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The calculation of optical properties of LiCoO2 presented in Phys. Rev. B 104, 115120 (2021) are revisited
with improved accuracy calculations. An error in the polarization dependence in the previous work is pointed out
and corrected here. The exciton binding energies are found to be somewhat smaller than previously reported—
about 0.9 eV rather than 2 eV. The spatial extent of the excitons is analyzed here and shows interesting differences
between dark and bright excitons. The effects of the local field effects are also clarified and found to be largest
in the direction perpendicular to the layers.
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In the original paper, it was shown that the lowest absorption peaks in the visible-UV region are excitonic in nature and the
exciton binding energies were found to be exceptionally high—about 2 eV for the lowest excitons. Since the publication of that
paper, improvements have been made to the QUESTAAL codes [1,2] used in this work, which allow for more stringent convergence
tests and new analysis tools. In the course of further studying the real space localization of the excitons, differences were found
in the optical dielectric function from the original work, which led us to identify an error in the original work with respect to
the polarization dependence of the dielectric function. The purpose of this Erratum is to correct this error and to provide further
analysis of the spatial localization of the excitons.

In the original paper the Cartesian coordinate system (which we will here denote with primes) was chosen so that one
of the rhombohedral lattice vectors was along x′, the y′ axis was in the plane of the first two rhombohedral vectors, and
the z′ axis perpendicular to it. The primitive lattice vectors were then a1 = ax̂′, a2 = a cos γ x̂′ + a sin γ ŷ′, a3 = cos γ x̂′ +
a sin γ sin βŷ′ + a sin γ cos β ẑ′ with a the rhombohedral lattice constant, γ the angle between any two rhombohedral vectors,
and sin β = cos γ (1 − cos γ )/ sin2 γ so that a1 · a2 = a1 · a3 = a2 · a3 = a2 cos γ .

The choice of Cartesian coordinates does not affect the band structure but does affect the form of the dielectric tensor. The
latter is diagonal only when the Cartesian axes are chosen as the principal axes which should coincide with the symmetry axes of
the system. When the z axis is chosen as the threefold symmetry axis, it corresponds to the direction of a1 + a2 + a3. Choosing
the x axis along the projection of one of the rhombohedral lattice vectors on the plane perpendicular to the z axis, we obtain a
symmetry adapted choice of Cartesian coordinates with the xz plane a mirror plane and y a twofold symmetry axis of the point
group D3d . In that case, threefold symmetry will guarantee that εxx = εyy �= εzz. The z axis then also corresponds to the c axis
of the hexagonal conventional supercell corresponding to the rhombohedral lattice, which consists of an ABC stacking of the
hexagonal layers. In the original paper, the dielectric function was calculated along ẑ′ and along (x̂′ + ŷ′)/

√
2 and these were

labeled erroneously as, respectively, ‖ c and ⊥ c. In fact, the old z′ direction is closer to the direction ⊥ c. The result is that
the dielectric functions were not corresponding to the principal axes of the tensor and had hence incorrect oscillator strength.
Besides this mistake, some convergence issues and numerical parameter settings affected the results of the original paper, which
were obtained with an early version of the codes. Rather than correcting each figure, we here provide new results with improved
calculations and furthermore add new information on the localization of the excitons.

The correct dielectric functions along the principal axes are shown in Fig. 1 in the independent particle approximation (IPA)
and Bethe-Salpeter equation (BSE) approximation. We can see that the intensity of the main peaks is significantly higher
perpendicular to the threefold symmetry axis c in BSE. The BSE ε2 is rather strongly suppressed for E ‖ c. This turns out
to be mainly a result of the local field corrections and occurs already in the random phase approximation (RPA), as shown in
Fig. 2. It is typical of layered materials in the direction perpendicular to the layers. We here calculated the RPA and IPA dielectric
function directly at a q point close to q = 0 but approaching q → 0 from different directions. The value at q = 0 on the other
hand is obtained with analytically calculated velocity matrix elements and is seen to somewhat overestimate the matrix elements,
which is related to the approximate calculation of the d�/dk contribution from the nonlocal self-energy.

The BSE still shows large excitonic effects but the shape of the spectrum is nonetheless significantly different from that in
the original paper and the exciton binding energy of the lowest bright exciton is about 0.9 eV rather than about 2 eV. The lowest
bright exciton occurs near 2 eV rather than 1.5 eV. The shape of the BSE spectrum for E ⊥ c is close to the E ‖ ẑ′ in the original
paper but is overall shifted toward higher energy, in spite of the fact that the latter had a larger quasiparticle gap.
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FIG. 1. Imaginary part of the dielectric function along principal axes and in theindependent particle approximation (IPA) and the Bethe-
Salpeter equation (BSE) approximation.

The quasiparticle gap in the QSGŴ approach is also significantly lower than in the original work. This results from different
convergence; while nine valence bands and five conduction bands were included in the two-particle Hamiltonian active space in
the present calculation, only four valence bands were included in the original paper. The choice used now includes the six O-2p
bands and the three Co-t2g bands as occupied bands and the two Co-eg and several higher conduction bands which were shown
in previous work to include the Li-sp derived bands [3]. We have further verified that adding O-2s bands changes the gap by
less than 0.05 eV. The inclusion of more bands in the active space leads to a stronger reduction of W due to the electron-hole
effects. The smallest indirect QSGŴ gap is found to be 2.95 eV and the direct gap at � is 4.00 eV, which compare with 3.762
and 4.884 eV in Table I of the original paper. The self-energy � was converged to better than 5 × 10−4 root-mean-square
deviation between successive iterations and provides gaps converged to within 0.03 eV both in terms of the self-consistency and
the number of bands included. The QSGW gaps without W calculated in the random phase approximation, i.e., not including
ladder diagrams, remained within the error bar close to those in the original paper. The results labeled as GGA (generalized
gradient approximation) were actually obtained in the local density approximation (LDA) using the von Barth–Hedin exchange-
correlation potential (also used here), but in terms of the gaps this makes little difference. Both the QSGŴ results and the QSGW
results are independent of this starting approximation.

FIG. 2. Comparison of independent particle approximation (IPA) with the random phase approximation (RPA) imaginary part of the
dielectric function. The latter includes local field corrections while the former does not.
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FIG. 3. Two-particle Hamiltonian eigenvalues with oscillator strength contributing to ε2(ω).

To further inspect the excitons, Fig. 3 shows a bar graph of the individual eigenvalues of the two-particle Hamiltonian, with
their oscillator strength in x, y, and z directions on a logarithmic scale. One can see that the x and y oscillator strengths are
exactly the same and dark excitons are identified at 0.86 (doubly degenerate) and 0.88 eV (nondegenerate) below the first bright
excitons at 2.211 (nondegenerate) and 2.215 eV (doubly degenerate). Several more dark and bright excitons are seen but they
appear concentrated in the region between 2.0 and the quasiparticle gap at ∼3.0 eV. No excitons occur near 1.5 eV. Interestingly,
when calculating the BSE dielectric function at finite q, shown in Fig. 2, we can see a weak peak for E ⊥ c below 1 eV close to
but even lower than the dark exciton calculated at q = 0. It thus appears that this dark exciton may become slightly allowed at
finite q with a matrix element proportional to q and also that this exciton disperses downward in energy with q.

In comparing to the various experimental data, it appears that our lowest optical exciton being near 2.0 eV is consistent with
the data of Refs. [4,5] who report onsets ∼2 eV from Tauc plots and Kushida and Kuriyama [6] who report a main absorption
band at 2 eV related to d-d transitions but less well with [7] who found lower energy absorption features near 1.7 eV in
differential absorption, identified as the gap in their paper, and lower energy features at ∼0.8 and ∼0.65 eV. Liu et al. [8] also
found an absorption feature around 1.7 eV but mostly for LixCoO2 with x < 1. The experimental situation is thus still confusing,
in large part because of different types of micro- or nanostructure and different Li content in the samples resulting from different
synthesis conditions.

Finally, we add some new information on the localization of the excitons. The k space and band contributions to a few of
the excitons are given in Fig. 4. In this figure for each valence band v at k and a given exciton λ, the W λ

vk = ∑
c |Aλ

vck|2 is
indicated as a colored circle of size proportional to W λ

vk and likewise for the conduction bands W λ
ck = ∑

v |Aλ
vck|2, with Aλ

vck
the eigenvector of exciton λ in the transition state basis. The values are interpolated to the symmetry lines from the computed
grid of k values used in the two-particle Hamiltonian. We can see that consistent with the original paper, the excitons are very
broadly spread in k space and mainly arising from the top three and bottom two conduction bands, which are Co-dt2g and Co-deg

type bands, respectively. Nonetheless, we can now see some difference between the dark and the bright excitons. The dark
excitons are more uniformly spread throughout the entire Brilllouin zone, while the bright excitons are a bit more localized near
the maxima and minima along �-M and �-K and along L-A and A-H . We here use the kz = 0 (M-�-K) and kz = 3π/c (L-A-H)
slices of the hexagonal conventional cell Brillouin even though we still use a primitive rhombohedral cell. Here, c is the lattice
constant of the hexagonal cell along the main symmetry axis z. The L-A-H plane lies in the top plane of the rhombohedral zone.
We can also see that the top valence band makes a stronger contribution for the bright exciton polarized along c.

(a) (b) (c) (d)

FIG. 4. Band weights of the excitons: (a) lowest dark, (b) second dark, (c) lowest bright in E ‖ c, and (d) lowest bright in E ⊥ c, in order
of increasing energy.
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FIG. 5. Exciton wave functions for (a) lowest dark, (b) second dark, (c) lowest bright exciton in E ‖ c, and (d) lowest bright in E ⊥ c
polarizations. The yellow isosurface shows |
(rh, re)|2 for fixed rh hole position as a function of the re electron position. The blue plane
presents a cut through a (111) plane of the structure just below the central Co where the hole is located and the atoms above it were removed
from the figure except for the first layer of O atoms. Co, blue; Li, green; O, red spheres. The isosurface level is taken at 2% of the maximum
value.

The real space extent of a few excitons is illustrated in Fig. 5. We can see that the first dark exciton is highly localized
on the central Co and its six nearest neighbor O atoms, while the second is significantly more delocalized. The bright exciton
in the E ⊥ c polarization, on the other hand, shows no contribution on the central Co but rather on its six nearest neighbor Co
and the O linking them to the central O. The z-polarized exciton shows contributions on the central Co and extending out to
two rings of Co neighbors. They are similar in delocalization to the second dark exciton. Similarly, Fig. 6 shows how the holes
are distributed when the electron is fixed at the central Co. In all cases, we can see that the exciton is strongly confined close to
the Co plane on which either hole or electron is fixed. We can see that although all the excitons come primarily from the Co-d
bands, the electron and hole localizations are different.

In summary, a mistake in labeling the polarization dependence of the optical dielectric function that occurred in the original
paper because of an inopportune choice of Cartesian axes was here corrected. Improved calculations confirm the existence of
strongly bound excitons in LiCoO2 but with slightly lower binding energies. The spatial localization of the low-lying excitons
was calculated and shows localization within the first few neighbors with considerable charge-transfer characteristics rather than
a Frenkel exciton localized on a single Co atom.
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FIG. 6. Exciton wave functions for (a) lowest dark, (b) second dark, (c) lowest bright exciton in E ‖ c, and (d) lowest bright in E ⊥ c
polarizations. The yellow isosurface shows |
(rh, re)|2 for fixed re electron position as a function of the rh hole position. The blue plane
presents a cut through a (111) plane of the structure passing through the central Co where the hole is located and the atoms above it were
removed from the figure except for the first layer of O atoms. Co, blue; Li, green; O, red spheres. The isosurface level is taken at 2% of the
maximum value.
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