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Density-functional theory 共DFT兲 calculations have been carried out using the generalized gradient approximation 共GGA兲 to investigate the atomic and electronic structure and stability of the gold oxides Au2O3 and
Au2O. We find that Au2O3 is a semiconductor and is more stable than Au2O, which is an endothermic system,
and only metastable. The higher stability of Au2O3 is attributed to a greater hybridization of Au 5d and O 2p
states throughout the valence-band region as compared to Au2O. The highest energy, oxygen related normal
vibrational mode is slightly higher in Au2O3 as compared to Au2O. Au2O is predicted by DFT-GGA to be
metallic; calculations performed, however, using the screened-exchange local-density approximation find that
it has a band gap of 0.83 eV; thus, it is a direct narrow-band-gap semiconductor.
DOI: 10.1103/PhysRevB.75.205125

PACS number共s兲: 71.15.Nc, 71.20.⫺b, 61.66.⫺f

II. CALCULATION METHOD

I. INTRODUCTION

For many years, gold was considered inert as most gas
molecules do not chemisorb, or readily dissociate, on the
surface.1,2 This view was changed by groundbreaking studies, which showed that nanosized Au particles supported on
reducible metal oxides promote several catalytic reactions,
e.g., the oxidation of carbon monoxide 共e.g., Refs. 3 and 4
and references therein兲. Recently, the binary system, oxygengold, has attracted renewed interest because of the possible
role it plays as intermediates in the preparation and operation
of the supported gold nanoparticle catalysts for heterogeneous oxidation reactions 共e.g., Refs. 1 and 5–10兲. Although
gold is the most resistant noble metal to oxidation in air 共or
molecular oxygen兲, even at elevated temperatures, gold oxide 共Au2O3兲 Refs. 11 and 12 can be synthesized under hydrothermal conditions with pressures of several 1000 atm
共Ref. 13–15兲 such as those recently reported in the extended
x-ray-absorption fine-structure study.8 It can also be formed
if highly reactive chemical environments are provided such
as NO2,16 ozone,16–19 or atomic oxygen 共delivered, e.g., by
molecular dissociation on a hot filament兲.20 Gold oxide thin
films have also been prepared by anodic oxidation within an
electrochemical cell,21–24 reactive sputtering from a gold target in an oxygen atmosphere,25–27 treatment of a gold surface
by exposure to an O2 plasma,5,28,29 oxygen-ion sputtering,30
and pulsed laser deposition.9 With thermal treatment, e.g.,
heating to around 450 K, Au2O3 decomposes, where Au2O
has been proposed as a possible intermediate.28 Preparation
of oxide films, AuOx, with varying oxygen concentrations,
0.2⬍ x ⬍ 1.5, have also been reported where the resistivity
increases with oxygen content, reaching a maximum at x
= 1.5, corresponding to Au2O3.6
In order to better understand gold-based catalysts for heterogeneous oxidation reactions, a detailed understanding of
the electronic properties of gold-oxygen compounds would
be valuable. In the present paper, we investigate, through
first-principles calculations, the atomic and electronic structure and the stability of Au2O3 and Au2O, which to our
knowledge has not been reported so far.
1098-0121/2007/75共20兲/205125共8兲

The calculations are carried out using the ab initio
density-functional theory 共DFT兲 total-energy program VASP
共Vienna ab initio simulation package兲,31,32 where we use the
projector augmented wave 共PAW兲 method33 and the generalized gradient approximation34 共GGA兲 for the exchangecorrelation functional. The wave functions are expanded in
plane waves with an energy cutoff of 36.75 Ry 共500 eV兲,
and we use 3 ⫻ 3 ⫻ 9 and 8 ⫻ 8 ⫻ 8 k-point meshes for
Au2O3 and Au2O, respectively, for the Brillouin-Zone 共BZ兲
integration, which yields 41 and 35 k-points in the irreducible part of the BZ. A Gaussian function is used with a temperature broadening parameter of kBTel = 0.2 eV and the total
energy is extrapolated to zero temperature. With these calculation parameters, our results are highly converged, as shown
in the Appendix. The PAW potential is generated taking scalar relativistic corrections into account. Both spin-polarized
and non-spin-polarized calculations yield identical results,
confirming that these systems are not magnetic.
For Au2O, which is predicted to be metallic using DFTGGA and by the GGA+ U approach 共as mentioned below兲,
we also calculate the electronic structure using a method that
provides a more accurate description of the excited-state
properties. In particular, we use the full-potential linearized
augmented plane-wave method35,36 with the screenedexchange local-density approximation 共SX-LDA兲.37,38 The
SX-LDA approach, proposed by Bylander and Kleinman39
and Seidl et al.40 who showed that the method can be introduced as a particular case of the generalized Kohn-Sham
framework, has been shown to yield good agreement of the
calculated band gaps with experimental values.37–40 It is less
computationally demanding than the GW method41 and also
permits self-consistent determination of electronic structures
as well as eigenfunctions.
To analyze the properties of the gold oxides, we calculate
a number of quantities including the electronic band structure, partial density of states, and the difference electron density, which is defined as
n⌬共r兲 = n共r兲 − nAu共r兲 − nO共r兲.

共1兲

Here, n共r兲 is the total electron density of the optimized bulk
gold oxide system, nAu共r兲 is the electron density of the gold
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atoms only, which are held at the positions they have in the
bulk oxide, and nO共r兲 is that of the oxygen atoms only, held
at the positions they have in the bulk oxide. This quantity,
n⌬共r兲, then shows the regions in the bulk oxide where the
electron density is depleted and increased, compared to its
constituents.
The heat of formation of Au2O3 is calculated as
f
HAu

2O3 bulk

tot
= EAu

2O3 bulk

tot
− 2EAu

bulk −

3 tot
E ,
2 O2

共2兲

tot
tot
where EAu
and EAu
bulk are the total energies of Au2O3
2O3 bulk
bulk 共per Au2O3 unit兲 and a bulk gold atom, respectively.
tot
is the total energy of the oxygen molecule. For Au2O,
EO
2
the heat of formation is

f
HAu

=
2O bulk

tot
EAu

−
2O bulk

tot
2EAu

bulk −

1 tot
E ,
2 O2

共3兲

tot
where EAu
is the total energy of Au2O bulk 共per Au2O
2O bulk
unit兲. Here, a negative value of H f corresponds to an exothermic system.

III. RESULTS

FIG. 1. Atomic structure of 共a兲 the Au2O3 unit cell and 共b兲 the
cuprite bulk Au2O unit cell. Oxygen and gold atoms are indicated
by the small dark and larger gray circles, respectively. In 共a兲, the
atoms are labeled for discussion in the text. 关The labels “1”–“7” on
the O atoms correspond to labels O共1兲, O共1a兲, O共1b兲, O共2兲, O共2a兲,
O共2g兲, and O共1 f 兲 in Ref. 13.兴

A. Bulk gold and the oxygen molecule

For bulk gold, which has the face-centered-cubic 共fcc兲
structure, the calculated lattice constant is 4.175 Å and the
bulk modulus is 132 GPa. The experimental values 共at room
temperature兲 are 4.08 Å and 170 GPa. Thus, the DFT-GGA
result slightly overestimates the former 共by 2.3%兲 and underestimates the latter 共by 28.8%兲, similar to what has been
reported for other metals 共e.g., Refs. 42 and 43兲. These results agree very well with previous DFT-GGA calculations,
where values of 4.19 Å and 132 GPa were reported.44 The
calculated cohesive energy of Au is 3.05 eV/atom, where we
performed a spin-polarized calculation for the free atom, so
that the spin-polarization energy 共of 0.16 eV兲 is included.
The value reported from VASP with a plane-wave basis set,
using the local-density approximation 共LDA兲, is
4.39 eV/atom 共Ref. 45兲 and the experimental value is
3.81 eV/atom.46 Thus, the DFT-GGA result underestimates
the cohesive energy 共by about 20%兲 and the LDA overestimates it 共by about 15%兲.
For the oxygen molecule, we obtain an equilibrium bond
length of 1.24 Å and a vibrational stretch frequency of
194 meV 共1561 cm−1兲. The binding energy is calculated
共performing spin-polarized calculations兲 to be 3.14 eV per O
atom. The corresponding experimental values are 1.21 Å,
196 meV 共1580 cm−1兲, and 2.56 eV, respectively.47 The calculated bond length is slightly longer than the experimental
value, and the vibrational frequency, slightly lower. The
binding energy is overestimated 共which is well known兲.
These findings are typical for well-converged DFT-GGA calculations and similar values have been obtained in the literature, e.g., binding energies of 3.12 eV 共Ref. 48兲 and 3.13 eV
共Ref. 42兲 have been reported.

B. Bulk Au2O3 and Au2O
1. Structural parameters

The atomic structure of bulk Au2O3 and Au2O is shown
in Figs. 1共a兲 and 1共b兲. We obtained the equilibrium geometry
through minimization of the total energy, starting with the
experimental structures. The 共orthorhombic兲 unit cell of
Au2O3 contains 40 atoms and is composed of a network of
AuO4 units that contain two types of oxygen atoms in crystallographically distinct sites: one type 关the O atom labeled
“4” in Fig. 1共a兲兴, of which there are eight, is shared between
two AuO4 units 共and is bonded to two Au atoms兲, and the
other type 关the O atoms labeled “1,” “2,” and “3” in Fig.
1共a兲兴, of which there are 16, connect to three AuO4 units
共and are bonded to three Au atoms兲. The AuO4 unit contains
four Au–O bonds 关see Au atom labeled 1 and O atoms labeled 1–4 in Fig. 1共a兲兴. The shortest 共experimental兲 Au–O
bond is 1.93 Å,13,14 and the other three Au–O bonds are 2.01,
2.04, and 2.07 Å. There are also out-of-plane distortions
共less than 8°兲 within the AuO4 units, leading to additional
deviations from an ideal square, planar symmetry.
Au2O forms in the cuprite structure which has six atoms
per cubic unit cell, where the oxygen atoms form a bodycentered lattice, while the metal atoms are located on the
vertices of a tetrahedron around each oxygen atom, forming
a fcc lattice, as shown in Fig. 1共b兲.
For Au2O3, which has lattice constants a, b, and c, we
carry out the structural optimization as follows: Starting with
the experimental lattice constants and internal coordinates,
we vary the lattice constant a to obtain the value that yields
the lowest total energy, aopt. During this procedure, at each
step, the internal coordinates are scaled according to the
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TABLE I. Lattice constants a, b, and c of Au2O3 obtained from
the present study and experimental values 共Ref. 13兲 共in Å兲. The
deviations of the calculated values to experiment, in percent 共⌬兲,
are also given.
Lattice constant
a
b
c

This work

Expt.

⌬ 共%兲

13.057
10.685
4.038

12.827
10.520
3.838

1.79
1.57
5.21

This work
Theor.a
aReference

variation in a. At the determined aopt, full atomic relaxation
of the internal coordinates is performed. Next, we vary the
lattice constant b with a fixed at the found aopt 共and internal
positions兲 and c fixed at the experimental value to find the
value of b which yields the lowest total energy, bopt. During
this procedure, at each step, the internal coordinates are
scaled according to the variation in b. At the determined bopt,
full atomic relaxation of the internal coordinates is performed. The same procedure is followed in obtaining the
corresponding value for copt. The whole process is repeated
until the values of aopt, bopt, and copt, as well as the internal
coordinates, remain unchanged. The forces on the atoms are
relaxed to within less than 0.01 eV/ Å. The calculated lattice
constants for Au2O3, together with the experimental values,
are listed in Table I.
The calculated values for a, b, and c are larger by 1.79%,
1.57%, and 5.21% with respect to the experiment, respectively. This trend of an overestimation is similar to that found
above for bulk gold. A comparison of the calculated internal
bond lengths and distances with experimental results is given
in Table II, where overall, there is very good agreement with
respect to the relative bond lengths.
The present calculated 共and experimental13兲 angles of O1Au1-O3, O3-Au1-O2, O2-Au1-O4, and O1-Au1-O4 共see
Fig. 1兲 are 91.2° 共89.6°兲, 94.4° 共93.8°兲, 86.7° 共86.9°兲, and
TABLE II. Calculated internal bond lengths and distances 共see
Fig. 1兲 and corresponding experimental values for bulk Au2O3 共in
Å兲.
Bond/distance
Au1-O1
Au1-O2
Au1-O3
Au1-O4
Au1-O5
Au1-O6
Au1-O7
Au3-O2
Au1-Au2
Au2-Au3
Au3-Au4
Au1-Au4
Au1-Au5
a

This work

Expt.a

2.05
2.07
2.11
1.99
2.95
3.19
3.26
2.97
3.42
3.42
4.04
3.53
3.10

2.01
2.04
2.07
1.93
2.90
3.05
3.19
2.81
3.35
3.34
3.84
3.46
3.05

Expt.b

2.00

3.36
3.88
3.43

a0

dAu-Au

dO-O

bO-Au

4.80
4.81

3.39
3.40

4.16

2.08

49.

87.6° 共89.2°兲, respectively, which also agree very well. The
calculated structure of this open and complicated, lowsymmetry system also exhibits good agreement with the results from extended x-ray-adsorption fine-structure 共EXAFS兲
and multiple-scattering analysis,8 as can be seen from Table
II.
The lattice constant for bulk Au2O is 4.80 Å, which is in
very good agreement with previous calculations 共4.81 Å兲 reported using VASP and the GGA-PAW method, as also employed in the present work.49 The Au-O nearest-neighbor distance is 2.08 Å. The nearest-neighbor distance between Au
atoms in Au2O is calculated to be 3.39 Å, which is larger
than the 共theoretical兲 value in bulk fcc gold which is 2.95 Å.
These and other internal distances for bulk Au2O are presented in Table III and lie between the range of values found
in Au2O3.
2. Heat of formation and cohesive energy

The calculated heat of formation, per stoichiometric unit,
for Au2O3 and Au2O is −0.519 and 0.228 eV, respectively.
The negative value for Au2O3 indicates an exothermic process, and the positive value for Au2O, an endothermic process. Au2O3 is therefore more stable than Au2O, which is
only metastable with respect to the O2 molecule and bulk Au.
Reported experimental values of the heat of formation at the
standard state 共temperature of 273 K and 1 atm兲 per Au2O3
unit are −0.135 eV,50 −0.0937 eV,51 and −0.0353 eV.52 Below, we consider the effect of temperature and O2 pressure
on the calculated 共T = 0 K兲 values, through the dependence of
the oxygen molecule, and the vibrational contribution to the
free energy of the oxides and bulk gold. For Au2O, there are
no experimental values with which to compare. The calculated cohesive energies for Au2O and Au2O3 are 9.01 and
16.04 eV, respectively 共corresponding to 3.00 and
3.21 eV/atom兲.

3.16
2.91

Reference 13.
Reference 8, from an EXAFS and multiple-scattering analysis.

b

TABLE III. Calculated equilibrium lattice constant a0 and internal distances for bulk Au2O. dAu-Au and dO-O are the closest distances between two Au and two O atoms, respectively, and bO-Au is
the bond length between oxygen and gold atoms 共in Å兲.

3. Normal vibrational frequencies

We calculated the zone-center 共⌫-point兲 normal vibrational modes for Au2O3 and Au2O by diagonalizing the dynamical matrix using an energy cutoff of 36.75 Ry 共500 eV兲.
The results for Au2O are given in Table IV. Since Au2O3 has
40 atoms in the unit cell, this results in 120 modes which is
too many to list. The highest-frequency mode is 581 cm−1
which is greater than that of Au2O of 563 cm−1. Using the
calculated values of the vibrational frequencies of the oxides
205125-3
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TABLE IV. Normal 共zone-center兲 vibrational modes for Au2O, given in meV 共and in cm−1 in parentheses兲. All frequencies are triply degenerate, except for the single 24.6 meV and doubly degenerate 9.5 meV
modes.
Zone-center vibrational modes for Au2O
69.8 共563兲

55.5 共447兲

24.6 共198兲

and bulk gold, together with the temperature and pressure
dependence of the oxygen chemical potential, ⌬O共T , p兲
关Eq. 共4兲, below兴, we can estimate the contribution due to
vibrational and entropic effects, at the standard state, to the
calculated heat of formation 共at T = 0 K兲. The change due to
pressure and temperature of the oxygen chemical potential is
given by

冋

˜ O 共T,p0兲 + kBT ln
⌬O共T,p兲 = 1/2 
2

冉 冊册
p O2
p0

,

共4兲

˜ O 共T , p0兲
where p0 corresponds to atmospheric pressure and 
2
includes the contribution from rotations and vibrations of the
molecule, as well as the ideal-gas entropy at 1 atm. For
˜ O 共T , p0兲, we use the experimental values from thermody
2
namic tables.53 To estimate the contribution of the vibrational
free energy 共Evib兲 and entropy 共Svib兲 for the oxides and bulk
Au, Fvib = Evib − TSvib, we use the below expression involving
a summation over the normal vibrational mode energies
បi,54
3N

F 共T兲 = 兺
vib

i=1

冋

册
兺再 冋 冉 冊 册
冋 冉 冊册冎

12.8 共103兲

9.5 共77兲

5.6 共45.1兲

density distributions. The band structure is shown in the left
panels of Figs. 3共a兲 and 3共b兲. The total density of states appears in the corresponding right-hand-side panels. It can be
seen from the band structure of Au2O3 that it is predicted to
be a semiconductor with a band gap of about 0.85 eV. Given
that DFT-GGA 共and LDA兲 typically underestimates the band
gap,55 the actual value can be expected to be notably larger.
The band structure of Au2O is shown in Fig. 3共b兲 共left
panel兲. It can be seen that at the ⌫ point, the valence and
conduction bands overlap, making Au2O metallic. This behavior, and character of the bands, is very similar to Ag2O
共Ref. 56兲 共which is isomorphic to Au2O兲, in which DFTGGA also yields no band gap, while experiments show that it
is semiconducting with a band gap of about 1.3 eV.57 We
calculated the band structure of Au2O using the GGA+ U
approach for a range of U values58 and found no significant

1
បi
+ បi
exp共បi/kBT兲 − 1 2
3N

− TkB

i=1

បi
បi
exp
−1
k BT
k BT

− ln 1 − exp

− បi
k BT

.

−1

共5兲

Here, we calculate the normal vibrational frequencies for
bulk Au using a 16-atom cell, and for Au2O, we use a 24atom cell 共i.e., containing eight stoichiometric units兲. For
Au2O3, we use the bulk unit cell 共containing 40 atoms兲. The
results are plotted in Fig. 2 for atmospheric pressure of oxygen. The dominant T and p dependence is given by ⌬O. At
room temperature, the contribution due to vibrational free
energy and entropy is 0.310 and 0.926 eV for Au2O and
Au2O3, respectively, resulting in calculated heats of formation of 0.228+ 0.310= 0.538 eV 共0.179 eV/atom兲 and
−0.519+ 0.925= 0.406 eV 共0.081 eV/atom兲, at the standard
state. Thus, for Au2O3, compared to the experimental values
which range from −0.135 eV,50 −0.0937 eV,51 and
−0.0353 eV,52 the theoretical value underestimates the heat
of formation by around 0.44– 0.55 eV per stoichiometric unit
共or 0.09– 0.11 eV/atom兲.
4. Electronic structure

We now investigate and compare the electronic structure
of Au2O3 and Au2O. In particular, we calculate the band
structure, the density of states, and the difference electron-

FIG. 2. The contributions at atmospheric pressure to the vibrational energy and entropy for bulk Au 共per two atoms兲 and the gold
oxides 共per stoichiometric unit兲, as well as the pressure and temperature dependence of the oxygen chemical potential 关per one O
atom for Au2O in 共b兲 and per three O atoms for Au2O3 in 共a兲兴. The
dot-dashed line represents the contribution for bulk Au and those
from the other systems are labeled. The full line represents the
contribution of the Gibbs free energy due to pressure and temperature to the 共T = 0 K兲 heat of formation. Namely, it is the difference
vib
⌬F共T兲 = Fvib
oxide − F2bulkAu − n⌬O, where n is 1 or 3 for Au2O and
Au2O3, respectively.
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FIG. 4. The calculated band structure of Au2O using the SXLDA approach.

FIG. 3. The calculated band structure 共left兲 and corresponding
total density of states 共DOS兲 共right兲 for 共a兲 Au2O3 and 共b兲 Au2O.
The energy zero corresponds to the Fermi level in 共b兲 and is placed
in the center of the band gap in 共a兲.

change regarding the band gap. For Ag2O, calculations employing the SX-LDA predict a direct band gap of 0.73 eV.56
We also carried out calculations for the electronic band structure using the SX-LDA for Au2O and similarly find it to be a
semiconductor with a direct band gap of 0.83 eV, as can be
seen from Fig. 4. Comparison of Figs. 3共b兲 and 4 shows that
the main differences are that a notable band gap has opened
up in the SX-LDA calculation and also that the valence band
has become broadened; in particular, the four lowest-lying
valeance bands 共at the ⌫ point兲 in Fig. 3共b兲 are shifted down
in energy so that they no longer appear in Fig. 4.
The projected densities of states 共PDOSs兲 of the oxygen
and gold atoms of Au2O3 and Au2O are shown in Figs. 5共a兲
and 5共b兲, respectively, as calculated using DFT-GGA. For
Au2O, the PDOSs exhibit features in the energy range
−8 to − 5 eV, which involve a hybridization of Au 5d and
O 2p states, and are largely of bonding character. In the region −2 – 0 eV, there are occupied antibonding states, also
involving the Au 5d and O 2p orbitals. The Au 5d band is
considerably narrower compared to bulk Au, which is due to
the greater distance, and reduced overlap, between 5d states

of nearest-neighbor Au atoms 共the Au-Au distance in Au2O
is 3.39 Å versus 2.95 Å in bulk Au兲.
For Au2O3, the PDOSs for oxygen atoms O1, O2, and O3
关see Fig. 1共a兲兴 are identical. These O atoms each bond to
three Au atoms. Therefore, in the upper panel of Fig. 5共a兲,
we only show the PDOS of O1 atoms. It can be seen that for
the whole valence band, there is an overlap of Au 5d and
O 2p states, with weight near the bottom 共bonding兲 and top
共antibonding兲 of the occupied bands. In the lower panel of
Fig. 5共a兲, the PDOS of the O atom, O4, is shown. This O
atom bonds with two Au atoms and has the shortest O-Au
bond length. It can be noticed that here there is a stronger
antibonding, and weaker bonding, feature compared to the
oxygen atom O1 共and O2 and O3兲, indicating that the bond is
weaker. The Au 5d band is notably broader for Au2O3 as
compared to Au2O, which may be attributed to the greater
interaction with the oxygen atoms, which is also reflected in
the greater stability of Au2O3.
To gain further insight into the nature of the bonding, we
calculate the difference electron-density distributions for
Au2O3 and Au2O, as shown in Figs. 6共a兲 and 6共b兲, respectively. For Au2O, there is a depletion of Au 5d states orientated along the O–Au–O bond axis, while there is an increase
in electron density in the O 2p states. For Au2O3, there is
also a clear depletion, but also a polarization, of the Au 4d
states. There is an enhancement of electron density for the
O 2p states, as well as polarization as reflected by the decrease in electron density in the s-like orbital “inside” the 2p
states 共closer to the atom center兲. Using the atom projected
density of states, we find that the effective electron charge
onthe O atoms of Au2O is slightly greater than those of
Au2O3, suggesting a more ionic bonding of the former.
IV. CONCLUSION

In the present paper, we have theoretically investigated
the atomic and electronic structure and stability of Au2O3
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FIG. 6. The difference in electron density 关see Eq. 共1兲兴 for 共a兲
Au2O3 and 共b兲 Au2O. The dark isosurfaces represent an increase of
electron density, and the light isosurfaces represent a depletion of
electron density. The value of the electron density of the isosurfaces
is ±7.5⫻ 10−5e / Å3. In 共b兲, the black dots indicate the positions of
Au and O atoms.
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APPENDIX

For Au2O3, we tested k-point sets of 2 ⫻ 2 ⫻ 6 and 3 ⫻ 3
⫻ 9 and found practically identical results, where the total
energy differed by only 0.0018 eV per unit cell. We also
tested two values of the temperature broadening parameter of
kBT = 0.2 and 0.1 eV. The heat of formation changed by less
than 0.001 eV and 0.003 eV for Au2O3 and Au2O per stoichiometric unit, respectively.
We furthermore tested energy cutoffs of 400, 500, and
600 eV for the lattice constants and heat of formation 共H f 兲
for Au2O3 and Au2O. For Au2O, we found that at 500 eV, H f
differed by only 0.0015 eV per stoichiometric unit compared
to the value at 600 eV, while the value calculated at 400 eV
differed by 0.019 eV compared to the value at 600 eV cutoff.
For Au2O3, the deviations for 500 and 400 eV to that at
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600 eV are 0.0044 and 0.0804 eV, respectively. With regard
to the lattice constants, for both Au2O3 and Au2O, the values
are identical for cutoffs of 500 and 600 eV. For Au2O, the
lattice constant is 0.53% smaller at the 400 eV cutoff. For
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