Downloaded via SABANCI UNIV on September 16, 2025 at 12:51:04 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

From Insulator to Metal: Theoretical Assessment on the Optical
Properties of Vanadium Dioxide Using Many-Body First-Principles

Approaches

Zafter Kandemir, Claudia Cardoso, Pino D’Amico, Cem Sevik,* and Kiirgat Sendur*

Cite This: https://doi.org/10.1021/acs.jpcc.5c03003

I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Vanadium dioxide (VO,) exhibits a temperature-
driven insulator-to-metal transition, making it a promising material
for optical and electronic applications. In this study, we perform a
systematic first-principles investigation of the electronic and optical
properties of VO, in its monoclinic (M,;) and rutile (R) phases
using density functional theory (DFT), many-body perturbation
theory (GoW,), and the Bethe-Salpeter equation (BSE). Our results
reveal that excitonic effects play a crucial role in accurately
describing the dielectric response of the semiconducting M, phase,
with GyW,/BSE and PBE/BSE approaches yielding optical spectra
in excellent agreement with experimental data. For the metallic R
phase, we find that the random phase approximation (RPA) at the
PBE level provides a reliable description of its optical properties,
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particularly in the visible range, as long as intraband contributions are included. The frequency-dependent dielectric functions
presented in this work achieve the required accuracy for large-scale optical simulations relevant to smart coatings and tunable
infrared devices. To support further research and applications, we provide our computed optical data in an open-access repository on

ZENODO.

B INTRODUCTION

Vanadium dioxide (VO,) is a metal oxide of growing
technological significance due to its structurally driven
insulator-to-metal transition (IMT).1 At low temperatures,
VO, behaves as an insulator with an experimentally measured
band gap of 0.4—0.7 eV,”’ forming a monoclinic (M,)
structure with the P2,/c space group.’ At around 341 K (68
°C), VO, undergoes a transition to a metallic state, adopting a
rutile tetragonal structure (R) with the P4,/mnm space group.

Discussed for the first time in 1959, the origin of the abrupt
change in resistance with temperature attracted immediate
attention,® and was the subject of debate for several
decades.””'” The optical properties were first reported in ref
2 showing, below the transition temperature, four absorption
peaks at 0.85, 1.3, 2.8, and 3.6 eV. In the metallic phase, the
peaks near 3 and 4 eV are still present, and a free-carrier
absorption peak is seen below 2.0 eV. Subsequently, optical
measurements were supplemented with other methods such as
X-ray photoelectron and Auger spectroscopy’ and ultraviolet
reflectance and photoemission.

The electronic rearrangement during the photoinduced
insulator—metal phase transition in VO, was studied by
femtosecond X-ray absorption spectroscopy by measuring the
filling dynamics of differently hybridized V3d-O2p bands."
The structural influence on the resistance is also seen in VO,
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films epitaxially grown along different directions'® Due to the
unique physical properties of both phases and the high
transition temperature, this material has received significant
attention for various applications, including electronic switches
and thermal management systems.'*~'° Since the metallic state
of VO, effectively reflects infrared radiation, considerable
research has focused on high-potential applications such as

. . 1 .
smart optoelectronic devices, energy-saving thermochro-
. . . . 26 .
mic coatmgs for building windows, electrochromic
27-2 - - 30 . .
screens, radiative cooling systems,” and adjustable optical

functionality through morphology control.”"**

Despite the considerable potential of this material for optical
applications,”** ™" the investigation of its dielectric properties
remains limited. For the M, phase, the reported experimental
results exhibit inconsistencies due to structural variations and
the presence of impurities.z’s‘z_39 Among these, two exper-
imental studies”'" provide reflectance data for the M; phase
that can be used as a reference for first-principles approaches.
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In one of these studies, the real (¢;) and imaginary (&,) parts
of the dielectric function are estimated by fitting the reflectance
data using the Drude and Lorentz models.” The same study
reports also the only available dielectric data for the R phase.
The measured spectrum for light polarization along the V=V
dimers is essentially featureless, whereas, perpendicular to the
V-V dimers, it shows a large dip between 1 and 3 eV.

From the theory point of view, while there are no results
reported on the R phase considering both inter and intraband
transitions, the results reported for the M, phase fail to fully
reproduce the experimental data, and exhibit differences due to
the various approximations employed.*’™* Therefore, a
systematic and accurate investigation of the metallic R phase
would address critical gaps in understanding the optical
properties of the intriguing phases of VO,.

With this aim, we first performed calculations, including
many-body effects, through the GW method for the semi-
conducting phase of VO,, in order to provide an understanding
of the theoretical framework that best reproduces the
experimental results. Subsequently, we investigated the optical
properties of the metallic phase, using the random phase
approximation (RPA) while including the intraband optical
response. Overall, we achieved a good agreement between the
theoretical and experimental results, thereby advancing the
understanding of the optical properties of VO,.

B COMPUTATIONAL METHODS

In the M, phase, VO, has a monoclinic structure with a unit
cell of 12 atoms, consisting of four vanadium and eight oxygen
atoms. In this structure, the vanadium atoms form paired
chains along the c-axis due to a Peierls-like distortion, resulting
in alternating short and long V—V bonds. The quasi-one-
dimensional nature of these VO, chains plays a crucial role in
the electronic properties of the material, leading to strong
anisotropy in both transport and optical responses. In contrast,
the high-temperature R phase exhibits a tetragonal rutile
structure with a unit cell containing six atoms, where vanadium
atoms are evenly spaced and the material behaves as a metal.
The schematic representation of these crystals is shown in
Figure 1,

R (P4,/mnm)

(@) M2 0

Figure 1. Side view of crystal structures for the M, and the R phases
of VO,. Vanadium and oxygen atoms are represented by blue and
orange spheres, respectively.

We performed geometric optimization and electronic
properties’ calculations for both phases of VO, by using
density functional theory (DFT) as implemented in the
Quantum ESPRESSO package.*®*” The exchange and
correlation part of the potential was treated using the
generalized-gradient approximation (GGA) with Perdew—

Burke—Ernzerhof (PBE)."**” We accounted for the van der
Waals (vdW) interactions between layers, using the semi-
empirical DFT-D2 Grimme method.’” The electron wave
function was expanded in a plane-wave basis set with an energy
cutoff of 125 Ry. The convergence tolerance was set as 107°
€V/atom for energy and 0.01 eV/A for maximum force. For
the geometric optimizations of the M, and R phases, we used 6
X 6 X 6 and 6 X 6 X 12 k-grids, respectively, using the variable-
cell relax method. Our results for both phases confirm previous
calculations®’ and are in reasonable agreement (within 1%—
2%) with experimental predictions.”*>~°

In order to include many-body effects in the calculations of
the electronic properties, we performed GyW, simulations on
top of the PBE result with the YAMBO code.””*” Since the M,
phase is insulating, we chose the plasmon-pole approximation
(PPA) for the frequency description of the response function
within GoW,, whereas for the metallic R phase, we used a full
frequency real-axis approach. The band structure and the
density of states (DOS) computed using both GoW,/PPA and
PBE, are presented in Figure S1 for the M, phase and in Figure
S2 for the R phase.

When calculating the quasi-particle energies for the M,
phase, a I'-centered 8 X 8 X 8 k-grid was used, corresponding
to 260 k-points in the irreducible Brillouin zone (IBZ), and
more than 450 states were included for both the screening
function and Green'’s function descriptions. For the R phase we
used a 6 X 6 X 12 k-grid with 91 k-points in the IBZ. On both
DFT/PBE and GW band structures, we applied a scissors
correction in order to better reproduce the experimental band
gap. The scissors value was determined by adjusting the
position of the first peak in the experimentally reported &,
data® (more details in Table S1).

The optical properties were obtained both with the
independent particle approximation (IPA) and including
electron—hole interactions by solving the Bethe-Salpeter
equation (BSE)>® as implemented in the Yambo code. For
the M, phase, the BSE method was applied on top of both
GoW,/(PPA) and PBE band structures.

For the R phase, the random-phase approximation (RPA)
method was computed on top of the PBE band structure since
it already provides a reasonable agreement with the
experimentally measured data. Due to the computational
efficiency of the RPA method, an 18 X 18 X 18 k-grid with 910
k-points in the IBZ was used. Given the metallic nature of the
R phase, the intraband contribution was calculated and
incorpsgrated into the RPA results, as detailed in our previous
study.

B RESULTS AND DISCUSSION

In order to validate our approach, we start by calculating the
dielectric properties of the semiconducting M, phase of VO,,
and comparing our results with available reflectance data.”"’
For this purpose, we computed the reflectance by applying eq
1

Je@) + @) -1
Ve (o) +ig(w) + 1 (1)

to the real and imaginary parts of the dielectric function
obtained from YAMBO calculations. For the semiconducting
phase, we corrected the DFT band structure in two different
ways. First, by applying to the DFT band structure a scissors

R(w) =
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Figure 2. For the M, phase, the reflectivity R(w) is calculated using eq 1 and compared with the experimental data reported by Verleur et al.” and
Shin et al.'' In panels (a—d) the results for the (001) polarization are shown, while in panels (e—h), the results correspond to the (100)
polarization. The red solid, green dashed, blue solid and pink dashed lines represent the results of PBE/BSE + Scs, PBE/IPA + Scs, GoW,/BSE +
Scs and GoW,/IPA + Scs, respectively. In panels (c) and (g), the red, blue and green circles correspond to GW, BSE and LFE results, respectively.**
In Zayed’s study, violet and dark-blue squares indicate TB-mBJ and SCAN + U results, respectively.” In Eaton’s study, pink triangles show LDA +

U result.®’.

correction. Second, by including many body effects through a
one-shot GyW, calculation. However, the GW band structure
is not enough to reproduce the experimentally reported band
gap of M, VO, and therefore we further corrected the band
structure with a scissors operator. In both DFT and GW
calculations, the value of the scissors (Scs) correction was
determined by adjusting the position of the first peak in the
experimentally reported &, data.” This approach yielded a band
gap of 0.51 eV for PBE and 0.54 eV for GyW,. The estimated
band gaps, along with experimental values (0.4—0.7
eV),”**"3 are summarized in Table S1.

In the panels (b) and (f) of Figure 2 we show the
calculations done within different levels of theory. The optical
spectra were then computed both at the IPA and the BSE level.
Both for the spectra obtained with IPA and BSE, the plots
show that the computationally more efficient PBE + Scs
approach yields results similar to those obtained from many-
body GyW, calculations. This could be explained by the fact
that both calculations use the same DFT wave function, since
the GyW,, procedure corrects only the energy levels. Moreover,
since both DFT and GW energies were further corrected with
a scissors operator, we do not expect significant differences.
The results computed with IPA shown in Figure 2b,f, show a
strong anisotropy of the calculated reflectivity spectrum, with a
well-defined peak around 2.5 eV for the (100) polarization,
that is absent for (001). This peak is also absent in the
experimental measurements. In contrast, for the (001)
direction, the IPA calculations show overall good agreement
with experiment, although the calculated optical response
exhibits a more pronounced dip that is shifted to higher
energies.

If we now compare the IPA and BSE spectra, we see a
significant difference only for the (001) polarization. In fact,
the BSE spectra are now in much better agreement with the
experiment, exhibiting a dip around 2.5 eV, where previously a
peak was observed.

In Figure 2¢,d,gh we present the reflectance derived using
eq 1 from previously reported calculations of the dielectric
function.*”*>*> Zayed et al. reported reflectance data obtained
using the TB-mBJ and SCAN + U methods.” Their findings
indicate that SCAN + U closely reproduces the experimental
data for the (001) polarization, whereas the TB-mB]J method
yields higher reflectance values, deviating significantly from the
experiment. Similarly, Eaton’s LDA + U calculations show an
overestimation of reflectance for the (001) polarization and an
underestimation for the other polarization.*®

Gatti et al.*! reports calculations using the GW, BSE, and
local-field effect (LFE) methods for both polarization
directions. The BSE results are in good agreement with
experiment and are very similar to our present findings. The
differences are mainly the slightly lower magnitudes, that can
be explained by the fact that, the BSE calculation in ref 41
(Gatti et al.) was done on top of a combination of self-
consistent COHSEX and one-step GoW,, which updates, with
respect to DFT, not only the energies but also the
wavefunctions.

The peaks observed in the GyW,-BSE spectra correspond to
transitions between the valence V-3d states just below the
Fermi level and the conduction V-3d states near 1 eV, as
illustrated in the GyW, band structures of the M, phase in
Figure S1. Additionally, the final peak around 3.5—4.0 eV arises
from transitions between the valence O-2p bands (located
between —1.25 and —2.50 eV) and the conduction V-3d states
near 1.50 eV. These spectral features are also observed in the
PBE-BSE case, albeit with slight energy shifts.

As already discussed in ref 41 (Gatti et al.), the anisotropy
observed in the VO, spectra of the M, phase due to excitonic
effects can be explained by the nature of the transitions
involved. The peak shown at the IPA level is due to transitions
between t,, states oriented along the direction of the V-V
dimers, which form a one-dimensional band in the solid. An
applied field along the dimer direction will create induced
fields in the opposite direction, resulting in a depolarization
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effect. These crystal local-field effects are only included in the
BSE, while neglected in the IPA calculations. Besides the
crystal field effects, BSE also includes excitonic effects that
further improve the agreement with experiments.

We now focus on the metallic R phase. The calculated
reflectance spectra for electric field (100) and (001)
polarizations are shown in Figure 3, in comparison with the
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Figure 3. For R phase, the reflectivity, R(w) is calculated using eq 1
and compared with the experimental data reported by Verleur et al.”
and Shin et al.'" The polarization of the electric field is along (a) the
(100) direction and (b) the (001) direction, respectively. The blue
solid and green dashed lines represent the results of RPA (inter) and
RPA (inter + intra), respectively.

respective experimental results. The spectra are characterized
by a minimum around 1.5 eV and a broad maximum above 3
eV, with almost no difference between the two polarizations.

The excitonic effects, as expected for a metallic phase, are
less important in this case. The crystal structure also exhibits a
three-dimensional character, which results in reduced aniso-
tropy. The RPA method effectively describes interband
contributions in both polarization directions, except in the
0—1 eV range, where intraband transitions dominate. To
account for this, we estimate the intraband contribution using
a Drude-model-based approach. The inclusion of this
contribution leads to good agreement with experimental
data, representing the best agreement reported in the literature
to date.* "%

To quantify this agreement in detail, we evaluated the
relative error between the theoretical and experimental
reflectivity spectra for the metallic R phase along the (100)
and (001) crystallographic directions, defined as

) ||RCXP - Rtheory |2
relative error = 2
[Resl], @)
where |||, denotes the 2-norm of the reflectivity vector. As

summarized in Table 1, for the (100) direction the relative
error decreases from 16% (interband only) to 9% (inter +
intraband), while for the (001) direction it is reduced from
14% to 9%. In the infrared region (0—1.55 eV), dominated by

Table 1. Relative Error between the Calculated and
Experimental Reflectivity Spectra for the Metallic R Phase
of VO, along the (100) and (001) Directions

(100) direction (001) direction

RPA RPA RPA RPA
(inter)  (inter + intra) (inter) (inter + intra)
total relative error (all 16% 9% 14% 9%
energies)
infrared (0—1.55 eV) 15% 5% 13% 7%
UV-—visible 9% 10% 10% 11%
(1.55-3.1 V)
deep UV 22% 22% 27% 25%
(3.1-4.0 eV)

intraband contributions, the error reduction is particularly
pronounced from 15% to 5% for the (100) direction and from
13% to 7% for the (001) direction. In the UV—visible range
(1.55—3.1 eV), the errors remain below 11% for both
orientations, whereas in the deep-UV region (3.1—4.0 eV),
they lie between 22% and 27%.

Overall, the inclusion of intraband effects consistently
improves the quantitative agreement with experiment, with
especially low relative errors in the infrared regime. These
results demonstrate that for the metallic R phase, frequency-
dependent optical response functions obtained at the RPA
level already provide sufficient accuracy for use in large-scale
optical simulations, consistent with expectations for metallic
systems.

Dielectric Function of M, and R Phases. As discussed in
the previous section, we have implemented a computational
framework that reproduces the experimental reflectance of
both semiconducting and metallic VO,. Here, we look in more
detail at each of the real (¢;) and imaginary (&,) components
of the dielectric function for each crystalline phase.

Usually, €, and €, are determined empirically from measured
reflection spectra, relying on various models, including the
Lorentz, Drude, and Gaussian models,>***%3® along with
assumptions about the high-frequency dielectric constant. For
the M;-phase VO,, Verleur et al. extracted ¢, and ¢, using the
Lorentz and Drude models. Taking a closer look, we realized
that the reported values do not satisfy the Kramers—Kronig
(KK) relations, which could make the comparison with the
calculations difficult. To quantify this discrepancy, we extended
Verleur’s €, data up to 10 eV employing a combined Drude—
Lorentz model in which the first term accounts for the Drude
contribution, while the second term represents interband
transitions modeled via multiple Lorentz oscillators. corre-
sponding to the following parametrization

w

]/a); " Sl
82(0)) = 3 2 + Z 2‘
W + wy i=1 w* 2(1}2
o, ; (3)
where @, is the plasma frequency, y the collision frequency, s;

the i-th oscillator strength, w; its frequency, and I its line-
width. Since the M, phase is semiconducting, the first term is
necessarily zero and the optical response is thus described
solely by multiple Lorentz oscillators accounting for interband
transitions. The full set of fitting parameters used in this
expression is summarized in Table 2.

Subsequently, we determined the &, values using the
extended data presented in Figure 4 and the KK equation
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Table 2. Fitting Parameters Used in Eq 3 to Reproduce
Verleur’s £,(@) Spectrum”

Si w; (eV) T
0.884 5.820 0.560
0.866 4.360 0.390
0.747 3.800 0.365
0.482 3.420 0.260
0.490 2.970 0.150
1.156 1.510 0.550
1274 1.190 0.530
1722 0.960 0.480
1.990 0.770 0.520

2 © w'e,(w")
glw)=1+ =P —,22 S da’
T 0 w - w (4)
T T [ T | T | T I T | T | T [ T l T
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Figure 4. Imaginary and the real parts of the dielectric function of
VO, in the M, phase for the bulk structure, obtained experimentally
(black circles).” (a) Fitting result obtained using eq 3 (red line). (b)
Result of Kramers—Kronig (KK) analysis using the fitted data (blue
line).

Here,  denotes the principal value, which ensures a well-
defined result by properly handling singularities in the integral.
As shown in Figure 4b, the &, values reported by Verleur et al.
do not match those obtained via the Kramers—Kronig relation.
In particular, around 0.5 eV, the difference between the
experimental and the theoretical values is approximately 3,
while between 1 and S eV, it increases to a value of 5. We
attribute this deviation to the fitting methods employed.
Similar inconsistencies are common in experimental studies.

Figure S presents the calculated dielectric properties
obtained using the PBE/BSE + Scs, PBE/IPA + Scs, GoW,/
BSE + Scs, and GyW,/IPA + Scs approximations, alongside
available experimental data. Given the orthorhombic crystal
symmetry, we present results separately for each crystallo-
graphic direction. The calculations show reasonable agreement
with &,, while &, exhibits a notable underestimation above 1.5
eV when compared directly with the reported experimental
data. If we instead compare with the &, determined from the
KK transformation of &,, the agreement significantly improves.
Notably, our calculated values of &, along the (100) direction
show excellent agreement with the KK-corrected experimental

measurements, as illustrated in Figure Sc In the (001)
direction there is still a small discrepancy below 1.5 eV, with
the calculations overestimating the intensity of the peak
around 1 eV, for both & and ¢, For ¢, the calculations
overestimate the peak around 1 eV. This feature, already
discussed in ref 42 is attributed to the overestimation of the
oscillator strengths of the first transition, due to the
underestimation of the DFT band gap. This can be corrected
by updating the DFT wave functions, for example through self-
consistent COHSEX, before the GyW, calculations. In our
case, we correct only the energy levels, without updating the
DFT wave functions. Despite these deviations, the overall
accuracy meets the criteria required for reliable frequency-
dependent data in micro- and macro-scale optical response
simulations.

As for the reflectivity results, a comparative evaluation of the
results from different theoretical approaches reveals that for the
(001) polarization state, as shown in Figure Sa,b, the BSE and
IPA results are very similar. The IPA spectrum presents a main
peak at 1 eV, shifted in the BSE spectrum by an exciton
binding energy of 0.1 eV, with essentially the same amplitude,
which suggests a Wannier-Mott exciton. This peak is mainly
due to transitions between the two bands just below and
immediately the above the band gap. In contrast, for the (100)
polarization state, the inclusion of local fields and excitonic
effects in the BSE calculations leads to a significant
improvement in both the €, and &, spectra, compared to the
experimental data extracted using the KK transformation. For
example, in Figure 5d, the €, spectrum computed with BSE
clearly shows a significant improvement in the 1—3 eV range,
with respect to the IPA results. In fact, the peak at about 1.4
(1.5) eV seen for the PBE(GyW,)/IPA, in the BSE spectra is
slightly down shifted in energy by ~0.1 eV and looses intensity,
while the peak at 2.5(2.6) eV has its intensity dramatically
reduced.

Previously reported theoretical studies on the &, and ¢,
spectra of the M, phase for both orientations remain limited in
the literature.*”*>*>* In the beginning of this section, we
compared the reflection spectra from these studies with our
calculations and experimental data. Although some theoretical
studies show good agreement with Verleur’s bulk results in the
(001) direction, they fail to achieve the same level of accuracy
in the (100) direction. Notably, only one study has reported
the &, spectrum using the GW/BSE method, yielding results
close to those of Verleur; however, the corresponding ¢,
spectrum was not provided.*’

We now focus our attention on the R phase. To achieve high
accuracy in the calculation of the optical properties of metallic
materials, several key factors must be carefully taken into
account. These include the description of electronic
correlations within DFT-PBE, the accuracy of the random
phase approximation (RPA) in capturing interband optical
transitions, and the reliability of the model used to describe
intraband optical contributions.

As shown in Figure 6, the experimental dielectric function
has, for both polarizations, a divergency in the imaginary part
(e,) below 1 eV whereas the real part (£,) presents a very
broad peak around 2.5 eV. In the same figure, we show the
dielectric function calculated within RPA. The solid blue lines
correspond to the interband-only dielectric response, while the
dashed green lines include both interband and intraband
contributions. The intraband contribution is estimated using
the method outlined for bulk metallic MXenes, in ref 59. The
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Figure 5. Real and imaginary parts of the dielectric function, calculated for the M, phase, for different polarization directions: (001) in panels (a)
and (b), (100) in panels (c) and (d), and (010) in panels (e) and (f). The results are obtained using PBE/BSE + Scs (red line), PBE/IPA + Scs
(green dashed line), GoW,/BSE + Scs (blue line), and GyW,/IPA + Scs (pink dashed line) and are compared with experimental data from ref 2.
The red circles represent the experimental data for bulk VO,, while the Kramers—Kronig (KK) result from the experiment is shown as dark gray
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Figure 6. For the R phase, the real and imaginary parts of the dielectric function calculated using RPA are compared with the experimental data
(red circles) from ref 2. Panels (a) and (b) show the case where the (100) polarization direction, while panels (c) and (d) correspond to the case
where the (001) direction. The solid blue and dashed green lines represent the inter and inter+intra contributions, respectively.

plasma frequency (@,) and damping parameter (y) in the
Drude model were predicted to be 1.744 and 026 eV,
respectively, for the (100) direction, while for the (001)
direction, they were found to be 1.714 and 0.21 eV. These
values are consistent with the experimentally reported values of
w, = 1.71 eV and y = 0.31 eV from Butakov et al®!

The results including only the interband contribution (solid
blue lines) deviate from the experimental curves in the low-
energy region, since they do not reproduce the Drude-like
behavior below 1 eV. The inclusion of intraband effects
notably improves the agreement with experiment (red circles)
in the low-energy region (@ < 1.5 eV), where the Drude-like
behavior dominates. In the real part of the dielectric function
(&), this is reflected by the more accurate reproduction of the

negative slope at low frequencies, whereas in the imaginary
part (&,), the intra+inter curve captures the broad peak around
1 eV. For the metallic R phase, the dielectric function results
clearly meet the accuracy required for utilizing frequency-
dependent optical response data in large-scale optical
simulations already at the RPA level, as expected for metals.

B SUMMARY AND CONCLUSIONS

The optical properties of the M; and R phases of VO, are
critical for understanding temperature-driven phase transitions
in technological applications such as smart windows and
thermal regulatory coatings. In this study, we investigated the
optical properties of both the semiconducting M; and metallic
R phases. We assessed the accuracy of various theoretical

https://doi.org/10.1021/acs.jpcc.5c03003
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03003?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c03003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

approaches, from DFT to many-body corrections through the
GW method and electron—hole interactions through BSE. We
were able to reproduce the reported experimental data and
clarify several inconsistencies in the existing literature.

For both semiconducting and metal phases, we found the
adequate theoretical framework which gives the required
accuracy to generate frequency-dependent dielectric data
suitable for large-scale optical radiation and light-matter
interaction simulations. Our findings indicate that both DFT-
PBE and GW band structures, combined with a scissors
correction, give similar results for the semiconducting M,
phase. In order to have a good dielectric function it is however
important to go beyond RPA and include excitonic effects
through BSE. In contrast, for the metallic R phase, PBE-level/
RPA calculations already yield excellent agreement with
experimental measurements. It is however important to include
the contribution of intraband transitions, in order to reproduce
the lower energy part of the spectrum.

To facilitate further research, we provide the computed
optical property data for VO, in a plain format, available on
ZENODO (https://zenodo.org/records/171 16270).
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