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PROGRESS AND POTENTIAL Magnetic random-access memory is one of the most promising next-genera-
tion data storage technologies, offering unique advantages in high-value application scenarios. Co,MnGa, a
well-known magnetic Weyl semimetal, holds significant potential for spintronic applications due to its giant
intrinsic anomalous Hall effect. Previous studies have primarily focused on crystalline Co,MnGa, revealing
that increased chemical disorder in the lattice (e.g., transitioning from the L2, to B2 structure) leads to a
reduced magnetic moment and anomalous Hall effect. Consequently, one might expect that an amorphous
material, characterized by chemical and structural disorder, would exhibit a significantly diminished anom-
alous Hall effect due to near-zero Berry curvature. Remarkably, our study demonstrates the opposite: amor-
phous Co.MnGa thin films exhibit a large anomalous Hall effect and anomalous Hall angle at room temper-
ature, driven by the Berry curvature. Elastic neutron scattering and density functional theory calculations
suggest that the local atomic environment in amorphous Co,MnGa closely resembles that of the chemically
ordered L2. structure despite the absence of long-range order. This local structural similarity is responsible
for the Berry curvature and the resulting anomalous Hall properties.

Our findings represent the first demonstration of an amorphous magnetic Weyl semimetal, highlighting its
potential for spintronic and caloritronic applications. Furthermore, this work suggests a broader opportunity
to develop other amorphous magnetic quantum materials where topological features in the electronic struc-
ture are preserved despite the lack of long-range order.

SUMMARY

In amorphous materials, long-range translational order breaks down, and k is no longer a good quantum
number; however, some of the phenomena, for instance ferromagnetic interactions and a mechanism similar
to the Berry curvature, can be preserved. Here, we demonstrate a giant Berry-curvature-induced anomalous
Hall effect and anomalous Hall angle in amorphous Co,MnGa (a-CMG) thin films. Remarkably, the effect pre-
sents the same magnitude as high-quality crystalline CMG with the L2, structure. The elastic neutron scat-
tering peak in a-CMG is centered close to the crystalline phase, indicating that the amorphous material pre-
sents similar local atomic environments and magnetic interactions. First-principles density functional theory
calculations further show that the anomalous Hall conductivity arises only when the local environments in the
amorphous structure are similar to the L2; phase. Our work strongly points to the application of low-cost,
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industry-compatible, and thermally stable amorphous topological materials in emerging electronic and spin-

tronic applications.

INTRODUCTION

The anomalous Hall effect (AHE), characterized by a transverse
electric current, can have intrinsic and extrinsic origins and is vi-
tal in modern spintronic devices, such as Hall sensors. The
intrinsic contribution to the AHE that is governed by the quantum
geometry of the electronic Bloch bands, e.g., the non-vanishing
Berry curvature, has recently been discovered in numerous mag-
netic materials.”® These nontrivial electronic states are well
defined and understood in single crystals with low defect den-
sity, although epitaxial (single-crystal) films present practical
challenges upon implementation in integrated circuit applica-
tions, where disorder is difficult to completely eliminate. By
contrast, amorphous materials offer a unique prospect in future
electronic and spintronic devices; they are low cost and defect
tolerant and require less energy to synthesize than single-crystal
thin films. Despite the potential advantages, these materials are
generally overlooked in electronic devices because of the expec-
tation that disorder modifies the physical properties of the mate-
rial, thereby reducing performance. While the reciprocal space
vector k in highly disordered materials is not well defined,
magnetism can be robust to disorder. Although the long-range
translational symmetry is absent in these materials, local atomic
environments resembling the crystalline material can be pre-
served.”® Such a similarity in the local environments between
an amorphous and crystalline material suggests that the mag-
netic and electronic properties of the material, which are often
dictated by local interactions and symmetries, can also be
similar.

Indeed, numerous examples exist where the magnetic proper-
ties of the crystalline material are preserved in the amorphous
system. For instance, amorphous FeGe thin films exhibit chiral
spin textures,’ analogous to the crystalline B20 compound
FeGe, which is a chiral magnet with a screw spin structure. Addi-
tionally, both crystalline and amorphous FeGe host skyrmions—
specifically a skyrmion lattice near room temperature'® in the
former and isolated antiskyrmions and skyrmions in the latter.
This work is strong evidence that the local atomic structure
and spin interactions are similar to those of the crystalline form
from the perspective of real-space topology.

Moreover, recent theoretical predictions suggest that liquid-
like networks also support chiral edge modes in the absence
of long-range spatial order."" This finding indicates that, similar
to the real-space case, the topological feature is also preserved
in reciprocal space, and the nontrivial boundary modes can be
protected by the local symmetry. Although the Berry phase,
which relies on the integral over the whole Brillouin zone, does
not exist, a short-range atomic-structure-related Berry curvature
can still be defined. This Berry curvature can be estimated and
was found to result in a large anomalous Hall angle in amorphous
Fe1..Ge, films.">'® Recently, a large AHE in amorphous Fe_,Sny
thin films was also found, where the local kagome-like fragments
embedded in the amorphous matrix on the length scale of a few
nanometers play a key role."*
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Our methodology in this work, therefore, is to identify potential
topological performance in an amorphous compound by consid-
ering the properties of the crystalline analog. For example, B20
compounds such as CoSi, CoGe, RhSi, and RhGe are known
for presenting multiple types of topological fermions.”*™'" In
the amorphous state, a large anomalous Hall angle induced by
a large Berry curvature was also observed.'”'® Thus, we aim
to search for a high-performance amorphous magnet among
high Curie temperature (T¢) ferromagnets with exotic electronic
band structures. A well-known topological material with these
properties is Co,MnGa (CMG), which has been confirmed as a
topological Weyl nodal-line semimetal by angular resolved
photoemission spectroscopy (ARPES).'® The Weyl nodal line in
CMG sits close to the Fermi level, inducing a giant Berry curva-
ture in this system, and thus contributing to a giant anomalous
Nernst effect?® and giant AHE®' in single crystals. High quality
epitaxial thin films show similar effects,?” including a thick-
ness-dependent Berry curvature modulation.>*?* A sizable
spin-orbit torque effect was also observed in epitaxial CMG
films, indicating potential in magnetic random-access memory
technology.?*® Polycrystalline CMG films have shown a sub-
stantial anomalous Nernst effect,>**° highlighting the potential
for retaining the large Berry curvature in this material even with
substantial disorder.

In this work, we will show that the ferromagnetism and related
topological properties are preserved in amorphous CMG
(@a-CMG). We report a large AHE and anomalous Hall angle and
strong magnetic exchange interactions. The elastic neutron
scattering experiments confirm that the ferromagnetic interac-
tion is strong over a large range of Mn-Mn interatomic distances,
which are centered around the crystalline Mn-Mn interatomic
distance. This result points to the finite disorder model in
a-CMG films, meaning that these films exhibit crystalline-like
short-range atomic bonding order (Figure 1A, inset). The crystal-
line-like magnetic interactions contribute to a large Berry curva-
ture, as well as the anomalous Hall response. First-principles
density functional theory (DFT) simulations using the finite disor-
der model further support a large anomalous Hall conductivity in
a-CMG only when the local atomic environments are similar to
the L2, structure. Notably, these effects remain dominant in
the transport behavior at room temperature. This work points to-
ward an amorphous magnetic Weyl semimetal with great poten-
tial in spintronics applications.

RESULTS

AHE in a-CMG thin films

Thin films of CMG (S1: 50 nm and S,: 1,000 nm) were deposited
on amorphous SiO,/Si substrates at room temperature (see the
methods section for details).”'?~'*4183" X_ray diffraction (XRD)
patterns of the as-grown thin films are shown in Figure 1A; no
clear CMG peaks are present in either sample. Note that the
only difference between samples S; and S; is the thickness. S,
is used for electronic transport measurements and polarized
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Figure 1. Structural and electronic transport properties of a-CMG films

(A) XRD and elastic neutron scattering patterns of a-CMG films.
(B) The cross-section TEM image of S,.
(C) The magnetoresistance and Hall effect of an a-CMG Hall bar at 5 K.

(D-G) The longitudinal resistivity, anomalous Hall resistivity, anomalous Hall conductivity, and anomalous Hall angle measured in an a-CMG Hall bar in 5-300 K

range.

neutron reflectivity measurements and S, for the elastic neutron
scattering measurements. To compare with the neutron diffrac-
tion patterns obtained from Taipan (wave length Ay = 2.345 ,&), all
diffraction data are converted to counts (intensity) versus Q in
Figure 1A. The films are aligned nearly perfectly during XRD mea-
surements, which is evidenced by the dynamic diffraction peaks
of the Si substrate. The peak-less feature from the XRD patterns
suggests that these a-CMG films do not exhibit long-range or-
der. To verify the amorphous structure, cross-sectional high-res-
olution transmission electron microscopy (TEM) was conducted
on S, using a lamella prepared with a focused ion beam lift-out
technique (Figures 1B and S1). As shown in Figure S1, the
thin-film thickness (~960 nm) of S, is very close to the target
value (1,000 nm), and the a-SiO, (~100 nm thick on top of the
(0001)-oriented silicon wafer) exhibits a sharp and flat interface
with the a-CMG film. Figure 1B shows a high-magnification im-
age of the a-CMG film where the amorphous features can be
observed. Additional cross-sectional TEM images, as well as a
fast Fourier transform (FFT) pattern of the high-magnification im-
age, are presented in Figure S1. The broad diffuse ring feature in
the FFT pattern further verifies the amorphous state of the sam-
ple. Some lattice fringes and nanocrystals were found,
comprising less than about 15% volume fraction; such a small
volume fraction is not expected to dominate the transport
behavior.

To study the electronic transport properties of a-CMG, we
fabricated a Hall-bar-shaped device on sample S; and conduct-
ed magnetotransport measurements over a wide temperature
region (see methods for details). As shown in Figure 1C, at low
temperatures, a large AHE and butterfly-shaped magnetoresis-
tance (MR) are observed, similar to previous studies of epitaxial

CMG films.?® The MR has positive and negative components,
which suggests multiple contributions from the AHE,*? and
possible electron-magnon scattering.>® These observations
suggest that the a-CMG films are still ferromagnetically ordered,
a point that is further confirmed via polarized neutron reflectivity
measurements (see the supplemental information for details).
Similar transport features, e.g., the coupled AHE and cross-
over between positive and negative MR, are also observed in
sample S4, as shown in Figure S2. The temperature-dependent
measurements of both the longitudinal and transverse resistivity
are also shown in Figures 1D and 1E, respectively. The anoma-
lous Hall conductivity and anomalous Hall angle (¢#* = U;\Y/Uxx;

more data processing details are in the methods section) are
calculated and plotted in Figures 1F and 1G. The anomalous
Hall conductivities for a-CMG are ~635 @ 'em™" at 5 K and
~488 Q~'em™" at 300 K, which are smaller than the maximum
reports in single crystals (~1,160 Q@ 'ecm~" in 2-250 K range)®"
and epitaxial films (~800 Q 'em™" at 2 K).?®> The anomalous
Hall angle in a-CMG is ~8.2% at room temperature, which is
slightly smaller than those reported in single crystals (12%)"
and epitaxial films (11.2%).”® The a-CMG possesses a much
larger anomalous angle than most previously reported amor-
phous or crystalline quantum materials.'? These results suggest
that the magnetic ordering in a-CMG may play an important role
in its electronic structure and transport behavior.

Magnetic properties

We therefore employ magnetometry and elastic neutron scat-
tering measurements to probe the magnetic properties in
a-CMG. In the crystalline Heusler compounds X,YZ, the atoms
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Figure 2. The magnetic properties of a-CMG
films

——3K

—— 10K
——50K
——100K
—— 150K
——200K

(A and B) The MH curves of S, in 3-800 K region,
with the magnetic field applied in the thin-film
plane (A); the out-of-plane measurements in the
3-350 K region are shown in (B).

(Cand D) Sy in-plane MH curves for 5-900 K (C) and

—— 250K
——300K
——350K

out-of-plane curves for 3-300 K (D) measured while
heating.

(E) The saturated magnetizations in (A)—~(D) are
summarized as a function of temperature.

Note that the arrow in (E) indicates the crystalli-
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crystallize in an ordered structure belonging to either the Fm3m
or F43m space group.®* The magnetic structure and Berry cur-
vature are sensitive to the distances among magnetic elements,
as well as the symmetry,”" while in the amorphous system, the
situation can be more complicated, e.g., the translational sym-
metry is broken, and the distance among magnetic elements ex-
hibits a distribution.

Figure 2 show the temperature dependence of the field-
dependent magnetization (magnetic hysteresis [MH]) curves
with a magnetic field applied in the thin-film plane and along
the normal direction, respectively, for S, (Figures 2A and 2B)
and S, (Figures 2C and 2D). For both samples, the magnetic
anisotropy evident upon comparison of the two orientations of
the applied magnetic field originates from shape anisotropy;
the magnetization favors the in-plane direction. This result is
consistent with other amorphous 3d transition metal thin
films.'2*5%% |n-plane magnetic anisotropy has also been re-
ported in (relatively) thick crystalline/epitaxial CMG films.® How-
ever, the saturation moment (~3 pg/f.u.) is significantly smaller
than that in epitaxial films and single crystals (4.1 pg/f.u.).’
With heating, the in-plane and out-of-plane saturation magneti-
zations behave slightly differently below 100 K, as shown in Fig-
ure 2D. However, above 125 K, the magnetization coincides for
both the in-plane and out-of-plane configurations. Only the in-
plane configuration is available in the high-temperature region
due to the sample mounting method. The magnetization of
both samples can be fitted with M(T) = Mg-(1 — T/T)?, where
My is the saturation magnetization and § = ~0.34 for transition
metals. The obtained T, for the a-CMG is ~830 K, higher than
the ordering temperature in crystalline CMG. Moreover, upon
heating, the a-CMG films are stable up to at least 600 K

4 Matter 8, 101988, March 5, 2025

(Figure S4), as has been seen before in
CMG films deposited on non-crystalline
substrates.”’ When extrapolated to 0 K,
this results in a similar saturation magnetization (4.3 pg/f.u.) to
crystalline CMG. The magnetic moments of Co and Mn in crys-
talline CMG are ~0.75 and 2.78 pg,*” respectively. The magneti-
zation in a-CMG prior to heating to 900 K likely arises mainly from
the Mn moments. The vanishing Co moment behavior has also
been reported in the high-temperature paramagnetic phase of
CMG.*" In amorphous Co,Si;_x or Co,Ge1.y, the onset of ferro-
magnetism occurs at x = 0.6, which is relatively high in compar-
ison to amorphous Fe,Siix or Fe,Ge.x, where ferromagnetism
appears near x = ~0.40. These factors suggest that the Co mag-
netic moment may be reduced in a-CMG due to the relatively low
concentration (~50%) and disorder. It is speculated that, after
the heat treatment, the Co atoms in the crystallized CMG gain
a moment and, therefore, the material presents a larger Ms in
the cooling sweep.

T(K)

Elastic neutron scattering

Figure 3A shows the elastic neutron scattering intensity versus
Q, and the details of the experimental setup and data processing
can be found in the methods section and the supplemental infor-
mation. At 25 K, a broadened peak in the 0.8-2.0 A range with
some features can be resolved. The overall intensity drops when
heating to 750 K, which is slightly below the T, obtained from the
magnetization measurements. However, some of the features,
e.g., the peaks at Q = 1.34, 1.74, and 1.99 A1 (or d = 4.69,
3.61, and 3.16 A), gain intensity during heating above ~650 K
and are sharper at high temperatures. These peaks indicate
the partial crystallization of the material at high temperatures.
The major peak at 1.16 A1 (d spacing = 5.42 A) is close to the
lattice constant (second nearest-neighbor Mn-Mn pairs) of crys-
talline CMG (5.77 A), while the other broadened peak at 1.58 A1
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tering curve at 750 K, the magnetic scattering signal can be iso-
lated, as shown in Figure 3B (see also Figure S3). The strongest
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Figure 3. Elastic neutron scattering mea-
surements

(A) The temperature-dependent scattering in-
tensity with Q. Measurement error bars are shown
for each data point.

(B) Background-subtracted scattering results.

feature between 0.8 and 1.7 A~ below
~450 K indicates the ferromagnetic inter-
action is (mainly) between Mn-Mn pairs.
The elastic neutron scattering results
suggest that the a-CMG possesses crys-
talline CMG-like atomic environments.
The finite disorder of the atomic arrange-
ments in a-CMG still preserves critical
features such as strong ferromagnetic
ordering among Mn atoms with inter-
atomic distances similar to crystalline
CMG. This local atomic environment
may be the reason for the observed giant
AHE in a-CMG.

Calculations of the giant
anomalous Hall conductivity
First-principles DFT calculations were per-
formed to gain more insight into the large
AHE measured in a-CMG. Different de-
grees of random atomic perturbations
were applied to pristine (crystalline L24)
CMG as shown in Figure 4A. In the pristi-
ne+displacements scenario, the pristine
bonding order is maintained with only
small atomic oscillations applied. In
the B2+displacements scenario, the B2
phase (Mn and Ga occupation assigned
randomly) is used as the starting point,
and the Mn/Ga bonding is disrupted.
Finally, a random lattice where only the
number of atoms from the pristine CMG
is conserved was also considered. In this
configuration, the pristine atomic environ-
ments are no longer preserved. A similar
disordered structure can be obtained by
using a “melt-and-quench” ab initio mo-
lecular dynamic (AIMD) process on the
B2 phase (B2+displacements+AIMD).
Figures 4B and 4C show that the anom-
alous Hall conductivity (AHC) at the Fermi
level drastically decreases for all cases
except the pristine+displacements co-
nfiguration. In the randomly generated lat-
tice, the AHC curve becomes nearly

featureless, without any identifiable pristine remnants. In the pris-
tine+displacements configuration, a considerable AHC (67.6% of
the pristine, 881 Q@ 'cm™") is still observed at the Fermi level and
conforms to the pristine character. This correlation aligns well with
experimental trends and suggests that a-CMG’s significant AHC
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Figure 4. Understanding the impact of
atomic order on the anomalous Hall con-
ductivity of CMG

(A) Different atomic configurations considered
with different degrees of disruptions to pristine
(L24) bonds. See the main text for details.

(B) AHC for the configurations described in (A).
The color for each configuration is shown under
the text in (A).

(C) Normalized anomalous Hall conductivity (AHC)
for the configurations present in (A) to highlight the
position of peaks in (B). The areas where traces of
pristine AHC are clearly visible in the pristine+
displacements configuration are highlighted in
gray shades. The normalized AHC is obtained by
scaling the original AHC value to the maximum
AHC value for each case. Therefore, the normal-
ized AHC value falls within the range of —1 to 1.
(D) AHC calculated by statistically averaging 12

-1.0 -0.5 0.0 0.5 1.0 1.0 -0.5 0.0 0.5 1.0 randomly initialized cases for each configuration
C Energy (eV) E Energy (eV) with disruptions. The standard deviation of the
S 1.0 10 data is shown as the shaded area around the
S averaged line.
b; = (E) Radial distribution function (RDF) of Mn-Mn
ke] 8 bonds for each disrupted configuration, with the
§ % I pristine RDF shown in the background in gray
g 04 i shades.
2-10 J 0

-1.0 -0.5 0.0 0.5 1.0 0 2 4 6 8 10

Energy (eV) Radius (A)

originates from the presence of local atomic environments, which
resemble pristine-ordered (e.g., crystalline L2,) CMG. This claim
can be further demonstrated in the statistically averaged AHC
over 12 cases for each scenario shown in Figure 4D. The AHC
determined from the randomly generated lattice is nearly zero,
while the pristine+displacements configuration maintains the
characteristic peaks and high AHC. The changes in the local
atomic environments can be further examined in the calculated
radial distribution function (RDF) shown in Figure 4E. Specifically,
these data show changes in bond distribution as a function of dis-
tance for Mn-Mn pairs for the different perturbation scenarios. The
short Mn-Mn bonds (less than 3 A) occupy a significant fraction of
the bonds in the B2-based and randomly generated lattices. This
deviation from the pristine bond order may be the reason for the
nearly zero AHC found in Figure 4D in the B2-based and random
lattices.

DISCUSSION

The DFT results suggest that a-CMG on the local level is more
reminiscent of the chemically and structurally ordered L2, phase
than the more disordered structures. This is an incredibly surpris-
ing result and, more importantly, has practical implications in
advanced electronic manufacturing. Thin-film growth to obtain
the L2, structure generally requires a single-crystal substrate,
elevated growth temperatures, and careful control over the growth
parameters. Without these factors, the disordered B2 structure is
more likely to appear. Our work has shown that thin-film growth at
room temperature on an amorphous substrate results in a material
that, remarkably, is reminiscent of the L2, phase and presents a
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large AHE and anomalous Hall angle. This work suggests that
other crystalline topological 3d transition metal compounds,
such as noncolinear Mn-based antiferromagnets, are possible
candidates for locating amorphous films with large Berry curva-
ture. These materials could also be used in magnetic tunnel junc-
tion design,43 which would further reduce the technical barrier and
manufacturing cost for next-generation spintronic devices.

To summarize, the magnetic and electronic properties of
a-CMG thin films were studied. Magnetometry revealed a satu-
ration moment of ~3.2 pg/f.u., which is smaller than the crystal-
line phase and can be understood by the ferromagnetic ordering
among Mn atoms and the reduction in the Co moment. The
strong Mn-Mn ferromagnetic interactions are further demon-
strated by the elastic neutron scattering peak between 0.8 and
1.7 A~ below ~450 K. It is worth mentioning that the peak fea-
tures in neutron scattering suggest that the Mn atoms exhibit
local atomic structures similar to the crystalline material, which
possesses a large Berry-curvature-induced anomalous Hall con-
ductivity. Moreover, DFT results reveal that a large AHC is only
preserved in simulated structures where the local atomic envi-
ronments are similar to crystalline L2; CMG. Therefore, we
deduce that the local order and ferromagnetism of Mn atoms
with finite disorder in a-CMG contribute to the large anomalous
Hall conductivity and giant anomalous Hall angle at room tem-
perature. This result is consistent with previous work on crystal-
line Mn-based Heusler materials** that has shown that the local
Mn environment can drastically affect the magnetic and elec-
tronic properties of the material. Our study yielded a low-cost,
facile synthesis of a-CMG, with properties reminiscent of the
nodal line Weyl semimetal crystalline analog. This methodology
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can perhaps be extended to other Mn-based quantum materials
to realize novel amorphous systems for emerging electronic and
spintronic applications at room temperature.

METHODS

Thin-film deposition

The thin films of CMG (50 and 1,000 nm, S; and S,) were depos-
ited on 4 inch SiO,(100 nm)/Si substrates in a Kurt J. Lesker CMS-
18 magnetron sputtering system with a base pressure below 3 x
1078 Torr. The thin films were DC magnetron sputtered from a
stoichiometric polycrystalline target at 100 W under 6 mTorr of
Ar. A 3 nm Ta capping layer was then deposited on the film.
The Ta oxidizes to form an ~4 nm native oxide film, which will
not contribute to the transport behavior. The XRD measurements
were conducted using a Rikagu Smartlab diffractometer with Cu
K, radiation. Cross-section TEM was employed to characterize
the nanostructure of the thin film. The lamella was prepared using
the focused ion beam lift-off technique on sample S..

Elastic neutron scattering measurements

A triple-axis neutron spectrometer in ANSTO using a thermal
neutron source, Taipan, was employed to measure the elastic
scattering from the a-CMG sample. Taipan was aligned with a
fixed final energy of 14.87 meV and 0-40’-40’-0 collimation for
high Q-resolution with a vertically focused monochromator to
improve intensity. A graphite filter was utilized on the scattered
arm to remove higher-order scattering. The top-loaded cryostat
with a temperature range of 5-800 K was employed to provide
the temperature-dependent sample environment.

Magnetic and transport properties
The magnetization as a function of temperature and magnetic
field was measured using the vibration sample magnetometer
(VSM) equipped on a physical property measurement system
(PPMS; Quantum Design DynaCool-9). A heating stick was
employed in the oven mode to support MH measurements up
to 900 K. The electronic transport measurements were conduct-
ed using the electronic transport measurement function in PPMS.
A standard Hall bar structure (50 x 500 um) was patterned on the
thin film using standard optical lithography and Ar milling for the
transport measurements. From the AHE curve of both samples,
it could be expected that the anomalous Hall resistivity saturated
above ~1.1 T; therefore, we used the large-field value p’)?y =
p’X“y(S.S T) and then employ the conductivity tensor to calculate
A
the anomalous Hall conductivity: o;‘y = ,,2:)+—y,)z
DFT calculation details
We used DFT calculations as implemented in the Vienna Ab initio
Simulation Package (VASP) to calculate the electronic structure
of CMG.*® The Perdew-Burke-Ernzehof (PBE) form of the gener-
alized gradient approximation (GGA) was used to describe elec-
tron exchange and correlation.® The kinetic energy cutoff for the
plane-wave basis was set to 400 eV. We used a 12 x 12 x 12
I"-centered k-point mesh for sampling the Brillouin zone. The
spin-orbit interaction was included in the calculations. For

¢ CellP’ress

the calculation of anomalous Hall conductivity of CMG, we adop-
ted the method as implemented in the open-source code
WannierTools,*”*® which uses the standard Kubo formula,*®->°
based on the Wannier tight-binding Hamiltonian obtained from
wannier90.°" Co/Mn d and Ga s p orbitals are used as projectors
for tight-binding Hamiltonian construction.

For the investigation of the bonding environment in a-CMG, we
introduced random displacements to the atomic positions of the
crystalline lattice as follows.

(1) Forthe B2 lattice, we randomly swapped pristine Mn and
Ga sites to create the B2-like configuration.

(2) For pristine+displacements and B2+displacements con-
figurations, we applied random displacements ranging
from —0.2 to 0.2 A in all three Cartesian directions relative
to the atomic positions in the pristine configuration for all
atoms.

(3) For random-generated lattices, we initialize Co/Mn/Ga
atom positions in randomly generated fractional coordi-
nates within the pristine lattice. Each atom’s position
and element species were initialized randomly, while an
algorithm ensured that newly added atoms met the mini-
mum bonding distance based on the covalent radii of
each element. If a newly added atom was found to be
smaller than the minimum bonding distance to an existing
atom, then its entry would be rejected, and new random
coordinates and species were selected. This process
continued until the Co/Mn/Ga atom count matched that
of the pristine lattice.

These altered lattice configurations were then relaxed using
DFT until all atomic forces were reduced to below 0.01 eV. To
further alter the bonding order, we also perform melt-and-
quench AIMD simulations. The structure was melted at 3,000 K
for 3 ps and then quenched to the ground state at a rate of
1 K/fs. The cell volume was fixed during the MD simulations.

We generated 12 random cases for each type of crystal
perturbation considered, enabling us to calculate a statistically
averaged anomalous Hall conductivity curve that demonstrates
how the disruption of pristine bonds influences transport
measurements.
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