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Abstract 

Many-body perturbation theory in the G0W0 approximation is an increasingly popular tool for 

calculating electron removal energies and fundamental gaps for molecules and solids. However, the 

predictive power of G0W0 for molecules is limited by its sensitivity to the density functional theory 

(DFT) starting point. We introduce a non-empirical scheme, which allows us to find a reliable DFT 

starting point for G0W0 calculations. This is achieved by adapting the amount of Hartree-Fock-

exchange in a hybrid DFT functional. The G0W0 spectra resulting from this starting point reliably predict 

experimental photoelectron spectra for a test set of 13 typical organic semiconductor molecules.  
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Photoelectron spectroscopy (PES) is one of the most important techniques for probing the electronic 

structure of molecules and solids, including organic electronic materials. Often, PES measurements are 

combined with electronic structure calculations. This combination of theory and experiment has been 

used successfully in the past to gain far-reaching physical insight, regarding e.g., the assignment of PES 

peaks to particular molecular orbitals, as exemplified by Refs.1-10 

 

Density functional theory (DFT) in the Kohn-Sham (KS)11 or Generalized Kohn-Sham (GKS)12 

frameworks is currently the method of choice for electronic structure calculations for molecules and 

solids. When it comes to predicting electron removal energies however, the KS approach suffers from 

the fact that the interpretation of KS eigenvalues as electron removal energies is formally not based on 

solid ground. Although exact KS-eigenvalues are approximations to relaxed ionization energies to 

zeroth order in the adiabatic coupling constant,13 only the highest occupied KS eigenvalue has a strict 

physical meaning, i.e., it equals the first ionization potential.14 A better approach to calculating 

electron removal energies and fundamental gaps is to include many-particle effects by employing 

many-body perturbation theory within the GW scheme.15, 16 In this approximation the self-energy is 

obtained from the product of the one-particle Green’s function, G, and the dynamically screened 

Coulomb interaction, W. Fully self-consistent GW (scGW) calculations are very demanding on 

computational resources, time, and memory, which is why only a handful of scGW results for 

molecules have been published.17-19 Instead, a non-self-consistent approach, known as G0W0, is often 

used. Using a self-consistent GKS calculation as a starting point, the quasiparticle (QP) energies ߳௜ீ ௢ௐ௢ 

are obtained as a perturbative first-order correction to the GKS eigenvalues : 

 ߳௜ீ ௢ௐ௢ ൌ ߳௜ீ ௄ௌ ൅ ሺ1 െ ܾுிሻ߮ۦ௜ሺݎሻ|ݒො௫ுி െ ݒ௫௄ௌሾ݊ሿ|߮௜ሺݎሻۧ  ൅  ൻ߮௜ሺݎሻหΣ෠௖ െ ׷ሻൿ                           ൌݎ௖௄ௌሾ݊ሿห߮௜ሺݒ   ߳௜ீ ௄ௌ ൅ ሺ1 െ ܾுிሻ Δݒ௫,௜ ൅  Δݒ௖,௜                                                                                    (1) 

 

where ߮௜ሺݎሻ and ߳௜ீ ௄ௌ are the i-th GKS orbital and eigenvalue, respectively, ݒො௫ுி is the nonlocal 

Hartree-Fock (HF) exchange operator, Σ෠௖ is the nonlocal correlation self-energy, ݒ௫௄ௌሾ݊ሿ and ݒ௖௄ௌሾ݊ሿ are 

the local KS exchange and correlation potentials, respectively, and bHF is the fraction of HF exchange 

used in the global hybrid functional of the GKS starting point.  

The G0W0 scheme has had notable successes in the description of the electronic structure of various 

organic17, 18, 20-22 and metal-organic molecules.23, 24 However, the fact that G0W0 is not self-consistent 
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gives rise to a dependence of the results on the DFT starting point. Recently, a significant G0W0 starting 

point dependence has been observed for molecular systems.18, 21-25 For some molecules, shifts of over 

1 eV in the QP energies along with major changes in the orbital ordering have been observed when 

going from one starting point to the other.  

Fig. 1 exemplifies the problem. The top curve shows the experimental PES of pyridine26 together 

with the QP energy spectra (energies convoluted with 0.3 eV Gaussians to simulate the experimental 

broadening), as obtained from G0W0 based on different DFT starting points (these are denoted as 

G0W0@functional). Clearly, the choice of the DFT starting point significantly influences the quality of 

the resulting spectra, both in terms of the peak positions and the ordering of the frontier orbitals. For 

pyridine, the best agreement with experiment is obtained from a starting point of the Perdew-Burke-

Ernzerhof (PBE)27 functional, combined with 20% exact (Fock) exchange (denoted as PBE+20%EXX). 

However, so far no single DFT functional has been demonstrated to be a generally reliable starting 

point for G0W0. Hence, a systematic and non-empirical approach to find a reliable DFT starting point is 

clearly needed if one wants to employ G0W0 to predict and not only to confirm experimental spectra. 

Such a non-empirical scheme is proposed below.   

 

Figure 1: G0W0 spectra based on HF and various DFT starting points compared to experimental PES26 

for pyridine.  
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It has been demonstrated that self-interaction errors (SIEs) in semi-local approximations for the 

exchange-correlation functional can cause severe distortions in the KS eigenvalue spectra.6, 23, 28-31 

Consequently, severe SIEs in the underlying DFT calculation may cause a significant starting point 

dependence in G0W0.18, 23, 24,32 Specifically for pyridine, the large SIE associated with the highly 

localized nitrogen lone-pair causes changes in the position of the n-orbital with respect to the π-

orbitals (see Fig.1 and Ref. 18).  SIE-free KS-DFT10, 11 commonly predicts electron removal energies and 

orbitals in very good agreement with PES experiments, not only for the orbital energies but also for 

their character, even for the most challenging systems.9 Calculating the so-called “orbital self-

interaction error” (OSIE)18 can therefore help predict if a large starting point dependence for a certain 

system of interest is to be expected.18 However, the OSIE does not lead to a systematic way to improve 

upon the starting point. Moreover, even a SIE-free KS approach is not expected to be an optimal 

starting point for G0W0: the occupied KS-eigenvalue spectrum cannot be expected to approximate the 

true QP spectrum for the deep-lying orbitals and, more importantly, the unoccupied eigenvalue 

spectrum lacks the derivative discontinuity. Hence, if SIE-free KS eigenvalues and orbitals were used as 

a G0W0 starting point, a significant overscreening due to the too small KS gap as compared to the true 

QP gap would arise. At the same time, starting from the (also self-interaction free) HF eigenvalues 

would lead to a significant underscreening in G0W0 due to a too large eigenvalue gap. Therefore, 

reducing the SIE in the DFT starting point is only one part of the solution. In order to predict accurate 

ionization energies from G0W0 it is also essential for the DFT starting point to capture the “right 

amount” of screening. 

The use of hybrid functionals within a GKS scheme can help overcome these deficiencies of the KS 

and HF starting points. GKS eigenvalues mimic the QP corrections to the KS eigenvalues by including a 

fraction of the exchange-only derivative discontinuity.12, 33 In fact, the partial inclusion of Δݒ௫,௜ typically 

leads to GKS eigenvalues of comparable quality to those from fully SIE-free KS schemes for the 

occupied spectrum, although the SIE is only partially corrected.33 Moreover, when it comes to the 

unoccupied eigenvalue spectrum, the GKS approach has an advantage over the KS description. In 

contrast to the KS gap, the GKS-gap can indeed equal the fundamental band gap if an appropriate 

amount of HF-exchange is employed. Typically however, the amount of HF-exchange needed to 

correct the occupied states (20-25%) is much smaller than that needed to correct the fundamental gap 

(50-80%). Although this is clearly a severe drawback of standard hybrid functionals, it may turn out as 

a strength when it comes to finding an optimal starting point for G0W0: it has been argued that a 
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certain amount of overscreening, induced by a too small gap, is actually desirable to compensate 

partially for neglecting the vertex correction in the GW approximation. 18, 34 Consequently, GKS 

schemes can be expected to be a more promising starting point for G0W0 than their KS counterparts.  

The primary goal of this work is to provide a non-empirical scheme that generates a generally 

applicable and consistent GKS starting point for G0W0 calculations. Based on eq. (1), it is tempting to 

search for bHF, such that the GKS eigenvalues are equal to the QP energies, i.e.:  Δݒ௖,௜ ൌ ሺ1 െ ܾுிሻ Δݒ௫,௜     (2) 

Indeed, for a single orbital, it is possible to find such a fraction of EXX (see e.g., fig. 4 in ref. 24). 

However, different orbitals may require a significantly different bHF. For instance, for magnesium 

phthalocyanine (MgPc), the a1u orbital, delocalized over the macrocycle, requires 100% EXX, whereas 

the b2g orbital, localized on the nitrogen lone-pairs, requires 55% EXX (see also supplementary 

information). Therefore, we search instead for bHF, such that: ሺ1 െ ܾுிሻ Δݒ௫,௜  ൅  Δݒ௖,௜ ൎ  ܿ,      (3) 

with c being a constant. If a GKS starting point for which Eq. (3) holds is found, the resulting GKS 

eigenvalue spectrum may be considered as consistent with the G0W0 spectrum, in the sense that the 

relative orbital energies are correct and the QP correction amounts to a rigid shift of the whole 

spectrum.  

The consistent starting point (CSP) for G0W0 can be found by employing the following non-empirical 

procedure: Start by choosing some semilocal or hybrid DFT method and calculate the corresponding 

self-consistent (G)KS eigenvalues and orbitals. Then, use this set of orbitals and eigenvalues to 

calculate Δݒ௫,௜ and Δݒ௖,௜. If Eq. (3) holds, plotting Δݒ௖,௜ as a function of Δݒ௫,௜ should give a straight line. 

If severe deviations from linearity are found (by calculating the coefficient of determination R2 of a 

linear regression), no standard semilocal or hybrid functional is likely to provide a reasonable starting 

point for G0W0. If a straight line is found, the slope (found from linear regression) should equal (bin-1), 

where bin is the amount of HF-exchange used in the GKS-starting point standard hybrid functional. If 

the actual slope of the line, bout, is larger (smaller) than bin, a larger (smaller) fraction of HF-exchange is 

needed. Following this procedure, a CSP for G0W0 can be found without referring to experimental 

data. This procedure aims to fix the relative energies in the occupied QP spectrum rather than the 

absolute position of any particular QP energy or the value for the fundamental band gap. It can be 

viewed as finding a fraction of EXX, which, on average, works best to correct the different OSIE carried 

by each orbital. Therefore, it is robust and insensitive to the character of any particular orbital.  
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In the following, it is demonstrated how the proposed scheme helps improve the starting point for 

G0W0 calculations from first principles for a test set of 13 molecules, illustrated in the supplementary 

information. All calculations were performed using the all-electron numerical atom-centered orbital 

(NAO) code, FHI-aims.35 Geometry relaxations made use of the PBE functional with a tier 2 basis set. 

The implementation of G0W0 in FHI-aims is described in Ref.25. G0W0 calculations based on PBE with a 

varying fraction of exact exchange (EXX) were conducted with a tier 4 basis set, which has been shown 

to be highly converged, typically to within 0.1 eV from experimental ionization potentials (IP) and 

electron affinities (EA).23-25 The self-energy was calculated by analytical continuation. 

We start our discussion with pyridine. Empirically, a hybrid with 20% EXX is found to yield the best 

agreement with experiment (see Fig. 1). Following the proposed scheme, we calculate and plot as 

a function of  for pyridine using the set of eigenvalues and orbitals from the semilocal PBE-

functional (see Fig.2). ( ) can be well described by linear regression, as indicated by an R2-

value close to 1. However, the slope of the line predicts a bout=0.13 compared to a bin=0, indicating 

that a larger fraction of HF-exchange is needed. Starting the G0W0 from a PBE+50%HF hybrid yields a 

straight line, whose slope yields bout=0.33, i.e., the bin=0.5 used initially is too large. Only when using 

PBE+20%HF as a starting point, consistency between bin and bout is obtained, i.e., bin=bout=0.2. To 

provide a quantitative analysis of the improvement reached by the CSP, the mean error (ME) 

 and mean absolute error (MAE)  in the G0W0 spectra 

Figure 2: as a function of  for 
pyridine calculated from G0W0 using the set of 
eigenvalues and orbitals from PBE (top), 
PBE+20%EXX (middle), and PBE+50%EXX 
(bottom). Only for the PBE+20%EXXstarting 
point, bin and bout agree.  
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obtained from the different starting points were calculated with respect to the positions of the peak 

maxima, extracted from the experimental spectrum (see dotted vertical lines in Fig. 1), with N being 

the number of distinct peaks in the experimental spectra. For pyridine, the MAE is 0.34 eV for the PBE, 

0.48 eV for the PBE+50%EXX, and 1.11 for the HF starting point. The MAE calculated from the CSP is 

0.14 eV, which is the smallest among all starting points tested and only slightly larger than what is 

generally considered as the accuracy of the G0W0 method itself (0.1 eV). In terms of the ME, the 

improvement is even more apparent. The CSP yields an ME of +0.02 eV, whereas the MEs for the other 

starting points barely change as compared to the MAEs (see supporting information). Our non-

empirical scheme thus confirms that PBE+20%EXX is a suitable starting point for G0W0 for pyridine. It is 

also worth noting that the change in the slope is mainly due to the change in . The change in 

 upon addition of an increasing fraction of EXX is small, which is consistent with the ability to 

predict the GKS eigenvalues based on a semi-local calculation.31 

 

 

  

Figure 3: G0W0 spectra based on HF and various DFT starting points compared to experimental PES36 

for NTDCA. 
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Table 1: Fractions of exact exchange in a PBE-hybrid for the consistent G0W0 starting point for all 

studied molecules. Chemical structures and plots for the linear regression of Δݒ௖,௜(Δݒ௫,௜) and 

comparison to experimental spectra for all molecules are shown in the supplementary material. 

Molecule Pyridine Benzene Perylene Pentacene NDCA NTCDA0.25 0.23 0.20 ࡲࡴ࢈ 0.25 0.25 0.30

Molecule PTCDA Tetracyanoquino- 

dimethane (TCNQ) 

Tetracyano-

ethylene (TCNE) 

Benzofurazan 2,1,3-Benzothiadiazol TTF MgPc

0.22 0.24 0.30 ࡲࡴ࢈ 0.23 0.18 0.1 0.25

 

 

For verification purposes, the above analysis was repeated for 1,8-naphthalene-dicarboxylic 

anhydride (NDCA). The curves obtained during the optimization procedure are shown in the 

supplementary material. Similarly to pyridine, linear regression gives R2, which is close to 1. The purely 

semilocal starting point (bin=0) yields a larger bout=0.18.  The PBE+50%HF starting point (bin=0.5) yields 

a smaller bout=0.35. The CSP is found for bin=bout=0.25, i.e., PBE+25%EXX, which is known as PBE-hybrid 

(PBEh or PBE0).37, 38 The full comparison of the G0W0 spectra obtained from different DFT starting 

points with experimental PES36 is provided in Fig. 3. Again, the starting point dependence of the G0W0 

manifests itself both in the absolute QP spectra as well as in the relative orbital ordering. Similarly to 

1,4,5,8-naphthalene-tetracarboxylic dianhydride (NTCDA) and 3,4,9,10-perylene-tetracarboxylic 

dianhydride (PTCDA), a large SIE is associated with orbitals localized on the oxygen lone-pairs.18,6, 9 

These are shifted to lower energies, with respect to the naphthalene-derived orbitals, with the 

addition of EXX. Again, the analysis of the MAEs as compared to the experimental peak maxima 

confirms what is apparent from visual inspection of the spectra. The MAE obtained from the CSP is 

found to be 0.1 eV, thus outperforming the PBE (0.55 eV), PBE+50%HF (0.34 eV), and HF (1.01 eV) 

starting points.  

It is also apparent from Figs. 1 and 3 that the PBE+50%HF starting point slightly improves the IP as 

compared to the CSP (by 0.1 eV or less). However, this small improvement for the IP comes at the 

price of significant distortions in the QP spectra, also demonstrated by the large MAE. For the case of 

pyridine, the PBE+50%HF starting point even predicts the wrong ordering of frontier orbitals: 

G0W0@CSP predicts the highest occupied orbital to have n-character in agreement with experiment, 

whereas G0W0@PBE+50%HF incorrectly predicts this orbital to have π-character. 
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Our findings also hold for a set of 11 additional molecules. A complete account of the results, including 

chemical structure illustrations, Δݒ௖,௜ vs.  Δݒ௫,௜ plots, and comparison of the different G0W0 spectra to 

PES,26, 36, 39-43 is given in the supplementary material. The bHF values, found to be the CSPs, are 

summarized in Table 1 for all 13 molecules. They vary between 10% (for tetrathiafulvalene (TTF)) to 

30% (for NTCDA and PTCDA). This is in line with the finding that regular hybrid functionals, typically 

employing 20-25% EXX, work well in many cases. It also means that if the optimization procedure is 

started from PBEh it is expected to converge in 1-3 G0W0 calculations. Based on visual inspection, the 

CSP yields the best agreement with the experimental spectra for all studied molecules, significantly 

exceeding the accuracy of G0W0@PBE and G0W0@HF. For most of these molecules, however, a 

quantitative confirmation of this visual assessment via the MAE is not possible: the experimental peaks 

are broad, noisy, and may span several energy levels, whose order is not always known. For benzene, 

one of the molecules for which a clear assignment of energy levels is possible, a MAE of 0.16 eV is 

obtained from the CSP, again improving upon the PBE (0.39 eV), PBE+50%HF (0.49 eV), and HF (1.07 

eV) starting points. 

The results presented here confirm the validity of the suggested non-empirical scheme for finding 

the CSP. The obtained G0W0 spectra are in very good agreement with experiments and may thus 

provide reliable predictions for the valence spectra of systems that are too large for scGW calculations 

to be feasible (in terms of computer time and memory requirements). In this respect, one may ask 

how well the optimized G0W0 spectra approximate those from scGW. Specifically, for pyridine and 

benzene a comparison of the G0W0@CSP spectra to the scGW spectra from Ref. 18 shows that the 

G0W0@CSP spectra are, in fact, in better agreement with the experiment than the scGW spectra, as 

confirmed by the significantly larger MAEs of the scGW spectra of 0.31 eV and 0.45 eV for pyridine and 

benzene, respectively. This finding indicates that, in accordance with earlier observations by others,34 

the underestimation of the band gap in the CSP starting point introduces a favorable amount of 

screening, thus leading to a fortunate cancelation of errors with the omission of the vertex in the self-

energy.  

 

In summary, we have introduced a simple and non-empirical scheme for determining a consistent 

hybrid DFT starting point for G0W0 calculations. This is achieved by finding a fraction of exact exchange 

for which the relative positions of the GKS orbitals are as close as possible to those obtained from 

G0W0. The G0W0 spectra based on the consistent hybrid starting point are in excellent agreement with 
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PES experiments for a test set of 13 typical organic and metal-organic molecules. By identifying a 

unique consistent starting point for each system of interest, the proposed scheme yields a practical 

solution to the problems introduced by the DFT starting point dependence of G0W0. Thus, it extends 

the range of systems for which reliable predictions of PES spectra from G0W0 can be made. 
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