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ABSTRACT
Solid, liquid and alloyed phases of gallium play a role in a variety of important technological appli-
cations. While many of the gallium phases involved in these applications are metallic, some have
beenproposedor are known to contain covalently boundGadimers. Thus, understanding thenature
of bonding in Ga is crucial to the development of Ga-based materials. The solid phase of gallium
at ambient conditions, α-Ga, is metallic and composed of molecular dimers, and can serve as a
testing ground for studying gallium bonding with electronic structure calculations. We use density
functional theory-based molecular dynamics simulations in conjunction with maximally localised
Wannier functions to examine the nature of chemical bonding in α-Ga. We propose a geometric cri-
terion for defining various bonding environments, which enables the quantification of covalent and
weak bonds in solid gallium. We additionally connect the bonding structure of α-Ga to its phonon
density of states and discuss similarities and differences with diatomic halogen crystals.
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1. Introduction

Gallium is increasingly utilised in a wide range of appli-
cations. Heterogeneous nanostructures based on gal-
lium nanoparticles show promise in many plasmonic
technologies [1–3]. Gallium is also finding importance
in the development of phase change memory materi-
als [2,4,5]. Recently, a two-dimensional analog of α-Ga
was synthesised, which has unique electronic structure
and promises to serve as an important component of
novel nanoscale devices [6]. When melted, liquid gal-
lium has found use as a catalyst in a variety of applica-
tions, including nanotube fabrication [7], and has shown
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promise as a liquid phase solvent for the synthesis of
atomically thin materials [8].

In all of these applications, the unique structural prop-
erties of gallium are expected to play an important role. In
particular, the metallic solid α-Ga phase is composed of
layers of covalently bound Ga dimers [9–12] that adopt
a unique orthorhombic structure, shared with the halo-
gen crystals Cl2, Br2 and I2 [9,13–17]. The other metallic
phases of solid Ga are dominated by metallic bonds and
donot consist of covalently boundmolecular species. The
Ga dimers have been postulated to persist into the liq-
uid state [18], although this has been debated [12,19].
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The ability of Ga to form molecular dimers that dissoci-
ate or weaken upon phase transformation may be critical
to understanding the chemistry underlying many of the
technological applications of Ga.

Mixed metallic-covalent systems, like α-Ga, can be
expected to pose a challenge to methods for describing
the electronic structure of the system, including den-
sity functional theory (DFT)-based approximations. In
particular, the density functional approximation used to
describe the system must be able to accurately describe
highly localised electronic environments typical of cova-
lent bonds while also yielding a good description of the
diffuse electronic structures typical of metallic systems,
in addition to any interplay between these two limits. Per-
haps surprisingly, past work has shown that the simplest
local density approximation (LDA) can provide a reason-
able description of themolecular and electronic structure
of α-Ga [9,11].

We revisit this problem by comparing the results of the
LDA to the newly developed strongly constrained and
appropriately normed (SCAN) meta-generalised gradi-
ent approximation (meta-GGA) [20,21], including a non-
local van der Waals (vdW) correction (rVV10) [22]. The
SCAN density functional has been shown to recognise
and describe virtually all types of bonds with good accu-
racy, including covalent, metallic and even intermediate-
range vdW bonds [21,23], all of which are expected to be
significant in α-Ga. Thus, we expect the SCAN density
functional to accurately capture the coexistence of cova-
lent and metallic bonding in α-Ga. For large polarisable
atoms like Ga, one might expect long-ranged vdW inter-
actions to be significant near ambient conditions, and we
also consider the influence of the rVV10 vdW correction
on the structure of α-Ga. Despite these expectations, the
SCAN-based results detailed herein indicate underper-
formance of this approach, which we attribute to defi-
ciencies of the basis sets and pseudopotentials currently
available, and not the SCAN density functional approxi-
mation itself, as discussed below and in the Supplemental
Material.

In this work, we examine the nature of covalent bond-
ing in α-Ga through the use of maximally localisedWan-
nier functions (MLWFs) [24]. MLWFs are obtained from
the periodic Bloch functions through a unitary transfor-
mation and serve as the solid-state equivalent of molec-
ular orbitals [24]. Consequently, MLWFs have proved
advantageous to quantify chemical bonding in periodic
systems, including disordered liquids and crystalline and
amorphous solids [24–30]. We examine the correlations
between Ga atoms and MLWF centers, culminating in
geometric criteria for defining specific classes of bonds
in α-Ga, namely covalent, weak and non-bonded species.
We use these bonding definitions to quantify the nature

of chemical bonding in α-Ga and use this knowledge
to understand the dependence of the phonon density of
states (DOS) on temperature and on the density func-
tional used to describe the system, comparing the LDA
and SCAN density functionals. We anticipate that our
general approach can be readily extended to understand
chemical transformations in other, more complex Ga-
based systems.

2. Simulation details

All calculations employed the CP2K package, and ener-
gies and forces were evaluated using the QUICK-
STEP module [31]. QUICKSTEP employs basis sets of
Gaussian-type orbitals and plane waves for the electron
density, leading to an efficient and accurate implementa-
tion of DFT [32]. We employ the shorter-range molec-
ularly optimised (MOLOPT) Godecker–Teter–Hutter
(GTH) double-ζ , single polarisation (DZVP-MOLOPT-
SR-GTH) basis set [32] and the GTH-PADE (LDA-
based) pseudopotential [33] to represent the core elec-
trons ofGa. The 3d104s24p1 electronswere treated explic-
itly, using the LDA as implemented in CP2K or the
SCAN functional as implemented in LIBXC version
4.0.1 [34,35], with a plane wave cutoff of 750 Ry. The
rVV10 vdW correction was employed as implemented
in CP2K with the input parameters developed for use
with SCAN [22]. A constant temperature of T=200K
or T=300K was maintained using a Nosé-Hoover ther-
mostat chain of length three [36,37] with an integration
timestep of 1.0 fs. Systems were equilibrated for at least
4 ps before gathering statistics over at least 4 ps of produc-
tion simulation time.MLWFswere obtained usingCP2K,
minimising the spreads of the MLWFs according to the
formulation of [38].

We also performed density functional calculations
for solid chlorine to compare the bonding structure to
Ga. We treat the 3s23p7 electrons explicitly. All other
aspects of the calculations follow those given above for
Ga, replacing the Ga pseudopotentials and basis sets with
their analogs for chlorine.

3. Equation of state

We first examine the equation of state of α-Ga via static
electronic structure calculations. Specifically, we com-
pute the energy as a function of the system volume for
a 3 × 3 × 2 supercell consisting of 144 atoms. The geom-
etry of the system is relaxed at each volume, while the
cell vectors are held fixed. Moreover, we do not deform
the individual lattice vectors independently. Instead, we
fix the relative lattice vectors at the experimental values
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Figure 1. Equation of state, E(V), of α-Gallium computed within
the SCANmeta-GGA, the vdW-correctedSCAN+rVV10meta-GGA,
and the LDA, shown as data points. The vertical solid line corre-
sponds to the experimental value of the specific volume. Lines
indicate fits to the Murnaghan equation of state.

and simply scale all lattice vectors equally when chang-
ing the volume. The equation of state, E(V), determined
here with the LDA, SCAN and SCAN+rVV10 function-
als, are fit well to the Murnaghan equation of state [39],
as shown in Figure 1, enabling the determination of the
specific volume of α-Ga in each system.

The SCAN functional overestimates the specific vol-
ume of α-Ga, with VSCAN/N ≈ 20.60Å3, compared
to the experimental value VExp./N = 19.58Å3. This
estimate is improved through the inclusion of vdW
interactions within the rVV10 scheme, leading to
VSCAN+rVV10/N ≈ 20.48Å3. In contrast, LDA underes-
timates the specific volume, with VLDA/N ≈ 19.23Å3,
indicating overbinding. These results were obtained by
fixing the relative sizes of the lattice vectors equal to those
determined experimentally. Distortion of the vectors and
their relative orientation may lead to better agreement
with the experimental volume, but only through a can-
cellation of errors in the various lattice vectors and their
relative orientations. We also emphasise that the results
in Figure 1 are obtained in a static system (0K), and
the inclusion of phonon modes will tend to increase the
volume of the system.

4. Molecular structure of α-Ga

We simulate α-Ga at T=200K and T=300K with the
latter being close to the experimental melting point of
Tm ≈ 303K. All simulations are performed at the mini-
mum energy volume determined in Figure 1, unless oth-
erwise noted, focusing on the LDA and SCAN+rVV10
systems. The different specific volumes predicted by
LDA, SCAN and SCAN+rVV10 lead to appreciable

(a) (b)

Figure 2. Radial distribution functions, g(r), characterising (a)
Ga-Ga and (b)Ga-Wcorrelations,whereW indicates the centre of a
MLWF. Results are shown for SCAN+rVV10, LDAand SCAN+rVV10
at VLDA at T = 200 K.

changes in the structure of α-Ga, as illustrated by the
radial distribution functions, g(r), shown in Figure 2(a)
for T=200K. The lower specific volume of LDA leads
to a first peak in the Ga-Ga g(r) at smaller distances
than that predicted by SCAN and SCAN+rVV10. Con-
sequently, the subsequent peaks in g(r) at larger distances
are sharper and more well defined, indicating that the
LDA system is slightlymore ordered; note that all systems
are still crystalline solids.

The Ga-W g(r) is shown in Figure 2(b) for both
the LDA and SCAN+rVV10 descriptions of the sys-
tem, where W indicates the centre of a MLWF. Many
of the MLWFs, associated with the d-orbitals, are highly
localised close to the nuclei, giving rise to a large peak
very close to the origin. This additionally leads to signif-
icant regions of gGa−W(r) that closely track the correla-
tions between nuclei captured by gGa−Ga(r).

A peak is observed in gGa−W(r) between 0.5 and 2Å,
that may, at least in part, be ascribed to covalent bonding.
For LDA, a well-defined peak is centred around 1.3Å,
which is roughly half of the location of the first peak in
gGa−Ga(r), consistent with this peak arising from elec-
trons involved in Ga-Ga bonds. The SCAN description
of Ga-W correlations is more complex. The first peak in
gGa−W(r) is located near 0.88Å, and a broad shoulder
spanning from this distance tomore than 2Å is observed.

The asymmetry of the first peak in gGa−W(r) predicted
by SCAN+rVV10 is coupled to the expanded volume
of the system, in comparison to the LDA case. Simu-
lation of α-Ga with SCAN+rVV10 at VLDA leads to a
Ga-W correlation function, and Ga-Ga correlation func-
tion, that closely mimics that of the LDA system, as
shown in Figure 2, although the first Ga-Ga peak in the
SCAN+rVV10 system is slightly larger than that of LDA
at the same volume. Thus, this complex electronic struc-
ture is closely coupled to the volume deformations of
the system. Such asymmetric peaks can originate from a
number of sources, including covalent bonds, polarised
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Figure 3. (a) MLWFs inα-Ga, focusing on a representative Ga2 dimer (horizontal, centre) and its two nearest neighbour dimers (leftmost
and rightmost Ga atoms); two other Ga2 dimers and the MLWF centers of their covalent bond are shown in the background. The Ga-Ga
dimer bond length is 2.447 Å. Galliumatoms are indicated by large spheres, which are connected by a cylinder to indicate Ga2 dimers, and
the centres of theMLWFs are drawn as small spheres. TheMLWF of the covalent Ga2 bond is shown in the centre of the figure, while those
connecting dimers are to the left and right of the centre-most dimer. Two isosurfaces are shown for eachMLWF: solid surfaces are drawn
at 0.14 Bohr−3 and transparent surfaces are drawn at 0.12 Bohr−3. (b) MLWFs in solid Cl2, focusing on a representative dimer (horizontal,
centre) and its two nearest neighbour dimers; one Cl2 dimer and its associated MLWF centers are shown in the background. The bond
length of the Cl-Cl dimer is 2.017 Å. Cl atoms are shown as large spheres and MLWF centers as small spheres. The covalent bondMLWF is
the isosurface at the centre of the figure and the three lone pair MLWFs are the spherical cap-like isosurfaces on each Cl atom; both are
drawn at 0.22 Bohr−3. The remaining isosurfaces, along the bond axis and opposite the lone pair of the left-most dimer, indicate MLWFs
that correspond to electron deficient regions, drawn at 0.08 Bohr−3. Transparent surfaces highlight MLWFs involved in an electrostatic,
halogen bond, and are drawn at a lower isosurface density of 0.05 Bohr−3. The structure of Cl2 is that determined experimentally [40].
Results are shown for LDA predictions; SCAN yields qualitatively similar results.

bonds and lone pairs. To understand the origins of the
first peak in gGa−W(r), we need to delve deeper into
the electronic structure of α-Ga, particularly through
examination of theMLWFs and higher order correlations
involving the MLWF centers.

4.1. Wannier function-based bonding analysis

MLWFs (isosurfaces) and their centers (small spheres)
surrounding a Ga2 dimer are shown in Figure 3(a). We
find that there are two major types of MLWF centers
around a dimer. One MLWF centre appears on a line
connecting the two Ga atoms involved in the dimer, as
illustrated by the two dimers shown in the background
of Figure 3(a). The corresponding MLWF indicates the
formation of a covalently bonded Ga2 dimer.

Each dimer also has two MLWF centers found
between each of its Ga atoms and a Ga atom of a neigh-
bouring dimer. Each of theseMLWF centers is slightly off
the line connecting the twoGa atoms, as shownon the left
and right sides of Figure 3(a) and discussed inmore detail
below. The correspondingMLWF is drawn at two isosur-
faces, one at high and low density, as is that correspond-
ing to the covalent Ga2 bond. At low isosurface density,
the MLWF connects the two neighbouring Ga2 dimers
and suggests covalent bond formation. However, high
isosurface density renderings of the MLWF suggests an
electrostatic interaction typical of lone pairs; the MLWF
does not span the region between the two Ga atoms and
is instead localised near that of the central dimer. Note
that the Ga2 covalent bond MLWF does not qualitatively

change at these two isosurface levels. This analysis sug-
gests that a weaker, directional interaction, with partial
covalent or charge transfer character, may exist between
Ga2 dimers in α-Ga. These weaker interactions can also
be observed through examination of the charge density
of the system, as shown in previous work [9,18].

Analogous bonding arrangements are also observed
in the solid phase of halogen molecules, such as Cl2 and
I2, which share the same orthorhombic crystal structure
as α-Ga [9,13–17]. For comparison, we examined the
MLWFs for solid Cl2, which are shown in Figure 3(b).
Packing of the lone pairs of halogen dimers, which con-
ceptually lead to an anisotropic shape to the halogen
dimer, play an important role in determining this non-
trivial crystal structure [13–16]. Analysis of the elec-
tronic structure of solid chlorine and iodine has demon-
strated that electron density is depleted at the ends of
the dimers along the bond axis, as well as between the
lone pairs of the halogen atom, forming a σ -hole at each
location [16,17]. The lone pair region on one end of a
dimer then pairs with the σ -hole of its neighbour, in a
Lewis-type interaction, forming a halogen bond between
two dimers [17,41]. Importantly, this halogen bond-
ing interaction is purely electrostatic in origin, and the
MLWFs characterising the Cl2 inter-dimer interactions
show no evidence for covalency, highlighted by the trans-
parent surfaces in Figure 3(b). This differs from α-Ga
(Figure 3(a)), where the MLWFs suggest weakly or par-
tially covalent interactions between dimers, ultimately
originating from the unoccupied molecular orbitals of
Ga2.
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(a)

(b)

Figure 4. (a) Definition of the Ga-Ga-W angle, θ . Ga atoms and
a MLWF centre are drawn as large and small circles, respectively.
(b) Probability distributions of Ga-Ga-W angles in the α-Ga crystal
obtained using distance constraints involving a single Ga atom,
P(θ), or both Ga atoms in the triplet, P(θt). Both distributions are
normalised to yield unity for an isotropic distribution. Results are
for the energetic minimum as predicted by the LDA.

4.2. Wannier function-based bond definitions

To further understand the bonding structure captured
by the radial distribution functions shown in Figure 2,
we must quantify where each MLWF centre appears in
gGa−W(r). To accomplish this task, we examine three-
body correlations between Ga atoms andMLWF centers,
as captured by the probability distribution of the angle
formed by each nearest neighbour Ga-Ga-W triplet,
schematically illustrated in Figure 4(a). For a central Ga
atom, a nearest neighbour Ga atom is defined as being a
distance rGa < 3Å from the central Ga atom, and a near-
est neighbour MLWF centre is within the range 0.15Å <

rW < 1.75Å from the central atom. A lower bound on
the Ga-W distance is set to avoid counting those centers
that are highly localised on the Ga atoms. The Ga-Ga-W
angle computed in thismanner is referred to as θ .We also
examine amore tightly defined definition of this angle, θt,
which requires that the MLWF centre is within the range
0.15Å < rW < 1.75Å from both Ga atoms involved in
the Ga-Ga-W triplet.

The angular distributions in the energy minimised
LDA structure are shown in Figure 4(b). Using the single
Ga atom distance criteria, P(θ) has many peaks spanning
nearly the entire range of θ , with small regions of negli-
gible probability, like that between roughly 65◦ and 90◦.
Triplets forming large Ga-Ga-W angles are not involved
in bond formation, as the MLWF centers are not located
between the two Ga atoms of interest.

Including the additional distance constraints involv-
ing the second Ga atom results in P(θt) being non-
zero for θt < 45◦. This distribution features two major
peaks, one near θt = 0◦ and one near θt = 20◦. The peak
at θt = 0◦ corresponds to the linear, covalent bonds of
the Ga2 dimers. As discussed above, the MLWF centers
located between two pairs of dimers are not on the line

Figure 5. (a) Probability distributions ofGa-Ga-Wangles in theα-
Ga crystal obtained using distance constraints involving both Ga
atoms in the triplet, P(θt), for the LDA and SCAN+rVV10 systems.
Both distributions are normalised to yield unity for an isotropic
distribution.Dark and light shaded region indicates covalent bond
and weak bond angles. (b,c,d) Radial distribution functions for
Ga-W correlations decomposed according to whether the MLWF
centre is involved in a covalent bond, a weak bond, or nei-
ther (non-bonded), shown for (b) SCAN+rVV10, (c) LDA and (d)
SCAN+rVV10 at VLDA.

connecting twoGa atoms, Figure 3(a). TheseMLWF cen-
ters lead to the appearance of the peak at θt = 20◦ in
P(θt), and correspond to the relatively weaker interac-
tions between neighbouring Ga2 dimers.

The above analysis enables us to propose a criterion
for defining various bonds in α-Ga. If two Ga atoms are
separated by a distance less than 3Å (the first minimum
in gGa−Ga(r)), and the Ga-Ga-W angle involving these
atoms is θt < 15◦ (the first minimum in P(θt)), these two
Ga atoms are covalently bonded to form a Ga2 dimer.
If two Ga atoms are separated by a distance less than
3Å, and the correspondingGa-Ga-Wangle is 15◦ ≤ θt <

30◦, these twoGa atoms are involved in aweaker, partially
covalent interaction typical of those between dimers, as
shown on the left and right of Figure 3(a). Otherwise, the
two Ga atoms are not bonded.

4.3. Bonded and non-bonded correlations

Using the above definition of bond types, we can quantify
where the MLWF centers of each bonding environment
contribute to gGa−W(r). First, we note that the probabil-
ity distribution P(θt) for both LDA and SCAN+rVV10
at finite T are similar to that in the T=0K lat-
tice, Figure 5(a). Both distributions have a large peak
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(a) (b)

Figure 6. Radial distribution functions, g(r), characterising (a)
Ga-Ga and (b) Ga-W correlations, where W indicates the centre of
a MLWF, at T = 200 K and T = 300 K for LDA at fixed volume.

near θt = 0◦, corresponding to covalent bonds, and a
secondary peak near θt = 20◦, indicative of weak bond-
ing between Ga2 dimers. Therefore, the above-defined
bonding criterion should be sufficiently general to quan-
tify bonding at finite T, and the regions of θt consistent
with covalent andweak bonds are highlighted by the dark
and light shaded regions of Figure 5(a), respectively.

Using these bonding definitions, we split Ga-W pair
distribution functions into contributions from MLWF
centers that correspond to Ga2 dimer covalent bonds,
weak bonds between Ga atoms, and non-bonded inter-
actions between Ga atoms,

gGa−W(r) = gCovalentGa−W (r) + gWeak
Ga−W(r) + gNon−Bonded

Ga−W (r).
(1)

The components of gGa−W(r) obtained in this way are
shown in Figure 5(b,c) for the SCAN+rVV10 and LDA
systems, respectively. In both cases, the peak between 0.5
and 2Å is composed of MLWF centers involved in all
types of bonding environments, not just covalent bonds.
This highlights the importance of considering higher
order correlations when using MLWF centers to quan-
tify molecular bonding; here we use triplet correlations
in addition to pair correlations involving two Ga atoms
and a MLWF centre. Moreover, we find that bonding is
less prevalent in the expanded α-Ga system produced
by SCAN and SCAN+rVV10. As discussed above, this
is mainly an effect of the increased volume, not func-
tional. At the same volume, LDA and SCAN+rVV10
yield similar descriptions of the molecular structure of
α-Ga, Figure 5(d).

We conclude our structural analysis with a discussion
of the temperature dependence of the Ga-Ga and Ga-W
correlations at constant volume. The radial distribution
functions obtained via LDA at T=200K and T=300K
are shown in Figure 6 and indicate that the structure
of α-Ga changes very little over this temperature range
when the volume is held fixed. The first peak in gGa−Ga(r)

(a) (b)

Figure 7. (a) Phonon DOS, C̃(ω), of α-Ga as predicted by LDA,
SCAN+rVV10 and SCAN+rVV10 at VLDA. (b) Temperature depen-
dence of C̃(ω) for the LDA system at fixed volume.

decreases slightly, and the remaining peaks are broad-
ened slightly by the enhanced thermal motion at high T.
Similar broadening is observed for the peaks in gGa−W(r)
that mimic the Ga-Ga correlations. Importantly, the peak
in gGa−W(r) between 0.5 and 2Å that contains the cova-
lent bonding MLWF centre correlations is unchanged as
the system is heated along an isochore, suggesting that the
covalent Ga2 dimers remain intact even at temperatures
close to the melting point.

5. Molecular dynamics of α-Ga

The differences in covalent bonding produced by the
various treatments of α-Ga discussed above manifest in
the dynamic properties of the solid. Here, we focus on
the phonon DOS, C̃(ω), as obtained from the Fourier
transform of the velocity autocorrelation function [42]

C(t) = 〈v(t) · v(0)〉 , (2)

where v(t) indicates the velocity vector of an atom at
time t and implicit in the notation is an average over all
atoms in the solid. The phonon DOS obtained for LDA,
SCAN+rVV10 and SCAN+rVV10 atVLDA are shown in
Figure 7(a).

The phonon DOS for the LDA system displays three
major features: a peak near 60 cm−1, a broad peak near
160 cm−1 and a high frequency peak at 237 cm−1. We
attribute the latter, high frequency peak to the stretch-
ing mode of Ga2, and the frequency of this peak is in
good agreement with that observed experimentally [12],
246 cm−1. In the SCAN+rVV10 system, this peak shifts
to a frequency of approximately 170 cm−1, close to that
determined experimentally for isolated Ga2 dimers in an
argon matrix [43], 177.4 cm−1. This is consistent with
the Ga-Ga bond length increasing from 2.447Å in the
LDA description of α-Ga, in good agreement with previ-
ous estimates for the solid phase [44,45], to 2.608Å with
SCAN+rVV10, which is closer to the isolated Ga2 dimer
bond distance of 2.75Å [46,47]. Moreover, these results
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are also consistent with the MLWF-based picture of a
lower prevalence of strong covalent Ga2 bonds andweak-
ening of secondary (weak) inter-dimer interactions in
the expanded volume SCAN+rVV10 system, discussed
above (Figure 5).

The high frequency peak is recovered when simulat-
ing the system at VLDA with SCAN+rVV10, indicating
that this peak shift is primarily a volumetric effect. The
phononDOS for SCAN+rVV10 and LDA, both atVLDA,
are qualitatively very similar, as might be expected by
comparing the structure in the two systems. In fact, the
slight increase in bonding character of SCAN+rVV10,
in comparison to LDA at the same volume, leads to a
concomitant increase in frequency of the Ga2 stretching
mode to approximately 251 cm−1, as evidenced by the
phonon DOS in Figure 7(a).

Finally, we examine the temperature dependence of
the phonon DOS at fixed volume. Under these con-
ditions, changes in C̃(ω) are indicative of anharmonic
effects. The computed C̃(ω) are essentially independent
of temperature between T=200K and T=300K, as
shown in Figure 7(b), which may be expected from the
insensitivity of the bonding structure of α-Ga to changes
in temperature at fixed volume. This also suggests that α-
Ga behaves as a harmonic crystal. We additionally note
that the dominant effect of temperature on C̃(ω) is usu-
ally through thermal expansion. While we do not exam-
ine this explicitly by allowing the volume to change with
temperature, our results for SCAN+rVV10 at two vol-
umes suggests that theGa-Ga stretchingmode is sensitive
to volumetric changes and shifts to lower frequencies as
the volume is increased.Additionally, the computed C̃(ω)

for the SCAN functional without the rVV10 correction
(not shown), which has the largest volume of the studied
systems, displays aGa-Ga stretching peak near 133 cm−1,
consistent with this observation. Therefore, our results
suggest that theGa-Ga stretchingmodewill shift to lower
frequencies upon thermal expansion.

6. Conclusions

We have carried out a MLWF-based analysis of bond-
ing in the molecular, metallic solid α-Ga, suggesting a
bonding structure analogous to that inmolecular halogen
crystals [14,16,17], with electrostatic halogen bonding
between neighbouring dimers replaced by weakly cova-
lent interactions between Ga2 dimers. By analysing the
distances and angles between Ga atoms and MLWF cen-
ters, we developed a simple geometric criterion to dis-
tinguish among covalent bonds indicative of Ga2 dimers,
weak bonds between dimers and non-bonded contacts.
This criterion enables us to decompose the pair corre-
lation function between Ga atoms and MLWF centers

according to bonding environment, highlighting that
correlations which may naively be ascribed solely to
bonds are actually due to a sum of all bonding types.
The accuracy of this decomposition is supported by the
computed phonon densities of states of each system.
The phonon DOS display a pronounced peak for Ga-
Ga stretching vibrational modes in systems with strong
covalent bonds, and this peak shifts to lower frequen-
cies at larger volumes, when bonding is less prevalent.
We expect that the bonding analysis developed here will
prove useful to quantify dimerisation in the liquid state
and other disordered Ga environments, for example, to
monitor chemical transformations during nonequilib-
rium transitions in cycling of phase change memory
materials [2,4,5,30,48,49]. Moreover, the MLWF-based
perspective on bonding used here can complement pre-
vious approaches to revisit questions regarding bonding
in molecular halogen crystals [16,17].

We concludewith a discussion of the limitations of our
approach. In particular, we have found that the SCAN
and SCAN+rVV10 density functional approximations
provide a less accurate treatment of α-Ga than the simple
LDA, largely due to inaccurate predictions of the density
of the solid phase. Preliminary results indicate that the
accuracy of such predictions is sensitive to the specific
basis set and pseudopotential used to treat the electron
density. Relatively few basis sets are available for Ga, and
purely plane wave treatments yield very good estimates
for the structure of α-Ga with SCAN, suggesting that the
deficiencies found here arise from the basis set and not an
inherent issue with the SCAN functional; see the Supple-
mental Material for more details. This suggests a need for
SCAN-specific basis sets and pseudopotentials to accu-
rately treat systems with complex electronic structure.
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