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The enthalpy of formation for 23 metal oxides, which include group I and II as well as two
transition metals (Ti and Ru), are calculated using random phase approximation (RPA). Compared
to PBE xc-functional, RPA reduces the mean absolute error (MAE) per oxygen from 0.44 eV to
0.15 eV. The calculated deviations with experiments are seperated into two parts: a systematic and
uniform error related to the reference energy of O and the ones specific to diffferent oxidation states
0?7, 037, 05 . Our results show that RPA improves both the reference energy, although the error
is not completely eliminated, and simultaneously over the three oxidation states.

PACS numbers: 71.15.-m, 71.15.Mb, 71.15.Nc

I. INTRODUCTION

Oxides are widely used in industrial heterogeneous
catalysis, photo catalysis, electrochemistry and as elec-
trode materials in batteries and fuel cells. To facilitate
the computational engineering and design of novel mate-
rials in these fields, it is vitally important to be able to
quantitatively predict the formation/reactions energies of
oxides, with the goal of achieving chemical precision (1
kcal/mol, or 43 meV). LDA/GGA, the success of which
has largely relied on the mysterious error cancellation in
the exchange-correlation termt, generally fails for these
oxides, showing systematic and non-canceling errors. In
particular, the formation energies of oxides are systemat-
ically underestimated with GGAZ. This has been largely
attributed to the well known overbinding of the Oy gas
phase molecule with GGA. By defining the binding en-
ergy of Oy through the electrochemical formation of a gas
phase water molecule from O and Hy?, the problem of
overbinding the O molecule and thus underbinding the
oxides is largely cured?. Such a scheme, however, pro-
vides a constant shift of the formation energies without
taking into account the difference among distinct oxida-
tion states such as oxides (O?~), peroxides (O3 ), super-
oxides (O3 ).

Recently, the use of exact exchange (EXX), plus corre-
lation energy from Random Phase Approximation (RPA)
has emerged as a promising approach to obtain non-
empirical exchange-correlation terms®™. EXX is free
of self-interaction error, while the RPA correlation en-
ergy takes into account dynamic electronic screening
and is fully non-local. EXX+RPA has been shown
to systematically improve lattice constants?, atomiza-
tion/cohesive energiest®14. adsorption energies’® ™ and
reaction barriersl® for a wide range of systems that have
ionic, covalent and van der Waals (vdW) interactions. In
particular, by summing up the ring diagrams in many
body perturbation theory, RPA takes into account the
long range density fluctuations and is especially suitable
for vdW bonded systemst?2V, For example, graphite?l,
which has vdW interlayer coupling, graphene adsorbed

on metal surfaces??, which have mixed vdW and cova-
lent bonds, and the S22 molecule set™®, which consists of
molecules containing hydrogen bonds, dispersion bonds
and mixed bonds, are all significantly improved with RPA
compared to PBE xc-functional. On the other hand, it
is reported that RPA does slightly worse than PBE in
reproducing the atomization energies of molecules, for
example the G2-I set'®, and the cohesive energies for 24
representative solids*?, which consists of ionic crystal,
semiconductors and metals, even though the lattice con-
stants and bulk moduli of these solids calculated with
RPA agree better with experiments than PBE.

In this paper, we apply the EXX+RPA approach to
benchmark the formation energies of group I and IT metal
oxides as well as two transition metal oxides (TiO2 and
RuOy3). Our results show that EXX+RPA formation en-
ergies improve over PBE and reduce the overall mean
absolute error (MAE). Such improvement is further sep-
arated into two parts: the better description of the oxy-
gen reference energy and the simultaneously improve-
ment over three oxidation states O>~, 037, O; .

II. METHOD AND COMPUTATIONAL
DETAILS

A. EXX4+RPA scheme

We adopted the scheme of calculating the EXX4+RPA
total energies non-self-consistently. Self-consistent RPA
calculations have only been reported in the case of ob-
taining the RPA correlation potential for dissociation of
small molecules??. Under the non-self-consistent scheme,
the EXX+RPA total energies are expressed as

EXX
E = Eg;)etmi)loc - Ez(scemi)loc + E;(xxﬂ (1)
EXX+RPA EXX
EFXXHRPA _ pEXX | pe @)
where a self-consistent calculation is performed with
a (semi-)local xc-functional to get the total energy

E(t;’etmi)loc and the xc contribution to the energy E¥S ..,



followed by a non-self-consistent calculation to obtain
the exact exchange EY, . and the RPA correlation energy

Er,a- The latter is formulated as
. *° dw
Eipa = | o Te{In[1 —ox®(iw)] + ox"(iw)},  (3)

where v is the Coulomb interaction kernel and x°, the
non-interacting response function, is evaluated in a plane
wave basis using ’sum of state’ approach written as
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The occupation f,,k, KS eigenvalue €, and eigenstate
Ponk for band n at wave vector k with spin o are ex-
tracted from the previous self-consistent calculation. For
details on the implementation of the response function
and the RPA method, refer to Ref. [24] and 251

Since our EXX and RPA calculations are performed
non-self-consistently, it is important to choose reliable
starting structures, xc-functional and orbitals. The
influence of difference xc-functionals (LDA, PBE, or
even PBEQ) and orbitals (Kohn-Sham or Hartree-Fock)
on non-self-consistent RPA correlation energies are dis-
cussed extensively in the literature2 1226l Ty gen-
eral, the dependence of physical quantities such as lat-
tice parameters, atomization energies, on the initial xc-
functional is rather small; on the other hand, to replace
Kohn-Sham orbitals using Hartree-Fock ones in the EXX
and RPA calculations is reported to improve the binding
energies of some molecules while worsen the others?®, In
this paper, we choose the most widely used scheme: PBE
xc-functional with Kohn-Sham orbitals, despite the fact
that LDA can also in many cases produce very good for-
mation energies for metal oxides?’. In terms of lattice
parameters and atomic structures, RPA is reported to
improve over PBE lattice parameters slightly for 24 rep-
resentative solids'2. We have checked that the differences
in energies between the PBE and experimental lattice
constants for metals are neglectable. In Section. [[IC]
we show that for LioO and Cs;O, the EXX+RPA vol-
ume can lower the total energy (per oxygen) by 5 and
44 meV, respectively, compared to the energy obtained
with PBE volumes. For other more complicated oxides,
the degree of freedom is much larger than its correspond-
ing bulk metal, we were only be able to verify that in
NaQOa,, the differences introduced by varying the lattice
parameters and the Na-O bond length are neglectable. In
the following EXX+RPA calculations, we shall use PBE
structures for all the oxides, metals and Oy molecule, and
focus on the performance of EXX+RPA despite all the
approximations and assumptions elaborated above.

(4)
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B. Criteria for choosing oxides

Since our EXX and RPA calculations are based on
PBE structures, eigen energies and orbitals, the first cri-
terion for choosing oxides is that we have reliable PBE re-
sults. Our results are obtained with GPAW, an electronic
structure package employing projector augmented wave
(PAW) method and three-dimensional uniform grids as
well as plane wave basis. They are compared with the
MaterialsProject database?®22 which is produced with
the vASP package, another electronic structure code also
using PAW and plane wave basis. The difference in these
two PAW implementations might be different valence
states included in the PAW potential and different cutoff
raidus employed for each valence state. We found that
the formation energies, in particular for transition metal
oxides, depend sensitively on the PAW potential used.
For example, our calculated PBE formation energies (in
eV) differ by 0.27 (Cu0), 0.14 (CuO), 0.17 (ZnO) and -
0.20 (NbO3) compared to the MaterialsProject database.
Considering that the uncertainty in energies (largely due
to different PAW potentials) on the PBE level of around
0.2 eV is similar to the mean average error (will shown
later) we found for RPA calculations on group I, IT metal
oxides, we exclude the above four transition metal oxides
in our RPA datasets. The oxides presented here mostly
agree within 0.05 eV with the MaterialsProject database
for formation energies; except that for LiOo, the Materi-
alsProject database only has an unstable structure (with
formation energy > 0) available and for BeO, our PBE
formation energy is larger (less negative) by 0.11 €V than
the database.

The second criterion in choosing a certain oxide is that
a Hubbard U term is not required to get meaningful
atomic structures or spin configurations. This is due
to that the Hubbard U term applied to a metal oxide
can not be applied to its corresponding bulk metal. An
alternative way to obtain a meaningful U term for met-
als are proposed in the literature®?, it is however, out
of scope of current work. The second criterion thus ex-
cludes 3d transition metal oxides such as VO and NiO.
The third criterion in selecting oxides is that the calcula-
tion of the RPA correlation energy can converge within
0.05 eV meanwhile be computationally affordable, since
RPA is computationally extreme demanding and scales
with O(N%), where N is number of electrons in the sys-
tem. Finally, experimental formation enthalpies shall be
available for comparison.

Combining all the above criteria, we chose 23 metal
oxides, which majorly consist of group I and II metal
oxides and two transition metal oxides (TiOz and RuOs).

C. Bulk volumes with EXX+RPA

In this subsection, we examine using EXX+RPA the
bulk volumes and their influences on the total energies of
two representative oxides: LioO and CsyO, which accord-
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FIG. 1: Equation of state plot for LioO (left) and Cs2O

(right) using PBE, EXX and EXX+RPA. The EXX and
RPA calculations are performed non-self-consistently on top
of PBE energies and orbitals. The calculated and the experi-
mental volumes are marked with the dashed lines and arrows,
respectively.

ing to Ref?? have negative and positive errors of -16.3%
and 16.4%, respectively, in terms of PBE volumes com-
pared to their coresponding experimental ones. For the
other 21 oxides, the errors range from -3% to 6%, with
positive number corresponds to larger PBE volume com-
pared to the experimental one.

Figure [l shows the equation of state fit of the bulk
volumes for Li;O and Cs;O. The details on the compu-
tation can be found in Sec. [[ID] For LiO, our PBE
result underestimates the volume by 15.0% compared to
experiment. EXX further shifts the minimum to lower
volume with -17.9% error. Inclusion of RPA (the left
bottom panel) correlation shifts the minimum to higher
volume and improves slightly over PBE volume, show-
ing an error of -12.8%. On the opposite, for Cs;O, our
PBE result overestimates the volume by 8.5 %, which is
better by 7.9 % (with respect to experimental volume)
than found in Ref. 29, EXX further overestimates the
volume by 11.9%; and EXX+RPA improves significantly
the volume with an error of only 0.6%.

Compared to use PBE volumes in EXX+RPA calcu-
lations, the EXX+RPA volumes lower the EXX+RPA
total energies by 5 and 44 meV for LisO and Cs;0, re-
spectively. Since LioO and Cs;O represent two extreme
cases among the 23 oxides with the largest negative and
positive deviations from experimental volumes, we expect
that for the other 21 oxides, the differences in total en-
ergies by using PBE and EXX+RPA lattice parameters
are less. It thus justifies our choices of PBE structures
for all the subsequent calculations.

TABLE I: Summary of key parameters for EXX and RPA
calculations: the material ID in Refl29] (column ’ID’), the
valence states included in the PAW potential (column ’Va-
lence’), whether its spin polarized calculation (column ’Spin’),
the energy cutoff EEA™ (in eV) and the number of k-points
EPXX for EXX calculations; the energy range (column ERPA
eV) for interpolation to ERPA and the number of k-points
ERPA for RPA calculations. The single k-point number indi-
cates uniform k-points in the z,y, z direction.

ID  Valence Spin EEXX pEXX  pRPA EREA
Li 135 2s F 600 16 150-400 8
Li;O 553090 F 900 16 250-400 4
Li2O2 841 F 900 14 250-400 4
LiOq T 900 14 250-400 4
Na 127 3s F 600 16 150-400 10
NaxO 2352 F 900 14 250-400 4
NapO2 2340 F 900 14 250-400 4
NaO, 1901 T 900 14 250-400 (6,4,6)
K 58 3s3pds F 700 16 250-350 10
K20 971 F 900 14 280-380 8
K202 28206 F 900 14 280-380 (5,5,3)
KO, 1866 T 900 14 250-350 (6,6,4)
Rb 70 4s4pbs F 900 16 280-380 8
Rb2O 1394 F 900 14 280-380 6
Rb2O2 7895 F 900 14 280-380 (6,4,4)
RbO2 12105 T 900 14 280-380 (6,6,4)
Cs 1 bsbp6s F 800 16 280-380 10
Cs2O 7988 F 900 14 280-380 (6,6,4)
Cs202 7896 F 900 14 280-350 (5,3,3)
CsO, 1441 T 900 14 280-380 4
Be 87 2s F 900 16 250-350 (12,12,8)
BeO 2542 F 900 14 280-380
Mg 153 2s2p3s F 900 16 250-400 10
MgO 1265 F 900 16 280-400 8
Ca 132 3s3p4ds F 900 16 250-350 10
CaO 2605 F 900 16 280-380 8
CaOa F 900 14 280-380 (6,4,6)
Sr 19999 4sdp5s  F 900 16 250-350 8
SrO 2472 F 900 14 280-380 4
Ba 122 5sbp6s  F 900 16 250-350 8
BaO 1342 F 900 14 280-380 4
Ti 72 3s3p3d4s F 900 20 250-400 (10,10,6)
TiO2 1203 F 900 14 280-380 (4,4,6)
Ru 33  4s4pd4dbs F 900 16 280-380 (10,10,8)
RuO> 9449 F 900 16 280-380 (4,4,6)
D. Computational parameters
All calculations were performed with Gpaw24:33534] 4y

electronic structure code using the projector augmented
wave method and supports basis functions such as uni-
form real space grids, localized atomic orbitals and plane



wave basis set. The structure relaxations were performed
with the PBE xc-functional and the obtained PBE lattice
parameters were used for all the subsequent PBE, EXX
and RPA total energy calculations. The ground state
calculations were carried out using 600 eV cutoff energy
with the plane wave basis set. For EXX and RPA cal-
culations, Table [[] summarizes the key parameters. For
the exact exchange energy a cutoff of 900 eV was em-
ployed for most of the calculations. The divergence of
the Coulomb interaction (1/|q| in the plane wave basis)
at q = 0 was approximated following Ref. [35l Very dense
k-point sampling of 16 x 16 x 16 and 14 x 14 x 14 were
used for metals and their oxides, respectively, so that the
imprecise contribution from the q = 0 can be neglected.
For the EXX calculation of the gas phase O5 molecule, a
real-space implementation of the exact exchange energy
was used3? to avoid the divergence of the coulomb kernel
at @ = 0. Similar to the calculation of EXX, the RPA
correlation energy depends largely on the cutoff energy
EX., (or the number of G vectors) used for the response
function in Eq. and the absolute convergence with
respect to the cutoff energy is hard to achieve. It is, how-
ever, shown that’332 the electronic response at high en-
ergy cutoff is free electron-like, thus the RPA correlation
energy follows a linear relation, derived from homoge-
nous electron gas, with regards to (EX,)~15. Following
the above scheme, each of the RPA correlation energy
at EX was extracted by performing a linear fitting us-
ing five correlation energies obtained with energy cutoff
range shown in the column ERFA in Table [ The num-
ber of bands included in the response function was set to
be equal to the number of G vectors for a given cutoff
energy. Differ from the EXX the divergence at q = 0 for
the response function was eliminated using the second
order k - p perturbation theory??. As a result, much less
k-points can be used for RPA calculations. The k-point
sampling were carefully checked for each bulk metal and
its corresponding oxides to ensure the convergence of the
RPA correlation energies to be within 50 meV. Depend-
ing on the size of the unit cell, 4 x4 x4 up to 10 x 10 x 10
Monkhorst-pack k-points were used for the RPA calcula-
tions as shown in Table[l] Finally, the zero point energy
(ZPE) contribution to the formation energies, calculated
using harmonic approximation with PBE, is applied to

TABLE II: Atomization energies of Oz calculated using PBE,
EXX only, RPA only and EXX4+RPA. EXX and RPA energies
were obtained on top of PBE bond length and orbitals. Spin
polarized calculations were performed. The calculated results
are compared with experiment®! and previously calculated
datd3832

PBE EXX RPA EXX+RPA Expt.”

Oz  Ours 6.25 1.10 3.82 4.92 5.25
Ref. 131 6.24 1.08 3.82 4.90
Ref. 32 6.20 1.08 3.82 4.90

“Reference [3T

all the oxides, bulk metals and the Os molecule, and to
all PBE, EXX and EXX+RPA calculations®l.

The formation energies we present in the following are
obtained per oxygen atom, calculated through

T

1 1
AEo = _B(A:0,) = L E(A) = 5E(02),  (5)

where F(A;O,) and E(A) are the total energies for the
oxide A;O, and the metal A, respectively, in their solid
phases, and F(O) is the energy of the gas phase Oq
molecule.

IIT. RESULTS AND DISCUSSIONS

Before presenting the formation energies of oxides, first
we discuss the binding energies of the O5 gas phase
molecule using different xc schemes. As shown in Ta-
ble [, PBE significantly overbinds the Oy molecule,
giving an atomization energy of 6.25 eV compared to
the experimental value of 5.25 eV. Both the exact ex-
change energy (column EXX) and RPA correlation en-
ergy (column RPA) contribute significantly to the at-
omization energies. The EXX+RPA atomization en-
ergy of 4.92 eV agrees with previous calculations from
Furche and Kresse et. al’2, but underbinds compared
to experiment®!. Such underbinding using EXX+RPA
method is generally found for other molecules as well®,

Figure [2] and Table [[T] show the calculated formation
energies per oxygen atom. The experimental enthalpy
of formation at both zero (T=0) and room temperature
(RT) are presented. The heat capacity contribution to
the formation energy is around 0.01 - 0.07 eV, and is not
taken into account in our calculations. The calculated
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FIG. 2: (Color online) Calculated formation energies of ox-
ides in Table using PBE (triangles), EXX only (pluses)
and EXX+RPA (circles). The dotted line indicates where
calculation and experiment results coincide.



TABLE III: Formation energies (per oxygen, in eV) calculated
using PBE, EXX, and EXX+RPA. EXX and RPA calcula-
tions were obtained on top of PBE structure, eigen energies
and orbitals. Spin polarized calculations were performed for
superoxides NaOsz, KO3, LiO2, RbO2 and CsOsz. The cal-
culated results are compared with experimental data at both
room temperature (RT) and zero temperature (T=0), if avail-
able. The mean absolute error (MAE, in eV) is summarized
at the end. The "MAE” and "MAE-s” term represent the
MAE without and with shifting the O reference energy by
0.44 (PBE) and 0.14 (EXX+RPA) eV, respectively.

PBE EXX EXX+RPA Expt

@ PBE T=0 RT
Li,O -5.35 -5.72 -5.69 -6.14 -6.21°
Li2O2  -2.80 -2.61 -3.05 - -3.28¢
LiO, -1.42 -0.24 -1.38 - -1.37 to -1.50°
NayO  -3.62 -3.38 -3.93 -4.28 -4.33%
NayO, -2.14 -1.88 -2.41 -2.63 -2.66°
NaQ,  -1.22 -0.22 -1.26 -1.37 -1.35°
K>O -3.07 -2.14 -3.54 - -3.76%
K20,  -2.11 -1.55 -2.42 - -2.57%
KO, -1.34 -0.21 -1.45 -1.48 -1.47°
RboO  -2.70 -1.59 -3.30 - -3.51¢
RbyOy  -2.02 -1.43 -2.42 - -2.48°
RbO,  -1.31 0.12 -1.43 - -1.45°
Cs20  -3.02 -1.42 -3.50 - -3.58°¢
Cs202  -2.08 -1.30 -2.47 - -2.58°¢
CsOq -1.36 0.15 -1.43 - -1.48°
BeO -5.45 -6.31 -5.89 -6.27 -6.31°
MgO -5.57 -6.04 -5.94 -6.19 -6.23¢
CaO -6.05 -6.10 -6.48 -6.55 -6.58¢
CaO,  -2.86 -2.71 -3.12 - -3.17°¢
SrO -5.49 -5.51 -5.90 -6.11 -6.14°
BaO -5.08 -5.14 -5.62 -5.67 -5.68°
TiOs -4.59 -5.35 -4.79 -4.87 -4.90°
RuO,  -1.56 -0.75 -1.59 - -1.58¢
MAE 0.44 0.96 0.15
MAE-s  0.21 0.10

9Reference [31

bReference [37
¢Reference [38

dReference [39
¢Reference [40

data is compared to the T=0 experimental data if avail-
able, otherwise RT data is used. Among these oxides,
only MgO was calculated using EXX+RPA before, with
a formation energy of 5.98 eV which agrees very well
with our data (5.94 eV). Table [[1I shows that, PBE (the
second column) significantly overestimates the formation
energies, by up to 0.86 eV and a MAE of 0.44 eV. EXX
alone (the third column) performs much worse with a
MAE of 0.96 eV, and the deviations have random sign.
As shown in the fourth column, inclusion of RPA corre-
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FIG. 3: (Color online) The deviations in calculated formation
energies with respect to experiments, using (a) PBE (black
crosses) and EXX+4+RPA (red triangles), (b) PBE (shifted by
0.44 €V /0O) and EXX+RPA (shifted by 0.14 €V /O), as a func-
tion of different oxidation states. The 'RPA’ in the figure
legend corresponds to 'TEXX+RPA’.

lation systematically improves the formation energy for
all the oxides compared to PBE data, showing a MAE
of 0.15 eV per oxygen. This is in contrast to the situa-
tion that EXX+RPA performs slightly worse than PBE
for the cohesive energies of 24 representative solids*? and
atomization energies for molecules including G2-I set1®.

The improvement with EXX+RPA on the formation
energies can be largely attributed to the better descrip-
tion of the Oy molecule as reference energy, although
EXX+RPA underbinds the Os molecule, meanwhile sys-
tematically overestimates the formation energy. By in-
troducing a shift of 0.44 (PBE) and 0.14 (EXX+RPA,
eV per oxygen atom), obtained by linear fitting to the
data, in the O reference energy, the MAEs can reduce
from 0.21 and 0.10 eV, shown in the bottom of Table
I for PBE and EXX+RPA calculations, respectively.
Such a scheme of shifting reference energy is extensively
used in DFT calculations of oxides?, however, it provides
only a constant shift in formation energies for all oxides
without distinguishing different oxidation states.

In order to distinguish the effect on the reference en-
ergy and the corrections specific to different oxidiation
states, in Fig. [3] we categorize group I and II oxides into
three oxidation states and show the calculated deviations
from experimental formation enthalpies. Shown in panel
(a), without shifting the Os reference energy, PBE de-
scribes oxides (O%7) the worst , peroxide (037) better,
and give good formation energies for superoxides (O3 ).
Based on the wrong O, reference energy, the success of
PBE for superoxides could be due to the error cancella-
tion in describing Os and superoxides. The trend that
oxides (O?7) deviate from the experiments the most, per-
oxides (037) less and superoxides (Oy ) the least, doesn’t
change from PBE to EXX+RPA. It is hard to identify
whether this is due to insufficient description of the cor-
relation with RPA for different oxidation states, or it is



merely due to the non-self consistent EXX+RPAQPBE
scheme used.

After introducing the shift in the reference energy,
shown in panel (b), the formation energies of oxides
and peroxides improve while the ones for the superox-
ides worsen. On the other hand, EXX+RPA improves
over PBE (shifted) for all three oxidation states. The si-
multaneous improvement over different oxidation states
is in agreement with reports that EXX+RPA scheme
work well for a variety of bonding types, including hydro-
gen, ionic, covalent, vdW and mixed bonds for crystals,
molecules and adsorbate on surfaces?418,

Table [V] summarizes the MAEs for the metals with
three oxidation states (column 2-4), as well as the overall
MAE for group I, IT metal oxides (column 5). The two
transition metal oxides are not included. EXX+4RPA im-
proves the O reference energy, but does not completely
eliminate the error. By shifting the reference energy, the
MAE improves for oxides and peroxides, but becomes
worse for superoxides, in both PBE and EXX+RPA cal-
culations.

We have discussed above the improvement of
EXX+RPA for group I and II metal oxides, in the follow-
ing we would like to comment on transition metal oxides
(TMOs). Since most of the industrially applied oxides
are based on transition metals, it is much more important
and interesting to investigate the effect of EXX+PRA on
the energetics of these oxides. The complexity of calcu-
lating the TMOs using EXX+RPA lies not only in the
computational challenge, since RPA scales with O(N?),
but also how to get a better initial atomic structures and
electronic structures as input for EXX and RPA calcula-
tions. The complexity is further fueled by the fact that
different pseudopotentials or PAW potentials can change
the total energies of metal oxides on the GGA level by as
large as 0.5-1 eV%2. The error related to the uncertainties
in the electron-ion interaction potential transfers itself to
EXX and RPA calculations seem to be larger than the
MAE error we claimed here for the group I, IT metal ox-
ides. As a result, we excluded the CusO, CuO, ZnO and
NbOs in our dataset and include only TiOy and RuOs,
the PBE formation energies of the latter two agree less
than 0.05 eV with the MaterialsProject database. For
these two TMOs, the improvement of EXX+4+RPA over
PBE on the formation energies is rather small: 0.2 eV
for TiOg and almost no improvement for RuOs.

IV. CONCLUSIONS

In conclusion, we have calculated the formation ener-
gies of group I and II metal oxides and a few transition
metal oxides using exact exchange and correlation from
random phase approximation. The EXX+RPA method
improves over PBE functional and reduce the MAE from
0.44 eV (PBE) to 0.15 eV (EXX+RPA). The improve-
ment is separated into two parts: the systematic better
description of the O reference energy and the simulta-

TABLE IV: A summary of the mean absolute errors (MAE,
in eV) without and with shifted O reference energy (0.44 and
0.14 eV/O for PBE and EXX+RPA, respectively), calculated
with PBE and EXX+4+RPA for group I, IT metal with differ-
ent oxidation states: O?~, O3, O5 and their overall MAEs.
The MAE for the transition metal oxides is shown in the last
column. The 'RPA’ in the table is actually '"EXX+RPA’.

0%~ 03~ Oy overall
PBE 0.67 0.45 0.11 0.47
PBE (shifted) 0.22 0.05 0.33 0.20
RPA 0.22 0.14 0.05 0.15
RPA (shifted) 0.12 0.06 0.09 0.10

neous improvement over the three oxidation state 02—,
057, 0;.
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