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Accurate electronic structure descriptions of layered oxides are highly relevant yet complex to obtain by
ab initio methods. The functionalities of layered transition metal oxides are usually heavily influenced by
their electronic structure and the hybridization/delocalization of d electrons of the transition metals. Therefore
understanding the electronic structure can enable a more rational design of this highly important material class,
which is widely utilized in practical applications such as cathodes in secondary batteries of portable electronic
devices and electric vehicles. However, it is well known that standard quantum-mechanic approximations to the
many-body problem overlocalize (Hartree-Fock) or overdelocalize (density functional theory) electrons in these
systems. A mixture of different methods (hybrid functionals) can partially resolve the problem but introduces
at least one additional parameter (the mixing parameter) that has to be determined by e.g., higher levels of
theory (GW). In this study, we focus on the electronic structure of lithiated layered transition-metal oxides based
on Co, Ni, Mn, and their binary systems that form the foundation of state-of-the-art lithium-ion batteries. The
influence of Hartree-Fock mixing in the PBEO hybrid functional on the electronic structure is compared as well
as using different Hartree-Fock mixings as starting points for GW calculations. Two nonempirical GW -based
fitting approaches to determine the optimal Hartree-Fock mixing are considered. We show that one of the fitting
approaches suggests small mixing parameters and is in satisfactory agreement with experimental results, while
the other approach has a stronger theoretical foundation and indicates higher mixing parameters, which are close
to the value obtained by perturbation theory by Perdew, Ernzerhof, and Burke. Finally, it is shown that larger

mixing parameters are required when screening is introduced to the Hartree-Fock term.

DOI: 10.1103/PhysRevB.109.155134

I. INTRODUCTION

Transition metal (TM) oxides are very important materials
due to their broad applicability in multiple fields, but it is chal-
lenging to describe their electronic structures correctly by ab
initio methods [1-6]. Among the different classes of TM ox-
ides, layered ones with the composition A[TM]O, are among
the most appealing. They are already utilized as cathodes in
state-of-the-art energy storage devices and are modified to
meet the needs of next generation of energy-storage materi-
als [7,8]. In these materials, alkali metals (A) are reversibly
intercalated and deintercalated as charge carriers between the
cathode and the anode while the electrons are moving through
an external circuit, allowing to obtain the stored electrical en-
ergy from these materials. In particular, layered oxide cathode
materials based on Co, Mn, and Ni along with Li as charge
carrier have become the market standard for energy storage
and are employed in multiple devices nowadays [7]. LiCoO,
was first proposed by Goodenough in Ref. [9] in 1980 and be-
came later the first commercialized secondary Li-ion battery
by Sony Corp. [10]. The LiNiO; [11] and LiMnO, [12] mate-
rials were first introduced a few years later as cathode active
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materials for lithium ion batteries. Nowadays, cathodes with
different mixtures of these TMs are most frequently employed
in high-performance batteries where Mn can also be replaced
by Al [7]. For practical use cases — not limited to the field of
batteries — the correct description of the electronic structure
is especially important as it determines some of the key prop-
erties of TM oxides (e.g., band gap, redox process) but is hard
to come by with computational methods. This yields to some
controversies for the calculation of redox processes in these
materials [13-15].

Standard methods such as Hartree-Fock (HF) or density
functional theory (DFT) with a generalized-gradient-approach
(GGA) based exchange-correlation (xc) functional fail to ac-
curately predict the electronic structures of TM oxides as
they over-localize or over-delocalize the electrons onto the
ion cores due to their well-known intrinsic errors (missing
correlation in HF and self-interaction errors in DFT) [16].
This yields an inadequate description of the d electrons that
are of special importance for the aforementioned practical
applications of these materials [17-19]. Using the band gap
as an indicator for the correct description of electronic struc-
ture, it can be shown that HF tends to overestimate, whereas
DFT-GGA tends to underestimate the band gaps compared
to experimental studies [20]. As both approaches seem to be
complementary to some extend, it was proposed to mix a
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portion of exact exchange (HF) with the exchange of DFT to
improve the accuracy with the cost of increased computational
effort [21]. This approach is known as hybrid-functional and
its superiority over the two bare methods for electronic struc-
tures is widely accepted [22-26]. It is also worth noting that
another, computationally less demanding method, the Hub-
bard U (DFT+U) method is commonly applied to describe
TM oxides [1,27-30]. In a simplified picture this model ap-
plies a species-specific bias potential of the strength U, which
localizes the electrons by introducing a penalty for partial
occupations [31]. Hybrid functionals provide a more general
treatment of the self-interaction error in DFT by avoiding
species-specific auxiliary parameters and the risk of perturb-
ing the electronic structure [14,23,28]. We will focus on
hybrid functionals in this work, especially the one-parameter
formulation proposed by Becke in Ref. [32]: PBEO (also
sometimes called PBEh), which is described by the following
formula:

EPP — o x EF + (1 —a) x E[PF + EPPE. (1)

The value of o (HF mixing parameter) is usually set to 25%
which can be reasoned by perturbation theory [33]. However,
o= %; %; }T; % can all be reasoned by pure theory approaches
(Ref. [34]) and it is also widely accepted to fit the parame-
ter to experimental and/or theoretical benchmarks [6,35-38].
Moreover, position-dependent local mixing parameters are
also employed that allow to vary the effective mixing spatially
with respect to the different ion-species [22,39]. Regarding
the nonlocal hybrid functional approach, it should also be
noted that more complex, screened approaches exist (e.g.,
HSE [40,41]) that split the exchange in a long range (LR) and
a short range (SR) to apply a screening to the Hartree-Fock
exchange. To reduce the computational demand, this method
considers only the SR Hartree-Fock exchange [cf. Eq. (2)]
introducing another parameter, the screening parameter w,
that can be freely optimized [40,41]

E™F = o x EJRp 4+ (1 — o) x Eppg + Expgp + ECPF.

@)

It should be mentioned that also physically motivated
approaches were developed to determine HF mixing/range
separation in hybrid functionals such as dielectric-dependent
hybrid functionals [42], optimally tuned hybrid functionals
(ionization potential theorem) [43,44], and hybrid functionals
aimed to satisfy Koopman’s condition [45]. In all these hy-
brid functionals, the HF mixing has a significant influence on
several electronic properties calculated for the material under
study [6,46,47]. A correct description of electronic structure
is essential for layered TM oxides as cathode materials since
it determines the redox process, especially the activity of oxy-
gen redox in the compound [15,48,49]. To further rationalize
the design of novel layered TM oxide cathode materials by
computational methods accurate electronic structures are re-
quired that can be effectively tuned by varying the HF mixing
in hybrids.

As mentioned above, one strategy is to fit the HF mixing
to calculated reference electronic structures by higher levels
of theory for example within the so-called GW approxima-
tion: The first term in the expansion of the self-energy in the

Green’s function G and the dynamically screened Coulomb
interaction W, obtained within the random phase approxi-
mation [50,51]. This approach has already been proven to
be practical for obtaining reference electronic structures and
fitting HF mixing by several other studies [6,38,52]. In the
GW approximation quasiparticle energies ES(P are given by
(53]

ES = Re[(YuklT + Voo + Vi + SES) )] 3)

Band and k-point indices are denoted as n and k, T is
the kinetic-energy operator, V,_, and Vg are the nuclei and
Hartree potential, respectively. The self-energy operator X is
constructed from G and W as mentioned before. The quasipar-
ticle energies are then updated by adding Eq. (3), scaled by
a renormalization factor, to the quasiparticle energies of the
previous cycle. Naturally, this ansatz requires a starting point
for the quasiparticle energies which is commonly obtained
by DFT calculations [54-56]. In the single-shot GW method
(GoWp), Eq. (3) is only evaluated once (and so the self-energy)
and added to the starting point. In contrast, in the fully self-
consistent GW approach (GW) the procedure is iterated to
convergence by updating the single electron energies in X
along with reconstructing W based on the most recent quasi-
particle energies. There is also the possibility to fix W during
these iterations for the partially self-consistent GW (GW,)
approach. It should be noted that for all GW calculations
in this work off-diagonal elements of the self-energy were
considered to be equal to the corresponding elements of the
DFT exchange-correlation potential, which is only justified
if the wave functions of the starting point are in sufficient
agreement with the ones of GW [51]. This kind of GW is
sometimes also denoted as “evGW”.

Even though the GW approach has a strong theoretical
foundation, the critical point is still to select an appropriate
DFT starting point. Higher levels of GW can reduce the
starting-point dependence, but the results of all levels still
depend on the starting wave functions and band gaps can vary
strongly by starting point and level of GW [57]. It was sug-
gested to employ GoWj starting from hybrid functionals and
GWy on top of DFT-GGA calculations, while GW is shown
to tend to overestimate band gaps, regardless of the starting
point [51,58]. Consequently, it seems valuable to also scan the
results of GW at intermediate starting points as DFT-GGA can
be tuned by adding HF mixing step-wise towards the default
value of 25% for hybrids, as it was already investigated by
Chen et al. [38] for some semiconductors and insulators.

In this work, we adopt the band gap as the key property
to optimize the electronic-structure calculations using hybrid
functionals by adjusting the HF mixing-parameter. Prototype
layered oxides of Co, Mn, and Ni and their binary mixtures
are investigated at their fully lithiated state, since previous
works suggested the largest adjustment to the default mixing
parameter at high lithium contents [6]. Band gaps at various
HF mixings are calculated in the PBEO approach and GoW,
calculations are employed to each PBEO solution. Two op-
timal sets of mixing parameters for PBEO are found for the
materials under study and the corresponding band gaps are
compared to experimental values. Moreover, the influence of
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FIG. 1. Exemplary structure of the models employed in this
study showing the transition metals (TM) in silver in an octahedral
coordination as well as the lithium ions in green also in octahedral
coordination along with the red oxygen layers.

using a screened hybrid and higher levels of GW on band gaps
and optimal HF mixing parameters is discussed.

II. METHOD

All calculations were carried out using the projector aug-
mented wave (PAW) method [59] as implemented in the
Vienna ab initio simulation package (VASP) [60]. Pseudopo-
tentials optimized for GW calculations that explicitly describe
outer s (Li), s and p (O), and s and d-electrons (TM) were
employed, while d projectors were considered for the oxide
ions. The spin-polarized calculations were performed with
a 4x2x4 k-point grid including the I point along with an
energy cutoff of 600 eV. Nonspherical contributions from
the gradient corrections were accounted for in all calcu-
lations. Furthermore, partial occupancies were treated with
Gaussian smearing along with a smearing width of 0.01 eV.
Density of states (DOS) was calculated with the tetrahe-
dron method. Layered oxides of LiCoO;, LiNiO,, LiMnO,,
LiCO()_sMn().502, LiCOO.SNiO.SOQ, and LiMno_sNio_soz were
modeled by 1x3x1 supercells containing six formula units
and in the C2/m space-group (Ol phase) as shown in the
exemplary model in Fig. 1.

It should be noted that the experimentally observed
Li;_;Ni;4,O, defects (nonstoichiometric compositions) [61]
for LiNiO, were not accounted for in our model for the sake
of simplicity. Moreover, LiCoO,, which generally has been
observed to have a R3m space group (O3 phase according to
the notation for layered TM oxides by Delmas et al. [62]),
has been modelled by a O1 structure. We carefully checked
that both space groups yield essentially the same band gaps
at various levels of theory. However, it should be mentioned
that other layered TM oxides show a weak space group de-
pendence of band gap [63].

The overall calculation process can be structured into three
steps: geometry optimization (a), electronic structure opti-
mization (b), and GW calculations (c).

A. Geometry optimization

Geometries of all symmetry-distinctive TM arrange-
ments were fully optimized for each compound without
symmetry constrains using the generalized-gradient-approach
(GGA) within the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [64]. An electronic convergence cri-
terion of 107® eV was employed and the geometry was

optimized until the forces of each ion were lower than
1073 eV/A. The total energy of the structures was found to
be reasonably converged (<0.0025 eV per formula unit) with
respect to k-points and cutoff energy. The optimized geometry
of the lowest energy structure for each compound was fixed
for the following calculation steps.

B. Electronic structure optimization

Different ferro-magnetic (FM) and anti-ferro-magnetic
(AFM) arrangements in the compounds containing magnetic
ions were tested on the PBE level to identify the most fa-
vorable magnetic configurations. Using the PBE geometries
and magnetic structures, electronic structures were optimized
within the single-parameter PBEQ hybrid-functional approach
[32] varying the Hartree-Fock mixing parameter. Same set-
tings were applied for screened hybrid functional calculations
[65]. A convergence criterion of 1078 eV was employed and
the “Accurate” setting of VASP was used for the DFT part
of the calculations. In a consecutive step, an exact diagonal-
ization of the Hamiltonian was performed while the number
of bands was increased to 256 resulting in more than 150
unoccupied bands for all investigated compounds.

C. GW calculations

Single-shot GW calculations considering just eigenvalues
(GoWy calculations) were performed for all compounds to
obtain the quasiparticle energies. However, for LiCoO, and
LiNiO;, G and W were also both iterated to convergence to
obtain fully self-consistent (in eigenvalues) GW results (de-
noted “GW?” in this work but in other works sometimes also
referred to as “evGW™). The iterations were stopped when
the band gap was converged within at least 0.1 eV. For GW
calculations, the energy cutoff for the response function was
set to 400 eV and the number of frequency/time grid points
was set to 100. Quasiparticle energies were calculated for all
bands that lie within twice the number of occupied states.
Convergence tests with higher cutoffs, more grid points, more
bands, and calculating quasiparticle energies for more unoc-
cupied bands showed that the band gap is well converged
(« 0.1 eV) with the chosen settings.

Atomistic structures and isosurfaces were visualized with
help of the VESTA software-package [66] and charge density
differences were calculated with the help of VASPKIT [67].

III. RESULTS AND DISCUSSION

A. DFT optimizations and influence of different portions
of HF mixing within the PBE( functional

The optimized geometries revealed an intermediate Jahn-
Teller distortion for LiNiO; and a strong Jahn-Teller distortion
for LiMnO,, whereas LiCoO, showed an almost perfect
symmetrical coordination (cf. Fig. 3). These geometries
are in agreement with previous studies and experimen-
tal observations as well as with the general Jahn-Teller
activity of d-configurations assuming charges of 3+ for the
TM ions [68]. Distortions were, however, much weaker in
the mixed materials (LiCogsMnys0O,, LiCoysNigs0O,, and
LiMng sNipsO;) and not present around Co. Only Ni in

155134-3



KONSTANTIN KOSTER AND PAYAM KAGHAZCHI

PHYSICAL REVIEW B 109, 155134 (2024)

6 T T T T T T
LiCoO, MW
LiMnO, @ z o
sl LiNiO, A . -
Lic00.5Mn0_502 O =
LiCOO.SNiO.SOZ @) 2 o -

4 LiMng sNip 502 + - |
Y .
O extrapolated s .7
= GoWo@PBE ' i
© | i ..z PR
o 3 . P
o [ < e

2 F ‘/ =9=, o _

s -2 7. O
s & R
-7 0--
1F e .
= PBEO(a) =
* . ,/Q e GW@Pé‘Q)(a)
0 - m. ~ i fuml i i 1 i
T -

0.00 0.05 0.10 0.15 0.20 025 0.30 0.35
HF-mixing a

FIG. 2. PBEO band gaps of the investigated layered TM oxides as
a function of the HF mixing-parameter . The band gaps increase lin-
early with o as indicated by the linear fits (dashed lines). Horizontal
solid bars in the « range marked red (left) correspond to the optimal
mixing parameters to reproduce the extrapolated GoW, @PBE band
gaps. The horizontal bars in the o range marked in blue (right) show
the mixing parameters that result in no correction of the band gap
in consecutive GW calculations. Stars on y axis mark experimental
band gaps as shown in Table I.

LiCoy 5Nip 50, showed a significantly distorted environment.
Regarding the magnetic ordering, our calculations indicated
no magnetism (unpaired electrons) for LiCoO,, FM order-
ing for LiNiO, and LiCosNips0, and AFM ordering was
found to be most favorable for LiMnO, and LiMng 5Nip50,.
Moreover, a high-spin configuration was obtained for Mn in
LiMnO, which is an agreement with the literature where also
an AFM high-spin configuration is reported for LiMnO, [69].
Using these models to optimize electronic structures, we find
that band gap increases linearly with the HF mixing-parameter
(o) of PBEO (Fig. 2 and fitted parameters in Table II). The
linear trend agrees with previous studies on various materials
[6,70-72].

Only for LiCopsMngsO, no linear trend is observed as
the electronic structure undergoes significant changes with
o, which is concluded from the computed unpaired electrons
(UPE) on Co and Mn (Table III for &« = 25%): In the « range
from 0% to 10% three Co*®’* and three Mn*** can be
assigned with the partial charges being delocalized over all
ions of the same type. For « between 15% and 20% three Co**
and three Mn>* are observed and for « = 25% two Co>*, one
Co?T, two Mn>*, and one Mn*" are obtained in the electronic
structure corresponding to the same average charges as for the
o range from 0% to 10% but with the partial charges in the
average being fully localized on single ions. These changes of
the electronic structure with o and changes on how electrons
are localized/delocalized between/within the two different
metal species become problematic when comparing electronic
structures of two different o for LiCoysMng 50,. The reason
for this behavior might be found in electron affinity (e.g., esti-
mated by electronegativity) as the one of Co is closer to that of

Mn compared to Ni-Mn, which presumably causes intermedi-
ate degree of reduction of Co in favor of oxidation of Mn with
roughly 1/3 of the Co being reduced to 2+ and 1/3 of the Mn
being oxidized to 4+. In contrast, the electron affinities of Co
and Ni are more similar resulting in 34- ions for both species
in LiCog sNig 50, and those of Ni and Mn are more different
resulting in full oxidation of Mn to Mn*" and reduction of
Ni to Ni** in LiMngsNigsO, which can be again verified
by UPE in the electronic structures (cf. Table III). Varying
« in these compounds changes localization/delocalization of
electrons for each transition-metal ion but does not result in
different localizations of oxidations between or within the
ionic species. Consequently, electronic structures at different
« are comparable for all materials but LiCoy sMng sO;.

These oxidation states also agree with the missing Jahn-
Teller distortion in LiMngs5Nip50, as both ions are not
Jahn-Teller active in these charge states in contrast to their
3+ ions. In general, the results indicate that a critical range
of difference in electron affinity exists. In this range delo-
calizations of electrons over the TMs can appear. At smaller
differences in electron affinity, both species show the same
oxidation state and at larger differences one species is fully
oxidized and the other fully reduced. Therefore it becomes
evident that the anomalous lower electronegativity of Mn
compared to Co and Ni is the main challenge in predicting
the correct electronic structure for mixtures comprising of
Mn, Ni, and/or Co. As mentioned above, the dependence of
a on localization/delocalization of partial charges between
Co and Mn for LiCogsMng 50, prevents a fair comparison
of electronic structures at different o for this composition.
By applying an effective Hubbard correction of 5 eV to both
Mn and Co, the localized charge states that were obtained
in the calculations with 25% HF mixing were successfully
stabilized for the smaller mixing parameters. However, the
calculated electronic structures were in a high-spin and not
a low-spin configuration that was observed in the Hubbard-
free calculations at o = 25%. This complex behavior of a
simple binary system shows that first, a carefully chosen «,
for example by fitting to some additional input, is required
and second, that a description via adjustment of « is desirable
over correction by a bias potential (e.g., Hubbard). It is to
expect that this effect becomes more severe in more practical
ternary or quaternary systems underlining the importance of
tuning « in the employed computational methods for layered
TM oxides.

The aforementioned linear trend of increasing band gap
with the HF mixing-parameter for the other materials ex-
cept LiCopsMng 50, can be explained by the tendency of
over-localization of HF and over-delocalization of DFT-GGA.
Adding more of the over-localized part widens the band gap
by diminishing electron density between the ions. This trend
is visualized by the charge-density-difference (CDD) plots in
Fig. 3 showing the computed CDD for LiCoO,, LiMnO,, and
LiNiO; at various HF mixing-parameters with respect to PBE.

The CDD plots show a depletion of electrons around the
TM ions that is centered along the TM-O bonds and for
LiCo0O; and LiNiO; also a small accumulation between the
TM-O bonds. The shapes of these depletions are in agree-
ment with Jahn-Teller distortions in LiNiO, and LiMnO,
as LiMnO, shows no depletion along the elongated axis of
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FIG. 3. Charge density differences (CDDs) of LiMnO,, LiCoO,,
LiNiO; (from top to bottom) at different HF mixing-parameters rang-

nla.u.]

1.0

ing from 5% to 25% (from left to right) relative to their PBE density
(HF mixing of zero). All iso-surfaces are shown at an isovalue of
2.5%107? electrons/A?, while electron accumulation is indicated by
yellow color and electron depletion by turquoise color.

the coordination octahedron, while LiNiO, shows a spatially
expanded depletion along the elongated axis. In general, dif-
ferences become stronger at higher mixing parameters and
are relatively similar for LiCoO, and LiNiO, (despite the
Jahn-Teller distortion in LiNiO,), while weaker for LiMnO,.
Although the computed CDD on TMs coincides with the
picture of localizing the electrons stronger onto the ion cores
by adding more HF mixing, the CDD on oxygens shows
the opposite trend: an electron depletion is observed on O
anions which increases with «. However, a significant accu-
mulation of electrons along the O-TM bonds from oxygen is
also observed for @ = 0.15, 0.20, and 0.25, distributing more
homogeneously around O-TM bonds at higher HF mixings.
This indicates delocalization of oxygen electrons. These re-
sults outline the holistic approach of changing HF mixing
to tune the electronic structure rather than using more local
corrections. However, it must be noted that the shown changes
in CDD are overall small but allow for qualitative statements
about trends in localization/delocalization.

To further comment on the hybridization of O 2p and
TM 3d orbitals, we defined a degree of hybridization n as
described in Eq. (4) by integrating the projected densities of
states (pDOS). Consequently, 1 can take values between 0 and
1 where 1 is maximal hybridization (pDOS,,, = pDOSyi3,)
and O indicates no overlap of the different pDOS (no
hybridization).

[/ 1pDOSo,, — pDOS v, [dE
/! pDOSo,,dE + [ pDOStum, dE

“

It can be assumed that the high energy states are most
important for hybridization and therefore the energy range
was settoa = —2 to b = 0 eV where 0 eV corresponds to the
Fermi level. A similar hybridization measurement in the same
energy range was also employed by Seo et al. [6] for LiCoO,,
allowing for comparison to their study. As spin-polarized cal-
culations were performed, both, spin-up and spin-down pDOS
were considered separately and added to plot the degree of
hybridization versus the HF mixing-parameter in Fig. 4.

LiCOOZ —— LiC00_5Mn0‘502 H
LiMn02 —@— LiCOO'sNi0_502 —0—
LiNiO, —&—  LiMngsNig 50>
0.0 : ' ' ' '
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
HF-mixing a

FIG. 4. Dependency of the degree of hybridization 7 of O 2p and
TM 3d orbitals as defined in Eq. (4) on the HF mixing-parameter o
for the different layered TM oxides under investigation.

Hybridization in LiCoO; increases almost exponentially
with the HF mixing in Fig. 4 which is in agreement to the
aforementioned study by Seo et al. [6]. Generally, different
trends can be observed for the materials varying from a linear
increase of hybridization with « (e.g., LiCogsNip50;) to a
parabola shape with a maximum in hybridization at a HF
mixing of 15% (e.g., LiMnO, and LiNiO,). The hybridization
trend in Fig. 4 is mainly governed by the change in the inten-
sity of the TM and O pDOS plots in Fig. 6. The TM pDOS for
LiCoO; has the strongest intensity right below the Fermi level
and the intensities of the O pDOS become closer to TM pDOS
at higher HF mixing but never reach the TM pDOS intensities.
LiMnO, shows the same trend but at 15% HF-mixing both
pDOS are almost the same and at higher mixing the intensities
of the O pDOS exceeding the TM pDOS. These behaviors
result in the trends observed in the hybridization plot in Fig. 4.
It could be argued that the d-orbital splitting influences which
d orbitals are located directly below the Fermi level and are
therefore available for a hybridization with O 2p orbitals.
As a consequence, the strongly Jahn-Teller distorted mate-
rials (LiMnO, and LiNiO,) show a more different behavior
of hybridization and HF mixing because of their electronic
configuration.

B. Single-shot GW band gaps at different PBE0 HF mixing
and optimal HF mixing-parameters

Having shown that variation of the HF-mixing parameters
has an significant influence on certain important properties
such as band gap and hybridization we proceeded to perform
GoW) calculations to identify the most suitable HF mixing-
parameter. Consecutive GoW, calculations were performed
on top of all the PBEOQ calculations at different HF mixings
discussed in the previous section. This procedure allows to
consider and analyze the strong starting-point dependence of
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FIG. 5. The upper plot shows GoW, band gaps as function of the
HF mixing-parameter « in the PBEO starting point. Linear fits for
the values in the o range 5%—20% are shown by dashed lines and for
LiNiO, also a fit of an inverse function that describes the whole «
range seemingly well is plotted by a solid line. The lower plot shows
the corrections GoW; made to the band gap of the PBEO starting
point.

GoWj calculations. The band gaps obtained from these calcu-
lations are shown in the upper plot of Fig. 5.

In general, the GoW, band gaps maintain the rising trend of
the underlying starting point with higher mixing parameters
o but a perfect linear increase in band gaps with the HF
mixing as observed for the PBEQ calculations (cf. Fig. 2) is
not obtained. The consecutive GoW, step shows no linearity at
higher HF mixings (e.g., LiMnO,) as well as low HF mixings
(e.g., LiNiO;,). The latter trend is particularly pronounced for
TM oxides which change their class by adding a small portion
of HF mixing from metal (have no band gap) to insulator (have
band gap) as shown by the nonlinear fit for LiNiO, in Fig. 5,
upper plot. It should be also noted that the irregular behavior
of the band gap of LiCoy sMn 50, due to the aforementioned
changes in electronic structure with « is also present in the
GoW, calculations.

For intermediate o (5%—20%) the trend of the band gaps
is reasonably approximated by a linear function indicated by
the linear fits (dashed lines in Figure 5, upper plot) except for
LiCopsMng 50O, due to the aforementioned irregular behavior
of the electronic structure with «. Despite this trend it is still
unclear what HF mixing acts as the most accurate starting
point for GoW, calculations for the layered TM oxides under
study.

The linear (band gap versus «) functions fitted (cf. up-
per Fig. 5 and Table IV) for the 5% to 20% « range allow
to extrapolate to a GoWy@PBE solution. This extrapolation
is particularly useful for compositions undergoing a change
from metal to insulator by admixing HF (e.g., LiNiO,). In
that case PBE has no band gap and is therefore a unsuitable
starting point that is far off the more linear trend observed at
higher HF mixing-parameters. This might be because of an in-
correct alignment of states in the starting point and/or a larger
difference of the starting point wave functions to the GW wave
functions. For LiCoQ,, this extrapolated GoW,@PBE band
gap is only slightly higher (less than 0.2 eV) than the band
gap calculated from the “real” PBE starting point. A pure PBE
starting point is already quite suitable for LiCoO, because it
predicts the metal-insulator properties correctly. However, for
LiNiO,, where pure PBE predicts a metal, the extrapolated
band gap increases more drastically. The proposed extrapola-
tion method is intrinsically ab initio based as no experimental
inputs are required. It should be noted that neither the linear fit
nor the extrapolation approach have an physical meaning but
employing these strategies seems to offer the best compromise
between under- and overprediction of band gaps compared to
experimental values, especially for LiCoO, and LiNiO, for
which most experimental values exist.

For LiCoQ,;, the extrapolated GoW,@PBE band gap of
2.10 eV perfectly matches the band gap of a very recent exper-
imental study that determined a band gap of 2.15 eV [73] and
another experimental value of 2.10 eV [74] (the experimental
structures were O3 but it was checked that our calculations
of the O1 structures for LiCoO, do not change significantly
by using O3). Despite this excellent agreement with the ex-
periments it is also worth noting that experimental band gap
studies show quite some deviations and even a value of 2.7 eV
[75] has been reported such that our calculated value is at
the lower edge of experimental band gaps. For LiNiO,, the
experimental studies are more sparse but one study suggested
a band gap of 0.40 eV [27] which is significantly lower com-
pared to the extrapolated GoW,@PBE band gap of 0.81 eV.
However, deviations would be even worse by using a starting
point with (higher) HF mixing and also a pure PBE starting
point would show almost the same deviation but in a different
direction (under-prediction) and predicts metallic instead of
insulator properties. For LiMnO,, some theory works exist
that predict various band gap values, depending on structure,
magnetism, and computational approach, about 1 eV lower
compared to the extrapolated GoW, @PBE band gap [76,77].
As our LiMnO, model considered a strong Jahn-Teller dis-
tortion along with AFM ordering which are both known to
increase the band gap, it is also expected that the band gap
of this material is comparably high. No final conclusion about
its accuracy in the extrapolated GoW, @PBE approach can be
made for LiMnO,.
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TABLE I. Optimal PBEO HF mixing-parameters determined by
extrapolated GoW, @PBE («**") and the PBEO HF mixing-parameter
that directly leads to the fully self-consistent GW band gaps (V).
Band gaps (BG) corresponding to the determined o« are given
along with experimental band gaps, where available. No values for
LiCoysMn, 50, are given as the changes in the electronic structure
with o prevented to apply any fitting approach.

O[exL BGCXI, o GW BGGW BG*P-
Compound (%) V) (%) eV) V)
2.10 [74],
LiCoO, 6.7 2.10 20 4.13 2.15[73],
2.70 [75]
LiMnO, 11 2.83 28 4.77 -
LiNiO, 8.0 0.81 20 2.09 0.40 [27]
LiCog sMng 50, - - - - -

LiCop sNig 50, 56  0.64 20 2.06 -
LiMng sNig 5O, 11 1.76 24 3.10 -

In conclusion, it seems that the extrapolated GoW, @PBE
band gaps are in reasonable agreement to experimental data
and also work considerably well for all layered TM oxides
under study (except LiCogsMngsO, due to the aforemen-
tioned changes in the electronic structure with o). However,
it must be mentioned that the seemingly good agreement to
experimental band gaps might be due to error cancellation as
direct comparisons to experiment are not completely fair. The
calculations yield 0 K band gaps while the experimental val-
ues were obtained at finite temperatures. Moreover, the model
used in the simulations of stoichiometric LiNiO, might not
represent the experimental structure exactly which has been
observed to be nonstoichiometric, as discussed in the method
part. This can also accidentally improve the agreement to
experiment.

Using these extrapolated GoW, @PBE band gaps to deter-
mine the corresponding optimal HF-mixing parameters (")
for PBEO is straight forward due to the linear trend of band gap
versus a. The corresponding optimal a®™" values are shown
in Table I along with their band gaps and are also visualized
in Fig. 2. For LiCoysMnysO, no mixing parameter could
be determined because of the irregular behavior of electronic
structure and « explained in the previous section.

The optimal mixing parameters vary within a range of
roughly 5% which is relatively large as a change in band
gap of up to 0.75 eV can arise for these compounds from
this variation. The optimal " for the binary systems can-
not be extrapolated as mean value of the corresponding pure
materials independent if the charges of the individual species
change from the pure and binary system (LiMng sNip50;) or
not (LiCog 5Nig50,). Therefore the optimal mixing parame-
ter seems to be system-depended and using the mean value
over all compositions of approximately 8.5% appears to be
the efficient trade off for all compositions. This HF mixing
is significantly lower than the default value of 25% but in
agreement with other studies on similar (layered) TM oxides
that rely directly or indirectly on experimental properties and
also suggested significantly lower HF mixing-parameters for
hybrid functionals [6,14,35].

The corrections in the band gap GoW is introducing to
the PBEO starting point, namely the differences in each point
of Fig. 2 and the upper plot in Fig. 5, are visualized in the
lower plot of Fig. 5. In general, a pronounced increase of
the band gap by GoW, to the PBEO starting point (positive
correction) is observed for small « that gets smaller for higher
« and even turns into a decrease (negative correction) for
high «. This behavior can be utilized to define a different
optimal HF mixing «®W for each compound at the point were
the PBEO starting band gap is not altered by a consecutive
GoW, calculation (correction is zero in lower plot of Fig. 5).
It should be noted that this ®" fitting-approach was also
proposed by Chen et al. [38]. In agreement to their study, we
also find that the determined optimal o®" values using this
zero-correction approach are higher than those agreeing better
to experimental values (e.g., aforementioned o®*"). It should
be mentioned that the seemingly worse agreement to the ex-
perimental band gaps of the higher level of theory approach
(@%") compared to the extrapolated GoW, @PBE approach
might be due to error cancellations in the latter approach or
fundamental differences of experiment and calculation (e.g.,
temperature, model/structure) as discussed above. Such er-
ror cancellations were also discussed in the work of Wiktor
et al. [78] where GoW,@PBE delivered the best agreement
to experimental values for perovskites of the type CsPbX
(X = Cl, Br, and I), even better than fully self-consistent (in
eigenvalues and wave functions) GW calculations with vertex
correction. The authors also showed that when accounting for
effects such as temperature and spin-orbit coupling the higher
level method is again in better agreement with experiment and
concluded that without these corrections GoWy @PBE showed
better agreement to experimental band gaps because of error
cancellations. A similar cancellation could also be present in
the extrapolated GoWy@PBE approach for the materials in
this work.

The optimal «®" along with their corresponding band gaps
for the studied layered TM oxides in this work are shown
in Table I and are visualized in Fig. 2. Interestingly, these
values and especially the mean value of 22% are close to
the default value of 25% that has been derived by pertur-
bation theory approaches [33] as well as the value of 19%
obtained by xc kernel analysis in a very recent study [79].
Therefore values of 20% to 25% appear to have a strong
theoretical foundation in general and also for layered TM
oxides. It is worth mentioning that the optimal «®" of the
binary systems seems to be predictable as mean values of
the «" of the pure materials. For example, LiCoO, and
LiNiO, both have an optimal «®" value of 20% and so does
their binary mixture (LiMng sNip50;) has a value of 20% as
well. LiMng sNig 5O, shows an optimal mixing W of 24%
which is exactly the mean value of the pure materials, 20%
(LiNiO;) and 28% (LiMnO,), respectively. Moreover, this
predictive behavior was also verified for the ternary system
(Co:Mn:Ni = 1:1:1) of species under study that showed an
optimal a®" of 22.5% which is essentially the sum of the
optimal «®" parameters of the pure compounds weighted by
their concentration in the ternary system. This linear depen-
dence of optimal «%" on the concentrations of constituting
elements is different to optimal o®*“ where no trend was
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mixing (top to bottom) along with the pDOS obtained from a consecutive GyWj step (second and fourth column).
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FIG. 6. pDOS of O 2p orbitals (red) and TM 3d orbitals (black) for LiCoO, (first column) and LiMnO, (third column) at increasing HF

observed but allows to immediately predict «®? for mixed
compounds.
Regarding the computed DOS below the Fermi energy, it
can be concluded that no significant change by the consecutive
GoW, step is observed and almost the same features as in the
PBEO starting points (Fig. 6) appear. Consequently, also the
same trends in terms of hybridization of O 2p orbitals and
Co/Mn 3d orbitals as discussed for Fig. 4 in the previous
section can be observed proving again that hybrids are a rather
advanced starting point for GW calculations.

15

C. Fully self-consistent GW calculations at different PBE0 HF
mixing parameters and influence of screening the HF part

To further verify the obtained trends within the GoW,
approach, a higher level of GW was also employed where
eigenvalues were iterated to self-consistency in G and W
(sometimes also denoted as “evGW”) for LiCoO, and LiNiO,.
In general, it is expected that this approach has a tendency
to over-predict band gaps due to missing vertex corrections
[58]. A tendency towards larger band gaps is also observed
for the layered TM oxides in this study (cf. Fig. 7). However,
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FIG. 7. Band gaps of iterations (n) of fully self-consistent GW
calculations with different PBEO starting points for LiCoO, (top) and
LiNiO, (bottom). Iteration n = —1 corresponds to the PBEO band
gap and n = 0 to the GoW, band gap.

an excellent agreement with the experimental value of 2.7 eV
[75] is found for LiCoO; by applying fully self-consistent GW
at a PBE starting point. Overall, the calculated band gaps get
closer to their corresponding converged values with increasing
the number of GW iterations but the self-consistent results still
maintain (strongly) starting point dependent as also found in
another study on a different TM oxide and can be related to
different starting wave functions [57,58].

For LiCoO, and LiNiO,, the converged GW band gaps
become larger with higher HF mixing in the starting point,
are lowered by GW for mixings above 20% (the determined
optimal «®¥ in the previous section), and increased for lower
mixing values. The results also show that the number of steps
to converge the band gaps strongly varies with the HF mixing
in the starting point and is larger the more different the ini-
tial mixing parameter is from the optimal mixing-parameter
% . In fact, optimal a®" (20%) that were obtained in the
previous section do not show a significant change in band gap
over all performed GW steps proving that this approach of
determining the optimal «®" delivers direct access to fully
self-consistent GW band gaps at the computational cost of a
hybrid functional. That the optimal oY mixing parameters
are not just consistent in GoW, but also in GW underlines their
strong theoretical foundation.

Lastly, also the effect of applying range-separated hybrid
functionals with screening in the HF part (HSE approach)
compared to the unscreened PBEO functional was investigated
as this approximation can offer some computational bene-
fits [40]. The two inverse screening length of w = 0.3 A~
(HSE03) [40] and @ = 0.2 A~! (HSE06) [41] were employed
and the results were compared to those with PBEQ. Their
dependence of the band gap and the HF mixing-parameter is

5.0 T T T T b L °F
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< 4.0 .
@,
Q.
8 PBEO
o 3.0 HSEO3
= HSEO06
@ 2.0 GoWo@PBEO — & |
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FIG. 8. GyW, and hybrid functional band gaps for LiCoO, (top)
and LiNiO, (bottom) for hybrid functional starting points with
different mixing parameters and different screenings of the HF
part (HSE06, HSEO3). The linear functions for the extrapolated
GyW, @PBE band gaps are indicated by the dashed lines.

plotted in Fig. 8, indicating an almost perfectly linear trend
(minor deviations for LiNiO, with HSE at high mixing and
screening parameters) as observed for PBEO in this study as
well as in other studies with HSE functionals [6,80].

HSEOQ6 band gaps are slightly higher but in fair agree-
ment with the computational HSE06 study of Seo et al. [6]
for LiCoO, and LiNiO,. In agreement with the studies of
Komsa et al. [80], the slopes of linear fits become smaller
with higher w and consequently higher HF mixing-parameters
are required to obtain the same band gaps compared to PBEQ.
Applying GoW) to the HSE starting points also yields devia-
tions from the linear trend as for PBEO resulting in a crossing
point of both approaches that allows for the determination of
an optimal oY . At this &, GoW, (and as discussed above also
higher levels of GW) causes no correction to the band gap of
the bare hybrid functional (cf. Fig. 8). The corresponding opti-
mal mixing parameters o are 25% (LiCoO,-HSE06), 30%
(LiNiO,-HSE06), 30% (LiCoO,-HSEO03), and 38% (LiNiO,-
HSEO03). For HSEO3 the parameters are higher than the default
of 25%, while for HSEO6 both values are fairly close to
25%. This proves the superior fitting of the screening pa-
rameter in HSEO6 over HSEO3 for the investigated layered
TM oxides as the mixing parameter was fixed to 25% in
HSE, while technically both, the mixing parameter and the
screening parameter could be fitted (to some extend) to ob-
tain the same result [41,81]. This shows that the default
HF mixing within the HSEO6 functional can be reasoned
quite well by the «®V fitting-approach for the layered TM
oxides. However, in contrast to the PBEQ case the opti-
mal «%V mixing parameter becomes composition-dependent
for LiCoO, and LiNiO, when screening is introduced. The
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flatter slope that comes along with higher screening has the
beneficial effect that the band gaps become less sensitive to
the HF mixing. Even though the determined LiNiO,-HSE06
optimal mixing parameter «®V is with 30% slightly higher
than the default, the pure hybrid band gap and the corre-
sponding GoW; solution are already relatively close at 25%
(cf. Fig. 8).

Note that computed band gaps using the optimal %"
values corresponding to each screening are almost the same
for all functionals (PBEO, HSE03, HSE06) with a small drift
towards higher values at higher w. This proves that the de-
termined band gaps using @V (w) show a high consistency
across several high-level theory methods constituting them
as promising candidates for describing layered TM oxides.
Although the o®% (w) over-predicts the experimental band
gaps of the materials under study, it is reasonably close to the
default mixing values of the functionals as mentioned above.

The screened hybrids also allow for the extrapolated
GoWy @PBE approach which showed better agreement to ex-
perimental band gaps for PBEQO in the previous section. As
this approach tries to extrapolate to PBE level, using HSE
functionals should not alter the extrapolated band gaps as
the differences to PBEO are just in the HF part that should
be eliminated by the extrapolation. Indeed, the linear fits in
Fig. 8 (dashed lines) show the same extrapolated GoW, @ PBE
band gaps for all functionals within an accuracy way below
0.1 eV. This proves that extrapolating the trends of the GoW,
band gaps by a linear function in the intermediate o range
of 5%-20% is reasonable for the layered TM oxides in this
study. Moreover, the usage of screened hybrids can slightly
reduce the enormous computational effort of this approach
as they offer a computational performance advantage over
PBEO [40]. Applying extrapolation, optimal mixing parame-
ters " of 8.5% (LiCo0,-HSE06), 11% (LiNiO,-HSE06),
9.2% (LiCo0O,-HSEO03), and 12% (LiNiO,-HSEO03) can be
determined. Compared to PBEO, the optimal a®" are higher
because the band gaps are the same but the slopes of the
linear trends of the band gap and o become smaller for higher
screenings as mentioned above. The robustness of extrapo-
lated GoW,@PBE towards different hybrid functionals based
on PBE along with the reasonable agreement to experimental
results is quite encouraging for the idea of extrapolating band
gaps from descriptions with wave functions and alignment of
states more close to GW, namely, hybrid functionals. This
approach can be utilized to determine ab initio band gaps in
layered TM oxides close to experimental values.

IV. SUMMARY AND CONCLUSION

We presented two different nonempirical fitting approaches
to determine the HF mixing parameter in PBE-based hybrids
to calculate electronic structures of layered TM oxides. While
one approach yields satisfactory agreement to experiment for
LiCoO, and LiNiO,, the other, despite its stronger theory
foundation, overpredicts band gaps of LiCoO, and LiNiO,
compared to experimental values significantly. The first ap-
proach suggests low optimal mixing parameters of a®" =~
8.5 % and the second fitting approach yields optimal mixing of

a® ~ 22 % which is in fair agreement to default mixing of
25% employed in hybrid functionals such as PBEO, HSEO3,
and HSE06. We defined the first fitting approach by extrap-
olation of GyW, band gaps to GoW,@PBE band gaps using
GoWy@PBEO band gaps with intermediate mixing parame-
ters in the range of 5%-20%. We also showed that almost
same extrapolated GoW, @PBE band gaps can be fitted from
GoWy calculations at screened PBE-based hybrid functionals
(HSE). However, for these screened hybrids, the correspond-
ing optimal mixing increases with the screening parameter.
For the second fitting approach, the HF mixing that directly
yields the band gap of a consecutive GoW, calculation was
chosen. It was proven that this mixing parameter is also valid
at fully self-consistent GW, allowing access to accurate GW
band gaps at the much lower computational cost of hybrid
functionals. For screened hybrid functionals, we found strong
variation in optimal mixing «®V () depending on screening
o but only minor changes in the corresponding computed
band gap. Moreover, dependence of optimal mixing & and
concentration of elements in the studied composition shows
linearity, allowing for the prediction of optimal HF mixing.

It is encouraging that (extrapolated) GoW, @PBE appears
to obtain band gaps from purely computational methods that
are in reasonable agreement with experiment and also that the
default mixing of 25% is justified not just by perturbation
theory but also high level GW calculations. Further works,
however, are required to understand the large discrepancy
between the optimal " (close to experimental band gap)
and oV (strong theory foundation) HF mixing-parameters
in hybrids that was shown by the two different nonempirical
GW fitting approaches in this work as well as if the better
agreement to experiment of the lower level of theory approach
(@) might be caused by error cancellations.
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APPENDIX

TABLE II. Fitted linear functions of the form BG(«) = a x o +
b of the PBEO band gaps (BG) as function of the HF mixing param-
eter o.

Compound a (eV) b (eV)

LiCoO, 15.436 + 0.062 1.042 + 0.010
LiMnO, 12.054 + 0.126 1.399 + 0.021
LiNiO, 10.732 + 0.105 —0.052 £0.017
LiCogsMng 50, 11.136 + 2.651 —0.672 £ 0.440
LiCog5Nips0, 9.820 £ 0.045 0.094 £+ 0.007
LiMng sNip 5O, 10.440 £+ 0.168 0.599 £+ 0.028
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TABLE III. Calculated unpaired electrons (UPE) for the ions in
the studied compounds and charges estimated from UPE assuming
octahedral ligand-field splitting of d orbitals at 25% HF mixing.
As discussed in the text, average UPE/charges over all ions of one
species are given for LiCop sMng 50,

UPE Charges
Compound Co Mn Ni Co Mn Ni
LiCoO, 0.0 - - 3 - -
LiMnO, - 3.7 - - 3 -
LiNiO, - — 0.9 - — 3
LiCOO_5MH0_502 04 2.3 — 2.7 3.3 —
LiCOo‘jNi0A502 0.0 — 0.9 3 - 3
LiMnO'SNiO‘soz - 3.0 1.6 - 4 2

TABLE IV. Parameters of the linear fits (f(«) = a x o + b) for
GyW, @PBEO band gaps against different PBEQ HF mixing parame-
ters « in the range of 5% to 20%. The y intercepts b correspond to
the discussed extrapolated GoW, @PBE band gaps.

Compound a (eV) b (eV)

LiCoO, 10.128 £ 0.317 2.101 £ 0.043
LiMnO, 7.440 £+ 0.259 2.831 £ 0.036
LiNiO, 6.680 £ 0.318 0.811 £0.043
LiCog 5sMng 50, 13.086 £ 3.161 —0.891 £ 0.433
LiMng 5Nip50; 6.086 £ 0.522 1.760 £ 0.071
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