOy,. — BOO,,, “4)

where two normalized BOO parameters are respectively given by:

Y&+ QG
BOO¢ = e (&)
\ szlfcc + Qghcp

V&+Q
BOOy =~ = (6)
V Qézthcp + Qghcp

Firstly, the normalized BOO parameter BOOg.. of each atom
(Supplementary Fig. 22a) of the central region of Fig. 4b was calcu-
lated. Applying a cutoff value of 0.5 to distinguish crystalline and
amorphous phases®, it was found that the majority of atoms in this
region exhibit BOOx. values below the threshold. This confirms the
findings on the GNAZ. This conclusion is further supported by the
visibly disordered atomic arrangement observed in Supplementary
Fig. 22b.

Analysis of the normalized twin order parameters (ABOO)
revealed distinct structural characteristics across different regions
(Supplementary Fig. 22c, d). The grain interiors showed an average
ABOO of 0.26, while TBs exhibited a significantly higher value of 0.63.
Most notably, the junction region of multi-fold TBs demonstrated the
highest ABOO value of 0.84, substantially exceeding those of other
regions. This clear gradation in ABOO values effectively differentiates
these three structurally distinct regions.

The correlation of GNAZ size and TB angle changes
The angle induced by each TB migration can be estimated®:

6= arctan <g> @)

where h is the step height of each TB (equal to the {111} interatomic
distance) and R is the radius of the sample (TB length). On the
other hand, the central amorphous core of a five-fold twin can also
be estimated by assuming that it is a general grain boundary
region:

Ycore =SVo (8)

where s is the area of the core region, and y, is the energy density in the
core region.

The correlation of GNAZ size and the TB angle changes via the
equation based on our experimental results:

A=a-B2+p 9

where A represents the GNAZ area, B represents the standard error of
twin angle, and a and S are two constants. Fitting the data points with
Eq. (9) gives a=8.22 and =0.98.

Simulation of HAADF-STEM image

The plane coordinates (x, y) of the atomic model in Supplementary
Fig. 24a were accurately traced by a 2D Gaussian-fitting method*. The
atomic positions along the z-direction were arranged based on the A-B
stacking of the {110} plane. The central amorphous region was incor-
porated using coordinates cropped from the MPEA-2 particle deter-
mined by AET. Then the HAADF-STEM image in Supplementary
Fig. 24d was simulated using a linear projection assumption, where the
3D intensities of all atoms have the same Gaussian distribution. The
projection is calculated by the summation of the intensities of all
atoms along a certain direction.

Data availability

Source data are provided with this paper. The data that support the
findings of this study are available from the Zenodo link https://doi.
org/10.5281/zenodo.17310133. Source data are provided with
this paper.
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