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1. Determination of transformation temperatures using differential scanning colorimetry (DSC)
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Fig. SI 1: DSC curve of one heating-cooling cycle of the Cu-Zn-Al alloy from 50°C to -60°C.

Fig. SI 1. presents the DSC measurement of the Cu-Zn-Al alloy, showing the specific heat flow response
during a cooling-heating cycle from 50 °C to -60 °C. The observed peaks correspond to the martensitic
and austenitic phase transformations. Transformation onset and endset temperatures were determined
using the tangential method [1]. The characteristic temperatures are martensite start (M= -41 °C),
martensite finish (M= -52 °C), austenite start (A;=-42 °C), and austenite finish (A=-33 °C). These results
confirm the expected reversible transformation behavior of the alloy and are consistent with previously
reported Ms values for similar compositions [2, 3]. Furthermore, the austenite finish temperature
confirms that all structural characterization, conducted at room temperature, was performed well within
the thermodynamic stability range of the austenite phase.



2. Composition Analysis by Wavelength-Dispersive Spectroscopy (WDS)

Table SI 1: Composition statistics from the WDS measurements of 41 points across the sample cross-section

Element Average comp. (at. %) SD (at. %) Min. (at. %) Max. (at. %)
Cu 68.1 0.1 67.8 68.4
Zn 16.9 0.1 16.6 17.1
Al 15.0 0.1 14.7 15.3

The composition was determined using an electron microprobe WDS. Peak positions for the
characteristic X-rays of Cu, Zn, and Al were calibrated using pure Cu, Al, and ZnO standards to confirm
spectrometer alignment and ensure accurate element identification. Quantitative analysis was then
performed on the Cu-Zn-Al alloy using the calibrated peak positions, based on 41 measurement points
taken across a cross-sectional region spanning several centimeters. The results are presented in Table
Sl 1 as average composition values with corresponding standard deviations (SD). The minor variation
across the dataset demonstrates the compositional homogeneity of the sample.

3. Verifying single crystallinity through electron backscatter diffraction (EBSD)
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Fig. Sl 2: (a) EBSD Kikuchi pattern acquired from the Cu-Zn-Al alloy cross section. (b) Simulated Kikuchi pattern generated in
ESPRIT 2.6 for orientation identification. (c) Optical image of the two polished cross sections embedded in green epoxy. Grey
dots indicate measurement points. (d) Representative IPF map showing crystallographic orientation in the Z direction at one
measurement point. (e) IPF color key indicating the crystallographic orientation relative to the Z direction.



EBSD was performed at multiple positions across two cross sections of the 5 cm x 1 cm Cu-Zn-Al
sample. The inspected regions yielded sharp Kikuchi patterns with consistent crystallographic
orientation. The cubic austenite phase (space group Fm-3m, lattice parameter a = 5.86 A) was defined
in Bruker’s ESPRIT 2.6 software, and the simulated Kikuchi pattern in Fig. SI 2b shows excellent
agreement with the experimental pattern in Fig. S| 2a, supporting the assigned phase and orientation. An
optical image of the polished cross sections, mounted in green epoxy, is shown in Fig. SI 2c, with grey
dots indicating measurement points. At each location, a small-area IPF map was acquired, with a
representative example shown in Fig. Sl 2d. All IPF maps display the same orientation in the Z direction,
as indicated by the color key in Fig. S| 2e. The uniformity of Kikuchi patterns and orientation across all
EBSD measurement sites confirms the single-crystalline nature of the specimen.

4. Preparation of scanning transmission electron microscopy (STEM) samples using focused ion
beam (FIB)

STEM samples were prepared using FIB milling, guided by EBSD measurements. The EBSD data enabled
orientation-specific extraction alighed along targeted crystallographic directions, optimizing the
subsequent STEM and atomic-resolution energy-dispersive X-ray spectroscopy (EDS) analyses by
reducing the need of sample tilting in the STEM analysis. To protect the specimen surface from ion-
induced damage during milling, a protective Pt layer was deposited. Extracted lamellae were mounted
onto Mo grids and thinned progressively while monitoring the surface. A final low-energy polishing step
was performed at 1 kV to reduce surface amorphization. Figure S| 3a presents a scanning electron
microscopy (SEM) image of the lamella mounted on the Mo grid, while Figure SI 3b shows a
corresponding low-magnification STEM image, clearly illustrating the thickness gradient across the
sample and the two electron-transparent regions created by ion milling.

(a) SEM image of FIB lamella (b) STEM image of FIB lamella

Fig. Sl 3: (a) SEM image of the lamella mounted onto a Mo grid. (b) Low-magnification STEM image of the FIB-prepared lamella,
showing the two ion-milled electron-transparent windows with the image contrast highlighting the thickness gradients.

5. Evaluation of filtering effects on atomic-resolution EDS elemental maps

The effects of different filtering procedures on atomic-resolution elemental maps are demonstrated in
Fig. Sl 4. Filtering was applied to enhance the signal-to-noise ratio, improving visual clarity for qualitative
occupancy pattern analysis without introducing artifacts. Processing was performed in Velox software



using a 3-pixel averaging filter (Fig. Sl 4b) and radial Wiener filtering at the default highest frequency cutoff
(Fig. Sl 4c). The default radial Wiener setting was selected for the main EDS analysis to balance noise
reduction with minimal risk of overprocessing. As illustrated in the comparison, filtering improves visual
contrast while preserving occupancy patterns consistent with those in the raw image, supporting its use
for qualitative analysis without apparent artifacts. Although stronger filtering (Fig. Sl 4d) further enhances
contrast, it was not used in order to avoid potential overfiltering effects.

(a) Raw data

(b) 3-pixel average

(c) Radial Wiener filter
Highest frequency: 80
(Default)

(d) Radial Wiener filter
Highest frequency: 30

Fig. Sl 4: Cu (red), Zn (green), and Al (blue) elemental maps from the same atomic-resolution EDS dataset, demonstrating the
effects of different filtering methods. (a) Raw (unfiltered) data, (b) 3-pixel averaging, (c) Radial Wiener filter with highest frequency
cutoff 80 (default), (d) Radial Wiener filter with highest frequency cutoff 30 (stronger filtering).



6. EDS spectrum peak identification and quantification

All peaks observed in the integrated atomic-resolution EDS spectrum (Fig. SI 5a) have been identified.
For both mapping and quantification, the characteristic K X-ray lines of Cu, Zn, and Al were selected due
to their clear spectral separation, in contrast to the overlapping L lines of Cu and Zn (inset, Fig. Sl 5a).

Peaks corresponding to Cu, Zn, and Al (Fig. SI 5b-d) originate from the sample and exhibit
crystallographically correlated, atomic-scale contrast. Conversely, Pt, Mo, and Fe signals (Fig. Sl 5e-g)
arise from extraneous sources: Mo originates from the FIB lift-out grid, and Pt stems from the protective
coating applied during FIB lamella preparation, while the Fe signal is attributed to the instrument or
sample holder, as it is also present in spectra acquired without any sample inserted. The elemental
distributions of these extraneous elements (Pt, Mo, Fe) appear uniform and without any atomic-scale
localization, consistent with their classification as background signals caused by plural scattering or
other spurious events—phenomena that are notoriously difficult to eliminate entirely in atomic-
resolution EDS.
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Fig. Sl 5: (a) Integrated EDS spectrum identifying all detected elemental peaks. Inset highlights overlap of Cu-L and Zn-L lines.
(b—g) Corresponding elemental maps. Cu, Zn, and Al show atomic-scale contrast, while Pt, Mo, and Fe appear uniform, indicating
extraneous origins.

Elemental quantification and associated atomic errors from the integrated EDS maps are summarized in
Table Sl 2. The analysis was performed using Velox software, applying absorption correction, a lamella



thickness of 50 nm, a density of 7.7 g/cm3, and the Brown-Powell ionization cross-section model. The
reported atomic errors are automatically estimated by the software and reflect uncertainties arising from
the specified input parameters, in addition to background subtraction and spectral peak fitting. The
resulting composition from atomic-resolution EDS is consistent with the WDS measurement (Table SI 1)
within the experimental error margins, validating the representativeness of the EDS dataset and
supporting the overall analysis.

Table SI 2: Integrated EDS map quantification from Velox software.

Element Atomic fraction (%) Atomic Error (%)
Cu 69.5 1.7
Zn 13.6 33
Al 16.9 2.1

7. Averaged HAADF/EDS line profiles across the Wyckoff positions

High-angle annular darkfield (HAADF) and atomic-resolution EDS spectrum imaging were acquired
simultaneously along the [110] zone axis. Fig. SI 6 (a,b) shows the HAADF image and corresponding EDS
map, with four line-profile regions (1-4) indicated by arrows. Intensity profiles were extracted along the
[001] direction using narrow rectangular regions of interest with a width spanning an atomic column and
a length of 1.45 nm. The four profiles were taken from crystallographically equivalent positions across
the same sequence of projected Wyckoff columns and were aligned by the HAADF lattice periodicity
before averaging. The resulting averaged HAADF/EDS intensity profiles are shown in Fig. SI 6 (d).

The projected Wyckoff column positions (4a, 4b, 8c) are indicated in the line-profile plots, enabling a
relative comparison of element-specific X-ray counts between atomic sites. The HAADF intensity
maxima, which approximately scale with Z'7, provide a practical reference for the centers of the atomic
columns. Residual intensity at sites with minimal or no occupation is expected due to finite probe tails,
channeling, and contributions from neighboring columns, and the profiles are therefore interpreted as
relative site-to-site contrast rather than absolute occupancies. As shown in Sl Section 6, finite net counts
appear for elements that are not locally present.

The site-dependent trends in the net X-ray counts are as follows. At the 8c columns, Cu shows a clear
maximum while Zn and Al are at their respective minima. At the 4a columns, Cu is at a minimum while Al
is at a maximum. Zn exhibits two peaks of similar magnitude at both the 4a and 4b columns. Cu shows
an intermediate peak at the 4b columns.

Overall, the profiles are consistent with 4a columns dominated by Al and Zn signals, 4b columns showing
both Cu and Zn signals, and 8c columns dominated by Cu signal. Importantly, the 4b and 8c columns do
not show identical elemental contrast. This is inconsistent with DO; ordering, where 4b and 8c are
equivalent (4a # 4b = 8c), and instead supports L2, ordering, where all three sublattices are distinct (4a #
4b # 8c).
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Fig. Sl 6: (a) HAADF-STEM image and (b) simultaneously acquired atomic-resolution EDS map, showing four numbered line
profiles extracted along the [001] direction as indicated by arrows. (c) L2: atomic model in the same projection, with the unit cell
outlined by thick black lines. (d) Average of the four HAADF/EDS intensity profiles, showing HAADF (black) and net X-ray counts
for Cu (red), Zn (green), and Al (blue) along [001]. The projected Wyckoff column positions (4a, 4b, 8c) are indicated at the top
and marked by dotted lines.

8. Atomic models and first-principles density functional theory (DFT) evaluation of L2, and DO,
phase stability

First-principles DFT calculations were performed to evaluate the thermodynamic stability of the DO, and
L2, phases for the experimentally measured composition (Cuess1Znis9Aliso). The structural models were
generated using the special quasirandom structure (SQS) approach to simulate mixed atomic
distributions on the Wyckoff positions: for the D0, phase, Wyckoff positions 4a (Al/Zn), 4b (Zn/Cu), and
8c (Zn/Cu); for the L2, phase, positions 4a (Al/Zn), 4b (Zn/Cu), and 8c (Cu). Both vacancy-free and
vacancy-containing structures were modeled to reflect possible structural variations. Five SQS
configurations were generated for statistical evaluation on the models. An expanded dataset of these
calculations is presented here to provide detailed structural input and energy values for all modeled
configurations. Tables Sl 3-6 list the site-specific Wyckoff occupancies used for the L2, and DO, models,
together with the corresponding average atomic numbers for each site, which largely determine HAADF-



STEM image contrast. Tables Sl 7-10 provide individual and average total energies and corresponding
formation enthalpies per atom, along with their standard deviations, reflecting modeling variability.

Table SI 3: Site-specific occupancies for the DO, atomic model without vacancies.

Wyckoff position Cu Zn Al Average Z
4a 0.000 0.400 0.600 19.800
4b 0.908 0.092 0.000 29.092
8c 0.908 0.092 0.000 29.092

Table SI 4: Site-specific occupancies for the L21 atomic model without vacancies.

Wyckoff position Cu Zn Al Average Z
4a 0.000 0.400 0.600 19.800
4b 0.720 0.280 0.000 29.280
8c 1.000 0.000 0.000 29.000

Table SI 5: Site-specific occupancies for the DO, atomic model with vacancies.

Wyckoff position Cu Zn Al Vacancy Average Z
4a 0.000 0.408 0.592 0.000 19.936
4b 0.895 0.086 0.000 0.019 28.535
8c 0.895 0.086 0.000 0.019 28.535
Table SI 6: Site-specific occupancies for the L2; atomic model with vacancies.
Wyckoff position Cu Zn Al Vacancy Average Z
4a 0.000 0.408 0.592 0.000 19.936
4b 0.729 0.259 0.000 0.012 28.911
8c 0.979 0.000 0.000 0.021 28.391

Table Sl 7: DFT results for SQS-based D03 models (no vacancies).

SQS Model

Formation enthalpy (meV/atom)

D0; novac. 1
DOs; novac. 2
DO0; novac. 3
DOs;novac. 4
DO0; novac. 5
Average

St. Dew.

-117.3
-117.1
-114.9
-118.3
-117.9
-117.1
1.3



Table SI 8: DFT results for SQS-based L2; models (no vacancies).

SQS Model Formation enthalpy (meV/atom)
L2, novac. 1 -122.9

L2, novac. 2 -123.9

L2, novac. 3 -123.3

L2, novac. 4 -123.1

L2, novac. 5 -123.0

Average -123.2

St. Dew. 0.4

Table SI9: DFT results for SQS-based D03 models (with vacancies).

SQS Model Formation enthalpy (meV/atom)
D03 vac. 1 -55.1

D03 vac. 2 -70.3

D03 vac. 3 -38.7

D03 vac. 4 -69.8

D03 vac. 5 -69.8

Average -60.7

St. Dew. 13.9

Table SI 10: DFT calculations of the SQS L2 models with vacancies.

SQS Model Formation enthalpy (meV/atom)
L21vac. 1 -57.3
L21vac. 2 -65.2
L21vac. 3 -61.1
L21vac. 4 -57.5
L21vac. 5 -65.6
Average -61.3
St. Dev. 4.0
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