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A B S T R A C T

The aggregation of Bi atoms exhibits significant influence on the stability and electronic properties of GaAsBi compounds. Here, density functional theory calcu-
lations are used to probe stabilities of different configurations of Bi atoms substituted for As at concentrations below 4% of available As sites. The configurations
examined include ensembles of four or eight Bi atoms with large Bi-Bi distances (dispersed configuration) or Bi atoms occupying contiguous As sites (aggregated
configurations) in periodic supercells of different sizes. The stabilities of GaAsBi compounds decrease with increasing Bi concentration. This decrease in stability is
more significant for dispersed than aggregated configurations, which leads to increased favorability for the aggregation of Bi atoms at higher concentration. Among
the aggregated arrangements, the linear and planar ones are much more stable than the three-dimensional arrangements at all concentrations. The stabilities also
depend significantly on ensemble sizes of Bi atoms, with enhanced stability for linear [1 0 1] and planar (1 1 1) configurations in eight atom ensembles than in four
atom ensembles of similar concentration. These results demonstrate distinct effects of concentration and ensemble size on the preferred configuration and suggest
that accurate large-scale simulations of doped GaAs compounds require models that incorporate not only atom-pair interactions but also long-range interactions
among aggregates.

1. Introduction

The last five decades have witnessed rapid growth in processing
power of electronic devices driven by decreasing sizes and increasing
densities of transistors. With silicon-based transistors approaching their
size and speed limits, the focus on III-V compound semiconductors has
increased greatly due to their wide range of structures and electronic
properties [1]. GaAs based compounds, in particular, have had sig-
nificant technological impacts due to their direct band-gaps, high
electron mobility and operability over wide temperature ranges. GaAs
can also form ternary or quaternary compounds with other elements in
Group-III (e.g., Al, In) and Group-V (e.g., P, Sb, Bi) of the periodic table,
which imparts remarkable tunability to the band gaps of these materials
[2,3].

GaAsBi ternary compounds have been studied with great interest
because Bi incorporation lowers the band gap of GaAs without sig-
nificant loss of electron mobility for dilute concentrations [3–6]. Such
materials are reported to have decreased bandgap temperature sensi-
tivity and exhibit suppressed Auger recombination [7,8]. However, the
Bi atoms are much larger than the As atoms they replace in the ternary
compound, which induces significant local strain in the lattice. The
clustering of Bi atoms to decrease lattice strain tends to deteriorate

electron mobility and photoluminescence [2]. X-ray absorption spectra
(XAFS) and transmission electron micrographs have shown that in-
creasing Bi concentrations lead to changes in prevalent Bi atom con-
figurations from atom pairs to extended planar ordering analogous to
CuPt crystals prior to phase separation of Bi into clusters [9–11].

Density functional theory (DFT) studies show a decrease in band gap
with Bi incorporation into GaAs, as observed in experiments, and have
found strong spin–orbit coupling in GaAsBi, which leads to significant
asymmetry between electron and hole mobility [12,13]. These calcu-
lations involved ordered configurations of uniformly separated Bi atoms
and did not probe the relative stabilities of different Bi configurations at
the low Bi concentrations that allow stable GaAsBi compounds without
droplet formation. More detailed studies on Bi-terminated GaAs (0 0 1)
surfaces combined DFT with cluster expansion and Monte Carlo simu-
lations to determine thermodynamically stable surface configurations
of Bi and analyze surface reconstructions observed in STM studies
[14,15]. Recent aberration corrected annular dark-field imaging studies
and DFT analysis for linear and dispersed Bi configurations in GaAsBi
films grown by metalorganic vapor phase epitaxy has shown that Bi
atoms prefer to form linear arrangements in [1 0 0] and [1 1 0] direc-
tions instead of random distributions [16].

Here, we use DFT to probe stabilities of Bi atom configurations in
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bulk GaAsBi systems with partial substitution of As by Bi at various
values below 4% of the total As sites to assess the influence of Bi con-
centration on ordering preferences. These studies confirm some clus-
tering preferences proposed from experiments [9,16,17] and provide
more detailed information that may be utilized for developing cluster
expansion models for larger systems and identifying opportunities for
the engineering of more stable Bi based materials.

2. Methods

Periodic density functional theory (DFT) calculations were per-
formed within the Vienna ab initio Simulation Package (VASP 5.4.4)
[18,19] using the Perdew-Burke-Ernzerhof (PBE) [20] version of the
exchange correlation functional, which is based on the generalized
gradient approximation (GGA). Dispersion corrections were not applied
to the GGA energies, but some comparisons with DFT-D2 correction of
Grimme [21] were made for relative energies of different types of Bi
configurations, as shown in Supporting Information (Table S1). The
wave functions of valence electrons were described using plane-wave
basis functions included up to a kinetic energy cutoff of 400 eV. The
interactions between atoms cores and valence electrons were treated
using the projector augmented wave method [22]. Electronic structures
were converged self-consistently to energy differences less than
1× 10−5 eV between successive iterative steps. Geometries were op-
timized until forces on atoms were below 0.01 eV Å−1.

The non-spin-polarized energies of 8-atom primary unit cells of
GaAs with zinc blende structure were calculated using a 4×4×4
Monkhorst-Pack k-points mesh [23,24] with lattice constants varied in
steps of 1% around the experimental value (5.654 Å [25]). The change
in energy as a function of lattice constant was fit to a quadratic equation
to determine the minimum energy. The DFT lattice constant with
minimum energy was 5.778 Å, which is 2.2% larger than the experi-
mental value. Such slight over prediction of lattice constants is typical
of GGA functionals, which tend to delocalize electron densities slightly
more than is expected for densities of real wavefunctions [26]. Analo-
gous relaxation for an isomorphous GaBi unit cell led to 6.477 Å lattice
constant, which is 2.3% larger than the predicted lattice constant
(6.33 Å [5,27]) for this compound.

GaAsBi compounds were modeled using periodic supercells con-
taining 5×5×5, 4×4×4 and 3× 3×3 zinc blende unit cells with
500, 256, and 108 Ga atoms, respectively, and equal numbers of group
V atoms, as shown in Fig. 1. Four or eight As atoms in these supercells
were substituted with Bi, which led to Bi concentrations between 0.8
and 3.7% of the total group V atoms, as shown in Table 1. Based on the
calculated GaAs and GaBi lattice constants and Vegard’s law, such low
Bi concentrations would lead to lattice expansions below 0.45% of pure

GaAs. Energies of some GaAsBi configurations containing 3.7% Bi were
calculated using the lattice constant stretched to values derived from
Vegard’s law for this concentration [28]. The absolute values of these
energies were lower than those obtained for the same configuration
using the lattice constant of pure GaAs by less than 2 kJmol−1 (details
in Supporting Information, Table S2). However, the relative energies of
the configurations remain within 0.1 kJmol−1 of each other for the
stretched and unstretched system. Therefore, these small expansions
were considered negligible for relative stability of different configura-
tions at same Bi concentrations and all calculations were performed
using the DFT-derived minimum energy lattice constant of pure GaAs.
The absolute stabilities for these calculations are underestimated by
∼1.9 kJmol−1 for 3.7% Bi, and by smaller values for lower Bi con-
centrations. The 3×3×3, 4×4×4 and 5×5×5 supercells con-
sisted of cubes of edge lengths 17.34 Å, 23.11 Å and 28.89 Å, respec-
tively. The first Brillouin zone for these large-supercell calculations was
sampled only at the Gamma-point. These calculations were performed
without spin-polarization. Calculated energies for some structures were
compared to spin-polarized calculations and were found to have es-
sentially identical energies.

Energies of gas-phase As and Bi atoms were determined using spin-
polarized calculations of isolated atoms at the center of a cubic box of
edge length 10 Å and the first Brillouin zone was sampled at the
Gamma-point. The stabilities of Bi substituted GaAs supercells were
determined using energies of substitution ( EΔ sub) of As atoms (As(g))
with gas-phase Bi atoms (Bi(g)) per substitution:

= + − −−E
x
E xE E xEΔ 1 ( )sub Ga As Bi As g Ga As Bi g( ) ( )N N x x N N (1)

where E values represent DFT derived energies for each structure,
subscript N is the numbers of Ga atoms in the GaAs supercell, and
subscript x is the number of Bi atoms substituted. Lower EΔ sub values
represent more stable Bi configurations in the GaAs lattice. These values
are defined per Bi atom to normalize the energies when comparing four
and eight Bi atom ensembles studied in this work. The thermodynamic

Fig. 1. Supercells containing (a) 5× 5×5, (b) 4×4×4 and (c) 3× 3×3 GaAs unit cells used to achieve Bi concentrations shown in Table 1 for GaAsBi
compounds. Pink and cyan atoms represent Ga and As, respectively.

Table 1
GaAsBi supercell sizes and Bi concentrations.

Supercell Number of atoms Bi concentration (% of group V sites)

Ga As Bi

3× 3×3 108 104 4 3.7
4× 4×4 256 252 4 1.6
4× 4×4 256 248 8 3.1
5× 5×5 500 496 4 0.8
5× 5×5 500 492 8 1.6
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clustering preference of groups of atoms can be represented by energies
per supercell given by × E4 Δ sub and × E8 Δ sub for four and eight Bi-
atom ensembles, respectively.

Eq. (1) uses energies of isolated atoms As(g) and Bi(g) that represent
gaseous species approaching the substrate in molecular beam epitaxy
(MBE). The energies of solid-state atoms Bi(s) and As(s) instead re-
present the stabilities of final states. The energies of these elemental
solid states per As or Bi atoms were derived from spin-polarized cal-
culations of their rhombohedral unit cells using a 10×10×10 Mon-
khorst-Pack k-point mesh [23,24] with lattice constants varied in steps
of 2% around the experimental values of 4.131 Å for As and 4.746 Å for
Bi [29]. The change in energy as a function of lattice constant was fit to
a quadratic equation for each crystal to determine the minimum energy
of solid-phase As, EAs s( ) and solid-phase Bi, EBi s( ). These DFT derived
lattice constants with minimum energy for As and Bi were 4.205 Å and
4.821 Å which were 1.8% and 1.6% larger than the experimental va-
lues, respectively. The comparison of gaseous and solid-state energies is
shown in Supporting Information (Table S3). Substituting the energies
of As(g) and Bi(g) in Eq. (1) with that of As(s) and Bi(s), respectively,
lowers all EΔ sub values by 40.21 kJmol−1, suggesting that the in-
corporation of Bi into GaAs lattice is more favorable for the solid-state
reference for the elemental energies. The relative EΔ sub values for dif-
ferent Bi configurations in the GaAs supercells remain unchanged with
the choice of reference state because all EΔ sub values decrease by the
same constant value.

3. Results and discussion

3.1. Configurations of four Bi atoms in GaAsBi and stabilities at different Bi
concentrations

We first calculate the stabilities of specific arrangements of four Bi
atoms in 5× 5×5, 4×4×4 and 3× 3×3 supercells. These ar-
rangements are named dispersed, tetrahedral, square planar, zig-zag,
planar (1 0 1), planar (1 1 1), linear [0 0 1], linear [1 0 1] and linear
[1 1 1], as shown in Fig. 2 for the 4× 4×4 supercell. The energies of
these configurations are also compared to randomly generated config-
urations.

The dispersed configuration comprises one Bi atom at a corner of
the supercell and three near face center positions, leading to the max-
imum separation between Bi atoms for a given Bi concentration. This
configuration represents the most uniform Bi distribution and serves as
a reference for comparison with configurations containing aggregated
Bi atoms. Table 2 shows the average distances between Bi atoms in the
As sub-lattice of GaAs in the dispersed configuration at 0.8%, 1.6%, and
3.7% Bi concentrations. The tetrahedral configuration contains one Bi
atom at the corner of the supercell and three in the next nearest (1 1 1)
plane for the As sub-lattice, which gives the most closely packed three-
dimensional structure of four Bi atoms. Thus, the difference between
dispersed and tetrahedral configurations is considered to reflect a
possible clustering preference for Bi atoms with increasing Bi content.
Both these configurations involve Bi atoms present across multiple
crystallographic planes. The remaining configurations in Fig. 2 re-
present planar and linear aggregated arrangements. The square-planar
and zigzag configurations represent square and parallelogram ar-
rangements, respectively, within a (0 0 1) plane, while planar (1 0 1)
represents a rectangular arrangement in (1 0 1) plane and planar (1 1 1)
contains a rhombus-shaped arrangement in (1 1 1) plane. The linear
patterns consist of four contiguous Bi atoms in the As sub-lattice along
[1 0 0], [1 0 1] and [1 1 1] directions. For the case of the 3×3×3
supercell four contiguous Bi atoms could not be accommodated for
linear [0 0 1] and linear [1 1 1] arrangements; therefore, the linear
[0 0 1] configuration consist of three contiguous Bi atoms and one Bi
atom near the center of the supercell while the linear [1 1 1] arrange-
ment contains three contiguous Bi atoms and one Bi atom at the su-
percell corner (structures in Supporting Information, Fig. S4). Table 3

shows distances between contiguous atoms in different line directions
in the As sub-lattice of GaAs. The [1 0 1] and [1 1 1] directions are the
most and the least densely packed directions, respectively. In contrast,
for the planar arrangements the (1 1 1) plane is the most densely packed
while (1 0 1) plane is less closely packed.

Energies of ten other configurations formed by Bi substitution at
randomly generated combinations of four As atom locations were also
calculated. The stability for Bi substitution in random configurations
was determined by taking a weighted average given by:
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where < >EΔ sub is the average substitution energy, EΔ sub i, is the sub-
stitution energy for each of the random configurations determined form
Eq. (1), R is the universal gas constant, and T is the temperature taken
here to be 298 K. This random configuration energy was used to de-
termine if arrangements other than the specific configurations in Fig. 2
can be more stable. The point coordinates, structures and energies for
all random atom configurations for the 4× 4×4 supercell are shown
in Supporting Information (Fig. S5 and Tables S5a–b).

The substitution energies per Bi atom for the introduction of four Bi
atoms in 5× 5×5, 4×4×4, and 3×3×3 GaAs supercells at 0.8%,
1.6%, and 3.7% Bi concentrations, respectively, are shown in Fig. 3.
Their values range from 142 to 155 kJmol−1 for the different Bi atom
configurations shown in Fig. 2. These EΔ sub values were derived using
energies of isolated atoms for As and Bi elements in Eq. (1) to represent
the gaseous atoms approaching substrates in molecular beam epitaxy
(MBE). The use of solid states of these elements instead lowers all EΔ sub
values by a constant 40.21 kJmol−1 (details in Supporting Information,
Section S3), which leads to values ranging from 101 to 115 kJmol−1 in
Fig. 3 without changing the relative differences for the different con-
figurations. The use of dispersion correction further lowers these sub-
stitution energies by 52–53 kJmol−1 when gas-phase atoms are used
for elemental energies as shown in Eq. (1) (details in Supporting
Information, Table S1), because Bi atoms seem to exhibit greater van
der Waals (vdW) stabilization than As in the lattice. Analogous pre-
ferential vdW stabilization of elemental Bi in solid states of these ele-
ments is likely to offset any significant dispersion effects in the net EΔ sub
values. The dispersion corrections also keep the relative EΔ sub differ-
ences among the different configurations nearly unchanged (Table S1).
Taken together these effects indicate that the absolute EΔ sub values
remain greater than 50 kJmol−1 for most configurations in Fig. 3.
These highly positive values represent the metastable nature of Bi in the
GaAs lattice, but do not include contributions of lattice vibrational
energy [30,31] and configurational entropy [32] to the Gibbs free en-
ergy. Such contributions partially stabilize Bi in the lattice due to
smaller vibrational frequencies resulting in lower vibrational energies
for the heavier Bi atoms as well as many possible degenerate arrange-
ments for various dopant configurations. Therefore, the DFT derived
electronic EΔ sub values only reflect how relative trends in stabilities of
the different configurations change with concentration, instead of ab-
solute stabilities of each.

3.1.1. 0.8% Bi concentration
At 0.8% Bi concentration in the 5×5×5 supercell (500 Ga, 4 Bi,

496 As atoms) the substitution energies range from 142 kJmol−1 to
147 kJmol−1. The dispersed Bi configuration with distant Bi atoms is
more stable than the three-dimensional tetrahedral arrangement of Bi
clusters by 1.9 kJmol−1 per Bi atom (Fig. 3). Thus, groups of four Bi
atoms at 0.8% of group V atoms are more stable in dispersed than in
tetrahedral form by 7.6 kJmol−1. For comparison, the value of ther-
modynamic reference energy kT at 500 K and 600 K (typical MBE
growth temperatures [3,33,34]) is 4.16 and 4.99 kJmol−1, respec-
tively. Thus the 7.6 kJmol−1 preference for dispersed configuration is
thermodynamically significant. The equilibrium constant for
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interconversion among these two configurations is 6.2 and 4.5 at 500 K
and 600 K, respectively, in favor of the dispersed state
( = −K E RTexp( Δ / )eq ). The energy differences among various other
configurations discussed in later parts of this manuscript is larger and
more thermodynamically significant (Fig. 3). In particular, the stability
preference for linear [1 0 1] and planar (1 1 1) becomes particularly
strong at high Bi concentrations.

This difference between dispersed and tetrahedral configurations
suggests that Bi atoms exhibit some preference for staying apart at low
Bi concentrations. The planar and linear aggregated configurations,
however, are even more stable than the dispersed configuration by up
to 1.4 kJ mol−1, suggesting that even at such low concentrations the Bi
atoms may align along a line or a plane but do not prefer to form three
dimensional aggregates. At this concentration linear configurations are
slightly more stable than planar configurations. The linear [1 0 0]
configuration is the most stable one, followed by linear [1 1 1] and
linear [1 0 1] (Fig. 3; 1.4, 1.3, and 0.7 kJmol−1 lower energy than
dispersed). These lines do not correlate with the nearest-neighbor dis-
tances for the different line directions (Table 3). However, the more
closely packed lines in [1 0 1] direction also contains smaller fractions
of the atoms in that line substituted with Bi. The [1 0 1] line can fit ten

Fig. 2. (a) Dispersed, (b) tetrahedral, (c) square planar, (d) zigzag, (e) planar (1 0 1), (f) planar (1 1 1), (g) linear [1 0 0], (h) linear [1 0 1] and (i) linear [1 1 1]
structural configurations for 1.6% Bi in a 4×4×4 GaAs supercell. Analogous patterns were implemented for 3× 3×3 and 5×5×5 supercells with 3.7% and
0.8% Bi, respectively. Red, cyan and pink atoms represent Bi, As, and Ga, respectively.

Table 2
Average distances between Bi atoms in As sub-lattice in the dispersed
configurations.

Bi concentration (%) Average Bi – Bi distances (Å)

0.8 20.43
1.6 16.35
3.7 12.26

Table 3
Distances between contiguous atoms in As sub-lattice for lines in different di-
rections.

Line direction Reference
structure in Fig. 2

Alignment Contiguous atom
distance (Å)

[1 0 0] 2(g) Cube edge 5.78
[1 0 1] 2(h) (parallel to) face

diagonal
4.09

[1 1 1] 2(i) Body diagonal 10.01
[2 2 1] Not shown Origin to opposite

face center
7.08
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atoms within a 5× 5×5 supercell, only four of which are Bi atoms at
0.8% concentration. In contrast, the [1 0 0] and [1 1 1] lines contain
five atoms within the supercell, four of which are Bi. These linear
patterns are repeated due to periodic boundary conditions, leading to
more complete continuous line in [1 0 0] and [1 1 1] directions. We
surmise that GaAsBi lattices can relax linear strain sources originating
from larger Bi atoms in a line better than three dimensional ones with
multiple points of strain origination in periodic lattice, and the nearest-
atom spacing as well as the completeness of the lines may matter for
stability. In general, the differences between different linear and planar
arrangements are small at 0.8% Bi, and we revisit these trends at
greater Bi concentrations in the following discussions, where some
aggregation preferences become more prominent.

The weighted average of the EΔ sub values for ten configurations
selected by random sampling is significantly lower than dispersed and
tetrahedral configurations but about 0.3 kJmol−1 higher than the
linear [1 0 0] configuration that was most stable of all configurations in
Fig. 2 at 0.8% Bi. Low energy configurations contribute much more
significantly to these weighted averages (Eq. (2)), and, therefore, the
averages represent values near the minimum of all sampled random
configurations. The structures and energies of the most stable config-
urations among the randomly selected ones at different Bi concentra-
tions and their energies are shown in Supporting Information (Fig. S6
and Table S6). For 0.8% Bi, the most stable configuration among the
randomly selected ones has nearly identical energy to the linear [1 0 0]
configuration, (within 0.05 kJmol−1). These lowest energy configura-
tions for all Bi concentrations invariably contain a few atom-pairs with
spacings within the nearest-neighbor distances shown in Table 3, sug-
gesting that some extent of Bi aggregation is factored into the “average
random energies,” shown in Fig. 3. Therefore, these average energies
cannot act as a reference state to gauge the clustering preferences of Bi
atoms, and the dispersed configuration in Fig. 2 is a more appropriate
reference. Nonetheless, the linear [1 0 0] energies are similar to the
most stable of the random configuration, suggesting that there is no
significant preference for any of the specific well-ordered aggregated
configurations over randomly selected partially aggregated ones. Con-
versely, none of the random ones are much more stable than linear
[1 0 0], therefore, no other configurations that yield significantly
greater stability than the sampling of configurations performed in Fig. 2

were found by random guesses.
Analogous studies on configurational preferences for groups of two,

three and four atoms were performed by Bannow et al. [35]. These
studies utilized supercells with 8, 27 and 64 Ga atoms based on multi-
ples of two-atom primitive unit cells of rhombohedral shape in contrast
to the eight-atom cubic unit cells used here. As a result, their Bi con-
centrations for four Bi-atom configurations were much larger than the
concentrations used here (128, 256 and 500 Ga atoms; Table 1), and the
linear arrangements and directions do not correspond to the directions
reported here. Nonetheless, the studies of Bannow et al. also show that
tetrahedral arrangements are less stable than linear arrangements, as
shown by our results in Fig. 3. The random configuration energy in-
cluded in their approach was derived from a “special quasirandom
structures” approach [36] which samples various pairwise interactions
but not periodic interactions, which can be very significant in small
supercells, and do not correspond to the averages of the random con-
figurations reported here.

3.1.2. 1.6% Bi concentration
At 1.6% Bi concentration in the 4×4×4 supercell, the substitu-

tion energies ( EΔ sub) range from 144 kJ mol−1 to 149 kJmol−1 for the
different Bi atom configurations (Fig. 3). These energies are higher than
the energies of the corresponding configurations at 0.8% Bi con-
centration, which suggests that GaAsBi stabilities decrease with in-
creased concentration. This increase in substitution energies with con-
centration is not uniform for all configurations. Instead, the dispersed
configuration becomes less stable by 3.5 kJmol−1 while the aggregated
tetrahedral, square planar, zig-zag, linear [1 0 0] and [1 1 1] and
average random configurations were less stable by 2.1–2.3 kJmol−1

and linear [1 0 1] by only 0.7 kJmol−1. These differences suggest that
the preference to the aggregated arrangements is greater at higher Bi
concentrations, consistent with clustering observed at higher Bi con-
centration in experiments [9]. For three-dimensional arrangements the
dispersed configuration, however, remains slightly more stable than the
tetrahedral configuration (Fig. 3, 1.6% Bi). Among the planar config-
urations, (1 0 1) is slightly more stable than the square planar, while the
planar (1 1 1) is slightly less stable than square planar (1 0 0) config-
uration. The (1 1 1) planar arrangement when extended further at
higher Bi concentrations becomes analogous to Cu-Pt type Bi-As

Fig. 3. DFT derived substitution energies per Bi atom ( EΔ sub) for different configurations of four Bi atoms in 5× 5×5, 4× 4×4, and 3× 3×3 GaAs supercells
(0.8%, 1.6%, and 3.7% Bi concentrations, respectively). The energies for random configuration represent a weighted average of ten configurations as defined by Eq.
(2). Blue, green, orange and black bars represent three-dimensional, planar, linear and random configurations, respectively.
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structure observed in experiments at higher Bi concentrations [11]. The
lower stability of this structure suggests that the formation of these
structures is not favored thermodynamically at low Bi concentrations
using ensembles of four Bi atoms that do not allow formation of a large
continuous platelet along the (1 1 1) plane.

Among the linear arrangements, [1 0 1], which was less stable than
[1 0 0] and [1 1 1] at 0.8% Bi is more stable than these two at 1.6% Bi
by 0.7 and 0.8 kJmol−1, respectively. As noted previously, for 0.8% the
[1 0 1] line is incomplete with only four of ten atoms as Bi. At 1.6% Bi
in 4×4×4 supercell, this line becomes more complete with four As
and four Bi atoms in the [1 0 1] line. The [1 0 0] and [1 1 1] lines also
become fully complete with all four atoms in the unit cell occupied by
Bi and extended by periodic neighbors. The [1 0 1] line with closer
nearest-neighbor distances (Table 3) becomes more stable than other
directions as this line becomes more complete. This trend continues at
higher concentrations discussed next. The average (Eq. (2)) and the
most stable Bi substitution energies for randomly generated config-
urations are 0.9 and 0.6 kJmol−1 higher than the linear [1 0 1], sug-
gesting that a preference for well-ordered linear arrangement in the
most closely packed direction emerges even over randomly generated
partially-ordered configurations as Bi concentration increases. These
clustering preferences remain unchanged when dispersion correction is
applied (details in Supporting Information, Table S1), because even in
this case, tetrahedral configuration is less stable than dispersed, and
planar (1 1 1) and linear [1 0 1] are more stable, with the latter being
the most stable.

3.1.3. 3.7% Bi concentration
At 3.7% Bi concentration in the 3× 3×3 supercell, the EΔ sub va-

lues per Bi atom range from 144.5 kJmol−1 to 155 kJmol−1 for dif-
ferent Bi atom configurations (Fig. 3). Most of these energies are much
higher than the corresponding values at 0.8% and 1.6% Bi, consistent
with a decrease in GaAsBi stability with increasing Bi content for most
configurations. The dispersed and clustered configurations continue to
exhibit different sensitivity to Bi concentration, leading to more stable
tetrahedral configuration than dispersed at 3.7% Bi. The EΔ sub value for
the tetrahedral geometry is 3.7 kJmol−1 lower than that for the dis-
persed, which confirms that Bi clustering preference continues to in-
crease with increasing Bi concentration. The square planar, zig-zag,
planar (1 0 1), and linear [1 0 0] and [1 1 1] configurations remain more

stable than tetrahedral and show similar relative stabilities as that for
1.6% Bi. The planar (1 1 1), which was less stable then planar (1 0 1) at
1.6% becomes nearly as stable, suggesting a slight increase in stability
for configurations with Bi atoms on the (1 1 1) planes at higher Bi
concentrations.

Among the linear configurations, [1 0 0] and [1 1 1] exhibit similar
EΔ sub values, while this value for [1 0 1] is lower than the two by 3.7

and 3.6 kJmol−1, respectively, suggesting very high stability for the
linear [1 0 1] configuration (Fig. 3). At 3.7% Bi in 3× 3×3 supercell,
the [1 0 1] line becomes more complete than lower concentrations with
four Bi atoms out of six. The [1 0 0] and [1 1 1] lines, in contrast,
contain only three atoms in this supercell, leading to complete Bi lines
and an extra Bi atom to be placed at the farthest possible location to this
line and its periodic images. As discussed for lower concentrations, the
more complete line and the closest nearest-neighbor distance (Table 3),
both potentially contribute to the very high stability of the linear [1 0 1]
configurations. The extra atom for [1 0 0] and [1 1 1] linear config-
urations possibly contributes to their instability. The linear [1 0 1]
configuration at 3.7% Bi is also more stable than the weighted average
energies (Eq. (2)) of randomly selected configurations, by 3.8 kJmol−1,
suggesting much more significant preference to well-ordered linear
alignment along most closely packed direction than partially ag-
gregated random configurations at these Bi concentrations.

3.1.4. Effect of concentration on clustering preferences
The clustering preferences indicated by the energies in Fig. 3 are

summarized by the difference in the EΔ sub values between each con-
figuration and the most highly dispersed configuration:

= −E E EΔΔ Δ Δsub sub sub dispersed, (3)

These EΔΔ sub values for tetrahedral, square planar, zig-zag, planar
(1 0 1) and (1 1 1), linear [1 0 0], [1 0 1], and [1 1 1], and average en-
ergies of random configurations are shown as a function of Bi con-
centration in Fig. 4.

The EΔΔ sub values for all configurations decrease monotonically and
nearly linearly with Bi concentration, which is consistent with sig-
nificantly enhanced preference to form Bi clusters at higher con-
centrations (Fig. 4). At 0.8% Bi, the tetrahedral configuration is less
stable than the dispersed one with uniformly spread Bi atoms, while
square planar, zig-zag and linear ones are slightly more stable. At
concentrations above 2%, all clustered configurations including tetra-
hedral become more stable than the dispersed one. The EΔΔ sub values
change from +1.9 to −1.4 kJ mol−1 for tetrahedral, from −3.7 to
−6.3 kJmol−1 for linear [1 0 0] and from −0.7 to −10.0 kJmol−1 for
linear [1 0 1] configurations. The relative stability among most clus-
tered arrangement changes weakly with Bi concentration. For example,
the difference between EΔΔ sub values for the tetrahedral clusters to the
linear arrangement decreases only from 3.3 kJmol−1 at 0.8% Bi to
2.6 kJmol−1 at 3.7% Bi, suggesting that the instability of the tetrahedra
relative to lines is decreasing only slightly with increasing concentra-
tion. The weighted average energy of randomly selected configurations
is very similar to that of linear [1 0 0] configuration at all three Bi
concentrations. However, the stabilities of planar (1 1 1) and linear
[1 0 1] arrangements, both involving most dense packing in a plane or
along a line, increase more sensitively than aggregated configurations
with increasing Bi concentration (as indicated by slopes in Fig. 4). At
3.7% Bi the linear [1 0 1] configuration becomes much more stable than
all configurations.

These results suggest that the relaxation of the GaAs lattice in re-
sponse to the local strain imposed by the replacement of As atoms with
much larger Bi atoms is more efficient if the larger atoms are grouped
together instead of distributed origins of strains. For the grouped atoms,
the relaxations are more efficient for linear or planar strains than three
dimensional ones, and configurations involving more densely packed
(1 1 1) planes and [1 0 1] lines become more stable than others at 3.7%
Bi or larger. These computational results are consistent with

Fig. 4. Difference in Bi atom substitution energies per Bi atom ( EΔΔ sub) be-
tween the aggregated configurations and the dispersed configuration shown in
Fig. 2 as a function of Bi concentration. The aggregated configurations include
tetrahedral (black diamonds), square planar (maroon squares), zigzag (blue
triangles), planar (1 0 1) (orange diamonds), planar (1 1 1) (light blue circles),
linear [1 0 0] (green circles), linear [1 0 1] (diamonds with light blue borders),
linear [1 1 1] (triangles with orange borders), and random (circles with green
borders). Dashed lines represent linear best fits.
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experimental growth results of GaAsBi compounds using MBE which
have shown that Bi atoms preferentially bind at planar sites of GaAs,
particularly the (0 0 1) plane [17]. They are also consistent with atomic
resolution electron microscopy and DFT studies showing preference for
linear ordering along [1 0 0] and [1 0 1] linear directions [16]. The
stability of these linear arrangements was traced to the stabilization by
stronger Bi-Ga bonds for adjacent Bi atoms with in-plane Ga atoms
relative to those for isolated Bi atoms.

Next, we look at the effects of changing the Bi concentrations by
increasing the Bi ensemble size in the 4× 4×4 GaAs supercell from
four to eight Bi atoms. These larger ensembles lead to additional planar
and three-dimensional arrangements, some of which are significantly
more stable than the linear arrangements that were found to be most
stable for configurations involving four Bi atoms.

3.2. Configurations and stabilities of eight Bi atoms in 4×4×4 supercell
at 3.1% Bi concentration

To accommodate eight Bi atoms in a 4×4×4 GaAs supercell
without deviating from arrangements for four Bi atoms, two categories
of GaAsBi systems comprising eight Bi atoms were examined. These
configurations are shown in Figs. 5 and 6. The first type of system
consists of a fixed Bi tetrahedron near the center of the supercell ac-
counting for four Bi atoms and the remaining four Bi atoms were ar-
ranged in dispersed, square planar, zigzag and linear [1 0 0] config-
urations such that their distances from the central tetrahedron were
maximized (Fig. 5). The second type of system contained four Bi atoms
in a dispersed arrangement, i.e., one Bi atom at a corner and three Bi
atoms near face centers, and the remaining four Bi atoms were arranged
in dispersed, square planar, zigzag and linear [1 0 0] configurations
with maximum separations from the reference dispersed structure
(Fig. 6). Fig. 6a corresponds to a dispersed configuration superimposed
on another dispersed configuration yielding the maximum separation
among Bi atoms for an eight-atom ensemble. The average distances
among Bi atoms in this arrangement is 15.98 Å.

Nine additional configurations examined for eight Bi atoms are
shown in Fig. 7. One such configuration involved Bi tetrahedra grown

near two of the four edges of the tetrahedron formed by the first four
atoms, which leads to a densely packed three-dimensional configura-
tion in which the Bi atoms are as close as possible (Fig. 7a). Four other
configurations targeted planar arrangements, one involving the dis-
persion of eight Bi atoms as two adjacent lines within a (0 0 1) plane
(Fig. 7b), the second having a similar dispersion of eight Bi atoms as
two adjacent lines within the (1 0 1) plane (Fig. 7c), the third involving
dispersion of eight Bi atoms as two adjacent lines within the (1 1 1)
plane (Fig. 7d), and the fourth having eight Bi atoms aggregated in a
(1 1 1) plane (Fig. 7e). These configurations are denoted planar (1 0 0),
planar (1 0 1), planar (1 1 1) v1 and planar (1 1 1) v2, respectively.

The remaining four configurations probed linear arrangements of
eight Bi atom ensembles. Fig. 7f shows a configuration involving two Bi
lines in the [1 0 0] direction occupying As sites in the GaAs lattice such
that the distance between the two lines was maximized by introducing
one line of Bi atoms at the corner of a (0 0 1) plane and another line of
Bi near the center of the GaAs supercell. Fig. 7g and 7 h depict linear
configurations in which eight Bi atoms are aligned along the [1 0 1]
crystallographic direction. Fig. 7g involves a single line of eight Bi
atoms in the [1 0 1] direction occupying As sites in the GaAs lattice
while Fig. 7h involves two lines of Bi atoms occupying As sites in the
GaAs lattice along the [1 0 1] direction by having one line of four Bi
atoms near the corner of a (0 0 1) plane in the [1 0 1] direction while
another line of four Bi atoms near the center of the GaAs supercell in the
[1 0 1] direction such that the distance between the two lines was
maximized. The final linear configuration shown in Fig. 7i involves two
Bi lines in the [1 1 1] direction at As sites in the GaAs lattice such that
the separation between the two lines was maximized by introducing
one line of Bi atoms along the body diagonal of the GaAs supercell and
the other [1 1 1] line of Bi atoms near the corner of the GaAs supercell
(see Supporting Information for a better visual representation of linear
[1 1 1] configuration with unit cell repeating periodically in all three
directions, Fig. S7). In addition to the configurations shown in
Figs. 5–7, energies of ten other configurations formed by Bi substitution
at randomly generated combinations of eight As atom locations was
calculated. The weighted average of the energies of these random
configurations was calculated using Eq. (2).

Fig. 5. (a) Dispersed, (b) Tetrahedral, (c) Square Planar, (d) Zigzag, and (e) Linear [1 0 0] structural configurations paired with a central Bi tetrahedron for 3.1% Bi in
a 4× 4× 4 GaAs supercell. Red, cyan and pink atoms represent Bi, As, and Ga, respectively.
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Fig. 8 shows the substitution energies per Bi atom for the in-
troduction of eight Bi atoms in a 4× 4×4 GaAs supercell, which
corresponds to a 3.1% Bi concentration. This concentration is in be-
tween those for four Bi atoms in 4×4×4 and 3× 3×3 supercells
(1.6% and 3.7% Fig. 3). The substitution energies for these configura-
tions range from 141 to 149 kJmol−1, which is similar to the values for
the 1.6% concentration (144–149 kJmol−1), but with some config-
urations having even lower energies, and lower than that for 3.7%
concentration (147–155 kJmol−1) with four Bi atoms.

The GaAsBi systems containing dispersed, tetrahedral, square
planar, zigzag and linear configurations around a central Bi tetrahedron
in Fig. 8 exhibit similar stability trends as the configurations without
the central tetrahedron for 1.6%Bi in Fig. 3. In both systems, tetra-
hedral clusters are less stable than the dispersed configuration, but the
arrangements of four Bi atoms on the (0 0 1) planes are more stable,
with the linear [1 0 0] configuration being the most stable. The absolute
energy of the linear [1 0 0] configuration near the central tetrahedron
(147.2 kJmol−1, Fig. 8) is larger than that in 4× 4×4 supercell
without the tetrahedron (144.9 kJ mol−1, Fig. 3), consistent with the
lower Bi concentration in the latter systems. The configuration with two
tetrahedra (148.3 kJmol−1, Fig. 8), however, is as stable as a single
tetrahedron in the 4× 4×4 supercell (148.3 kJmol−1, Fig. 3), despite
higher Bi concentration for two tetrahedra. These differences likely
result from the different orientations of the two tetrahedra that evi-
dently relax more in response to the lattice strain than the periodically
repeating units of same tetrahedron.

The EΔ sub values shown in Fig. 8 for GaAsBi systems containing
dispersed and tetrahedral configurations near a fixed dispersed ar-
rangement of four Bi atoms (Fig. 6ab) are slightly lower than the cor-
responding configurations around a central tetrahedron (Fig. 5ab). In
contrast, the EΔ sub values for square planar, zigzag and linear [1 0 0]
configurations are slightly higher than a fixed dispersed arrangement.
As a result, all the configurations with the fixed dispersed arrangement
have very similar energies near 148 kJmol−1. The dispersed config-
uration superimposed with another dispersed configuration leads to a
cubic sub-lattice of Bi atoms (Fig. 6a), which differs significantly from
the fcc sub-lattice of the four atom dispersed arrangements (Fig. 2a).

The fcc dispersed arrangement at 1.6% has nearly identical stability as
the cubic dispersed arrangement at 3.1% Bi ( EΔ sub 147.7 kJmol−1;
Figs. 3, 8) despite higher Bi concentration in the latter system. The
linear [1 0 0] configuration is slightly less stable than other planar
configurations because the atoms in the linear arrangement here in-
teract closely with the superimposed dispersed arrangement (Fig. 6e).
The average stability of these configurations is similar to the config-
uration with a central tetrahedron.

An additional configuration of eight atoms in 4× 4×4 supercell
involves a three-dimensional close packed cluster (Fig. 7a). The EΔ sub
value for this cluster is 147.1 kJ mol−1, which is 0.1 kJmol−1 lower
than the linear [1 0 0] configuration with a central tetrahedron and
0.7 kJmol−1 lower than the linear [1 0 0] configuration with four fixed
dispersed Bi atoms. These differences suggest that the stability of three-
dimensional clusters is similar in energy to the ensembles with some
aggregation and linearity but lower than the ensembles comprising
linearity paired with dispersion at these concentrations as shown in
Fig. 8. However, this three-dimensional configuration is much less
stable than the configurations consisting of all planar and linear
structures discussed next.

The planar (1 0 0) structure consisting of adjacent [1 0 0] lines and
the linear structure with distant [1 0 0] lines at 3.1% Bi (Fig. 7b and 7f)
exhibit EΔ sub values of 145.6 kJmol−1 and 146.1 kJ mol−1, respec-
tively. These energies are much lower than all eight atom configura-
tions in Figs. 5 and 6, and only slightly less stable than a single line at
1.6% Bi (144.9 kJ mol−1, Fig. 3). These results suggest that planar and
linear arrangements are favored over three dimensional ones even for
eight atom ensembles. Moreover, multiple lines prefer to be adjacent to
create a planar structure because the lattice strain introduced by a
single Bi line creates additional space in vicinal locations. The weighted
average substitution energy of ten random eight atom configurations is
close to that for adjacent lines (145.6 kJmol−1). These values are
consistent with the trends for four atom configurations that led to linear
configuration energies similar to the most stable random configura-
tions.

The [1 0 1] lines that were used to form planar (1 0 1), planar (1 1 1)
v1, a single eight atom line (linear [1 0 1] v1) and distant lines (linear

Fig. 6. (a) Dispersed, (b) Tetrahedral, (c) Square Planar, (d) Zigzag, and (e) Linear [1 0 0] structural configurations paired with four dispersed Bi atoms for 3.1% Bi in
a 4× 4×4 GaAs supercell. Red, cyan and pink atoms represent Bi, As, and Ga, respectively.
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[1 0 1] v2; Fig. 7c, d, f, g) exhibit EΔ sub values of 143.3 kJmol−1,
143.6 kJmol−1, 141.1 kJmol−1, and 145.8 kJmol−1, respectively. The
distant [1 0 1] lines are 0.3 kJmol−1 more stable than the distant
[1 0 0] lines, but the structures are much more stable. In particular, the
single continuous [1 0 1] line is much more stable than any of the
structures examined including those at the lowest 0.8% Bi concentra-
tion. As noticed for 4 atom configurations, the stability of a linear
structure depends on the continuity of the lines as well as the spacing
between nearest neighbors. The [1 0 1] line with closest nearest-
neighbor Bi distances becomes increasingly more stable as the line
becomes more complete for increasing concentrations with 4 Bi atom
configurations (Fig. 4). These factors continue to play a role in 8 atom
configurations, where a complete 8-atom continuous line repeating
with periodic neighbors leads to the most stable of all configurations.
This observation is also consistent with the stable [1 0 1] line observed
in experiments [16]. The planar (1 0 1) and the planar (1 1 1) v1
structures have similar energies while the planar (1 1 1) v2 configura-
tion with less continuous [1 0 1] lines is slightly less stable ( EΔ sub,
144.3 kJmol−1, Fig. 8).

The (1 1 1) plane represents the most closely packed crystal-
lographic plane in the zinc blende structure, while the [1 0 1] line is the

Fig. 7. Additional (a) three-dimensional, (b) planar (0 0 1) (c) planar (1 0 1), (d) planar (1 1 1) v1, (e) planar (1 1 1) v2, (f) linear [1 0 0], (g) linear [1 0 1] v1, (h)
linear [1 0 1] v2, and (i) linear [1 1 1] structural configurations for 3.1% Bi in a 4× 4×4 GaAs supercell. Additional representation of linear [1 1 1] configuration is
shown in the Supporting Information (Fig. S7). Analogous patterns of three-dimensional, planar (1 0 1), planar (1 1 1) v1, and linear [1 0 1] v1 were implemented for
1.6% Bi in a 5× 5×5 supercell. Red, cyan and pink atoms represent Bi, As, and Ga, respectively.

Fig. 8. DFT derived substitution energies ( EΔ sub) for different configurations of
eight Bi atoms in 4×4×4 GaAs supercell (3.1% Bi concentration). The en-
ergies for random configuration represent a weighted average of ten config-
urations as defined by Eq. (2).
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most closely packed line. The planar (1 1 1) v1 and the linear [1 0 1]
configurations are more stable than the weighted average energy of the
randomly generated configurations by 2.0 kJmol−1 and 4.5 kJmol−1,
respectively. Thus, for these concentrations and sufficiently large en-
semble sizes, the close packed arrangements become significantly pre-
ferred over other configurations. These results contrast the four Bi atom
configurations, where the stability of planar (1 1 1) and linear [1 0 1]
structures increased with increasing Bi concentration, but even at 3.7%
Bi (greater than 3.1% Bi for eight atoms), the planar (1 1 1) and linear
[1 0 1] configurations were only 0.7 and 3.8 kJ mol−1 more stable than
random, respectively. These results suggest that both concentrations
and ensemble sizes matter for stability of close packed configurations.
Small patches of (1 1 1) planes are relatively unstable even at high
concentrations but when large ensemble sizes aggregate, they prefer to
align in (1 1 1) plane. The arrangements along (1 1 1) plane likely be-
comes even more stable with higher Bi concentration and larger Bi
ensembles, leading to experimentally observed CuPt type structures.

3.3. Influence of Bi concentration and ensemble size on stability

Fig. 9 summarizes the effects of Bi concentration and ensemble size
on EΔ sub values that represent the stability of GaAsBi compounds. The
stabilities of four-atom ensembles decrease with increasing Bi con-
centration for all configurations except the linear [1 0 1] configuration
that remains nearly unchanged from 1.6% Bi to 3.7% Bi. The clustering
preference enhanced by higher Bi concentrations is reflected in the
more significant decrease in stability of dispersed configurations than
the aggregated configurations. The weighted average energy of ran-
domly selected configurations is nearly the same as that of linear [1 0 0]
for four atom ensembles at all Bi concentrations. At 0.8% Bi the linear
[1 0 0] is the most stable configuration. At 1.6% Bi, linear [1 0 1] is
slightly more stable than linear [1 0 0]. At 3.7%Bi linear [1 0 1] is sig-
nificantly more stable than linear [1 0 0], while planar (1 1 1) is also
slightly more stable.

For eight-atom Bi ensembles in the 4× 4×4 supercell (3.1% Bi),
the partially aggregated configurations shown in Figs. 5 and 6 exhibit
stabilities consistent with the trends for four atom configurations.

However, the planar and linear configurations containing adjacent four
atom lines in [1 0 1] direction and continuous eight atom lines are
much more stable than trends indicated by four atom ensembles. Thus,
the ensemble size exhibits significant influence on the stability of
GaAsBi compounds in addition to the Bi concentration and the con-
figurations of same-size ensembles. This effect of Bi ensemble size was
further confirmed by probing four configurations of eight-atom Bi en-
sembles in the 5× 5×5 supercell (1.6% Bi). These configurations
were analogous to the three-dimensional, planar (1 0 1), planar (1 1 1)
v1, and linear [1 0 1] v1 patterns as shown in Fig. 7 but were formed in
a larger supercell. The EΔ sub values of these configurations are also
shown in Fig. 9 as circles at 1.6% Bi concentration. These EΔ sub values
ranged from 141 kJmol−1 to 145 kJmol−1 which is a much lower
range than that of the 4-atom Bi ensembles at 1.6% Bi concentration
(144–149 kJmol−1). In addition, it is strikingly clear once again that
the planar configurations with neighboring [1 0 1] lines comprising
four Bi atoms as well as the continuous eight-atom Bi line are sub-
stantially more stable than the four-atom Bi ensembles at the same
concentration. This verifies that effects of ensemble size on the stability
of GaAsBi compounds are present even at lower Bi concentrations and
eliminates any potential influence of supercell size on the stability of
GaAsBi compounds. More detailed analysis of such insights would re-
quire examination of larger systems and greater number of configura-
tions and combinations of atoms without the periodic limitation of DFT
unit cells. Such simulation can be achieved by extracting information
about interactions among different atom pairs and subgroups from
current and additional DFT calculations via cluster expansion approach,
which can then be used to simulate larger systems more efficiently.
Such approaches, however, would need to incorporate long-range in-
teractions of aggregates in addition to the pair and sub-group interac-
tions.

4. Conclusions

Periodic DFT calculations are used to analyze stabilities of different
configurations of GaAsBi compounds with 0.8–3.7% Bi concentrations
and ensembles sizes of four and eight Bi atoms. For four-atom

Fig. 9. DFT derived substitution energies per Bi atom ( EΔ sub) as a function of Bi concentration for all configurations of four Bi atoms in Fig. 3 (diamonds) and
configurations of eight Bi atoms in a 4×4×4 supercell (circles; 3.1% Bi; structures in Fig. 8) as well as three-dimensional, planar (1 0 1), planar (1 1 1) v1, and
linear [1 0 1] v1 configurations of eight Bi atoms in a 5× 5×5 supercell (circles; 1.6% Bi). Dashed curves represent trends in energies of linear [1 0 1], linear [1 0 0],
tetrahedral, and dispersed configurations of four-atom ensembles.
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ensembles, higher Bi concentrations lead to greater stability of ag-
gregated Bi configurations over the uniformly segregated ones.
Configurations involving linear arrays along [1 0 0] direction are si-
milar to random configurations, slightly more stable than other (0 0 1),
(1 0 1) and (1 1 1) planar configurations and much more stable than the
three-dimensional clusters. The linear [1 0 1] and planar (1 1 1) con-
figurations are less stable than linear [1 0 0] at low concentrations, but
their stabilities decrease less sensitively with concentration than other
types of aggregated and randomly sampled configurations, making
them most stable at higher concentrations. For the eight-atom en-
sembles at 3.1% Bi, linear [1 0 1] and planar (1 1 1) or (1 0 1) config-
urations containing adjacent [1 0 1] lines are much more stable than
other configurations. These eight-atom configurations may be pre-
cursors to the CuPt structure found in experiments and their stability
increases with Bi concentration as well as ensemble sizes of Bi atoms.
The three-dimensional tetrahedral aggregates considered previously as
possible configurations at high Bi concentrations is not preferred at any
of the concentrations studied here as the preference changes from axial
to planar arrangements.

5. Data availability

The data required to reproduce these findings can be obtained by
sending a request to Prashant Deshlahra at prashant.deshahra@tuft-
s.edu.
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