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Robustness of electronic screening effects in electron spectroscopies: Example of V2O5
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In bulk and low-dimensional extended systems, the screening of excitations by the electron cloud is a key
feature governing spectroscopic properties. Widely used computational approaches, especially in the framework
of many-body perturbation theory, such as the GW approximation and the resulting approximate Bethe-Salpeter
equation, are explicitly formulated in terms of the screened Coulomb interaction. In the present work, we explore
the effect of screening in absorption and electron energy loss spectroscopy, concentrating on the effect of local
distortions on the screening and elucidating the resulting changes in the various spectra. Using the layered bulk
oxide V2O5 as prototype material, we show in which way local distortions affect the screening, and in which way
changes in the screening impact electron energy loss and absorption spectra including excitons. We highlight
cancellations that make many-body effects in the spectra very robust with respect to structural modifications,
while the band structure undergoes significant changes and the nature of the excitations may also be affected.
This yields insight concerning the structure-properties relations that are crucial for the use of V2O5 as energy
storage material, and more generally, that may be used to optimize the analysis and the calculation of electronic
spectra in complex materials.
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I. INTRODUCTION

Electronic excitations determine materials properties and
functionalities that are crucial for a wide range of techno-
logical applications. Their theoretical analysis and prediction
can therefore accelerate the discovery and design of materials
with tailored properties. However, this remains a challenging
problem for two main reasons: The effect of the electronic
interactions and the inherent complexity of real materials.
On the one hand, the electron-electron interaction strongly
affects the excitation spectra of materials with respect to an
independent-particle picture [1]. The Coulomb interaction is,
in particular, at the origin of the collective excitations of the
electronic charge, known as plasmons [2], and it is responsible
for the formation of bound electron-hole pairs, termed exci-
tons [3]. Plasmons and excitons characterize the dielectric and
optical properties of materials and play a key role as energy
carriers for all energy conversion and storage technologies.
They are the central objects of plasmonics and excitonics,
respectively, where their study is of fundamental importance
in order to improve the efficiency of optoelectronic devices
while reducing their size [4,5]. On the other hand, real materi-
als differ in several ways from the ideal picture of perfectly
periodic crystals that is usually assumed in the theoretical
simulation of electronic excitation spectra. Besides the ther-
mal motion of the atoms around their equilibrium positions,
or the presence of defects such as vacancies and impurities,
static atomic displacements and tiltings can make the atomic
local environment different from the macroscopically aver-
aged crystal structure that is determined from x-ray diffraction

(XRD) data. Especially in transition metal compounds, where
the electrons remain tightly localized around the ions, the
electronic properties can be strongly affected by different
local environments due to positional or magnetic symmetry
breakings [6–9].

In this context, vanadium pentoxide V2O5 is a particu-
larly interesting case. It is an attractive material for a wide
range of environmental applications, such as decontamination
treatment, gas sensing, supply of clean and renewable energy
(including photocatalysis and photovoltaics), energy storage
(for rechargeable lithium-ion batteries), and smart windows
(thanks to its electrochromic properties) [10–20].

V2O5 has a peculiar layered crystal structure [21]. The lay-
ers, stacked along the z direction, are made of ladder structures
with V-O zigzag chains forming the legs along the y direction
which are connected by V-O-V rungs along x (see Fig. 1).
Besides the chain Oc atoms in the legs and bridge Ob atoms in
the rungs, a third kind of oxygen atoms, called vanadyl oxygen
Ov , are located just above or below the V atoms. The resulting
basic units are VO5 pyramids formed by a vanadium atom
and its five nearest oxygen neighbors (see Fig. 1). In each
layer, pairs of VO5 pyramids point along the +z direction,
alternating with pairs of pyramids pointing in the opposite
−z direction. VO6 octahedra, which are more common in
other vanadates, can be formed, although strongly distorted,
only by adding to the group another Ov atom from a neigh-
boring pyramid.

The peculiar crystal structure of V2O5 is directly re-
flected into its electronic properties. Its low-dimensional
nature is revealed by the weakly dispersing top-valence and
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FIG. 1. Crystal structure and electronic properties of V2O5. (a) V2O5 layers are stacked along the z axis. V atoms are grey and O atoms
are red. Highlighted in yellow is one V-Ob-V rung. The orthorhombic unit cell (space group Pmmn) is represented by the black lines. (b) The
elementary units of the V2O5 layers are VO5 pyramids, formed by one V atom, two chain oxygen atoms (Oc1 and Oc2), one bridge oxygen (Ob),
and one vanadyl oxygen (Ov1). The corresponding bond lengths are reported in Table I. (c) LDA band structure and corresponding projected
density of states (PDOS). The bold line indicates the top valence band. (d) The first Brillouin zone with the labels of high-symmetry k points.

bottom-conduction bands, which are separated by a relatively
large indirect gap [see Fig. 1(c)]. Consistently with the ionic
picture of a d0 configuration, the valence band is mainly occu-
pied by O 2p electrons, while the conduction band is mainly
due to V 3d states [as shown by the projected density of states
(PDOS) in Fig. 1(c)]. However, O 2p and V 3d orbitals are
also strongly hybridized. The V-O atomic distances determine
the size of the bonding-antibonding splitting, which is larger
for the short V-Ob and V-Ov bonds, and smaller for the
longer V-Oc bonds (see Table I). The antibonding interactions
also depend on the V 3d orbital symmetry. As analyzed in
Refs. [22,23], the V dxy orbitals have the weakest interaction
with the nearest oxygen. In particular, the dxy orbitals on the
two vanadium atoms across a V-Ob-V rung that have equal
parity are odd with respect to the mx mirror plane passing
through the bridge Ob. Hence, this dxy pair has no interaction
with the Ob py orbital and is orthogonal to both Ob px and
Ob pz orbitals. This structural peculiarity gives rise to a split-
off band separated from the remaining conduction bands.

A strong interplay between atomic displacements and elec-
tronic properties is therefore expected in V2O5 [24]. Indeed,
Eyert and Höck [25] have shown that a hypothetical V2O5

crystal structure built from regular VO6 octahedra, instead
of the strongly distorted ones of the real structure, yields
a metallic band structure. This strong sensitivity has also
important practical consequences for lithium-ion batteries.
While the processes of Li intercalation and delithiation do

TABLE I. Bond lengths of the ideal and distorted V2O5 struc-
tures (in Å). In the ideal structure, for each kind of bond, the length
values are all the same. In the distorted structures, instead, they are
not all equivalent anymore: The shortest and longest atomic distances
for each kind of bond are therefore reported.

Structure V-Ob V-Oc2 V-Oc1 V-Ov1

Ideal 1.78 2.02 1.88 1.58
B1

1g dmax = 0.03 Å 1.78 2.02 1.86 1.89 1.58

B5
1u dmax = 0.02 Å 1.77 1.79 1.99 2.05 1.88 1.58

B5
1u dmax = 0.12 Å 1.72 1.84 1.85 2.19 1.87 1.89 1.58

B6
2g dmax = 0.04 Å 1.72 1.83 2.02 1.88 1.58

B6
2g dmax = 0.13 Å 1.63 1.92 2.00 2.04 1.88 1.57 1.59

not modify V2O5 lattice parameters substantially, they perturb
the local structure of the neighboring V2O5 pyramids, causing
considerable band structure changes and a degradation of
the electrochemical performance [26–31]. Moreover, charge
carriers in V2O5 are interpreted as small polarons [32–36],
i.e., the combination of electrons and accompanying lattice
distortions, which hinders electronic and ionic mobilities. Ad-
dressing these issues is critical to enhance the performance of
V2O5 as a clean energy functional material.

The following question, therefore, assumes special impor-
tance for the physics of V2O5. If the atoms of V2O5 are
slightly displaced away from the equilibrium positions of the
crystal structure determined from XRD data, what is the effect
on the electronic properties and the excitation spectra? And
are all properties affected in the same manner? If not, are
there pieces of information that one could transfer from the
ideal material to more complex structures, and can we un-
derstand why? In the present work, we contrast two different
kinds of spectroscopy: Optical absorption and electron energy
loss spectroscopy (EELS), which are popular experimental
techniques to determine, respectively, the excitonic and plas-
monic properties of materials. Addressing this question at the
specific example of V2O5 holds a more general relevance,
concerning the impact of structural distortions on dielectric
screening and many-body effects due to the electron-electron
and electron-hole interactions.

The present paper is organized as follows. Section II sum-
marizes the methodology and the computational parameters
that have been employed for this study. The excitation spectra
of V2O5 in its ideal crystal structure are first analyzed in
Sec. III A. The impact of prototypical atomic displacements
on the absorption spectrum, the dark excitons, and the loss
function is then investigated in Sec. III B. Finally, Sec. IV
discusses the role of screening in various places and the
importance of canceling of different contributions, while con-
clusions are drawn in Sec. V.

II. METHODOLOGY

A. Theoretical background

Electronic excitations spectra [37] of V2O5 have been
calculated using linear-response time-dependent density
functional theory [38,39] (TDDFT) and the Bethe-Salpeter
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equation [40] (BSE) in the framework of many-body pertur-
bation theory [1] (MBPT).

Within TDDFT, the density-density response function χ is
obtained as a solution of the Dyson-like equation:

χ = χ0 + χ0(vc + fxc)χ, (1)

where χ0 is the independent-particle response function built
with Kohn-Sham (KS) orbitals and energies, vc is the
Coulomb interaction, and fxc is exchange-correlation (xc)
kernel that is the functional derivative of the KS xc potential
Vxc with respect to the density. The simplest approximation is
the random-phase approximation (RPA) that sets fxc = 0.

In reciprocal space, the response functions and the xc
kernel are matrices in the reciprocal lattice vectors G
and G′, and functions of the frequency ω and the first-
Brillouin-zone wave vector q. The Coulomb interaction is
vc(q + G) = 4π |q + G|−2. From the response function χ ,
one can directly evaluate the inverse microscopic dielectric
function:

ε−1
G,G′ (q, ω) = δG,G′ + vc(q + G)χG,G′ (q, ω), (2)

and the macroscopic dielectric function from the averaging
procedure [41,42]:

εM (q, ω) = 1

ε−1
G=G′=0(q, ω)

. (3)

Equation (3) takes into account crystal local field effects
(LFEs), because the dielectric matrix is inverted before the
macroscopic average G = G′ = 0 is taken. Neglecting LFEs
would simply lead to: εM (q, ω) � εG=G′=0(q, ω). The optical
absorption spectrum is given by the long-wavelength limit:
ε2(ω) = limq→0 Im εM (q, ω), whereas the loss function mea-
sured by EELS as a function of the momentum transfer q is
given by −Im ε−1

M (q, ω). By expressing the loss function in
terms of the real and imaginary parts of the dielectric function
εM (q, ω) = ε1(q, ω) + iε2(q, ω), one has

−Im ε−1
M (q, ω) = ε2(q, ω)

[ε1(q, ω)]2 + [ε2(q, ω)]2
.

Peaks of the loss function which match zeros of the real
part of the dielectric function ε1(q, ω) correspond to plasmon
resonances.

Within MBPT, the quasiparticle (QP) addition and removal
energies that form the band structures of materials can be
obtained from the poles of the one-particle Green’s function
G(r, r′, ω). The effects of the electron-electron interaction
beyond the electrostatic Hartree potential are encoded in
the self-energy �xc(r, r′, ω). In the GW approximation [43]
(GWA), �xc(ω) is given by the convolution between G(ω) and
the screened Coulomb interaction W (ω) = ε−1(ω)vc evalu-
ated in the RPA. In the G0W0 scheme [44,45], the KS Green’s
function is used to build the RPA W0 and the self-energy.
Moreover, usually the QP energies Enk are obtained as first-
order perturbative corrections to the KS eigenvalues εnk as

Enk = εnk + Znk〈ϕnk|�xc(εnk ) − Vxc|ϕnk〉, (4)

where ϕnk are KS orbitals and the QP renormalization factors
are Znk = [1 − 〈 ∂�xc(ω)

∂ω
|εnk〉]−1. Alternatively, QP energies and

orbitals entering the GW self-energy are calculated self-
consistently, notably within the quasiparticle self-consistent

GW (QSGW ) scheme [46]. While the QSGW results do not
depend on the KS starting point, the calculations are compu-
tationally much more expensive than the G0W0 ones.

In principle, one can obtain also response properties ex-
actly in MBPT, by solving the Bethe-Salpeter equation.
Approximations are available that yield exciton proper-
ties of materials accurately [47–49]. In particular, in the
GWA with a statically screened Coulomb interaction W ,
the BSE can be reformulated as an electron-hole (excitonic)
Hamiltonian problem: HexcAλ = EλAλ. In the basis |vck〉
of resonant transitions between occupied vk and unoccu-
pied states ck, and neglecting the coupling with antiresonant
transitions (Tamm-Dancoff approximation), the excitonic
Hamiltonian reads

〈vck|Hexc|v′c′k′〉 = Evckδvv′δcc′δkk′ + 〈vck|v̄c − W |v′c′k′〉.
(5)

Here Evck = Eck − Evk are the GWA transition energies be-
tween occupied and empty states, while the electron-hole
interaction matrix elements are the sum of the attractive direct
electron-hole interaction −W and the repulsive electron-hole
exchange interaction v̄c given by the microscopic compo-
nents (i.e., G �= 0) of the bare Coulomb interaction. In
the Tamm-Dancoff approximation, which is usually a good
approximation for semiconductors and insulators [37], the
optical absorption spectrum is obtained from the eigenvectors
Avck

λ and eigenvalues Eλ of the excitonic Hamiltonian as

ε2(ω) = lim
q→0

8π2

�q2

∑
λ

∣∣∣∣∣
∑
vck

Avck
λ ρ̃vck(q)

∣∣∣∣∣
2

δ(ω − Eλ), (6)

where � is the crystal volume, and the oscillator strengths
are ρ̃vck(q) = ∫

ϕ∗
vk−q(r)e−iq·rϕck(r)dr. With respect to the

independent-particle approximation where the electron-hole
interactions are neglected, peaks in the BSE absorption
spectra are located at the exciton energies Eλ, instead of
Evck, and have modified intensities resulting from the mix-
ing of the oscillator strengths that are modulated by the
excitonic coefficients Avck

λ . In this context, the exciton bind-
ing energy is defined as the energy difference between
the minimum direct gap energy Evck and the exciton en-
ergy Eλ. Supposing that in the q → 0 limit the oscillator
strengths

∑
vck Avck

λ ρ̃vck are approximately proportional to
1/Eλ, Eq. (6) reduces to ε2(ω) ∝ JDOS(ω), with the joint
density of states JDOS(ω) = 2

�ω2

∑
λ δ(ω − Eλ).

B. Computational details

In our calculations, the ideal crystal structure of V2O5,
which is shown in Fig. 1, has a Pmmn orthorhombic symmetry
with 14 atoms per unit cell, and the experimental lattice pa-
rameters [21] a = 11.512 Å, b = 3.564 Å, and c = 4.368 Å.
This reference crystal structure will be compared to less
symmetric unit cells, where the atomic positions have been
displaced, as detailed in Sec. III B. In all simulations, we
have used norm-conserving Troullier-Martins [50] pseudopo-
tentials, including 3s and 3p semicore states for vanadium in
the valence (total of 112 electrons), which have been already
validated in previous studies on vanadates [51,52]. The KS
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ground-state calculation, in the local density approximation
(LDA), converged with an energy cutoff of 100 Hartree and a
4×4×4 k-point grid.

TDDFT calculations were performed within the RPA using
145 conduction and 41 valence bands. When comparing to
the loss function calculated with the computationally more
expensive BSE (Fig. 2) we have used 4×4×4 k-point grid;
for the comparison of the calculated loss function to ex-
periment (Fig. 3), we have used a 6×6×6 k-point grid,
and a 8×8×8 k-point grid to see the fine differences be-
tween the loss functions of ideal and distorted structures
(Fig. 8). The k-point convergence study is reported in
Supplemental Material (SM) [53].

In the perturbative GW calculations, the dielectric matrix
within a cutoff energy of 4.9 Hartree was computed within the
RPA with LDA energies that were scissor-corrected to match
the G0W0 band gap at the � point, using a 4×4×4 k-point grid
and 350 bands, while the self-energy required 700 bands and
52 Hartree cutoff energy.

The BSE spectra have been obtained with a 4×4×4
k-point grid, with 15 valence and 16 conduction bands for
absorption spectra (resulting in the converged spectra up
to 7 eV), and 41 valence and 60 conduction bands for
EELS spectra that were converged up to 23 eV. The BSE
Hamiltonian, Eq. (5), has been built, following the standard
approach, using results from the perturbative GW calcula-
tions (with LDA wave functions and scissor corrected LDA
energies) and a statically screened interaction W calculated
in RPA with scissor-corrected LDA energies. In Ref. [54],
the BSE Hamiltonian for the ideal V2O5 crystal structure
was built on the basis of an expensive QSGW calculation.
The computational scheme employed here slightly reduces the
exciton binding energy (e.g., from 1.0 to 0.8 eV in the case of
the bright exciton, see first row of Table IV). However, most
importantly, it gives the same physical picture of excitonic
effects and makes the study at the same time meaningful
and computationally feasible for the several distorted crystal
structures analyzed in the present work. More in general, all
computational ingredients have been checked in this sense,
where we could benefit from our results in Ref. [54], which
contains a detailed analysis of the sensitivity of the absorp-
tion spectra with respect to the ingredients and computational
choices in the BSE. We used this to set the frame which
allows us in the present work to make comparisons that are
significant, but obtained at a reasonable computational cost.
Appendixes A 1 and A 2 discuss in detail, respectively, the
k-point convergence and the validity of the scissor correction
approximation. A 0.15 eV Gaussian broadening was applied
to the energy loss spectra and 0.1 eV to the absorption spectra.
LDA and GW calculations were carried out with ABINIT [55],
while the DP [56] and EXC codes [57] were used for TDDFT
and BSE calculations, respectively.

III. RESULTS

A. Spectra of the ideal crystal

1. Absorption spectra and exciton properties

Absorption spectra of the ideal V2O5 crystal structure have
been recently investigated in Ref. [54] by us. Here we sum-

marize the main findings and we refer to Ref. [54] for a more
extended discussion.

Our BSE calculations in Ref. [54] showed that the first
peak at the onset of the absorption spectra is a tightly bound
exciton, which is characterized by a large average electron-
hole distance. The properties of this exciton are therefore
in contrast with the textbook picture of the Frenkel exciton
model, where a large exciton binding energy is associated
with a strong localization of the electron-hole pairs [3,58]. We
explained this unusual behavior by means of a tight-binding
model representing the charge transfer nature of the exciton
that stems from electron-hole transitions within the V-Ob-V
rungs having a mirror symmetry. The solution of the model
gives an exciton wave function localized in the y and z di-
rections but delocalized along x. Within the model, in this
direction its extension is much larger than the V-Ob-V dis-
tance and does not depend on the strength of the electron-hole
interaction.

The BSE calculation also revealed the presence of a pair
of dark excitons (one for each V-Ob-V rung in the unit cell)
below the onset of the optical spectrum. Even though they
have a negligible dipole oscillator strength and therefore are
not visible in the absorption spectrum, dark excitons play
an important role in disexcitation processes like as phonon-
assisted luminescence and light emission [59–61]. In V2O5,
the dark excitons result from the same charge transfer transi-
tions within the V-Ob-V rungs as the bright excitons at the
optical onset and are described by the same tight-binding
model. These excitons are dark because of the destructive
interference of single-particle transitions that are instead in-
dividually bright. Our tight-binding model showed that this
is a consequence of the peculiar crystal symmetry of V2O5.
Therefore of particular interest here is what happens to the
dark excitons when the structure is distorted and the symmetry
broken.

2. Electron energy loss spectra

While Ref. [54] dealt with the exciton properties and the
absorption spectrum of V2O5, here we also investigate its
loss function. Its analysis provides a significant complemen-
tary viewpoint on the impact of local atomic distortions on
many-body effects. Indeed, the loss function is dominated
by plasmon excitations, which are usually associated with
the long-range nature of the Coulomb interaction. Moreover,
EELS allows for the study of the wavevector dependence of
the electronic excitations, well beyond the dipole limit probed
by optical spectroscopy.

The top panels of Fig. 2 compare the loss functions in the
long-wavelength limit −Im ε−1

M (q → 0, ω) calculated from
the solution of the BSE with the spectra obtained within the
GW independent-particle approximation (IPA) and the RPA of
TDDFT. While in the latter the independent-particle energies
in χ0, see Eq. (1), are KS eigenvalues in the LDA, in the
GW -IPA they are corrected by a rigid scissor that opens the
band gap, simulating the GW corrections. The GW -IPA, how-
ever, completely neglects electron-hole interactions.

In comparison to the absorption spectra, excitonic effects
are less prominent in the loss function. In the x and y direc-
tions, the GW -IPA spectra are mainly a blueshift of the RPA
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FIG. 2. Loss function −Imε−1
M (q → 0, ω) (top) and corresponding imaginary part ε2(q → 0, ω) (middle panels), and real part

ε1(q → 0, ω) (bottom) of the macroscopic dielectric function of V2O5 in the three Cartesian directions x (left), y (center), and z (right),
computed within the TDDFT-RPA (green), the GW -IPA (orange) and the BSE (blue).

spectra, as an effect of the GW band-gap opening. Electron-
hole interactions in the BSE have two main effects: They make
the main peak at 11 eV broader, and they induce a redshift
that partially compensates the difference between RPA and
GW -IPA at the onset of the spectra. As a result of these
cancellations, RPA spectra are much more similar to BSE than
GW -IPA spectra. Most importantly, excitonic effects do not
create new strong peaks within the band gap, since the dom-
inant excitonic peaks in the absorption spectra are strongly
renormalized, and become insignificant, in the EELS. In the
z direction, besides those global shifts, a redistribution of
spectral weight is also apparent between GW -IPA spectra on
one side and RPA and BSE spectra on the other side. This is a
manifestation of crystal local fields that will be analyzed more
in detail in the following. In any case, here we can already
conclude that the main features in the loss function in V2O5

are adequately described at the level of the RPA, which will
therefore also be adopted to investigate the dispersion of the
loss function as a function of the momentum transfer.

From the analysis of the RPA and BSE loss functions in
terms of the real and imaginary parts of the dielectric func-
tion shown in the middle and bottom panels of Fig. 2, we
find that the 11 eV peak in the loss functions corresponds
to a zero of ε1(q → 0, ω). Therefore it can be ascribed to
a collective plasmon resonance rather than to an interband
electron-hole excitation [62]. The spectral features at lower
energies in the loss function are instead associated to peaks of

ε2(q → 0, ω) and can therefore be considered to stem from
interband transitions between the top-valence O 2p bands
and the V split-off conduction bands. Finally, the very broad
peak at larger energies around 23 eV matches a minimum of
ε1(q → 0, ω), which however never crosses the zero axis. We
can therefore assign it to a plasmon that is strongly damped
by the interaction with single-particle excitations. While the
plasmon at 11 eV is due to excitations of O 2p electrons into
the V 3d empty bands, the broad plasmon at 23 eV is due to
excitations to higher energy empty bands.

Figure 3 shows the RPA loss function −Imε−1
M (q, ω) for

several momentum transfers q along the three Cartesian di-
rections, calculated with or without the inclusion of local
field effects (LFEs) over an extended energy range. The
calculations are compared to the experimental EELS spec-
tra of Ref. [62]. For x and y directions, LFEs affect the
spectra especially at large energies and have a stronger im-
pact for increasing size of the momentum transfer. In the
z direction, which is perpendicular to the V2O5 layers, the in-
homogeneities are larger. Therefore LFEs are much stronger,
inducing essentially a blueshift of the spectra. As a result,
the spectra along z are much more affected by LFE than
the spectra along the in-plane x and y directions where the
inhomogeneity is smaller. For the momentum transfers and
in the whole energy range for which experimental results
are available, the agreement with the calculated spectra is
very good. Both the simulations and the experiment in the x
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FIG. 3. Dispersion of the loss function −Imε−1
M (q, ω) as a function of momentum transfer q in the three Cartesian directions, computed

within TDDFT-RPA with (solid lines) and without (dashed lines) crystal local field effects, and comparison to EELS experimental data [62]
(black dots). A vertical offset has been added to the spectra for improved clarity. The size of the theoretical or experimental momentum transfer
is reported next to each spectrum.

and y directions display a main peak at ∼11 eV. The main
peak is preceded by smaller spectral features and an onset
located at ∼3 eV. All the peaks show little dispersion as a
function of momentum transfer reflecting the localized char-
acter of the electronic excitations. The intensity of the main
peak at ∼11 eV turns out to be systematically larger in the
calculations than in the experiment. We note that the momen-
tum resolution in the EELS experiment [62] is as large as
0.05–0.06 Å−1. Therefore the resulting intensity of the mea-
sured peaks may have been strongly reduced in the experiment
as a consequence of the angular integration. As a matter of
fact, it is plausible that the experimental spectra for q along
x and y in reality also contain contributions coming from the
out-of-plane z direction, where at the same energy loss the
calculated loss function does not display any intense feature.
This also calls for further measurements with improved angu-
lar resolution, also for momentum transfers q along z, where
experimental data are presently not available.

B. Effects of distortions

To study the impact of atomic displacements in V2O5 in de-
tail, in the following we compare the spectra calculated in the
ideal crystal structure with those obtained by slightly displac-
ing the atoms of V2O5 inside the unit cell. The displacements
we have chosen were inspired by related observations, in par-
ticular, phonon modes. However, it is important to stress that
we do not claim that our distorted structures would correspond
to crystals that are closer to realistic samples than the ideal
structure, not least because we keep the unit cell unchanged.
Instead, they may be considered to be prototype distortions
that allow us to analyze representative effects on absorption
and loss function, both in view of the effects of distortions that
are observed in applications based on nanostructured V2O5,

and to draw general conclusions about the impact of local
distortions in different kinds of spectroscopy.

1. Away from the ideal crystal

We consider deformations of the crystal structure of V2O5

from the experimental x-ray diffraction (XRD) positions [21]
along the phonon modes calculated in Ref. [63]. In the follow-
ing, we show spectra obtained in the structures distorted along
three representative vibrational modes: B1

1g, B5
1u, and B6

2g.
While the B1

1g mode contains only displacements along the
y direction, notably for V and Ov atoms, both the B5

1u and B6
2g

modes contain x and z motions. In particular, the B5
1u mode

mainly corresponds to a stretch of the V-Oc bond, while B6
2g is

a V-Ob bond-stretch mode with a motion of the Ob atoms op-
posite to each other [63]. The phonon frequencies, ωv , of these
modes are: 147 cm−1 for B1

1g, 963 cm−1 for B6
2g (from Raman

spectroscopy data) [64] and 570 cm−1 for B5
1u (from infrared

spectroscopy [65]). While these phonons except for B1
1g are

not contributing significantly to the thermal motion, they may
still have an effect via the zero-point-motion electron-phonon
coupling band gap and exciton renormalization. The charac-
teristic length of a phonon mode v, lv = √

h̄/2Mωv is about
0.08 Å for the B6

2g mode and 0.11 Å for the B5
1u mode. (In

the chosen modes, the maximum displacement corresponds
to the O atom, so we used the O mass in these order of
magnitude estimates.) These are comparable in magnitude
to the arbitrarily chosen amplitudes here. However, beside
possible zero-point motion corrections, within this work we
are primarily concerned with the static local distortions, which
may arise for various reasons, including sample preparation
or nanostructuration. Therefore, within a reasonable range,
the amplitudes of displacements are chosen arbitrarily con-
serving the relative motion of atoms along the corresponding
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FIG. 4. LDA band structures of the ideal and distorted structures. The bold dashed lines indicate the top-valence band. The considered
displacement corresponds to the largest one in Table I. The band structure of the crystal distorted along the B1

1g mode (left-most panel) almost
entirely overlaps that of the ideal structure. The size of the orange circles is proportional to the contribution |Avck

λ ρ̃vck| to the lowest energy
exciton in the y polarization direction (see Sec. III B 4).

phonon modes. For the B5
1u and B6

2g modes we have also
considered a small and a large distortion (for each structure the
largest displacements dmax are indicated in the first column of
Table I). For the distortions examined in the present work, the
bond length changes are reported in Table I. All the atomic
positions of the deformed structures are listed in SM [53]. The
visualization of phonon modes can be found in Ref. [63].

2. Effects of distortions on the band structure

Figure 4 shows the LDA band structures of the ideal and
distorted structures in the regime of the largest atomic dis-
placements. The LDA band gap1 of the ideal structure is
1.8 eV. In the B1

1g case (left-most panel) the band structure
almost entirely overlaps that of the ideal V2O5 crystal. In
all the other cases, instead, the band structure is strongly
affected, with the band dispersions that are largely modified
everywhere. As a consequence the LDA indirect band gap is
reduced and goes from 1.74 eV for the B1

1g to 1 eV for B5
1u

and 0.65 eV for B6
2g case. The changes are the largest for the

B6
2g case (third panel in Fig. 4), where the two narrow bottom

conduction bands are split everywhere across the Brillouin
zone. The bands around the band gap therefore turn out to
be very sensitive to the V-Ob bond stretch, distinctive of the
B6

2g phonon mode, and, to a smaller extent, to the V-Oc bond
stretch, associated to B5

1u phonon mode. They are instead quite
stable with respect to displacements along y of the Ov atoms
(B1

1g mode). In the next section, we will examine how these
modifications of the band structures due to the crystal defor-
mations are reflected into changes of the optical properties.

1We note that the LDA gives similar results for V2O5 to the
generalized gradient approximation [66] (GGA) (see also, e.g.,
Refs. [67–69]). In particular, for the ideal structure, we obtain a GGA
band gap of 1.84 eV.

3. Absorption spectra of the distorted crystal

For both GW and BSE calculations, an expensive part of
the computation is the evaluation of the screened Coulomb
interaction W . In principle, its calculation should be repeated
for each of the different distorted structures. In Fig. 5, we
analyze a possible shortcut for the BSE absorption spectra of
the structure with the largest distortion for the B6

2g mode. It is
interesting to examine here this specific case more in detail
since its band structure is the most affected by the crystal
deformation.

In particular, we assess the possibility for the BSE spectra
of the distorted structure to employ the screened Coulomb
interaction Wideal of the ideal structure instead of Wdist of the
distorted structure. The spectra remain very similar (compare
blue and orange spectra): Using Wideal at the place of Wdist does
not alter significantly the BSE absorption spectra of the B6

2g
distorted structure. On the basis of these observations, we can
conclude that we can safely calculate the absorption spectra
of all the other distorted crystal structures (where the changes
in the band structures are smaller than for the B6

2g case) using
the screened interaction Wideal of the ideal crystal structure.
We will analyze and explain these observations in detail in
Sec. IV.

Figure 6 compares the absorption spectra ε2(ω), calcu-
lated along the three Cartesian polarization directions, for all
distorted crystal structures to the spectra of the ideal V2O5.
To examine how the excitonic properties of V2O5 change
when the crystal structure is modified, we first consider the
situations where the distortions along the phonon modes are
small, with the largest displacements between dmax ∼ 0.02 Å
and ∼0.04 Å. While the B1

1g mode has a negligible effect on
the spectra, for the B5

1u mode and especially the B6
2g mode the

changes are sizable in all directions (compare gray and blue
lines in Fig. 6). For the larger crystal distortions along the B5

1u
and B6

2g phonon modes, there are conspicuous changes in the
spectra (compare gray and orange solid lines in Fig. 6): The
energy of the first bright exciton is redshifted by up to 0.7 eV
and the shape of the lowest energy peaks is strongly modified.
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FIG. 5. The absorption spectra, in the three Cartesian polarization directions, (left) x, (middle) y, and (right) z, of the crystal structure
distorted along the B6

2g mode, for the case of the largest displacement, using the BSE with Wideal (orange lines) or the screened interaction Wdist

of the distorted structure (blue lines).

FIG. 6. Absorption spectra of the distorted crystal structures (orange and blue lines) compared to the absorption spectra in the V2O5 ideal
structure (gray lines). The spectra are obtained from the solution of the BSE (solid lines) and from the GW -IPA (dashed lines), where e-h
interactions are neglected. The dmax values are the largest atomic displacement in the unit cell with respect to the ideal crystal (see Table I).
For the B5

1u and B6
2g phonon modes both a small (blue lines) and large (orange lines) displacement are considered. The arrows for the structures

distorted along the B6
2g and B5

1u modes indicate the lowest exciton energy, which is perfectly dark in the ideal V2O5 structure (black arrows),
but not in the y direction in the distorted structures (orange arrows).
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TABLE II. Energy of the first bright exciton (termed “Optical
onset”) for x polarization from BSE calculation, smallest direct
band gap from scissor-corrected LDA and exciton binding energy Eb

(in eV) of the lowest energy bright and dark excitons for the ideal
and distorted V2O5 structures.

Optical Direct Eb Eb

Structure onset bandgap bright dark

Ideal 3.4 4.2 0.8 1.3
B1

1g dmax = 0.03 Å 3.4 4.2 0.8 1.3

B5
1u dmax = 0.023 Å 3.4 4.2 0.8

B5
1u dmax = 0.12 Å 3.1 3.8 0.7 1.1

B6
2g dmax = 0.04 Å 3.4 4.1 0.7

B6
2g dmax = 0.13 Å 2.7 3.3 0.6 1

By comparing the GW -IPA spectra (dashed lines), we ob-
serve that the effects of the distortions are already largely
visible: The BSE spectra (solid lines) actually follow the same
trends of the GW spectra. The redshifts of the energies of the
first bright excitons, see Table II, are the combined effect of
two changes: The shrinkage of the GW direct band gap and
the reduction of the exciton binding energy. We find that the
band gap change gives the largest contribution to the spectral
redshift, while the binding energies of both the lowest energy
bright and dark excitons remain comparatively more stable.
We will analyze the origin of these changes more in detail in
Sec. IV.

For the B5
1u and B6

2g modes, the BSE spectra (orange solid
lines) in the y direction also develop a tail on the low-energy
side of the first prominent peak (see orange arrows). This
points to the fact that the lowest energy exciton that is per-
fectly dark in the ideal V2O5 structure (see black arrows) has
some nonvanishing oscillator strength in the y direction in
these distorted structures.

This lowest energy exciton in the y polarization shifts to
2.3 and to 2.7 eV when applying the B6

2g and B5
1u phonon

distortions respectively. The ε2 for these two excitons is about
25 and 13 times smaller than for the first bright exciton in
this polarization for the perfect crystal, and this is for phonon
amplitudes that are still somewhat larger than our estimate of
the corresponding phonon length scale lB6

2g
and lB5

1u
from the

zero-point motion. However, this is still compatible with the
2 orders of magnitude lower absorption at the 2.3 eV onset
than for the bright exciton near 3 eV in Ref. [70]. Thus the
often quoted lower band gap extracted from the onset of
absorption could plausibly be ascribed to brightening of the
dark exciton by zero-point motion electron-phonon renormal-
ization of the exciton. While this is clearly not a complete
calculation of the exciton-phonon coupling effect, it is still a
plausible reason for the lower onset of absorption near 2.3 eV.
Alternatively, finite-momentum excitons could also contribute
again by exciton phonon coupling.

4. Brightening of the dark excitons

The oscillator strength of each exciton λ is given in
Eq. (6) by the square modulus of the sum over transitions
vk → ck of the products Avck

λ ρ̃vck. Therefore, in order to

k -k
k -k

k k k kk-k-k
-k -k-k

FIG. 7. Contributions to the oscillator strength of the lowest en-
ergy exciton in the y polarization direction for the crystal structures
distorted along B6

2g (first histograms from the left), B5
1u (second

histograms), B1
1g (third histograms) modes in comparison to the ideal

V2O5 case (fourth histograms). Blue (orange) columns represent the
real (imaginary) parts of

∑
vck Avck

λ ρ̃vck, where the sum over k is re-
stricted to one half of the first Brillouin zone. The k points belonging
to each subset are related to those of the other subset by inversion
symmetry k ↔ −k. In the B1

1g and ideal structures, the columns have
same heights but opposite signs, so the exciton is dark. In the other
distorted structures, the columns are higher and their signs do not
cancel, so the exciton becomes bright.

understand how the dark exciton of the ideal V2O5 structure
becomes bright for the y polarization direction in the crystal
structures distorted along the B5

1u and B6
2g modes, we analyze

the contributions Avck
λ ρ̃vck to the exciton oscillator strength.

As shown in Ref. [54], in the ideal crystal structure the
dark exciton is the result of the destructive interference
of contributions Avck

λ ρ̃vck stemming from k points that are
equivalent by symmetry, each term Avck

λ ρ̃vck being separately
different from zero. Figure 4 represents the individual
contribution |Avck

λ ρ̃vck| in the band structure plot for the
distorted V2O5 structures. There we consider specifically
the y polarization of matrix elements for the lowest energy
exciton. Each transition vk → ck is represented by a pair
of orange circles, one in a valence band and the other in a
conduction band, at the same k point. The size of the circle
is proportional to the weight of each contribution. We find
that there are many contributions different from zero, mainly
involving the top-valence and bottom-conduction bands. The
B1

1g structure (left-most panel in Fig. 4), where the exciton
remains dark, is the closest to the ideal structure. In particular,
it preserves the inversion symmetry. The B5

1u and B6
2g distorted

structures (see second and third panels Fig. 4), instead, only
preserve the my reflection symmetry with respect to the y axis.
In these two distorted structures the individual contributions
|Avck

λ ρ̃vck| become larger than in the ideal case and, in
addition, stem from high-symmetry k points (e.g., X, Z, T,
and �). Notably, in the ideal and B1

1g structures, |Avck
λ ρ̃vck|
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FIG. 8. TDDFT-RPA loss function spectra −Imε−1
M (q, ω) as a function of the momentum transfer q along the x (left), y (middle), and

z (right) directions, calculated for the structure distorted along the B6
2g mode (solid lines) and the undistorted structure (dashed lines). A vertical

offset has been added to the spectra for improved clarity. The size of the momentum transfer is reported next to each spectrum.

is zero at the � point, which is not equivalent by symmetry
to other k points in the first Brillouin zone. Interestingly,
in x direction, instead, the corresponding |Avck

λ ρ̃vck| in the
distorted crystal structure remain similar to the ideal case and
come from the same part of the Brillouin zone (see SM [53]).

To illustrate the cancellation, associated with the inversion
symmetry k → −k, of the individual contributions in the
resulting absorption spectrum, we have divided the Brillouin
zone in two half volumes, either containing a k point or its
corresponding −k. We have then restricted the sum over k
points in Eq. (6) to either half of the Brillouin zone. In the
ideal crystal structure, the two semi-sums are small, but still
different from zero (see the rightmost histograms in Fig. 7).
However, they are equal and with an opposite sign, which
implies that they cancel when summed together, giving rise
to the dark exciton with negligible oscillator strength. This
holds true also for the B1

1g case, whereas in the B6
2g and B5

1u
distorted structures (see two leftmost histograms in Fig. 7)
the semisums have much larger intensities, and, most impor-
tantly, they have the same sign. As a result, in these distorted
structures the dark exciton becomes visible at the onset of
the absorption spectra. In particular, for the B5

1u structure the
real and imaginary parts have the largest intensity, which also
explains why the corresponding peak has a larger intensity in
the spectrum.

5. Electron energy loss spectra of the distorted crystal

Figure 8 shows the RPA loss functions for several momen-
tum transfers along the three Cartesian directions calculated
in the structure distorted along the B6

2g mode, where the effect
on the absorption spectrum is the largest. These loss functions
are compared to the corresponding spectra calculated in the

ideal V2O5 crystal structure. For all the momentum transfers,
the spectra of the distorted structure remain very similar to
the ideal case. In particular, the plasmon resonances at 11 and
23 eV are not strongly affected by the local distortions: We
observe a small redshift by 0.5 eV and a minor reduction of
intensity of the peaks. The largest modifications occur in the
low-energy region, for ω < 10 eV, where the peaks with lower
intensity are associated to spectral features ε2 and therefore
undergo similar changes as in the absorption spectra. In other
words, while the absorption spectra are largely modified by
the structural distortions, mainly through changes in the un-
derlying band structure, the loss function spectra are much
more stable. We can understand this striking difference be-
tween the two excitation spectra by the fact that plasmons are
collective excitations of the electronic charge that are mainly
linked to properties of the global environment like the average
electron density and are much less sensitive to changes of
bond lengths. In the next section, we will therefore analyze
more in detail the origin of the changes in the absorption
spectra.

IV. DISCUSSION

Our main focus of interest here is to analyze the effect of
structural distortions on the many-body effects in the spectra.
We consider in particular the representative case of the struc-
ture distorted according to the B6

2g mode with the larger atomic
displacement of 0.13 Å.

A. Screening in the short and long ranges

On the level of the GW approximation, the effective
interaction entering both the self-energy and the electron-
hole interaction is the screened Coulomb interaction W . The
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FIG. 9. Static macroscopic dielectric function εM (q, ω = 0) =
1/ε−1

G=0,G′=0(q, ω = 0) for ideal and distorted structures (blue and
orange dots, respectively) calculated within the RPA. The values at
|q| → 0 have been calculated along the direction (1,2,3) in reciprocal
lattice units and are meant to represent an average of the different
spatial directions.

computation of the screening is the most expensive part of
the calculations, and at the same time, the interpretation of
changes in screening upon changes in the material is not
straightforward. It is therefore worthwhile to examine it more
in detail. Figure 9 shows the static macroscopic dielectric
constant εM (q, ω = 0), defined in Eq. (3), that screens the
Coulomb interaction in momentum space. εM takes differ-
ent values for the same or similar |q|; this is due to the
inhomogeneity and the anisotropy of V2O5. Especially the
anisotropy explains the peculiar shape of the distribution,
since the screening perpendicular to the planes is significantly
weaker than the in-plane screening. As one would expect,
at large |q|, where short distances are probed, any dielectric
function tends to 1 and therefore the distorted and undistorted
systems give similar values. Moreover, the dependence on the
direction of q is weak. At smaller q screening increases, and
with this, a stronger direction dependence arises and distorted
and undistorted results start to differ. This is particularly clear
between 0.2 and 0.05 Bohr−1. The curve seems to drop at
q → 0, but this is merely due to the fact that we show here
a particular direction of q, namely, (1,2,3) in reciprocal lattice

units. The figure suggests that results will be most affected by
the changes in screening upon distortion when they are dom-
inated by smaller q, hence, by larger distances. It is therefore
interesting to analyze the role of distortions in the GW and
BSE results.

B. Consequences of the screening

1. In the GW quasiparticle corrections

The changes in the GW QP corrections—see Eq. (4)—can
come through changes of the wave functions used in the cal-
culations of matrix elements, changes of Kohn-Sham energies
in the one-body Green’s function, and the changes of the
screening observed above. In Table III, we first compare the
main matrix elements at the � point that result from the GW
calculation for the top valence (tv) and bottom conduction (bc)
states, for the ideal and distorted structures, see rows 1© and 2©,
respectively. In the table, the GW matrix elements are broken
up into the different contributions adding up in Eq. (4), which
we analyze separately.

In the third column, the KS energies εnk are given, with
the noteworthy distortion-induced changes consistent with the
band structure in Fig. 4. The bare exchange matrix elements
〈�x〉, which depend only on wave functions, are shown in the
fifth column. The distortions lead to an upshift of the valence
band and a downshift of the conduction band by about 0.2 eV,
which represents only 1% and 2% of 〈�x〉 for the valence
and conduction state, respectively. The increased exchange of
the conduction state points to an on average stronger over-
lap of conduction and valence states upon distortion, which
may stem from a slight average delocalization of the valence
state that would explain its reduced exchange matrix element.
Screening enters the correlation contribution 〈�c(εnk )〉 to the
self-energy in the sixth column. This contribution can be
split into an overall downwards shift due to the short-range
Coulomb hole, and a contribution that reduces the exchange
downshift, i.e., an upshift, which is dominant for the valence
band where exchange is stronger. The cancellations result in a
correlation contribution that exhibits changes of similar mag-
nitude as the bare exchange, in spite of the changed screening.
The energy dependence of the self-energy, measured by the
quasiparticle renormalization factor Znk in the seventh col-
umn, is marginally affected. The resulting total self-energy
matrix element of the conduction state does not reflect any

TABLE III. Individual contributions to the GW QP corrections—see Eq. (4)—for the top-valence (tv) and bottom conduction (bc) bands
at k = � for the ideal V2O5 and the crystal structure distorted along the B6

2g mode with largest atomic displacement dmax = 0.13 Å. For the
distorted structure two calculations are compared: Using the screened Coulomb interaction W calculated either in the distorted structure Wdist

(row 2©) or in the ideal structure Wideal (row 3©).

Structure Band εnk 〈Vxc〉 〈�x〉 〈�c(εnk )〉 Znk Enk − εnk Enk

1© Ideal tv 1.78 −19.88 −24.24 4.02 0.78 −0.27 1.51
bc 4.14 −22.30 −14.22 −5.57 0.77 1.95 6.09

2© Distorted (with Wdist) tv 2.42 −19.51 −23.97 4.23 0.77 −0.17 2.25
bc 3.73 −22.34 −14.41 −5.40 0.77 1.95 5.68

3© Distorted (with Wideal) tv 2.42 −19.51 −23.97 4.16 0.77 −0.22 2.20
bc 3.73 −22.34 −14.41 −5.32 0.77 2.02 5.75
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significant changes upon distortion, whereas the valence band
self-energy changes by about half an eV. However, the matrix
elements of the KS potential 〈Vxc〉 in the forth column show
the very same trends, which means that the final quasiparticle
correction Enk − εnk changes by less than 0.1 eV. It is very
important to stress that there is indeed a noteworthy change
of the valence band energy due to changes in the xc effects
upon distortions, but that this change is already captured by
the Kohn-Sham potential.

The main computational effort in the GW calculation is the
evaluation of screening. The row 3© of Table III shows the
results obtained using the distorted structure, but with Wideal

computed in the ideal crystal. Being able to use Wideal through-
out would indeed constitute a significant computational gain.
Therefore we now compare rows 2© and 3©. In order to evalu-
ate directly the quality of the approximation, one has to check
the matrix element of the correlation self-energy 〈�c(εnk )〉 in
the sixth column of Table III. The calculation using the Wideal

captures about 70% of the effect of distortion on the valence
band, whereas it overestimates the distortion effects by about
50% on the conduction band. In other words, the distortion ef-
fects are captured to a significant extent, though not with high
precision. It should be noted, however, that the differences
here are of the order of 0.1–0.2 eV, which starts to be in the
range of the precision of the GW calculation itself. Moreover,
as pointed out above, the final QP correction Enk − εnk is very
well described even by a fully ideal calculation, thanks to the
fact that the effects of distortion is already well captured in the
Kohn-Sham calculation.

2. In the BSE calculations

In the BSE calculation of the excitons, the e-h interac-
tion has no Kohn-Sham counterpart, and one would therefore
not expect cancellations. This would mean that distortions
could lead to major changes and require a recalculation of
W . Indeed, the optical gaps and exciton binding energies in
Table II show that distortions can induce significant changes.
The distortion of 0.13 Å along the B6

2g mode leads to a 0.9 eV
decrease of the direct band gap at the � point: It is accompa-
nied by a decrease of the energy of the first bright exciton of
0.7 eV, which means, the binding energy of the bright exciton
decreases by 0.2 eV, from 0.8 to 0.6 eV. The binding energy
of the dark exciton shows a similar decrease of 0.3 eV. This
is a relatively moderate change of the binding energy, and one
might want to conclude quickly that the excitons do not feel
the distortion strongly.

However, a closer look incites to be cautious. We first con-
sider the matrix elements of W calculated using the exciton
wave function in a state λ:

〈Wλ〉 =
∑
vck

v′c′k′

A∗vck
λ 〈vck|W |v′c′k′〉Av′c′k′

λ . (7)

The rows and columns of Table IV identify the possible
choices, respectively, for the eigenvectors Avck

λ and the matrix
elements 〈vck|W |v′c′k′〉 that enter Eq. (7). In the row 1©,
the expectation value (7) is calculated using the eigenvectors
Avck

λ , for the bright and dark excitons, obtained from the
excitonic Hamiltonian of the ideal structure. In the row 2©,

TABLE IV. Matrix elements (in eV) of the screened Coulomb
interaction, see Eq. (7), in the ideal and distorted crystal structures
(〈Wλ〉ideal and 〈Wλ〉dist , third and forth columns, respectively), and
the effective gap E eff

λ (fifth column), see Eq. (8), calculated us-
ing the exciton wave functions obtained in the ideal and distorted
structures (rows 2© and 3©, respectively), for the dark and bright
excitons. The fifth an sixth columns report the gaps and the ex-
citon binding energies. In the row 3©, the exciton wave functions
are obtained in the distorted crystal structure using in the BSE
Hamiltonian the screened interaction Wideal from the ideal structure.

Structure Exciton 〈Wλ〉ideal 〈Wλ〉dist E eff
λ Eg Eb

1© Ideal Dark 1.9 4.7 4.2 1.3
Bright 1.7 5.0 0.8

2© Distorted Dark 1.6 1.6 3.7 3.2 1
Bright 1.0 1.0 3.5 0.6

3© Distorted Dark 1.6 1.6 3.9 3.3 1
(with Wideal) Bright 1.0 1.0 3.6 0.6

instead, the excitonic eigenvectors Avck
λ are calculated in the

distorted structure (where the excitonic Hamiltonian contains
a screened interaction W that is also calculated in the dis-
torted structure). In third column, named 〈Wλ〉ideal, the matrix
elements 〈vck|W |v′c′k′〉 of the screened Coulomb interac-
tion calculated in the ideal structure enter Eq. (7). In the
forth column 〈Wλ〉dist, instead, they are the matrix elements
〈vck|W |v′c′k′〉 calculated in the distorted structure.

We first consider the difference 〈Wλ〉ideal − 〈Wλ〉dist be-
tween rows 1© and 2©. This expectation value difference should
give a rough estimate of the change of exciton binding energy,
and indeed, in the case of the dark exciton the distortion
decreases 〈Wλ〉 from 1.9 to 1.6 eV, i.e., by 0.3 eV, right the
decrease from 1.3 to 1.0 eV of the binding energy Eb (see last
column of Table IV). However, the same is not true for the
bright exciton: Here 〈Wλ〉 decreases as much as 0.7 eV (from
1.7 to 1.0 eV), which is almost four times the 0.2 eV decrease
of the binding energy. This indicates that there is a significant
change in the bright exciton wave function Avck

λ , although this
cannot be detected in its binding energy.

Table IV also compares 〈Wλ〉 from Eq. (7) with the direct
gap Eg (sixth column), and the effective gap E eff

λ (fifth col-
umn) defined as

E eff
λ =

∑
vck

∣∣Avck
λ

∣∣2
(Eck − Evk ), (8)

i.e., the expectation value of the conduction-valence energy
difference in the excitonic state of interest. Indeed, neglecting
the weak local field effects, the exciton binding energy is
given by

Eb = Eg − (
E eff

λ − 〈Wλ〉
)
, (9)

rather than by 〈Wλ〉 alone. Even for our low-lying excitons,
the difference between the minimum direct gap Eg and the
effective gap E eff

λ can be significant: It is 0.8 eV for the bright
exciton in the ideal structure, as the row 1© of Table IV shows.
In order to understand the change in binding energy upon
distortion, we therefore also have to examine the change of
effective gap.
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FIG. 10. Spatial distribution of the wave function |�λ(rh, re)|2 of the lowest energy dark (top) and bright excitons in y polarization (bottom)
for fixed position of the hole r0

h close to a bridge oxygen Ob atom (light blue dot): Distorted crystal structure along the B6
2g mode (left) and

ideal crystal structure (right). The isosurface value corresponds to 2% of the maximum.

The distortion decreases both Eg and E eff
λ of the dark ex-

citon by 1 eV (compare rows 1© and 2©), meaning that the
change in binding energy Eb of the dark exciton is indeed due
to a change in 〈Wλ〉 [see Eq. (9)]. E eff

λ of the bright exciton,
instead, decreases by as much as 1.5 eV, which cancels to a
large extent the 0.7 eV decrease of the bright 〈Wλ〉, leading to
a similar change in binding energy as for the dark exciton, but
with a different interpretation: Visibly, the nature of the bright
exciton is significantly affected by the distortion.

Again, it is interesting to examine whether this change is
due to a change of screening. Table IV therefore compares
〈Wλ〉, see Eq. (7), calculated by using the matrix elements
〈vck|W |v′c′k′〉 in the ideal (third column) or the distorted
(forth column) structure. For the exciton wave function Avck

λ ,
in Eq. (7), we also use the result of the excitonic Hamiltonian
constructed with the QP electronic structure of the distorted
system and with either the screened interaction Wdist of the
distorted structure (row 2©) or Wideal of the ideal structure
(row 3©). All the four possible combinations entering Eq. (7)
always give the same results, both for bright and dark excitons,
meaning that the choice of W has almost no consequences,
neither in the excitonic Hamiltonian nor in Eq. (7).

We can conclude this part by noting that the change of
W (r, r′) due to distortion has negligible impact on the exciton
and can safely be neglected, confirming that one can use the
screened Coulomb interaction calculated in the ideal system.
This stability is even more pronounced than in the case of
the self-energy, maybe due to the fact that the exciton probes
shorter distances. This suggests that when studying bound
excitons in systems with defects, disorder and at finite temper-
ature, the screened Coulomb interaction of the ideal structure
can be used, which will increase the feasibility of such studies
[71,72].

The change in the QP energies and wave functions upon
distortion, instead, changes the exciton wave function and
therefore the effective gap and the matrix element of W , with

an effect on the exciton binding energy that is very much
reduced thanks to a cancellation between the two changes.
The fact that the exciton wave function changes under the
distortion can be directly appreciated in Fig. 10: Both the
dark and the bright exciton have a tendency to decrease their
extension in x direction and increase in y direction, with
the distorted distribution of the electron being nonsymmetric
with respect to the position of the hole due to nonsymmetric
V-Ob-V bond lengths. Examining the exciton mean radius
over the supercell volume � for each direction α = {x, y, z}

〈∣∣rα
λ

∣∣〉 = 1

�

∫
�

dre

∣∣rα
e − r0α

h

∣∣∣∣�λ

(
r0

h, re
)∣∣2

can give a quantitative estimate of the localization character of
the exciton. For the ideal structure the exciton radii of the dark
and bright excitons form an ellipsoid with axes: (5.3, 2.0, 2.8)
and (8.8, 3.3, 4.0) Å, respectively. In the distorted structure
they become (4.7, 2.2, 3.3) and (7.8, 3.3, 3.9) Å, respectively.
Although these effective radii show that the change is less
dramatic than what the picture would maybe suggest, the
effect is still sizable and one should be aware of it and not
judge on the absence of changes by just looking at the binding
energy.

V. CONCLUSIONS

We have analyzed the electron excitation spectra of V2O5
and investigated in detail the different impact of structural
deformations on the optical and dielectric properties of V2O5.
While excitons in optical absorption spectra are sensitive to
the local atomic environment, especially through modifica-
tions of the band structure, plasmons in loss function spectra
see mainly the global environment and are less affected by
local distortions. In particular, we have shown that the modifi-
cations in the optical spectra are due to counteracting changes.
The impact of the structural distortion on the effect of the
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electron-electron interaction on the band structure is the result
of cancellations, to a very large extent, between the changes
of the GW self-energy and of the Kohn-Sham xc potential. As
a result, the main effect of the distortion is already captured
at the level of the Kohn-Sham band structure. Similarly, the
change in the effective band gap largely compensates the
change in the electron-hole interaction in the BSE exciton
Hamiltonian. As a result the exciton binding energy turns
out to be less affected, even though the nature of the ex-
citon can be significantly impacted by the local distortion.
Finally, our results show that, and why, for the simulation
of excitons in materials with low-symmetry crystal structures,
or in presence of disorder, the screened Coulomb interaction
of a higher-symmetry structure can be used, promising a large
computational gain.
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APPENDIX: ADDITIONAL
COMPUTATIONAL INFORMATION

It is useful to look closer to two aspects of the calculations
in order to combine efficiency and accuracy.

1. k-point convergence

It is important to note that the precision required depends
very much on the feature of interest. The convergence with
the k-point grid is a particularly good example for this point,
and since it has not been treated exhaustively in Ref. [54],
we will give details here. The upper panel of Fig. 11 shows
the k-point grid convergence of the absorption spectrum in
the BSE, here calculated using only 7 occupied and 4 unoc-
cupied bands. Clearly, the main peak is unchanged whether
a 6×6×6 or a 8×8×8 grid is used, and it is already very
well described using a 4×4×4 grid. This quite coarse grid
yields hence absorption spectra that can be discussed safely.
Instead, using the same grid is more delicate when it comes to
details of the JDOS, which is not a measurable quantity, but
which is sometimes used for discussion, such as in Ref. [54].
Therefore we show in the present article the convergence of
the JDOS in Fig. 11. While, as in the case of the spectrum,
the main peaks of the JDOS are well identified by the coarsest
k-point grid, the slope on the low-energy side (< ∼3.7 eV)
of the main peak is changing slowly but noticeably with the
grid size, in particular at the onset. This finding, which is
closely related to the convergence difficulties pointed out in
Ref. [73], is independent of the number of bands used, as a
comparison of middle and lower panels shows. This delicate
behavior of the onset is true only in the BSE JDOS: The
analogous changes in the GW -IPA JDOS can hardly be seen.
Such a convergence problem in the BSE may be explained
by a situation where states λ have coefficients Avck

λ that are

FIG. 11. Convergence with respect to the Brillouin zone sam-
pling of spectral features of V2O5 in the ideal crystal structure. (Top)
BSE absorption spectra along x polarization direction. (Middle and
bottom) JDOS of BSE and GW -IPA for different grids. Middle panel,
7 occupied bands and 4 unoccupied bands. (Bottom) 13 occupied and
10 unoccupied bands.

a very narrow distribution with k, narrower than the differ-
ence between k points of the grid. When one uses a discrete
k-point grid, W (q) is supposed to be constant with q over each
grid interval or, as it is routinely done for the point q = 0,
one replaces W (q) by the average, i.e., an integral over the
interval. This leads to an overestimation of the contribution of
the long-range part of the screened Coulomb interaction [73].
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FIG. 12. GW -IPA absorption spectra, in the three Cartesian polarization directions, (left) x, (middle) y and (right) z, of the crystal structure
distorted along the B6

2g mode with the largest displacements (solid lines) compared to those of ideal crystal structure (dashed lines): Full
GW -IPA (blue lines) and scissor-corrected (sc) GW -IPA (green lines). For the distorted structure, the full GW spectra (orange lines) and
scissor-corrected (sc) GW spectra (purple lines) are also obtained with the screened Coulomb interaction Wideal calculated in the ideal V2O5.

The error is not noticeable in simple semiconductors, but can
play a role in materials such as the present one, where the
electron-hole interaction is very strong. Narrow distribution
of coefficients occur in the electron-hole continuum, whereas
bound excitons have a broader k-distribution (see, e.g., Fig. 4).
When the distribution is broader than the intervals of the
k-grid, the piecewise treatment of W (q) is justified. Since the
intensity of the bright excitonic states is much larger than that
of unbound states, this explains why the spectrum converges
quickly. Moreover, contrary to the spectrum, in the JDOS the
weight of discrete states should tend to zero with increasing
number of k points. One can therefore safely discuss the
absorption spectrum with a 4×4×4 grid, but not the entire
JDOS, especially in the region of the onset between 2.5 and
∼3.7 eV. Indeed, the presence of a number of bound excitons
over a large spectral range, whose energy is stable with the
k-point sampling, is confirmed even by the larger grids, which
explains the stability of the spectrum and, despite the conver-
gence issue, confirms the conclusions of Ref. [54] concerning
the difficulty to determine the onset of the continuum.

2. Scissor-correction approximation

The spectra in Fig. 12 are calculated within the GW -
IPA, using different ingredients, for the ideal V2O5 (dashed
lines) and the structure with the largest distortion for the B6

2g

mode (solid lines). In the full calculation (blue curves), the
spectra are obtained taking into account the GW corrections
[see Eq. (4)] for all the bands and k points included in the re-
sponse function. Alternatively, the GW corrections have been
approximated in the spectra (green curves) by a rigid scissor
correction for the conduction states, equal to the GW band gap
opening at the � point. We find that the effect of the scissor
correction approximation with respect to the full calculation
is small. In both cases, we find QP corrections with a spread
of 0.3–0.4 eV over the different states, but without a clear
tendency, such that a large part of the effect averages out in
the spectrum. Since the main peaks in the absorption spectrum
are less sharp in the distorted than in the ideal structure, this
averaging out of the difference with respect to a simple scissor
correction is even more efficient. Most importantly, however,
the error due to the scissor is in all cases much smaller than
the difference between the spectra for the distorted and ideal
structures.

In Fig. 12, we also verify, for the GW -IPA spectra of the
distorted structure, the use of the screened Coulomb interac-
tion Wideal of the ideal structure instead of Wdist of the distorted
structure. The comparison is excellent for both the spectra
with the full GW corrections (compare blue and orange solid
lines) and the spectra obtained with the corresponding scissor
corrections (compare green and red solid lines).
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