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ABSTRACT: The negative oxidation state of gold (Au) has drawn
a great attention due to its unusual valence state that induces exotic
properties in its compounds, including ferroelectricity and
electronic polarization. Although monatomic anionic gold (Au~)
has been reported, a higher negative oxidation state of Au has not
been observed yet. Here we propose that high pressure becomes a
controllable method for preparing high negative oxidation state of
Au through its reaction with lithium. First-principles calculations in
combination with swarm structural searches disclosed chemical
reactions between Au and Li at high pressure, where stable Li-rich
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aurides with unexpected stoichiometries (e.g, Li,Au and LisAu)

emerge. These compounds exhibit intriguing structural features like Au-centered polyhedrons and a graphene-like Li sublattice,
where each Au gains more than one electron donated by Li and acts as a 6p-element. The high negative oxidation state of Au has
also been achieved through its reactions with other alkali metals (e.g., Cs) under pressures. Our work provides a useful strategy

for achieving diverse Au anions.

1. INTRODUCTION

Au is a well-known fascinating element but still hides
interesting surprises to be discovered.'* It is used in coinage
and ornament because of its extreme inertness at ambient
conditions. However, gold has a rich chemistry under certain
conditions and can form diverse compounds that have many
uses in medicine,’ catalysis,‘s‘7 electron transport,8 lumines-
cence,’ nonlinear optics,10 and electronics.'" Notably, the
chemical properties of gold, in some aspects, are different from
that of the other metals, and the main differences are the
consequence of the relativistic effects.'*”"® The expansion of
the Sd orbital favors the formation of +3 or higher (e.g, + 5)
oxidation states in Au.'” As such, the closed shell 5d'° of Au
opens up, and Au becomes chemically reactive with other
elements in molecules or clusters.'” Aurophilic interactions,
originated from relativistic effects and electronic correlation of
closed-shell components,'®'” defined as intra- and intermo-
lecular bonding between Au" centers, greatly affect molecular
and crystal structures of Au compounds, leading to unusual
chemical and physical properties.”””'

The contraction of the 6s orbital, however, makes Au have
the highest electronegativity among all metals and enhances its
trend to present a negative oxidation state.'* To the best of our
knowledge, the only known negative oxidation state of Au is
Au~, with an electron configuration 5d%6s%,'* that is,
isoelectronic with Hg, TI*, and Pb**. Many exotic chemical
and physical properties, resulted from the appearance of 6s lone
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electron pair, have been observed.”””** For example, high
polarizability associated with the presence of lone electron pairs
can induce high dielectric constants, large Born effective
charges, ferroelectricity, and large longitudinal and transverse-
optical phonon splittings.”” Additionally, a 6s electron of Au~
can be easily promoted into the 6p level, showing, therefore, a
mixed shell configuration of 6s + 6p.'* Even aurophilic
attraction that was observed between Au" cations can emerge
between Au~ anions.'” The observation of all of these features
has generated great interest in the chemistry of Au~
compounds. Till now, many compounds containing Au~ have
been found: CsAu,”>*® RbyAlO,Au,,>” A;AuO (A = Rb, Cs),”
and others.” These compounds show interesting structural and
electronic properties.m"w_32

It is worth mentioning that all of these compounds consisted
of Au™ anions have been synthesized just at or near ambient
pressure. It is now well-accepted that high pressure has become
an irreplaceable tool to discover new materials with exciting
chemical properties.”> > The application of pressure can
overcome activation barriers for chemical reactions,*® reorder
atomic orbital energy levels,’” induce structural phase
transitions,”® and modify electronic properties.”” Many unusual
stoichiometric compounds with exotic chemical properties that
are not accessible at ambient pressure have been discovered
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under high pressure.””~"" These findings are greatly benefitted
from the recent aspplication of first-principles structural
prediction methods™ " that are particularly successful in the
identification of unusual stoichiometric materials under high
pressure. For instance, the predicted NaCl; and Na;Cl
compounds under high pressure have been confirmed
experimentally.*’

Previous studies have identified that alkali metals show a
clear orbital hybridization (e.g, s—p, s—d, or p—d electronic
transitions) under pressure, which strongly modifies their
chemical reactivities.”” > There is an expectation on the
formation of unusual stoichiometric alkali metals aurides under
pressure that are out of reach at ambient pressure.””*’
Moreover, the electronegativity of lithium (Li) is much smaller
than that of Au. When Li is alloyed with Au, they are subject to
obviously positive and negative polarization.'* Once particular
Li—Au alloys are stabilized under high pressure, one might
anticipate the formation of higher negative oxidation state (>
—1) in Au, a chemical state that is unforeseen at ambient
pressure.

In an effort to pursue higher negative oxidation state of Au,
we here conduct an extensive structure study on stable Li—Au
compounds with various Li,Au,, (n = 1—6and m =1, orn =1
and m = 1—6) compositions under pressure by using the
swarm—intelli§ence based first-principles structural prediction
calculations.”™* In addition to the known LiAus;, LiAu, and
Li;Au, unusual stoichiometric Li,Au and Li;Au compounds are
unraveled and found to be stable under high pressure. In these
Li-rich compounds, Au is in > —1 state by receiving more than
one electron from Li, and it behaves as a 6p-element, having a
5d'%6s*6p" (n > 1) electronic configuration. Moreover, the
negative oxidation states of Au can be effectively tuned from —1
to —3 (or even higher) by varying the Li compositions at
certain pressures.

2. COMPUTATIONAL METHODS AND DETAILS

In order to analyze the preferred structures of Li—Au at high pressures,
we have used the swarm-intelligence based CALYPSO structure
prediction method, which searches for the stable structures of given
compounds.**** CALYPSO can find the most stable structures just
knowing the chemical composition; therefore, it is unbiased by already
known structures. CALYPSO has been validated with various known
systems, ranging from elements to binary and ternary com-
pounds.*”****° Detailed descriptions of the method and structural
predictions can be found in the Supporting Information.

Total energy calculations are performed in the framework of density
functional theory within the generalized gradient approximation® as
implemented in the VASP code.®’ The electron—ion interaction is
described by pseudopotentials built within the scalar relativistic
projector augmented wave approximation with s'p® and 5d'°6s'
valence electrons for Li and Au atoms, respectively. A cutoff energy
of 700 eV and appropriate Monkhorst—Pack k-meshes are used to
ensure that total energy calculations are converged to less than 1 meV/
atom. The thermodynamical stability of different Li—Au compounds
with respect to elemental Li and Au solids at each pressure is evaluated
through the below equation:*>*

AG(Li,Au,) = [G(Li,Au,) — nG(Li) — mG(Au)]/(m + n)
(1)
where G = U + PV — TS is the Gibbs free energy of each composition
and AG¢is the Gibbs free energy of formation per atom. Here, U, P, V,
T, and S are the internal energy, pressure, volume, temperature, and
entropy, respectively. Note that G reduces to the enthalpy (H = U +
PV) at T = 0 K% To determine the dynamical stability of predicted

structures, the phonon calculations were performed by using the finite
displacement approach as implemented in the Phonopy code.”® The
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validity of pseudopotentials used at high pressures is examined with
the full-potential linearized augmented plane-wave method as
implemented in the WIEN2k package.®® See Supporting Information
for more details.

3. RESULTS AND DISCUSSION

3.1. Phase Stabilities and Structures of Li—Au
Compounds. We have performed extensive structural searches
on Li—Au compounds for various Li,Au,, (n = 1—6 and m = 1,
or n =1 and m = 1—6) compositions at 0 K and selected
pressures of 0, 25, 50, and 100 GPa. The predicted structure for
each composition is then used to evaluate Gibbs free energy of
formation (AGy) relative to elemental Li and Au solids
according to eq 1. Convex hull data at 0 K for Li—Au system
with variation of compositions at different pressures are
constructed and presented in Figure 1 by evaluating the
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Figure 1. Phase stabilities of various Li,Au,, (n = 1—-6and m =1, or n
=1 and m = 1—6) compounds with respect to elemental Li and Au
solids at 0 K. The convex hulls are shown with solid lines. Dotted
guidelines directly connect the data points. Compounds corresponding
to data points located on the convex hull are thermodynamically
stable. The phases I (bcc), II (fcc), IV (cI16), and VI (0C24) of solid
Li,>*® and the face centered cubic structure (Fm-3m) of solid Au’® are
used to calculate Gibbs free energy of formation.

averaged AG; for each composition. According to the hull data,
a compound with a AG; lying on the convex hull is
thermodynamically stable with respect to decomposition into
other Li—Au compounds or elemental Li and Au solids, and
thus, it is experimentally synthesizable.”” At 0 GPa, the already
known LiAu,, LiAu, and Li;Au phases are readily identified in
our calculations,®® validating our structure searching method
when applied to the Li—Au system. Besides, we predicted the
stabilization of a new Li,Au compound that was not previously
reported, awaiting future experimental synthesis. Our calculated
lattice parameters for Li;Au (space group Fm-3m, 4 formula
units per cell) is 631 A, in excellent agreement with the
experimental value at 6.30 A.®

At elevated pressures, it is exciting to note that more Li-rich
compositions of Li,Au and LisAu appear to be stable at 25 and
50 GPa, and the highest Li-rich composition, LicAu, is stabilized
at 100 GPa. Beside LiAu;, LiAu, is the only new stable
stoichiometry identified in the Au-rich region at 50 and 100
GPa. It should be pointed out that all of the stable Li—Au
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Figure 2. Stable structures of Li,Au (n = 1-5) at S0 GPa. The lattice parameters of all of the structures are listed in the Supporting Information
(Table S1). (a) LiAu in the Pm-3m structure. (b) Li,Au in the P6/mmm structure. (c) A Li graphene-like layered structure in the P6/mmm structure
of Li,Au. (d) Linear Au chains in the P6/mmm structure of LiAu. (e) LiAu in the Fm-3m structure. (f) View of hexahedrons in Li;Au. (g) Li,Au in
the I4/m structure. (h) View of a dodecahedron in Li,Au. (i) Square Li, and octagonal Lig rings in the I4/m structure of Li,Au. (j and k) LisAu in the
Cmcm structure. (1) Planar five-membered Li; pentagonal rings in the Cmcm structure of LisAu. In all the structures, small black or blue and large

golden spheres represent Li and Au atoms, respectively.

compounds predicted undergo a series of structural phase
transitions under pressure (Table S1). We have examined the
effect of temperature on the phase stability (Figure S1) based
on the quasi-harmonic approximation calculations.’® All of the
stable phases predicted at 0 K remain stable at the elevated
temperatures of 500 and 1000 K.

Despite the differences in composition and symmetry, crystal
structures of Li,Au (n > 1) compounds exhibit quite similar
Li—Au bonding patterns. To compare the structural variations
for the different stoichiometries, we mainly analyze Li,Au (n =
1-5) structures at SO GPa (Figure 2). The nearest Li—Li, Li—
Au, and Au—Au distances in Li,Au (n = 1-S5) are given in
Figure S2. For comparison, Li—Li and Au—Au distances in their
element solids are also included. LiAu adopts a well-known
CsCl-type structure appearing in many ionic compounds
(Figure 2a). Li,Au has a MgB,-type structure (space group
P6/mmm, 1 formula unit per cell; Figure 2b) consisting of face-
sharing Au—Li octahedrons. There, Li atoms form an
interesting graphene-like layered structure in the ab plane
(Figure 2c), while Au atoms form one-dimensional chains along
the c-axis with equal Au—Au distance of 2.64 A (Figure 2d),
which is slightly longer than that in the Au dimer (2.47 A"
and much shorter than the aurophilic interaction distances: 3.0
A for Au-Au*’? and 3.02 A for Au™---Au"."” Li;Au stabilizes
into a BiF;-type structure (space group Fm-3m, 4 formula units
per cell; Figure 2e). As it can be seen in Figure 2f, basic
building blocks of the structure are square Li cages with
alternating Li/Au atoms at the center. Unlike Li,Au, the
distance between the two nearest Au atoms is much enlarged
(3.77 A) and significantly longer than the aurophilic interaction
distance. Thus, Au—Au interaction in Li;Au becomes much
weaker, which is also supported by the result of the integrated
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crystal orbital Hamilton populations (ICOHPs),”” as will be
discussed below. Li,Au adopts a tetragonal structure (space
group I14/m, 4 formula units per cell; Figure 2g). For each Au
atom, there are 12 nearest neighbors of Li atoms, forming a
Au—Li tetradecahedron (Figure 2h). When compared with
Li;Au, the distance between the two nearest Au atoms becomes
even larger (3.94 A). Nearest-neighbor Li atoms form both
square Li, and octagonal Lig rings (Figure 2i). LisAu stabilizes
into an orthorhombic structure (space group Cmcm, 2 formula
units per cell; Figure 2j). Each Au is surrounded by nine nearest
neighbors of Li atoms to form a quasi-tricapped trigonal
geometry (Figure 2k), which has been observed in rhenium
complexes, such as [ReH,]*””* and its derivatives.”” The
nearest Li atoms form a five-membered ring (Figure 21). Again,
the nearest Au—Au distance is 3.71 A, which is larger than the
aurophilic interaction distance.

All of the structures of Li-rich aurides we have studied under
pressure, Li,Au (n = 1-5), show Au enclosed by Li atoms in
different Au—Li polyhedrons (Figures 2 and S3). Rising Li
content shortens Li—Au distances but enlarges the separation
between the two nearest Au atoms (Figures S2-5).
Interestingly, in Li-rich aurides, Au—Au distances are much
longer than the aurophilic interaction distance, and Li atoms
show various ring shapes or sheet patterns, similar to those
observed in alkali metal suboxides,76 subhydrides,77 and Li,Cs
compounds.”® As it will be discussed below, short bond lengths
in these compounds lead to strong interatomic interactions,
which play an important role in stabilizing the structures.

3.2. Electronic Structures and Chemical Bonds. To
understand the nature of the chemical bonding and the
formation mechanism of these various Li—Au compounds, we
have calculated their electronic band structures and projected
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density of states (PDOS). As can be seen in Figure 3a, Li;Au
shows a pronounced Au 6p component below the Fermi level.
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Figure 3. Electronic structures and Li—Au bonding of Li—Au
compounds at SO GPa. (a) PDOS calculated using the Perdew—
Burke—Ernzerhof functional for LiAu in the Cmcm structure. The
PDOS of Au 5d is not included here for clarity and is instead given in
Figure S5. The dashed line indicates the Fermi energy. The PDOS
reveals the metallic nature of Li—Au compounds. (b) The PDOS of
Au in LijAu with the Cmcm structure. (c) The occupation of the 6p
state of Au in LisAu within the Cmcm structure is compared with those
of 6p states for Tl and Pb as modeled by Li,T1 and Liy,Pb. The current
comparison unambiguously shows that Au in LisAu acts as a 6p-block
element, similar to Tl and Pb elements. (d) The Bader charge of Au in
various Li,Au (n = 1—5) compounds, showing that the negative
oxidation state of Au is beyond —3 in Li,Au and LiAu. (e) Calculated
integrated crystal orbital Hamiltonian populations (ICOHP) for Li—
Li, Li—Au, and Au—Au pairs in Li,Au compounds. Positive ICOHP
values represent bonding states. (f) Calculated ELF for Li,Au on the
(001) plane in the I4/m structure.

The analysis of electronic states around the Fermi level shows
that there is a large overlap between Au 6p and Li 2s or 2p,
indicating that a charge transfer can occur from Li 2s and 2p to
Au 6p. To confirm this, we have constructed a hypothetical
model system of LiyAu, in which all Li atoms are removed from
the LisAu structure. The calculated PDOS of LijAu is presented
in Figure 3b. The absence of 6p electrons and the presence of
partially occupied 6s electrons in the hypothetical LijAu
confirms that Au atoms indeed gain electrons from Li in Li;Au.
This charge transfer is further supported by the difference
charge density analysis (Figure. S9).

The PDOS of the other Li,Au (n = 1—4) compounds show
that Li composition greatly affects the associated charge
transfer. Specifically, increasing Li content leads to an
increasing Au 6s and 6p contributions below the Fermi level
(the green and black lines in Figure S10), indicating that the Li
— Au charge transfer can be effectively tuned by controlling Li
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composition. Note that Au 6s orbitals are completely filled,
especially when n is greater than or equal to 3 (Figure S11).
Another interesting trend in the PDOS is that Au Sd states
become localized and exhibit stronger isolated atomic orbital
features (Figure S12) with increasing Li content, which is
consistent with the isolated Au atom in the Li matrix. The
PDOS shows that Au Sd and 6p orbitals are separated each
other without having any Sd—6p orbital hybridization. This is in
sharp contrast to the situation of orbital hybridization between
Au 6p and Au 5d or 6s in Li;Au at ambient conditions (Figure
S13). Similar results are observed for Li—Au compounds at 100
GPa (Figure S14).

To illustrate the charge transfer between Li and Au, the
Bader charge analysis has been considered, which is calculated
by partitioning the space into Bader basins around each atom
based on stationary points in the charge density.”” Integration
of the charges in each basin gives the total charge associated
with each atom. For ease of comparison, the Bader charge
analysis of Li,Au (n = 1—5) compounds at S0 GPa (red line in
Figure 3d) was calculated. The Bader charge on Au increases in
magnitude (becoming more negative) almost linearly with
increasing the Li composition, indicating that the negative
oxidation state of Au can be effectively tuned by controlling Li
composition. Actually, the large charge transfer from Li to Au is
the major driven force stabilizing Li,Au (n = 1—S) compounds.
The accepted charges of Au mainly fill Au 6s and 6p orbitals. It
is noteworthy that Bader charge analysis often underestimates
the formal oxidation states for ionic compounds. For example,
the Bader charge of Cs in an ideal ionic crystal of CsF is +0.81,
instead of +1.>” However, even considering Bader charges, the
negative oxidation state of Au is already larger than —3 in Li,Au
(n > 4) compounds, unambiguously demonstrating that Au
acts as a p-block element. Using Cmcm-structured LisAu as a
parent structure, we further constructed two other model
systems of LiyT1 and Li,Pb by removing all Li atoms out of the
lattic and replacing Au with T1 and Pb, respectively. This allows
us to have a direct comparison on the PDOS of 6p state of Au
in LigAu with those of 6p states of Tl and Pb in Li;T1 and Li,Pb
(Figure 3c). This comparison gives a solid support on that Au
atom in LisAu has the characteristics of a 6p element.

Since charge transfer from Li to Au in Li,Au (n = 1-5)
compounds is high, strong interaction between Li and Au
atoms is expected, which is examined by calculating their
respective integrated crystal orbital Hamilton populations
(ICOHPs)”? using the linear muffin-tin orbital method. The
ICOHP can be scaled with the bond strength in compounds by
counting the energy weighted population of wavefunctions
between two atomic orbitals. Figure 3e shows that the ICOHP
between Li—Au and Li—Li pairs becomes larger with increasing
Li composition, indicating the strengthening of Li—Au and Li—
Li interactions. However, the ICOHP between Au—Au pairs
exhibits the opposite trend. The large variation of Au—Au
interactions for LiAu and Li,Au away from the general trend of
the ICOHP is probably caused by their very short Au—Au
distances (2.787 and 2.639 A, respectively), showing strong
Au—Au interactions. With increasing Li composition, the
coordination number of Au also increases, making Li—Au
interaction mainly responsible for the structural stability in
Li,Au (n > 3). The decomposition of ICOHP into atomic
orbitals indicates that the main contributions for Li—Au pairs
are between Li 2p and Au 6s or 6p orbitals. For example, the
ICOHP of Li—Au can be as large as 1.22 eV per pair in LisAu at
50 GPa, and its major contributions come from 2p—6s, 2p—6p,
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2s—6p, 2s—6s, and 2s—5d, which correspond to decomposed
ICOHP of 0.27, 0.30, 0.17, 0.14, and 0.24 eV per pair,
respectively.

Electron localization function (ELF) maps the Iprobability of
finding electrons in different areas of a crystal.*>*" Large values
(>0.5) generally correspond to covalent bonds and inner shell
or lone pair electrons, whereas ionic and metallic bonds are
represented by smaller ELF values. Figure 3f shows large areas
with small ELF values (approximately 0.38) between Li and Au
atoms, which is typical of ionic bonding.*” The largest observed
ELF values near Li atoms are associated with 1s core electrons.

3.3. The Formation Mechanism of Stable Li—Au
Compounds. The potential of Au to adopt high negative
oxidation state is demonstrated by the variations of atomic
orbital energy levels for Li and Au atoms under pressure
(Figure 4). Under ambient conditions, Au 6s energy level is
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Figure 4. Atomic orbital energy levels for Li and Au atoms as a
function of the external pressure. Pressure effect is modeled by putting
elements in a face-centered cubic (fcc) He matrix. A fcc supercell of
108 He (3 X 3 X 3) is used, in which one He atom is replaced by the
atom being examined. Li 2s and 2p energy levels overpass the Au 6p
energy level, indicating Au can gain more than one electron from Li at
high enough pressures.

lower than Li 2s; however, the Au 6p orbital energy level is
much higher than Li 2s. Thus, at normal conditions Li 2s
orbital is not mixed with Au 6p. Under pressure Li 2s and 2p
orbital energy levels rise much faster than Au 6p, overpassing it.
This feature facilitates a flow of Li 2s or 2p electrons to Au 6p,
reducing the total energy, so that Li,Au compounds become
stable; which also helps us to understand why there are more
stable Li-rich stoichiometries than Au-rich ones, as shown in
Figure 1. It is noted that Au 6p atomic orbital might be fairly
diftuse, so that one could not exclude the alternative possibility
of electron occupation in a linear combination between Au 6p
and Li 2s or Zp.8 In addition, the energy difference between Au
5d and Au 6s or 6p orbitals becomes larger with increasing
pressure, which do not favor any orbital hybridization between
them, as can be deduced from the resulting highly localized Au
5d orbital (Figure S12). It is very similar to what happens in
NagHg, and Na2H§_3, where 5d electrons can be considered as
part of the core.**™

To gain a complete overview on alkali metal aurides, we have
also checked the possibility of alloying Au with other alkali
metals under high pressure. Having in mind that Cs has the
lowest electronegativity among Li, Na, K, Rb, and Cs, it has
been chosen as the bottom end element to investigate its
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reactions with Au under high pressure. According to our
calculations, it is found that Cs-rich compounds (i.e,, Cs;Au)
appear to be stable at 25 GPa (Figure S15). The analysis of the
electronic charges shows that Cs;Au exhibits a similar charge
transfer as the one observed in Li—Au compounds, and Au in
Cs;Au also behaves as a 6p-block element (detailed information
can be found in the Supporting Information). Therefore, we
expect that it is a general behavior on formation of alkali metal
aurides under high pressures where Au behaves as a p-element.
However, large differences (i, reaction pressures, crystal
structures, and pressure-related structure stabilities) can also be
expected between different alkali metal aurides, as originated
from intrinsic differences between the alkali metals. For
instance, when pressure is above 100 GPa, all of the considered
Cs—Au compounds tend to decompose into elemental solids.
This phase instability is completely different from what is
observed in Li—Au compounds showing phase stabilities to a
great extent of pressure, which can be understood by
considering the different variations of the orbital energy levels
of Li (Figure 4) and Cs (Figure S16) atoms under pressure. It
is found that when pressure is below 35 GPa, the orbital energy
levels of Cs 6s and 6p are higher than Au 6p, which favors the
charge transfer from Cs to Au and reduces the energy
stabilizing Cs—Au compounds. However, when pressure goes
above 35 GPa, the opposite behavior is observed.

4. CONCLUSION

Unbiased structure searching and density functional total
energy calculations were performed to explore phase stabilities
and crystal structures of Li—Au compounds under high
pressures in an effort to achieve high negative oxidation states
of Au. We find Au is able to react with Li at experimentally
accessible pressures by forming various intermetallic Li—Au
compounds. In Li-rich aurides Au gains electrons and presents
high negative oxidation states, which range from —1 to —3 (or
above), having a 5d'%s*6p" (n > 1) electron configuration and,
therefore, acts as a true p-element. The underlying mechanism
of this feature is the different pressure-induced shifting of
atomic orbital energy levels. Under reasonably high pressures,
Au can also form intermetallic compounds with other alkali
metals (ie, Cs), where Au also behaves as a p-element.
According to our results, applying pressure becomes a
controllable method for achieving unusual negative oxidation
states of Au in alkali metal aurides.
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