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We endeavour to explore the high-pressure study in the aurophilic Aul within the state-of-the-art of first
principles. The impediment of expressing precise ground-state features of aurophilic compounds that had
afflicted prior theoretical research has been resolved by incorporating van der Waals corrections (vdw).
Mechanical and dynamical stability are ensured at ambient using the computed elastic constants and
phonon dispersion curves. The dynamical instability is triggered by the application of pressure in Aul, as
evidenced by the softening of an acoustic mode (E,) at ~7 GPa. Non-adherence of estimated elastic con-
stants to the Born stability criterion at this pressure illustrates the system's mechanical instability. As
previously demonstrated in experiments, the pressure-driven amorphization is rationalised by the phonon
softening and elastic instability. Our calculations of the electronic band structure reveal an indirect bandgap
(2.31 eV). Z, invariants confirm that non-symmorphic Aul is a non-trivial Dirac material with the inclusion
of spin-orbit coupling. Furthermore, a type-A hourglass dispersion with movable Dirac point is observed at
the two-fold screw rotation axis (Cyy). The pressure-dependent electronic structure reveal that the band
topology is unaffected by pressure up to amorphous state. Our findings predict that this aurophilic class of
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material Aul possess exotic structural and electronic properties, encouraging further studies.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, studying the behaviour of matter under extreme
pressure conditions has become an intriguing and challenging re-
search topic. Using high-pressure (HP) techniques, new materials
with specifically designed properties can be produced in crystalline
and amorphous states | 1]. Pressure-induced amorphization (PIA) is a
first-order transition between crystalline and amorphous phases
that dramatically changes the structure of the solid [2]. This phe-
nomenon has been observed in different compounds for the past few
years. PIA occurs in a range of compounds with various bonding
types, including covalent (SiO-), ionic (LiKSO,4), molecular (Snly), and
hydrogen bonding (H,0) [3-6]. Likewise, amorphization at HP is also
found in more complex bonded systems such as silicates [7], tung-
states [8], molybdates [9], and other minerals [10]. Many variables
have been linked to PIA, including poly-tetrahedral packing [11], an
increase in the coordination number [12], and polyatomic ion or-
ientational disorder [13]. The PIA was first conceived in response to
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kinetic impediment in equilibrium phase transitions [14]. However,
alternatively, an elastic instability can also drive amorphization [15].

Recently, a pressure-induced irreversible amorphization has
been reported at 10.7 GPa in gold iodide (Aul) [16]. This compound
consists of polymeric Au-I zigzag chains linked via Au--Au aurophilic
interactions forming two-dimensional (2D) layers, which are held
together by weak van der Waals forces among I atoms. Amorphi-
zation was not anticipated in such a layered compound. Instead, a
transition to a higher symmetry structure (typically cubic) was ex-
pected because of its anisotropic response to pressure due to the
existence of directional weak van der Waals bonds [17]. Under HP, a
cubic structure similar to Agl and Cul would be expected in Aul if it
behaved like other 2D-layered binary compounds [18]. There is
currently no theoretical explanation for the observed pressure-
driven amorphization. This is owing to the difficulties that density-
functional theory (DFT) has in effectively describing aurophilic
substances [19]. Previous DFT simulations of Aul at ambient pressure
were inadequate in generating a suitable crystal structure [20,21].
This feature prompted us to conduct a DFT investigation of Aul to
learn more about its characteristics and its behaviour under com-
pression. Another interesting and unexplored fact about Aul is re-
lated to the spin-orbit coupling (SOC) associated with gold. In
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tetragonal crystals with a significant SOC, symmetry-enforced to-
pological band crossings should exist, which might be Dirac or Weyl
points [22]. Exotic surface states [23], unique magneto transport
[24], inherent anomalous Hall effect [25], high thermopower [26],
and exotic phenomena connected to quantum anomalies [27] are all
examples of topological band crossings. The examination of the
system's symmetry and topological invariants that depend on
translational symmetry are used in standard theoretical approaches
for the search and categorisation of topological features in materials
[28,29]. Interestingly, AuBr, which is isomorphic to Aul, possesses
movable Dirac points that form hourglass dispersions and exhibit a
non-trivial topology defined by a Z, invariant, that is imposed by
band connectivity [22]. It is, therefore, interesting to study the to-
pology of the band structure of Aul, at ambient- and high-pressure,
to search for possible band crossings.

Using state-of-the-art van der Waals corrected DFT, we in-
vestigated the physical properties of Aul and the impact of pressure
on them. Structural, elastic, and vibrational features have been
emphasised to explain the known pressure-driven amorphization
[16]. We also estimated electronic band structure of Aul and ob-
served that it is a three-dimensional Dirac material with movable
Dirac points together with hourglass dispersion up to the amor-
phization pressure.

2. Computational details

The geometry was optimised using the Projector-Augmented
Wave (PAW) method, which was employed in VASP in the frame-
work of density-functional theory (DFT) [30]. The Perdew-Burke-
Ernzerhof (PBE) potentials within the Generalized-Gradient Ap-
proximation (GGA) were used for the exchange-correlation func-
tionals [31]. For all computations, the plane wave energy cut-off was
set to 520 eV. A value of 107 eV has been used as the energy con-
vergence criterion. A 14 x 14 x 4 k-mesh has been implemented for
geometry optimisation computations according to the Monkhorst-
Pack technique [32]. Van der Waals contributions have been in-
cluded to account for the interaction of the gold-iodine layers in Aul.
Grimme D2 method (IVDW = 1) [33], Grimme D3 method with zero
damping (IVDW = 11) [34], and D3 method with Becke-Jonson
damping (IVDW = 12) [35] were used to calculate van der Waals
corrections. Phonon-dispersion calculations have been performed
using the density-functional perturbation theory with VASP and
Phonopy [36]. Fitting the pressure-volume (P-V) data to a third-
order Birch-Murnaghan equation of state (EOS) [37] yielded the bulk
modulus and its pressure derivative for Aul. Both with and without
SOC, the electronic structure computations have been performed.
For SOC calculations, the first-principles results were fitted to a
tight-binding Hamiltonian using maximally localised Wannier
functions (MLWF) [38]. The topological characteristics of the com-
pound based on the tight-binding model were studied using the
iterative Green's function technique, which is implemented in the
WANNIERTOOLS package [39,40].

3. Results and discussion
3.1. Structural properties

Aul crystallises in a polymeric tetragonal structure with space
group P4,/ncm (No. 138). Fig. 1 depicts the crystal structure. In its
traditional unit cell, this structure has four formula units. The
Perdew-Burke-Ernzerhof (PBE) functional [31] has been used to get
the ground state of Aul. Different van der Waals corrections (IVDW1
[33], IVDW11 [34], IVDW12 [35], etc.) schemes, were also used to
obtain the optimised parameters. Our calculations succeeded in
modelling the crystal structure of Aul, in contrast to prior DFT in-
vestigations [20,21], which did not predict the tetragonal structure
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Fig. 1. (a-c) Crystal structure of Aul viewed along different projections, and (d) high-
symmetry points in the irreducible Brillouin zone (BZ) and the BZ projection plane
onto the (001) direction.

Table 1
Calculated lattice parameters (a, b and c), volume (V), bulk modulus (By), and its
pressure derivative (By’) along with the experiments [16].

PBE IVDW1 IVDW12 IVDW11 EXpt.
a=b(A) 465 409 428 431 435
c(A) 14.73 1414 13.78 13.88 13.71
Vv (A%) 319.27 23732 25217 258.44 260.01
Bo (GPa) - - - 15.3 18.1
By’ (GPa) - - - 8.6 2.0

as the most stable at zero pressure. Table 1 lists the unit-cell para-
meters that were determined. According to our findings, the DFT-D3
approach of Grimme, which includes van der Waals interactions
[34], yields a better prediction of the crystal structure of Aul. At
0 GPa and 0 K, the computed unit-cell parameters are a = b = 4.31 A,
and c = 13.88 A, which correlate well with experiments performed at
ambient conditions [ 16]. Wyckoff locations 4d (0, 0, 0) and 4e (0, 0, z)
correspond to the Au and I atoms, respectively. The calculated z
coordinate for I is 0.1530, which is consistent with experiments
(z = 0.1551). The crystal structure is formed by Ilayers of
-I-Au-I-Au-I- polymeric zigzag chains, where the Au-I-Au angle is
70.63°. The layers are stacked along the c-axis linked by weak van
der Waals interactions among I atoms, as shown in Fig. 1.

Au and I atoms are covalently bound in Aul, and the infinite
zigzag chains are joined along the ab-plane by Au--Au aurophilic
interactions. The measured interatomic lengths are compared to the
results of the experiments in Table 2. The intralayer Au-I bond dis-
tances are the shortest distances measuring 2.639 A. Each layer
contains an fec-like square 2D network of Au atoms, where the bond
distance between Au atoms is 3.051 A. This bond distance, which is

Table 2

Calculated bond lengths in comparison with the experiments [16].
Bond lengths (A) Calculations Expt.
Au-1 2.64 2.60
Au-Au 3.05 3.08
I-I (Interlayer) 4,03 4,07
I-I (Intralayer) 431 4.36
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equivalent to a/v2, is typical of aurophilic bonds [41,42]. Similar to
the Au atoms in each layer, I atoms form square 2D networks on
either side of the Au network, and the distance between these in-
tralayer I atoms is eqivalent to the unit-cell parameter a. In contrast,
the interlayer [ atoms are sitting at the regular square pyramidal
sites with bond distances of 4.032A. We've also calculated the
charge density in the [010] direction. Fig. S1 (in supporting in-
formation) depicts this. Due to the difference in electronegativity
between the Au and I atoms (Au = 2.54, I = 2.66), the figure suggests a
covalent bonding between atoms.

We computed the pressure dependency of all structural para-
meters to examine the impact of pressure on structural properties.
The volume (V/Vy) and normalised unit cell parameters (a/ao, c/co)
correspond well with experiments [16] [see Fig. S2(a) in supporting
information]. A third-order Birch-Murnaghan equation of state [37]
accurately characterises the fluctuation in unit-cell volume as a
function of pressure [see Fig. S2(b) in supporting information]. The
bulk modulus, By, and its pressure derivative, By, at 0 GPa are
15.3 GPa and 8.6, respectively. With the increase in pressure, the
Au-I-Au angle decreases from 70.63° to 69.49° at 7 GPa [see Fig.
S3(a) in supporting information]. In prior research, information on
bond distances up to 3.3 GPa was only available [16]. Bond distances
follow a similar pattern in our calculations, but the conclusions are
only valid up to 7 GPa, the theoretical amorphization pressure (see
next section). As shown in Fig. S3(b) (in supporting information),
covalent Au-I bonds are less compressible than Au-Au and I-I bonds.
The interlayer van der Waals I-I bonds are the most compressible.

3.2. Elastic and mechanical properties

The elastic constants (C;) of solids provide information about
interatomic interactions of solids, mechanical stability, ductile/
brittle nature, strength, hardness, and stiffness in solids [43,44].
Strain-stress relationships [45], as implemented in DFT, are used to
determine the elastic constants. The following prerequisites for Born
stability in a tetragonal structure must be met. [46,47]:

M; = C41>0, M, = C33>0,
M3 = C44>0, My = Cg6>0,
Ms = Cq1 = C12>0, Mg = Cqq + C33 - 2C43>0,

M7 = 2(Cyy + Cp2) + C3 +4C3>0

Table 3 lists the six independent elastic constants derived at zero
pressure. They satisfy all the stability criteria. The elastic constants
Cy1 and Cs3 denote linear compression resistance in the a- and c-
direction, respectively. Cq3, Cy3, C44, and Cgg, the other independent
constants, are related to shape elasticity [48]. C33 is greater than Cqq,
suggesting that Aul should be more compressible along the a-axis
than along the c-axis, as demonstrated by previous research [16].
The tetragonal system provides two Cauchy relations such as Cq;
=Cgg and C33 = C44 [46]. The results of our calculations do not satisfy
these two relations, indicating the presence of the non-central forces
in Aul due to its partial covalent nature [49].

The elastic moduli for Aul, such as the bulk (B) and shear mod-
ulus (G), were calculated using the Voigt-Reuss-Hill technique
[50-52]. Young's modulus (E) and Poisson's ratio (v) have been de-
termined in addition to B and G [53]. Table 4 provides a summary of
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Table 4
Calculated elastic moduli (B, G and E, in GPa), Poisson’s ratio (v), B/G Ratio, Vickers
hardness (Hy, in GPa), and shear anisotropy factors (A; and As).

B G E v B/G Hy Ay As

16.90 5.80 15.60 0.35 290 0.95 0.77 1.01

the determined mechanical characteristics. The value of By found
using the Birch-Murnaghan equation of state is comparable to the
bulk modulus calculated using the elastic constants. Its value of
15.3-16.9 GPa indicates that Aul is highly compressible, being more
compressible than several metal-organic framework compounds
[54]. Pugh's B/G ratio [55] can be utilised to assess if a material is
ductile or brittle. If the B/G ratio is more than 1.75, the material is
termed ductile; otherwise, it will exhibit brittle behaviour. In our
case, the B/G (= 2.90) is more than 1.75, indicating that Aul is ductile.
The ductile or brittle nature of a material can also be determined
from the Frantsevich’s rule [56]. It states that the material is ductile
for a Poisson’s ratio (v) larger than 0.26. The present value of v
confirms the ductile nature of Aul.

Another relevant mechanical property is the Vickers hardness
(Hy) which can be correlated with bulk modulus and shear modulus
[57]. Aul is classed as a soft material based on the computed value.
We have also obtained the shear anisotropic factors A; and As. They
reflect the bonding nature in different crystallographic directions
and provide information about microcrack formation in materials
[58]. A; and A3 correspond to the (100)/(010) and (001) planar shear
anisotropies, respectively. In our case, A; is 30 % smaller than As,
indicating an anisotropic response to deformations.

The Debye temperature (0p) is a critical parameter that affects a
variety of physical properties, including lattice vibrations, phonons,
specific heat, melting point, and thermal expansion. The higher
value of the Debye temperature indicates the higher phonon thermal
conductivity [59]. The 6p can be determined from the average sound
velocity (vy,). We have estimated it from the longitudinal (v;) and
transverse (v;) sound velocities determined from the elastic moduli
[60]. The derived parameters are summarised in Table 5. We also
included the melting temperature obtained the relationship pro-
posed by Fine [61] for intermetallic compounds (including AuCd and
AuZn): Tm=354+4.5(zc”3ﬁ). The obtained melting temperature,
468 K, is consistent with experiments [16], which found that Aul
decomposes at 393 K before melting. Additionally, we have also
calculated Griineisen parameter (y), one of the most valuable
quantities in thermodynamics, in terms of the Poisson ratio [62]:

%(;;”V) The Griineisen parameter has a higher value than other
compounds such as CsCl, CsBr, and Csl [62]. This high value of
Griineisen parameter gives us a hint about presence of anharmoni-

city in the system.

3.3. Mechanical stability at high pressure

To study the pressure-driven structural changes in Aul, we have
performed calculations at 0K up to 7 GPa. Under hydrostatic pres-
sure (P), the elastic constants (C;) become inadequate to maintain
the stability of the compound and must be substituted with elastic
stiffness constants (Bj). For a tetragonal system the elastic stiffness
constants are: By; =Cq1-P,B12=Cy3-P,Bi3=Cy3+P, B33 =C33- P, Byg

Table 5
Density (p), longitudinal (v;), transverse (v;), and average (vy,) wave velocities, Debye
temperature (0p), melting temperature (T,,), and Griineisen parameter (y) at zero

Table 3 pressure.
Icul lasti ;i in GPa) for Aul X

Calculated elastic constants (C;; in GPa) for Aul at zero pressure and zero temperature » (gr/c) v (kmjs) Ve (km/s) v (kms) o T, ;
Cn Ciz Ci3 Cs3 Caq Ces (K) (K)
24.76 10.77 13.44 26.77 476 7.09 8.32 1.72 0.84 0.94 87.72 468 2.09
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Fig. 2. Pressure dependence of (a) elastic constants and (b) elastic stiffness constants.

=Cy4 - P, Bgg =Cg — P [63]. The Born stability criteria are unchanged
while using these elastic stiffness constants. The variations of elastic
constants and elastic stiffness constants in response to pressure are
depicted in Fig. 2 and Tables S1 and S2 (in supporting information).
The expected response to compression is an increase in the elastic
constant values. All the elastic stiffness constants in Aul increase
with pressure, except for Bgg, which declines and reaches negative
about 7 GPa.

According to the stability criterion of Born (as mentioned above),
the M, stability criterion is violated. Notice that M, is related to a
pure shear instability. On the other hand, Ms, which is related to the
tetragonal shear moduli, is also found to be negative at ~8 GPa.
According to our DFT study of Aul, we anticipate that a mechanical
instability occurs at around ~7 GPa, and that PIA may arise owing to
the start of shear instability at this pressure. Notice the ambient
pressure structure is the thermodynamically stable phase of Aul.
This is supported by the fact that XRD patterns show the appearance
of additional XRD peaks at 3.8 GPa indicating the onset of a transi-
tion [16], but the phase transition is never completed up to the
pressure where the tetragonal structure of Aul becomes mechani-
cally unstable, 7 GPa. Then we considered that the combination of
kinetic barriers blocking the solid-solid transition and the mechan-
ical instability that we found causes the final collapse of the crystal
structure. This yield to the amorphous phase observed in
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experiments [64,65]. In the next section, we will provide informa-
tion showing that the elastic softening is related to a phonon soft-
ening.

For theoretical comprehensiveness, we have plotted the variation
of elastic moduli versus pressure [see Fig. 3 and Tables S3-S5 in
supporting information]. Young's modulus, shear modulus, and
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Debye temperature exhibit a non-linear behaviour up to 6 GPa and a
rapid transition from 6 to 7 GPa, although the bulk modulus in-
creases as pressure increases. The Poisson's ratio increases up to
6 GPa and then declines until it reaches 7 GPa. All these elastic
moduli magnitudes abruptly change behaviour around 7 GPa, sug-
gesting that the crystal structure is destabilised. We've also dis-
covered that when pressure increases, the Vickers hardness rapidly
decreases [see Table S4 in supporting information]. The decrease in
hardness implies that Aul becomes softer as pressure increases. This
encourages the disintegration of materials under pressure, which
can lead to amorphization. We observe an increase in the B/G ratio
with pressure, which indicates the enhancement in the ductility of
the compound under pressure.

The shear anisotropic value A; increases with the application of
pressure, but As shows a fluctuation in its values with pressure re-
sulting in the compound's overall anisotropic behaviour even at high
pressures [see Table S4 in supporting information]. At 7 GPa, As
becomes negative. This unphysical result confirms that the crystal
structure of Aul is not stable for P > 7 GPa. On the other hand, the
longitudinal sound velocity has been found to increase as pressure
increases up to 7 GPa. In contrast, the transverse sound velocity
exhibits an unusual behaviour under high pressure with a dis-
continuity at 7 GPa, as shown in Table S5 (in supporting informa-
tion). For the sake of completeness, we have also included the
melting curve and pressure dependence of the Griineisen parameter
in the supporting information. An increase in the value of the Grii-
neisen parameter with respect to pressure causes an increase in
anharmonicity in the system, resulting in imaginary phonon modes
(as will be described in the upcoming section).

3.4. Phonon calculations

We have also studied the dynamical stability of Aul under pres-
sure to explore its possible relation to amorphization. We have de-
termined the phonon dispersion along the high-symmetry points, as
shown in the irreducible Brillouin zone Fig. 1(d), at zero and 7 GPa
pressure. They are shown in Fig. 4. We discovered that all phonon
branches exist within the positive frequency domain at ambient
conditions [see Fig. 4(a)], demonstrating that the tetragonal struc-
ture of Aul is dynamically stable. In contrast, not all phonon bran-
ches exist within the positive frequency domain at 7 GPa [see
Fig. 4(b)] indicating a dynamical instability, a fact that will be dis-
cussed in more detail towards the end of this section.

A mode analysis was carried out to learn more about the vibra-
tional spectra of ambient structure. According to group theory, Aul
has 24 vibrational modes; 3 are acoustic modes (2E,*+A; ) and the
rest are the optical modes (8E,+3B; +4Eg+2A,+1Bs+1A 1y
+1Bg+1A1 ).

Calculated mode frequencies are provided in Table S6 in sup-
porting information. The infrared (IR) active modes are 8E,+Bq
+2A;+ 1B+ 1A;, and the Raman active modes are 4Eg+ 1B,
+1A;g A thorough examination of various vibrations associated
with phonon spectrum has been carried out. The atomic movement
associated with each mode is depicted in Fig. S5 in supporting in-
formation. The acoustic modes are the vibrations of the entire mo-
lecule in three separate directions at near to zero frequencies. The IR
mode at frequency 16.45cm™ is due to rocking vibration of Aul
molecule as a whole, whereas the IR mode at frequency 26.12 cm ™' is
the resultant of individual scissoring of atoms and symmetric
stretching vibrations of the whole molecule. Fig. S5(d) in supporting
information shows the Raman mode at frequency 29.79 cm™!, where
only I atoms show wagging vibrations. Fig. S5(e) and (f) in sup-
porting information show the IR mode at frequencies 40.65 cm™! and
4530cm™', where the former shows a rocking vibration, and the
latter shows alternate rocking and wagging vibrations. The IR mode
with frequency 52.52 cm™' shows scissoring vibrations of Au and I
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Fig. 4. Phonon dispersion curves at (a) zero pressure and (b) 7 GPa pressure.

atoms. In the IR mode with frequency 64.73 cm™!, shown in Fig.
S5(h) in supporting information, only Au atoms shows twisting vi-
brations whereas in the Raman mode with frequency 97.83 cm™,
shown in Fig. S5(i) in supporting information, only I atoms shows
stretching vibrations. Both the modes with 145.62cm™ and
198.64cm™! frequencies have stretching vibrations. Finally, the IR
mode shown in Fig. S5(k) in supporting information with frequency
154.19 cm™! have both silent and asymmetric stretching vibrations in
alternate layers.

High-pressure calculations of these vibrational spectra have been
carried out at 7 GPa, where few modes are becoming negative, as
shown in Fig. 4(b). The presence of imaginary phonon modes in-
dicates that the compound becomes dynamical unstable. Around
7 GPa, amorphization is favoured by both dynamical and mechanical
instabilities [65].

The vibrational modes that we believe trigger the dynamical
instability of the compound have also been investigated. The soft
mode is a doubly degenerate acoustic mode (E,), which involves
rigid translations of layers formed by -I-Au-I-Au-I-polymeric
zigzag chains, as shown in Fig. 5. At zero pressure, all atoms are
vibrating parallel to each other along. However, at 7 GPa, all atoms
vibrate in some tilting manner. It indicates that, a disorder is de-
veloped within the layers forming Aul. This fact is expected to cause
a shear instability, which could result in the amorphization of Aul
under high-pressure. In summary, we propose that Aul, because of
its peculiar crystal structure accommodate stresses by means of
atomic displacements which result in a subsequent loss of
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7GPa X

Fig. 5. Acoustic doubly degenerate mode (E,) of Aul at 0 and 7 GPa (yellow and purple
colour represent Au and I atoms, respectively).

y
Ambient <X

translational periodicity. This fact, results in the transformation to a
frustrated non-crystalline solid [66,67] as we described in
Section 3.3.

3.5. Electronic properties

Subsequently, we have computed the electronic structure cal-
culations for Aul using the GGA exchange and correlation func-
tionals. The calculated bandgap is 1.42 eV, as shown in Fig. 6(a).
However, as GGA underestimates the bandgap, we have included the
HSE exchange and correlation functional to improve it. As illustrated
in Fig. 7, the bandgap obtained by using HSE exchange and corre-
lation functionals is 2.31 eV. The band structure plots indicate that
the given compound is a semiconductor with an indirect bandgap.
To understand more about the electronic structure of Aul, we plotted
the total and partial density of states at ambient pressure in Fig. 6(b).
The contribution of Au atoms dominates the valence band at the
Fermi level, but both Au and I atoms contribute equally to the con-
duction band. The crystal structure of our investigated system is
non-symmorphic with a preserved inversion symmetry. It contains
time-reversal symmetry (TRS) and a four-fold (screw) rotation
symmetry about the z-axis. Consequently, the electronic band
structure displays several non-trivial band features, as shown in
Fig. 6(a). The presence of TRS and inversion symmetry along X-M
and Z-R-A path, enforces two-fold degeneracy in all bands along
these paths.

Interestingly, bands along the Z-R-A path are merging at points R
and A, forming Dirac-like dispersions with four-fold degeneracy. The
role of SOC becomes more significant in such cases, so we have in-
cluded the same in calculations. Fig. 8(a) displays the band structure
properties with SOC. The bands away from the Z-R-A path are two-
fold degenerate, merging at points Z and R, and enabling four-fold
degeneracy at these points. We observed four connected bands
forming Dirac-like band crossings along path Z-R. These four sets of
bands connect two energy levels at Z and R in a zigzag manner, and
form an hourglass dispersion, which is shown in Fig. 8(c). Here Z and
R are linked by U, providing two energy level splitting in U, where U
=(0, v, 0.5) [68]. The hourglass band crossings can only appear in
high-symmetry line (HSL) or high-symmetry plane (HSPL) for which
two different irreducible representations (irreps) are allowed [69].
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Fig. 6. (a) The electronic band structure (with GGA) in the absence of SOC, and (b) the
projected density of states (PDOS) of Aul.
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Fig. 7. (a) The electronic band structure calculated using HSE functionals in the ab-

sence of SOC. For completeness calculations including SOC are given in Fig. S6 in
supporting information.

The observed irreps corresponding to Z and R points are labelled in
Fig. 8(c). We can see that there is a four-fold crossing on the high-
symmetry line U, which connects Z and R. The irreps of U include
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Fig. 8. (a) The electronic band structure (with GGA) at ambient and (b) 7 GPa in the
presence of SOC (Dirac point with hourglass dispersion bands are shown in inset), and
(c) schematic figure showing the hourglass dispersion along an arbitrary path on the
k, =m plane connecting Z to the point R.

four irreps U,, Us, U, and Us. In addition, there are two irreps R3R3
(paired by TRS) and R4R4 at point R, and one irrep Zs at point Z.
According to the compatibility relations [68], the irreps at Z are
found to be related with the irreps at U as follows:

25 - U2U4 @ U3U5

In addition, for R.

R3R3 — 2 U,Uy and R4R4 — 2 UsUs

Hence the splitting patterns can be denoted as U,U,; & UsUs,
U,Us @ UsUs; 2 U,Uy, 2 UsUs. We can see that U,Us and UsUs have
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Fig. 9. (a) The surface states with I termination along Z-R-A-Z path, where the inset
plot indicates the Dirac point, and (b) the Fermi arcs with connecting the projections
of Dirac points on the (001) surface.

been interchanged between Z and R. As we can see that, the irreps of
the top and bottom parts are different but share the same irreps at
the neck parts, which indicates it to be a type-A hourglass dispersion
[69]. The above relations satisfy the requirements of type-A hour-
glass band crossings along Z-R path in Aul, which is similar to
AuBr [22].

The four-fold degeneracy is observed along path R to A also. This
analysis of bulk band crossings motivates us to explore more about
the topological nature in Aul at ambient pressure. Therefore, we
have plotted the surface states with I termination along the k, =0.5
plane [as shown in the Brillouin zone schematic Fig. 1(d)] to confirm
these crossings [see Fig. 9(a)]. Dirac-like band dispersion is seen in
the surface state also. The surface Fermi arcs are also displayed in
Fig. 9(b).

In Fig. 9, one can observe that the Fermi arcs connect the pro-
jections of movable Dirac point and form a Dirac loop. The Dirac
point in hourglass dispersion under SOC is protected by Cy, screw-
rotation symmetry. Aul possesses movable Dirac points forming
hourglass dispersions as reported for AuBr previously [22]. To check
the trivial or non-trivial topology in Aul, we have calculated the Z,
invariants. The calculated value of Z, invariants are (0; 0 1 0). The Z,
invariants and Dirac point are the evidence to claim Aul as a weak
non-trivial topological material.

The electronic structure under pressure is also studied using the
GGA exchange and correlation functionals, and the pressure-de-
pendent bandgap is plotted in Fig. S7 in supporting information. The
bandgap decreases with an increase in pressure and remains an
indirect bandgap. In addition, the bandgap at 7 GPa pressure is
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0.54 eV. The decrease in band gap results from amorphization due to
the structural disorder. In this case, we found the transformation of a
crystalline semiconductor to an amorphous semiconducting phase
without a band gap closure. We have also analysed the electronic
band structure with the inclusion of SOC under high pressure [see
Fig. 8(b)]. The four-fold degenerate bands (Dirac point) along Z-R
path with hourglass dispersions can also be seen up to amorphiza-
tion, making it a robust topological material.

4. Conclusions

Using density-functional theory, we present a comprehensive,
methodical analysis of the underlying mechanical, dynamical, and
electronic properties of Aul at ambient and high pressure.
Experiments and the estimated structural and mechanical properties
agree well. According to our computation, Aul amorphizes under
high pressure. At 7 GPa, mechanical and dynamical instabilities arise
in Aul, triggering amorphization. In the light of vibrational mode
examination at ambient and high pressure, the softening of acoustic
modes under pressure leads to amorphization. With the inclusion of
spin-orbit coupling, the electronic properties uncover the presence
of a movable Dirac point with hourglass bands dispersion along the
band path Z-R, which remains robust up to amorphization. Our
calculations give a more profound knowledge in understanding the
properties of Aul.
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