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Computational Spectroscopy: 
Accuracy and Efficiency 

Building predictive and efficient capabilities to compute 
spectroscopic properties requires post-DFT accuracy.
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Density Functional Theory 

Many-body Perturbation Theory

MBPT

P. Giannozzi et al, J.Phys.:Condens.Matter 21, 395502 (2009)
F. Gygi: IBM J. Res. Dev. (2008) M. Govoni, G. Galli, J. Chem. Theory Comput. 11, 2680 (2015)
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• Self-energies yield better single particle single-particle electronic 
structures compared to DFT

• Imaginary part of self-energies yields information on lifetimes 

Recombinations, 
Mobilities

• Propagation of two-particles (electron-hole), Bethe Saltpeter Equation

L = L0 + L0⌅L Neutral excitations,
Optical absorption

G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phys. 74, 601 (2002) 
Y. Ping, D. Rocca, and G. Galli, Chem. Soc. Rev. 42, 2437 (2013)

Many Body Perturbation Theory

Single particle excitations, 
Photoemission 

⌧�1 = Im{⌃}

(under development)
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Large scale GW calculations

• eliminated summations over empty 
states 

• low-rank decomposition achieved with 
PDEP 

• parallel iterative solvers 
• scalable to ~500k cores 
• reduced pre-factors of O(N   ) scaling

Benefits of the implementation Scalability

4

is a parallel code for Many-Body 
Perturbation Theory calculations
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WEST: use cases 
 0  5  10  15  20  25  30

z (Å)

−3

−2

−1

 0

 1

 2

 3

 4

E
ne

rg
y 

(e
V

)

 0  5  10  15  20  25  30
z (Å)

−4
−3
−2
−1
 0
 1
 2
 3
 4
 5

E
ne

rg
y 

(e
V

)

 0  5  10  15  20  25  30
z (Å)

−6
−5
−4
−3
−2
−1
 0
 1
 2
 3
 4
 5

E
ne

rg
y 

(e
V

)

 0  5  10  15  20  25  30
z (Å)

−6
−5
−4
−3
−2
−1
 0
 1
 2
 3
 4
 5

E
ne

rg
y 

(e
V

)

LDOS@PBE
LDOS@PBE


LDOS@G0W0
 LDOS@G0W0


CB

VB

1560 electrons
COOH-Si/H2O• Interfaces 

• Liquids/Solutions 
• Nanoparticles 
• Defects 
• Solids  
• Molecules 
• Perovskites

6 Spin

Table 3: VipSpin.

Molecule PBE Exp.
O2 -12.01 (-6.91) 12.3

7 Electronic lifetimes

8 Large systems

Table 4: Energy gap of Si-NCs.

Si-NC Nve HOMO (eV) LUMO (eV) Egap (eV)
Si35H36 176 -7.51 (-6.00) -1.22 (-2.49) 6.29 (3.50)
Si87H76 424 -6.50 (-5.35) -1.73 (-2.77) 4.77 (2.58)
Si147H100 688 -6.17 (-5.13) -1.96 (-2.84) 4.20 (2.29)
Si293H172 1344 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

Figure 8: An example figure

20

2.4 nm
Si-NP

1344 electrons

PbSe NP

b
a
c

Figure 3: Perspective image of the perovskite CH3NH3PbI3, with elements Pb (dark gray),
I (purple), C (brown), N (light blue) and H (white). The unit cell and lattice vectors a, b,
and c are shown, as well as the PbI6 octahedra.

19

MAPbI3

VN-AlN

• Coupling w/ Ab intio 
Molecular Dynamics 
(AIMD)

• Inclusion of spin-
orbit coupling

(NaCl)aq
432 electrons 

Multiple configurations  
(128 / AIMD trajectory)274 electrons320 electrons

1920 electrons

M. Govoni, G. Galli, J. Chem. Theory Comput. 11, 2680 (2015) 
P. Scherpelz, I. Hamada, M. Govoni, G. Galli, J. Chem. Theory Comput. 12, 3523 (2016)  

A. Gaiduk, M. Govoni, R. Seidel, J. Skone, B. Winter, G. Galli, JACS Comm. 138, 6912 (2016) 
H. Seo, M. Govoni, G. Galli, Sci. Rep. 6, 20803 (2016) 

1152 electronsCdTe, ZnTe

5Marco Govoni - Institute for Molecular Engineering - Argonne National Lab & UChicago 5



Towards exascale computing

next architectures: Intel Xeon Phi

Early Science programs at 
ANL and NERSC

WEST: team, performance

TeamG. Galli

I. Hamada
P. Scherpelz R. McAvoy

H. Ma

H. Zheng

N. Brawand
M. Govoni

H. Yang

N.L. Nguyen
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Materials by design in the mid-WEST

MICCoM develops and disseminates interoperable open source 
software, data, and validation procedures, enabling the community to 
simulate and predict properties of functional materials for energy 
conversion processes.

Midwest Integrated Center for Computational Materials

Funded by:

http://miccom-center.org
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WEST: structure of the code

G�
KS in Eq. (6). In the following sections we describe in detail all the steps outlined in

Fig. 1. The separable form of WRPA is given in Sec. 2.1. Calculation of the polarizability

and the spectral decomposition of the dielectric matrix are described in Sec. 2.2 and 2.3,

respectively. Matrix elements of GKS and WRPA are then obtained without the explicit

use of empty electronic states and simultaneously at several frequencies by using a deflated

Lanczos technique, described in Sec. 2.4. Finally the frequency integration is carried out by

introducing a contour deformation method, as described in Sec. 2.5. The use of the analytic

continuation used in the original method of Ref. [39,40] is thus avoided.

DFT PDEP WLanczos

Lanczos G
Contour  

Deformation

�(�) =

Z
d�0G(� + �0)W (�0)

QP-energies

DFT

Figure 1: (Color online) Schematic representation of the steps involved in the calculations of
quasiparticle (QP) energies, within the G0W0 approximation, using the method proposed in
this work. The KS energies (✏i) and occupied orbitals ( i) computed at the DFT level are
input to the PDEP algorithm, which is used to iteratively diagonalize the static dielectric
matrix (✏�1) at zero frequency. The set of eigenvectors {�n} constitutes the basis set used
to compute both G and W at finite frequencies with the Lanczos algorithm. The frequency
integration of Eq. (3) is carried out using the contour deformation technique. The frequency
dependent matrix elements of the electron self-energy are thus obtained and introduced in
Eq. (5) to compute the QP energies EQP

i .

2.1 Separable form of the screened Coulomb interaction

In order to solve equation Eq. (5) and obtain QP energies, one needs to compute the matrix

elements of the electron self-energy between KS states, which in the G0W0 approximation is

given by Eq. (3). The Green’s function may be expressed in a fully separable form using its

7

Without Empty STates

M. Govoni, G. Galli, J. Chem. Theory Comput.  11, 2680 (2015)

WEST builds on 
QuantumEspresso 

pw.x

wstat.x

wfreq.x

We are currently coupling WEST & Qbox

westpp.x

westpy.py

Calculation of the 
dielectric screening 

(Iterative diagonalization)

GW calculation

Post-processing

Python plotting suite
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and the linear variation of the exact exchange potential is given in terms of variations of the

orbitals

�V i
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(52)

In RPA only the local fields take into account the linear variation of the Hartree potential

only.

Figure 3: Difference between PDEP for � or P .

Figure 4: Iterations.
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wstat.x: iterative diagonalization
of the dielectric matrix w/o empty states 
Iterative diagonalization techniques for  
ground- and excited-states calculations 

DFT

Schrödinger Eq.
Recursively apply the Hamiltonian

GW

Sternheimer’s eq.
Recursively apply the irreducible  

polarizability

converged!

H. Wilson et al. Phys. Rev. B 79, 245106 (2009)
S. Baroni et al. Rev. Mod. Phys. 73, 515 (2001)
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Quasiparticle (QP) states and energies may be obtained replacing Vxc 
with the electron self-energy 

Abstract 

Understanding materials at the nanoscale 

Hybrid DFT: self-consistent scheme GW: large scale calculations 

High Performance electronic structure engineering with hybrid DFT and GW  
Marco Govoni, Jonathan H Skone, and Giulia Galli 

Institute for Molecular Engineering, University of Chicago 
and Materials Science Division, Argonne National Laboratory 

This work was supported by the Army Research Laboratory Collaborative Research 
Alliance in Multiscale Multidisciplinary Modeling of Electronic Materials (CRA-
MSME, Grant No. W911NF-12-2-0023). An award of computer time was provided by 
the Innovative and Novel Computational Impact on Theory and Experiment (INCITE) 
program. This research used resources of the Argonne Leadership Computing 
Facility at Argonne National Laboratory, which is supported by the Office of Science 
of the U.S. Department of Energy under contract DE-AC02-06CH11357.  
 

We#present#methodological#and#algorithm#developments#for#the#calcula5on#of#the#
electronic# structure# of# large# systems# with# hybrid# density# func5onal# theory# (sc:
hybrid)#and#many#body#perturba5on#theory#(GW).##In#par5cular,#we#will#discuss#sc#
hybrid* func.onals* derived# within# a# generalized# Kohn:Sham# scheme,# where# the#
frac5on# of# exact# exchange# is# determined# self:consistently# using# dielectric#
suscep5bili5es.#We#will#also#discuss# the#parallel#efficiency#of#a# recently#proposed#
GW* technique* that# does# not# require# the# computa5on# of# virtual# orbitals,# and# its#
applica5on# to# systems# with# thousands# of# electrons,# including# semiconductor#
nanopar5cles,#solid/liquid#interfaces#and#defec5ve#materials.##
 

⇢

x

c

DFT 

 ⇢

x

c

Hybrid:DFT 

We# develop# and# use# theore5cal# and# computa5onal# tools# to# understand* and*
predict* the* proper.es* and* behavior* of* materials# (solids,# liquids# and#
nanostructures)#from#first#principles.# 

Strategy*for*the*inves.ga.on*of*electronic*proper.es 
•  Generate# structural* models* with# classical# or# Ab# Ini5o# Molecular#
Dynamics#(AIMD)#

•  Carry# out# Density* Func.onal* Theory* (DFT)# electronic# structure#
calcula5ons#with#semi:local#or#hybrid#func5onals#

•  Use#DFT#input#to#carry#out#Many*Body*Perturba.on*Theory*(MBPT)#
calcula5ons# and# obtain# quasipar5cle# energies# (GW)# and# absorp5on#
proper5es#(BSE)#

•  Op.mize*code*to#carry#out#large#scale#calcula5ons#
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Which*level*of*theory? 

⇣
T̂ + V̂ion + V̂H + V̂xc

⌘
| ni = "n | ni Kohn:Sham#(KS)#eq. 

With#DFT,#single#par5cle#states#and#energies#of#a#system#of#interac.ng*electrons#is#
obtained# by# solving# the# KS# eq.,# which# includes# the# kine5c# energy# operator,# the#
ionic,#Hartree#and#exchange#correla.on*(x#c)*poten.al#operators,#respec5vely.##

Only#approximated#forms#of#the#x#c*poten.al*are#known,#they#can#be#based#on#the#
electronic*density*(###)#or#on#the#orbitals#(###).*

Understanding# materials# at# the# nanoscale# and# building* predic.ve* capabili.es*
require*high*accuracy.#*

 ⇢
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Hybrid functional development

Which level of theory?

Aim: improving hybrid functionals for condensed phases
Desired features
• high accuracy without the cost of MBPT 
• broad applicability to a wide range of materials, including small gap 

semiconductors (e.g. Si, Ge, GaAs) and insulators (e.g. H2O, Al2O3, SiO2) 
• reliable for the description of band alignments, band offsets and describe 

localized defect states

H*a*

Our#goal#is#to#to#provide#a#computa5onal#characteriza5on,#at#the#microscopic#level,#
of# light#absorber/electrolyte* interfaces*with# a# twofold# overarching# objec5ves:# i)#
provide# knowledge# and# computa5onal# tools# to# interpret# a# large# body# of# ongoing#
experiments#on#fuel*produc.on*from*water,#and#ii)#establish#design*rules*to#predict#
Earth:abundant,# non:toxic# oxides# with# interfacial# proper5es# op5mally# tuned# to#
oxidize#water.## 

D(E, z) =
X

n

| n(z)|2�(E � "n)
Local#density#of#states# 

⇢  

####determines#the#level#of#accuracy#of#the#calcula5on. ↵

⇣
T̂ + V̂ion + V̂H + ⌃̂(EQP

n )
⌘ �� QP

n

↵
= EQP

n

�� QP
n

↵

In# a# fashion# similar# to# DFT,# quasipar.cle# (QP)# states# and# energies# may# be# obtained#
replacing#the#exchange:correla5on#poten5al#with#the#electronic*self#energy**#####. 

Quasipar5cle#(QP)#eq. 

⌃(r, r0;!0) = i

Z +1

�1

d!0

2⇡
G(r, r0;! + !0)W (r, r0;!0)

that of G�
KS in Eq. (6). In the following sections we describe in detail all the steps outlined

in Fig. 1. The separable form of WRPA is given in Sec. 2.1. Calculation of the polarizability

and the spectral decomposition of the dielectric matrix are described in Sec. 2.2 and 2.3,

respectively. Matrix elements of GKS and WRPA are then obtained without the explicit

use of empty electronic states and simultaneously at several frequencies by using a deflated

Lanczos technique, described in Sec. 2.4. Finally the frequency integration is carried out by

introducing a contour deformation method, as described in Sec. 2.5. The use of the analytic

continuation used in the original method of Ref. [37,38] is thus avoided.

DFT PDEP WLanczos

Lanczos G
Contour  

Deformation

�(!) =

Z
d!0G(! + !0)W (!0)

QP-energies

DFT

Figure 1: (Color online) Schematic representation of the steps involved in the calculations of
quasiparticle (QP) energies, within the G0W0 approximation, using the method proposed in
this work. The KS energies (✏i) and occupied orbitals ( i) computed at the DFT level are
input to the PDEP algorithm, which is used to iteratively diagonalize the static dielectric
matrix (✏�1) at zero frequency. The set of eigenvectors {�i} constitutes the basis set used
to compute both G and W at finite frequencies with the Lanczos algorithm. The frequency
integration of Eq. (3) is carried out using the contour deformation technique. The frequency
dependent matrix elements of the electron self-energy are thus obtained and introduced in
Eq. (5) to compute the QP energies EQP

i .

7

We# have# developed# an#
a l go r i t hm# fo r# t he#
computa5on# of# QP#
energies# that# does* not*
requires* the* explicit*
summa.on*over*virtual*
states*using*DFPT.#*

T h e# m e t h o d# i s#
applied# to# the# study#
o f # t h e# v e r . c a l*
ioniza.on* poten.al*
(VIP)* of# a# subset# of#
the#G2/97#molecules.*

We#coded# the#algorithm# in# the#QuantumEspresso#package# for#electronic# structure#
calcula5ons.# Using# a# hybrid# parallelism# (MPI+OpenMP),# we# achieved# a# good#
scalability*up*to*500k*cores.*

⌃

# # # # # # # # # # # # # # # # # # # # # # #can#be#derived#using#the#many:body#theory#of#the#electronic#gas,#
where#######is#the#Green’s#func5on,######is#the#screened#Coulomb#interac5on#and####is#
the#vertex#operator.#In#GW#approxima5on,######is#set#equal#to#the#iden5ty,#and#yields##

⌃ = iGW�
G W �

�

Improving*the*parallel*performance*of*large*scale*GW*simula.ons 

J.H. Skone, M. Govoni, and G. Galli, Self-consistent hybrid functional for 
condensed systems, Phys. Rev. B 89, 195112 (2014). 

M. Govoni, and G. Galli, Large scale GW calculations, J. Chem. Theory Comput. 
(2015). accepted 

The# electronic# proper5es# obtained# with# DFT# can# be#
improved# if# one# uses# hybrid# (e.g.# PBE0)# instead# of#
semilocal# func5onals.# Hybrid# func5onals# contain# a#
parameter# (# # )# that# determines# the# amount# of# exact#
exchange# that#needs# to#be#admixed# to# the# semilocal#
one# 
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Hybrid functional development

Which level of theory?

Aim: improving hybrid functionals for condensed phases
Desired features
• high accuracy without the cost of MBPT 
• broad applicability to a wide range of materials, including small gap 

semiconductors (e.g. Si, Ge, GaAs) and insulators (e.g. H2O, Al2O3, SiO2) 
• reliable for the description of band alignments, band offsets and describe 

localized defect states

vhyb
xc

= (1� ↵)v
x

[⇢] + ↵v
x

[ ] + v
c

[⇢]

↵

•  In#periodic#systems,#at#large#distances,#the#Coulomb#
poten5al#decays#as#1/#

•  Hartree:Fock#exchange#should#be#screened#by#
•  Rela5onship####################inferred#from:#
•  empirical#observa5ons#of#dependence#of#band#gap#
on#sta5c#dielectric#constant##

•  MBPT#result#(sta5c#COHSEX#approx.)#

Which****?* ↵

JONATHAN H. SKONE, MARCO GOVONI, AND GIULIA GALLI PHYSICAL REVIEW B 89, 195112 (2014)

TABLE IV. The Kohn-Sham (KS) energy gaps (eV) evaluated with the dielectric-dependent hybrid functionals are compared with the
experimental electronic gaps for a wide range of materials. The experimental values correspond to either photoemission measurements or to
optical measurements where the excitonic contributions were removed, with alumina the only exception (see text). The KS gaps were computed
as the energy difference of the single-particle energies of the conduction band minimum and the valence band maximum. The solids are listed
in the order of largest to smallest experimental ϵ∞. The hybrid heading with α = 1/ϵPBE

∞ refers to a hybrid calculation using a fixed α with
the dielectric constant evaluated at the PBE level of theory. Similarly, the hybrid heading with α = 1/ϵPBE0

∞ refers to a hybrid calculation
with a fixed α and the dielectric constant evaluated at the PBE0 level of theory. The sc-hybrid heading refers to the hybrid calculation where
the fraction of exact exchange is determined self-consistently from ϵ∞. ME, MAE, MRE, and MARE are the mean, mean absolute, mean
relative, and mean absolute relative error, respectively. The experimental geometry was used in all calculations, with the structure or polytype
indicated in the second column: dC–diamond cubic; RS–rock salt cubic structure; ZB–zinc blende; M–monoclinic; Ru–rutile; WZ–wurtzite;
Cr–corundum; XI–the XI proton ordered phase of ice; cF–fcc, face-centered cubic. Note that CoO, NiO, and MnO are magnetic with AFM-II
magnetic ordering.

PBE PBE0 hybrid hybrid sc-hybrid
Type α = 0 α = 0.25 α = 1/ϵPBE

∞ α = 1/ϵPBE0
∞ α = 1/sc-ϵ∞ Exp.

Ge (dC) 0.00 1.53 – 0.77 0.71 0.74 [85]
Si (dC) 0.62 1.75 0.96 1.03 0.99 1.17 [85]
AlP (ZB) 1.64 2.98 2.31 2.41 2.37 2.51 [86]
SiC (ZB) 1.37 2.91 2.23 2.33 2.29 2.39 [87]
TiO2 (Ru) 1.81 3.92 2.83 3.18 3.05 3.3 [88]
NiO (RS) 0.97 5.28 2.00 4.61 4.11 4.3 [89]
C (dC) 4.15 5.95 5.37 5.44 5.42 5.48 [90]
CoO (RS) 0.00 4.53 – 4.01 3.62 2.5 [91]
GaN (ZB) 1.88 3.68 3.10 3.30 3.26 3.29 [92]
ZnS (ZB) 2.36 4.18 3.65 3.85 3.82 3.91 [85]
MnO (RS) 1.12 3.87 2.55 3.66 3.60 3.9 [93]
WO3 (M) 1.92 3.79 3.24 3.50 3.47 3.38 [94]
BN (ZB) 4.49 6.51 6.24 6.34 6.33 6.25 [95]a

HfO2 (M) 4.32 6.65 6.38 6.68 6.68 5.84 [96]
AlN (WZ) 4.33 6.31 6.07 6.24 6.23 6.28 [97]
ZnO (WZ) 1.07 3.41 3.06 3.73 3.78 3.44 [98]
Al2O3 (Cr) 6.31 8.84 9.42 9.65 9.71 8.8 [99]
MgO (RS) 4.80 7.25 7.97 8.24 8.33 7.83 [100]
LiCl (RS) 6.54 8.66 9.42 9.57 9.62 9.4 [101]
NaCl (RS) 5.18 7.26 8.55 8.73 8.84 8.6 [102]
LiF (RS) 9.21 12.28 15.48 15.83 16.15 14.2 [103]
H2O (XI) 5.57 8.05 11.19 11.44 11.71 10.9 [104]
Ar (cF) 8.78 11.20 14.40 14.54 14.67 14.2 [105]
Ne (cF) 11.65 15.20 23.32 22.99 23.67 21.7 [105]
ME (eV) −2.7 −0.3 0.0 0.3 0.3 –
MAE (eV) 2.67 1.08 0.5 0.4 0.5 –
MRE (%) −46.9 10.8 −1.1 4.9 3.3 –
MARE (%) 46.9 21.1 9.6 7.4 7.8 –

aThe experimental value used here is the average of two reported values 6.1 and 6.4 eV.

sets are employed. Within a plane-wave pseudopotential
approach with hybrid functionals, one may, for example,
evaluate the dielectric constant by applying the modern theory
of polarization and computing derivatives with respect to the
applied field by finite differences. In this way all local-field
effects are automatically included [42,43].

C. Computational details

All hybrid functional calculations were carried out within
an all-electron approach using the CRYSTAL09 [50] electronic
structure package. We thus avoided possible inconsistencies
generated by the use of pseudopotentials derived within PBE
for hybrid functional calculations. We used Gaussian basis

sets modified starting from Ahlrichs’ def2-TZVPP molecular
basis [60], with the only exception being the rare gases Ne
and Ar basis sets, which were modified starting from the
def2-QZVPD set [61]. The highly contracted core shells were
not modified, while the valence shells were modified, when
necessary, to avoid possible linear dependencies caused by
the use of diffuse functions, which are utilized in the case of
molecules to represent the tail of the wave functions in the
vacuum region. In particular, we constrained the most diffuse
exponents to be larger than or equal to 0.09 bohr−2. In most
cases, we kept the size of the valence shell basis set to be
the same as that of the uncontracted original def2 sets by
augmenting the truncated basis sets accordingly. The Gaussian
basis functions added to the original set were chosen so as to

195112-6
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TABLE I. The electronic dielectric constant (ϵ∞) determined using several levels of theory. The hybrid heading with α = 1/ϵPBE
∞ refers to

a hybrid calculation using α = 1/ϵ∞, where the dielectric constant was evaluated at the PBE level of theory. Similarly, the hybrid heading with
α = 1/ϵPBE0

∞ refers to a hybrid calculation where the dielectric constant was evaluated at the PBE0 level of theory. The sc-hybrid heading refers
to hybrid calculations where the fraction of exact exchange is self-consistently determined from the dielectric constant. All local-field effects
are included in the evaluation of the dielectric constant so that all ϵ∞ hybrid functional entries in the table are at the level of RPA + fxc−nl. ME,
MAE, MRE, and MARE are the mean, mean absolute, mean relative, and mean absolute relative error, respectively. The experimental geometry
was used for each solid, with the structure or polytype indicated by the abbreviation in the second column: dC-diamond cubic; RS-rock salt
cubic structure; ZB–zinc blende; M–monoclinic; Ru-rutile; WZ–wurtzite; Cr–corundum; XI–the XI proton ordered phase of ice; and cF–fcc,
face-centered cubic. Note that CoO, NiO, and MnO are magnetic with AFM-II magnetic ordering.

PBE PBE0 hybrid hybrid sc-hybrid
Type α = 0 α = 0.25 α = 1/ϵPBE

∞ α = 1/ϵPBE0
∞ α = 1/sc-ϵ∞ Exp.

Ge (dC) – 12.77 – 15.33 15.65 15.9 [66]
Si (dC) 12.62 10.53 11.81 11.67 11.76 11.9 [67]
AlP (ZB) 7.82 6.85 7.26 7.20 7.23 7.54 [67]
SiC (ZB) 6.94 6.28 6.53 6.49 6.50 6.52 [67]
TiO2 (Ru) 7.91 5.96 6.75 6.46 6.56 6.34 [68]
NiO (RS) 16.98 4.74 9.20 5.12 5.49 5.76 [69]
C (dC) 5.83 5.54 5.61 5.61 5.61 5.70 [67]
CoO (RS) – 4.52 – 4.73 4.92 5.35 [69]
GaN (ZB) 5.78 5.00 5.19 5.12 5.14 5.30 [70]
ZnS (ZB) 5.58 4.84 5.01 4.94 4.95 5.13 [67]
MnO (RS) 7.62 4.32 5.11 4.41 4.45 4.95 [71]
WO3 (M) 5.46 4.60 4.79 4.68 4.72 4.81 [72]
BN (ZB) 4.59 4.37 4.40 4.39 4.40 4.50 [73]
HfO2 (M) 4.54 3.97 4.03 3.97 3.97 4.41 [74]
AlN (WZ) 4.54 4.15 4.18 4.16 4.16 4.18 [75]
ZnO (WZ) 4.66 3.54 3.63 3.47 3.46 3.74 [76]
Al2O3 (Cr) 3.27 3.07 3.03 3.01 3.01 3.10 [77]
MgO (RS) 3.12 2.89 2.83 2.81 2.81 2.96 [78]
LiCl (RS) 2.96 2.82 2.78 2.77 2.77 2.70 [66]
NaCl (RS) 2.49 2.37 2.31 2.30 2.29 2.40 [79]
LiF (RS) 1.97 1.87 1.79 1.78 1.77 1.90 [66]
H2O (XI) 1.80 1.73 1.66 1.65 1.65 1.72 [80]
Ar (cF) 1.74 1.70 1.66 1.66 1.66 1.66 [81]
Ne (cF) 1.28 1.24 1.21 1.21 1.21 1.23 [82]
ME 0.96 –0.41 0.13 –0.20 –0.15 –
MAE 0.96 0.43 0.27 0.22 0.18 –
MRE (%) 18.5 –5.1 1.4 –3.8 –3.1 –
MARE (%) 18.5 6.2 5.6 4.5 4.0 –

using the potential of Eq. (15). The vGKS potential implicitly
depends on the applied electric field through the perturbed
charge density and orbitals. The perturbation of the equilibrium
charge density caused by the presence of the external field is
related to vmacro by the reducible polarizability χ :

nind(r) =
∫

χ (r,r′)vmacro(r′)dr′. (16)

χ is a nonlocal operator that describes the many-body polariza-
tion effects of the interacting electron gas. The polarizability
χ may include retardation effects, giving rise to a frequency
dependence of the dielectric tensor. Such dependence is not
considered in the present work since we focus on the evaluation
of the static dielectric screening. The static dielectric tensor
ϵ−1
ij can be expressed in terms of χ [51]:

ϵ−1
ij = δij + 4πe2

&

∫
dr

∫
dr′riχ (r,r′)r ′

j , (17)

where i,j denote Cartesian components and & is the volume
of the cell. This result can be derived by relating the external
electric field Eext to the total electric field E = Eext − 4πP and
by computing the induced polarization field P by integrating
the induced charge density

P = −e

&

∫
nind(r)rdr . (18)

The approximations adopted in the computation of the static
dielectric constant arise from the approximation chosen for χ
in Eq. (17):

χ = χ0 + χ0
δvGKS

δn
χ0 + χ0

δvGKS

δn
χ0

δvGKS

δn
χ0 + · · ·

= χ0 + χ0
δvGKS

δn
χ , (19)

where χ0 is the irreducible polarizability [52]. The reducible
and irreducible polarizabilities are also called interacting
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Improving*hybrid*func.onals*with*an*op.mal*admixing*parameter 
We# have# proposed# a#parameter* free* hybrid# func5onal#
for# period# systems# applicable# to# solids# (crystalline# and#
amorphous)# and# liquids# where# the# frac5on# of# exact#
exchange#a#is#determined#self#consistently.# 

Applicable# to# wide# range#
of# condensed# phases# and#
yields#an#accuracy#as#MBPT#
but#at#lower#cost.##

energy*gaps*(eV) dielectric*constants 
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In this work we present a full-range, nonempirical hybrid
functional where the mixing parameter α is determined self-
consistently from the evaluation of the inverse static electronic
dielectric constant ϵ−1

∞ . The latter is computed by including
the full response of the electronic density to the perturbing
external electric field, i.e., local-field effects are included,
which are important to obtain accurate results. We computed
the dielectric constants, electronic gaps, and several lattice
constants of a broad class of solids and found results in
considerably better agreement with experiments than those
obtained with semilocal and the PBE0 hybrid functional.

The rest of the paper is organized as follows. Section II de-
scribes the methodology along with the computational details.
Section III presents results obtained using a self-consistent
(sc) hybrid. Section IV summarizes the present self-consistent
hybrid scheme and concludes with future directions to explore.

II. METHODS

A. Self-consistent hybrid mixing scheme (sc-hybrid)

The self-consistent cycle used to determine the sc-hybrid
functional proposed in this work is shown in Fig. 1. The
self-consistency loop is started with an initial guess for α,
which is bound to range from 0 to 1; α determines the
amount of exact exchange vex

x (r,r′) included in the exchange-
correlation potential expression of Eq. (7). In this work we
used the GGA exchange and correlation functional proposed
by Perdew, Burke, and Ernzerhof (PBE) [40]; hence in Fig. 1
vx(r) denotes the PBE exchange functional. Once the hybrid
exchange potential is defined, ϵ∞ is computed self-consistently
using the procedure outlined in Sec. II B and convergence is
assessed by comparing ϵ∞ evaluated in subsequent cycles.

As an initial guess for α, we used both the value that
reproduces the semilocal-only PBE limit (α = 0) and the value
α = 0.25 corresponding to the global hybrid PBE0. Figure 2
illustrates how the self-consistent procedure of Fig. 1 leads to
the same converged electronic dielectric constant, regardless
of the initial value of α, either PBE (sc-hybrid@PBE, blue
dashed line and triangles) or PBE0 (sc-hybrid@PBE0, red

FIG. 1. (Color online) Diagram of the self-consistent hybrid
scheme. The potential used in the solution of the generalized
Kohn-Sham equation is defined in Eq. (7). ϵ∞ is the static dielectric
constant.
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FIG. 2. (Color online) Convergence of the value of the static
dielectric constant ε∞ in the sc-hybrid scheme is shown for four
prototypical semiconductors, Si, C, SiC, and Ge. The blue dashed
line and triangles indicate the iterative procedure that starts with no
inclusion of exact exchange: α = 0 (sc-hybrid@PBE); the red solid
line and circles correspond to the iterative procedure started with a
quarter of exact exchange α = 0.25 (sc-hybrid@PBE0). The blue and
red arrows shown in the first panel indicate the PBE and PBE0 values
of ϵ∞. The solid black lines represent the value of the experimental
macroscopic dielectric constant.

solid line and circles). Generally only three to four iterations
are required to reach convergence [41] with the only notable
exceptions being the antiferromagnetic transition metal oxides
CoO, MnO, and NiO, which respectively required five, five,
and nine iterations to reach convergence.

B. Evaluation of the static dielectric constant

The static dielectric constant is the central quantity in the
sc-hybrid scheme and its accurate computation is critical for
the performance of our approach. It is therefore useful to briefly
recall the techniques and the levels of approximation that are
usually employed in evaluating ϵ∞.

We consider the dielectric response of a system subject to a
macroscopic electric field Eext, where the total potential acting
on the system vtot includes both the perturbing macroscopic
potential vmacro = er · Eext, and the self-consistent generalized
Kohn-Sham electronic potential vGKS :

vtot = vGKS + vmacro. (15)

The dielectric response to an external field may be computed
using finite field methods, e.g., the Berry phase technique
(known as the modern theory of polarization) [42,43], or first-
order perturbation theory, which is our method of choice in the
present work. Within linear response, both density functional
perturbation theory (DFPT) [44] and the coupled perturbed
Kohn-Sham (CPKS) [45,46] equations [the coupled-perturbed
Hartree-Fock method (CPHF) [47–49] extended to DFT]
have been commonly employed to compute the macroscopic
dielectric constants of solids. In this work we computed the
dielectric constants using the CPKS method as implemented in
CRYSTAL09 [50], where the perturbed KS orbitals are obtained
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Figure 8: (Color online) Comparison between calculated and experimental vertical ionization
potential (VIP) for the set of 36 closed-shell molecules listed in Tab. 3. Dots (crosses) refer
to VIPs obtained at the G0W0 (DFT) level of theory.
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Figure 9: (Color online) Difference between the solution of Eq. (5) using a secant algorithm
and employing the first order Taylor expansion of Eq. (68).
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We# scaled# up# the# size# of# the# systems# in# order# to#
prove#the#applicability#of#the#method#to#large*scale*
simula.ons#of#unprecedented#size.#*
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Figure 7: (Color online) The matrix elements of Vxc, ⌃x and ⌃c(E
QP
nk�) evaluated on the

HOMO eigenstate, for different choices of the exchange and correlation potential (see Tab. 2).
The bottom panel reports the QP correction, i.e. the difference EQP

nk��"nk� (see Eq.s (5), (9)-
(10)).

Table 4: Vertical ionization potential (VIP, eV) of open shell molecules. Experimental values
are taken from the NIST computational chemistry database97. Each column reports the VIP
obtained with the West code by performing G0W0 calculations starting from the solutions
of the Kohn-Sham equations with the exchange and correlation potential (LDA or PBE),
specified within parentheses on the first row. In parentheses we report the absolute value of
the HOMO energy prior to the application of G0W0 corrections.

Molecule spin G0W0(LDA) G0W0(PBE) Exp.
CF 0.5 8.92 (4.68) 8.69 (4.72) 9.55
NF 1.0 12.18 (7.14) 11.81 (7.05) 12.63
NO2 0.5 10.82 (6.63) 10.46 (6.55) 11.23
O2 1.0 12.11 (6.92) 11.67 (6.87) 12.33
S2 1.0 9.53 (5.86) 9.34 (5.82) 9.55
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on the electronic structure of the interface. The method developed here is not limited to

solid/liquid interfaces and to planar geometries and has broad applicability to any complex

(nanostructured) materials inclusive of heterogeneous interfaces81.
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Figure 13: (Color online) The local density of states (LDOS, see text) of two solid/liquid
interfaces: H�Si/H2O (left panels) and COOH�Si/H2O (right panels). The top panels
report the side view of the unit cells. Bottom (middle) panels report the LDOS obtained
using G0W0 (KS-DFT) energies in Eq. (69). A color scale that ranges from black to red is
used to plot the LDOS; black areas indicate energy gap regions.
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Si# func5onalized#
s u r f a c e s ,#
interfaced# with#
water.##
#
H:Si/H2O#:#
420#atoms#
1176#electrons#
#
COOH:Si/H2O#:#
492#atoms#
1560#electrons*
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We#present#methodological#and#algorithm#developments#for#the#calcula5on#of#the#
electronic# structure# of# large# systems# with# hybrid# density# func5onal# theory# (sc:
hybrid)#and#many#body#perturba5on#theory#(GW).##In#par5cular,#we#will#discuss#sc#
hybrid* func.onals* derived# within# a# generalized# Kohn:Sham# scheme,# where# the#
frac5on# of# exact# exchange# is# determined# self:consistently# using# dielectric#
suscep5bili5es.#We#will#also#discuss# the#parallel#efficiency#of#a# recently#proposed#
GW* technique* that# does# not# require# the# computa5on# of# virtual# orbitals,# and# its#
applica5on# to# systems# with# thousands# of# electrons,# including# semiconductor#
nanopar5cles,#solid/liquid#interfaces#and#defec5ve#materials.##
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Hybrid:DFT 

We# develop# and# use# theore5cal# and# computa5onal# tools# to# understand* and*
predict* the* proper.es* and* behavior* of* materials# (solids,# liquids# and#
nanostructures)#from#first#principles.# 

Strategy*for*the*inves.ga.on*of*electronic*proper.es 
•  Generate# structural* models* with# classical# or# Ab# Ini5o# Molecular#
Dynamics#(AIMD)#

•  Carry# out# Density* Func.onal* Theory* (DFT)# electronic# structure#
calcula5ons#with#semi:local#or#hybrid#func5onals#

•  Use#DFT#input#to#carry#out#Many*Body*Perturba.on*Theory*(MBPT)#
calcula5ons# and# obtain# quasipar5cle# energies# (GW)# and# absorp5on#
proper5es#(BSE)#

•  Op.mize*code*to#carry#out#large#scale#calcula5ons#
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Which*level*of*theory? 

⇣
T̂ + V̂ion + V̂H + V̂xc

⌘
| ni = "n | ni Kohn:Sham#(KS)#eq. 

With#DFT,#single#par5cle#states#and#energies#of#a#system#of#interac.ng*electrons#is#
obtained# by# solving# the# KS# eq.,# which# includes# the# kine5c# energy# operator,# the#
ionic,#Hartree#and#exchange#correla.on*(x#c)*poten.al#operators,#respec5vely.##

Only#approximated#forms#of#the#x#c*poten.al*are#known,#they#can#be#based#on#the#
electronic*density*(###)#or#on#the#orbitals#(###).*

Understanding# materials# at# the# nanoscale# and# building* predic.ve* capabili.es*
require*high*accuracy.#*
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Hybrid functional development

Which level of theory?

Aim: improving hybrid functionals for condensed phases
Desired features
• high accuracy without the cost of MBPT 
• broad applicability to a wide range of materials, including small gap 

semiconductors (e.g. Si, Ge, GaAs) and insulators (e.g. H2O, Al2O3, SiO2) 
• reliable for the description of band alignments, band offsets and describe 

localized defect states

H*a*

Our#goal#is#to#to#provide#a#computa5onal#characteriza5on,#at#the#microscopic#level,#
of# light#absorber/electrolyte* interfaces*with# a# twofold# overarching# objec5ves:# i)#
provide# knowledge# and# computa5onal# tools# to# interpret# a# large# body# of# ongoing#
experiments#on#fuel*produc.on*from*water,#and#ii)#establish#design*rules*to#predict#
Earth:abundant,# non:toxic# oxides# with# interfacial# proper5es# op5mally# tuned# to#
oxidize#water.## 

D(E, z) =
X

n

| n(z)|2�(E � "n)
Local#density#of#states# 

⇢  

####determines#the#level#of#accuracy#of#the#calcula5on. ↵

⇣
T̂ + V̂ion + V̂H + ⌃̂(EQP

n )
⌘ �� QP

n

↵
= EQP

n

�� QP
n

↵

In# a# fashion# similar# to# DFT,# quasipar.cle# (QP)# states# and# energies# may# be# obtained#
replacing#the#exchange:correla5on#poten5al#with#the#electronic*self#energy**#####. 

Quasipar5cle#(QP)#eq. 

⌃(r, r0;!0) = i

Z +1

�1

d!0

2⇡
G(r, r0;! + !0)W (r, r0;!0)

that of G�
KS in Eq. (6). In the following sections we describe in detail all the steps outlined

in Fig. 1. The separable form of WRPA is given in Sec. 2.1. Calculation of the polarizability

and the spectral decomposition of the dielectric matrix are described in Sec. 2.2 and 2.3,

respectively. Matrix elements of GKS and WRPA are then obtained without the explicit

use of empty electronic states and simultaneously at several frequencies by using a deflated

Lanczos technique, described in Sec. 2.4. Finally the frequency integration is carried out by

introducing a contour deformation method, as described in Sec. 2.5. The use of the analytic

continuation used in the original method of Ref. [37,38] is thus avoided.

DFT PDEP WLanczos

Lanczos G
Contour  

Deformation

�(!) =

Z
d!0G(! + !0)W (!0)

QP-energies

DFT

Figure 1: (Color online) Schematic representation of the steps involved in the calculations of
quasiparticle (QP) energies, within the G0W0 approximation, using the method proposed in
this work. The KS energies (✏i) and occupied orbitals ( i) computed at the DFT level are
input to the PDEP algorithm, which is used to iteratively diagonalize the static dielectric
matrix (✏�1) at zero frequency. The set of eigenvectors {�i} constitutes the basis set used
to compute both G and W at finite frequencies with the Lanczos algorithm. The frequency
integration of Eq. (3) is carried out using the contour deformation technique. The frequency
dependent matrix elements of the electron self-energy are thus obtained and introduced in
Eq. (5) to compute the QP energies EQP

i .
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We# have# developed# an#
a l go r i t hm# fo r# t he#
computa5on# of# QP#
energies# that# does* not*
requires* the* explicit*
summa.on*over*virtual*
states*using*DFPT.#*

T h e# m e t h o d# i s#
applied# to# the# study#
o f # t h e# v e r . c a l*
ioniza.on* poten.al*
(VIP)* of# a# subset# of#
the#G2/97#molecules.*

We#coded# the#algorithm# in# the#QuantumEspresso#package# for#electronic# structure#
calcula5ons.# Using# a# hybrid# parallelism# (MPI+OpenMP),# we# achieved# a# good#
scalability*up*to*500k*cores.*

⌃

# # # # # # # # # # # # # # # # # # # # # # #can#be#derived#using#the#many:body#theory#of#the#electronic#gas,#
where#######is#the#Green’s#func5on,######is#the#screened#Coulomb#interac5on#and####is#
the#vertex#operator.#In#GW#approxima5on,######is#set#equal#to#the#iden5ty,#and#yields##

⌃ = iGW�
G W �

�

Improving*the*parallel*performance*of*large*scale*GW*simula.ons 

J.H. Skone, M. Govoni, and G. Galli, Self-consistent hybrid functional for 
condensed systems, Phys. Rev. B 89, 195112 (2014). 

M. Govoni, and G. Galli, Large scale GW calculations, J. Chem. Theory Comput. 
(2015). accepted 

The# electronic# proper5es# obtained# with# DFT# can# be#
improved# if# one# uses# hybrid# (e.g.# PBE0)# instead# of#
semilocal# func5onals.# Hybrid# func5onals# contain# a#
parameter# (# # )# that# determines# the# amount# of# exact#
exchange# that#needs# to#be#admixed# to# the# semilocal#
one# 
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Hybrid functional development
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TABLE IV. The Kohn-Sham (KS) energy gaps (eV) evaluated with the dielectric-dependent hybrid functionals are compared with the
experimental electronic gaps for a wide range of materials. The experimental values correspond to either photoemission measurements or to
optical measurements where the excitonic contributions were removed, with alumina the only exception (see text). The KS gaps were computed
as the energy difference of the single-particle energies of the conduction band minimum and the valence band maximum. The solids are listed
in the order of largest to smallest experimental ϵ∞. The hybrid heading with α = 1/ϵPBE

∞ refers to a hybrid calculation using a fixed α with
the dielectric constant evaluated at the PBE level of theory. Similarly, the hybrid heading with α = 1/ϵPBE0

∞ refers to a hybrid calculation
with a fixed α and the dielectric constant evaluated at the PBE0 level of theory. The sc-hybrid heading refers to the hybrid calculation where
the fraction of exact exchange is determined self-consistently from ϵ∞. ME, MAE, MRE, and MARE are the mean, mean absolute, mean
relative, and mean absolute relative error, respectively. The experimental geometry was used in all calculations, with the structure or polytype
indicated in the second column: dC–diamond cubic; RS–rock salt cubic structure; ZB–zinc blende; M–monoclinic; Ru–rutile; WZ–wurtzite;
Cr–corundum; XI–the XI proton ordered phase of ice; cF–fcc, face-centered cubic. Note that CoO, NiO, and MnO are magnetic with AFM-II
magnetic ordering.

PBE PBE0 hybrid hybrid sc-hybrid
Type α = 0 α = 0.25 α = 1/ϵPBE

∞ α = 1/ϵPBE0
∞ α = 1/sc-ϵ∞ Exp.

Ge (dC) 0.00 1.53 – 0.77 0.71 0.74 [85]
Si (dC) 0.62 1.75 0.96 1.03 0.99 1.17 [85]
AlP (ZB) 1.64 2.98 2.31 2.41 2.37 2.51 [86]
SiC (ZB) 1.37 2.91 2.23 2.33 2.29 2.39 [87]
TiO2 (Ru) 1.81 3.92 2.83 3.18 3.05 3.3 [88]
NiO (RS) 0.97 5.28 2.00 4.61 4.11 4.3 [89]
C (dC) 4.15 5.95 5.37 5.44 5.42 5.48 [90]
CoO (RS) 0.00 4.53 – 4.01 3.62 2.5 [91]
GaN (ZB) 1.88 3.68 3.10 3.30 3.26 3.29 [92]
ZnS (ZB) 2.36 4.18 3.65 3.85 3.82 3.91 [85]
MnO (RS) 1.12 3.87 2.55 3.66 3.60 3.9 [93]
WO3 (M) 1.92 3.79 3.24 3.50 3.47 3.38 [94]
BN (ZB) 4.49 6.51 6.24 6.34 6.33 6.25 [95]a

HfO2 (M) 4.32 6.65 6.38 6.68 6.68 5.84 [96]
AlN (WZ) 4.33 6.31 6.07 6.24 6.23 6.28 [97]
ZnO (WZ) 1.07 3.41 3.06 3.73 3.78 3.44 [98]
Al2O3 (Cr) 6.31 8.84 9.42 9.65 9.71 8.8 [99]
MgO (RS) 4.80 7.25 7.97 8.24 8.33 7.83 [100]
LiCl (RS) 6.54 8.66 9.42 9.57 9.62 9.4 [101]
NaCl (RS) 5.18 7.26 8.55 8.73 8.84 8.6 [102]
LiF (RS) 9.21 12.28 15.48 15.83 16.15 14.2 [103]
H2O (XI) 5.57 8.05 11.19 11.44 11.71 10.9 [104]
Ar (cF) 8.78 11.20 14.40 14.54 14.67 14.2 [105]
Ne (cF) 11.65 15.20 23.32 22.99 23.67 21.7 [105]
ME (eV) −2.7 −0.3 0.0 0.3 0.3 –
MAE (eV) 2.67 1.08 0.5 0.4 0.5 –
MRE (%) −46.9 10.8 −1.1 4.9 3.3 –
MARE (%) 46.9 21.1 9.6 7.4 7.8 –

aThe experimental value used here is the average of two reported values 6.1 and 6.4 eV.

sets are employed. Within a plane-wave pseudopotential
approach with hybrid functionals, one may, for example,
evaluate the dielectric constant by applying the modern theory
of polarization and computing derivatives with respect to the
applied field by finite differences. In this way all local-field
effects are automatically included [42,43].

C. Computational details

All hybrid functional calculations were carried out within
an all-electron approach using the CRYSTAL09 [50] electronic
structure package. We thus avoided possible inconsistencies
generated by the use of pseudopotentials derived within PBE
for hybrid functional calculations. We used Gaussian basis

sets modified starting from Ahlrichs’ def2-TZVPP molecular
basis [60], with the only exception being the rare gases Ne
and Ar basis sets, which were modified starting from the
def2-QZVPD set [61]. The highly contracted core shells were
not modified, while the valence shells were modified, when
necessary, to avoid possible linear dependencies caused by
the use of diffuse functions, which are utilized in the case of
molecules to represent the tail of the wave functions in the
vacuum region. In particular, we constrained the most diffuse
exponents to be larger than or equal to 0.09 bohr−2. In most
cases, we kept the size of the valence shell basis set to be
the same as that of the uncontracted original def2 sets by
augmenting the truncated basis sets accordingly. The Gaussian
basis functions added to the original set were chosen so as to
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TABLE I. The electronic dielectric constant (ϵ∞) determined using several levels of theory. The hybrid heading with α = 1/ϵPBE
∞ refers to

a hybrid calculation using α = 1/ϵ∞, where the dielectric constant was evaluated at the PBE level of theory. Similarly, the hybrid heading with
α = 1/ϵPBE0

∞ refers to a hybrid calculation where the dielectric constant was evaluated at the PBE0 level of theory. The sc-hybrid heading refers
to hybrid calculations where the fraction of exact exchange is self-consistently determined from the dielectric constant. All local-field effects
are included in the evaluation of the dielectric constant so that all ϵ∞ hybrid functional entries in the table are at the level of RPA + fxc−nl. ME,
MAE, MRE, and MARE are the mean, mean absolute, mean relative, and mean absolute relative error, respectively. The experimental geometry
was used for each solid, with the structure or polytype indicated by the abbreviation in the second column: dC-diamond cubic; RS-rock salt
cubic structure; ZB–zinc blende; M–monoclinic; Ru-rutile; WZ–wurtzite; Cr–corundum; XI–the XI proton ordered phase of ice; and cF–fcc,
face-centered cubic. Note that CoO, NiO, and MnO are magnetic with AFM-II magnetic ordering.

PBE PBE0 hybrid hybrid sc-hybrid
Type α = 0 α = 0.25 α = 1/ϵPBE

∞ α = 1/ϵPBE0
∞ α = 1/sc-ϵ∞ Exp.

Ge (dC) – 12.77 – 15.33 15.65 15.9 [66]
Si (dC) 12.62 10.53 11.81 11.67 11.76 11.9 [67]
AlP (ZB) 7.82 6.85 7.26 7.20 7.23 7.54 [67]
SiC (ZB) 6.94 6.28 6.53 6.49 6.50 6.52 [67]
TiO2 (Ru) 7.91 5.96 6.75 6.46 6.56 6.34 [68]
NiO (RS) 16.98 4.74 9.20 5.12 5.49 5.76 [69]
C (dC) 5.83 5.54 5.61 5.61 5.61 5.70 [67]
CoO (RS) – 4.52 – 4.73 4.92 5.35 [69]
GaN (ZB) 5.78 5.00 5.19 5.12 5.14 5.30 [70]
ZnS (ZB) 5.58 4.84 5.01 4.94 4.95 5.13 [67]
MnO (RS) 7.62 4.32 5.11 4.41 4.45 4.95 [71]
WO3 (M) 5.46 4.60 4.79 4.68 4.72 4.81 [72]
BN (ZB) 4.59 4.37 4.40 4.39 4.40 4.50 [73]
HfO2 (M) 4.54 3.97 4.03 3.97 3.97 4.41 [74]
AlN (WZ) 4.54 4.15 4.18 4.16 4.16 4.18 [75]
ZnO (WZ) 4.66 3.54 3.63 3.47 3.46 3.74 [76]
Al2O3 (Cr) 3.27 3.07 3.03 3.01 3.01 3.10 [77]
MgO (RS) 3.12 2.89 2.83 2.81 2.81 2.96 [78]
LiCl (RS) 2.96 2.82 2.78 2.77 2.77 2.70 [66]
NaCl (RS) 2.49 2.37 2.31 2.30 2.29 2.40 [79]
LiF (RS) 1.97 1.87 1.79 1.78 1.77 1.90 [66]
H2O (XI) 1.80 1.73 1.66 1.65 1.65 1.72 [80]
Ar (cF) 1.74 1.70 1.66 1.66 1.66 1.66 [81]
Ne (cF) 1.28 1.24 1.21 1.21 1.21 1.23 [82]
ME 0.96 –0.41 0.13 –0.20 –0.15 –
MAE 0.96 0.43 0.27 0.22 0.18 –
MRE (%) 18.5 –5.1 1.4 –3.8 –3.1 –
MARE (%) 18.5 6.2 5.6 4.5 4.0 –

using the potential of Eq. (15). The vGKS potential implicitly
depends on the applied electric field through the perturbed
charge density and orbitals. The perturbation of the equilibrium
charge density caused by the presence of the external field is
related to vmacro by the reducible polarizability χ :

nind(r) =
∫

χ (r,r′)vmacro(r′)dr′. (16)

χ is a nonlocal operator that describes the many-body polariza-
tion effects of the interacting electron gas. The polarizability
χ may include retardation effects, giving rise to a frequency
dependence of the dielectric tensor. Such dependence is not
considered in the present work since we focus on the evaluation
of the static dielectric screening. The static dielectric tensor
ϵ−1
ij can be expressed in terms of χ [51]:

ϵ−1
ij = δij + 4πe2

&

∫
dr

∫
dr′riχ (r,r′)r ′

j , (17)

where i,j denote Cartesian components and & is the volume
of the cell. This result can be derived by relating the external
electric field Eext to the total electric field E = Eext − 4πP and
by computing the induced polarization field P by integrating
the induced charge density

P = −e

&

∫
nind(r)rdr . (18)

The approximations adopted in the computation of the static
dielectric constant arise from the approximation chosen for χ
in Eq. (17):

χ = χ0 + χ0
δvGKS

δn
χ0 + χ0

δvGKS

δn
χ0

δvGKS

δn
χ0 + · · ·

= χ0 + χ0
δvGKS

δn
χ , (19)

where χ0 is the irreducible polarizability [52]. The reducible
and irreducible polarizabilities are also called interacting
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In this work we present a full-range, nonempirical hybrid
functional where the mixing parameter α is determined self-
consistently from the evaluation of the inverse static electronic
dielectric constant ϵ−1

∞ . The latter is computed by including
the full response of the electronic density to the perturbing
external electric field, i.e., local-field effects are included,
which are important to obtain accurate results. We computed
the dielectric constants, electronic gaps, and several lattice
constants of a broad class of solids and found results in
considerably better agreement with experiments than those
obtained with semilocal and the PBE0 hybrid functional.

The rest of the paper is organized as follows. Section II de-
scribes the methodology along with the computational details.
Section III presents results obtained using a self-consistent
(sc) hybrid. Section IV summarizes the present self-consistent
hybrid scheme and concludes with future directions to explore.

II. METHODS

A. Self-consistent hybrid mixing scheme (sc-hybrid)

The self-consistent cycle used to determine the sc-hybrid
functional proposed in this work is shown in Fig. 1. The
self-consistency loop is started with an initial guess for α,
which is bound to range from 0 to 1; α determines the
amount of exact exchange vex

x (r,r′) included in the exchange-
correlation potential expression of Eq. (7). In this work we
used the GGA exchange and correlation functional proposed
by Perdew, Burke, and Ernzerhof (PBE) [40]; hence in Fig. 1
vx(r) denotes the PBE exchange functional. Once the hybrid
exchange potential is defined, ϵ∞ is computed self-consistently
using the procedure outlined in Sec. II B and convergence is
assessed by comparing ϵ∞ evaluated in subsequent cycles.

As an initial guess for α, we used both the value that
reproduces the semilocal-only PBE limit (α = 0) and the value
α = 0.25 corresponding to the global hybrid PBE0. Figure 2
illustrates how the self-consistent procedure of Fig. 1 leads to
the same converged electronic dielectric constant, regardless
of the initial value of α, either PBE (sc-hybrid@PBE, blue
dashed line and triangles) or PBE0 (sc-hybrid@PBE0, red

FIG. 1. (Color online) Diagram of the self-consistent hybrid
scheme. The potential used in the solution of the generalized
Kohn-Sham equation is defined in Eq. (7). ϵ∞ is the static dielectric
constant.
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FIG. 2. (Color online) Convergence of the value of the static
dielectric constant ε∞ in the sc-hybrid scheme is shown for four
prototypical semiconductors, Si, C, SiC, and Ge. The blue dashed
line and triangles indicate the iterative procedure that starts with no
inclusion of exact exchange: α = 0 (sc-hybrid@PBE); the red solid
line and circles correspond to the iterative procedure started with a
quarter of exact exchange α = 0.25 (sc-hybrid@PBE0). The blue and
red arrows shown in the first panel indicate the PBE and PBE0 values
of ϵ∞. The solid black lines represent the value of the experimental
macroscopic dielectric constant.

solid line and circles). Generally only three to four iterations
are required to reach convergence [41] with the only notable
exceptions being the antiferromagnetic transition metal oxides
CoO, MnO, and NiO, which respectively required five, five,
and nine iterations to reach convergence.

B. Evaluation of the static dielectric constant

The static dielectric constant is the central quantity in the
sc-hybrid scheme and its accurate computation is critical for
the performance of our approach. It is therefore useful to briefly
recall the techniques and the levels of approximation that are
usually employed in evaluating ϵ∞.

We consider the dielectric response of a system subject to a
macroscopic electric field Eext, where the total potential acting
on the system vtot includes both the perturbing macroscopic
potential vmacro = er · Eext, and the self-consistent generalized
Kohn-Sham electronic potential vGKS :

vtot = vGKS + vmacro. (15)

The dielectric response to an external field may be computed
using finite field methods, e.g., the Berry phase technique
(known as the modern theory of polarization) [42,43], or first-
order perturbation theory, which is our method of choice in the
present work. Within linear response, both density functional
perturbation theory (DFPT) [44] and the coupled perturbed
Kohn-Sham (CPKS) [45,46] equations [the coupled-perturbed
Hartree-Fock method (CPHF) [47–49] extended to DFT]
have been commonly employed to compute the macroscopic
dielectric constants of solids. In this work we computed the
dielectric constants using the CPKS method as implemented in
CRYSTAL09 [50], where the perturbed KS orbitals are obtained
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Figure 8: (Color online) Comparison between calculated and experimental vertical ionization
potential (VIP) for the set of 36 closed-shell molecules listed in Tab. 3. Dots (crosses) refer
to VIPs obtained at the G0W0 (DFT) level of theory.
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Figure 9: (Color online) Difference between the solution of Eq. (5) using a secant algorithm
and employing the first order Taylor expansion of Eq. (68).
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We# scaled# up# the# size# of# the# systems# in# order# to#
prove#the#applicability#of#the#method#to#large*scale*
simula.ons#of#unprecedented#size.#*

-30

-20

-10

 0

                                    

V
xc

 (
e

V
)

PBE PBE0 EXXc B3LYP HSE

-30

-20

-10

 0

                                    

Σ
x 

(e
V

)

-1

 0

 1

 2

 3

 4

                                    

Σ
c 

(e
V

)

-6

-4

-2

 0

 2

C
2 H

2
C

2 H
4

C
4 H

4 S
C

6 H
6

C
H

3 C
l

C
H

3 O
H

C
H

3 S
H

C
H

4

C
l2

C
lF

C
O

C
O

2

C
S

F
2

H
2 C

O
H

2 O
H

2 O
2

H
C

l
H

C
N

H
F

H
O

C
l

Li2

LiF
LiH

N
2

N
2 H

4
N

a
2

N
aC

l
N

H
3

P
2

P
H

3

S
H

2

S
i2 H

6
S

iH
4

S
iO

S
O

2

Q
P

 c
o

rr
e

ct
io

n
 (

e
V

)

Figure 7: (Color online) The matrix elements of Vxc, ⌃x and ⌃c(E
QP
nk�) evaluated on the

HOMO eigenstate, for different choices of the exchange and correlation potential (see Tab. 2).
The bottom panel reports the QP correction, i.e. the difference EQP

nk��"nk� (see Eq.s (5), (9)-
(10)).

Table 4: Vertical ionization potential (VIP, eV) of open shell molecules. Experimental values
are taken from the NIST computational chemistry database97. Each column reports the VIP
obtained with the West code by performing G0W0 calculations starting from the solutions
of the Kohn-Sham equations with the exchange and correlation potential (LDA or PBE),
specified within parentheses on the first row. In parentheses we report the absolute value of
the HOMO energy prior to the application of G0W0 corrections.

Molecule spin G0W0(LDA) G0W0(PBE) Exp.
CF 0.5 8.92 (4.68) 8.69 (4.72) 9.55
NF 1.0 12.18 (7.14) 11.81 (7.05) 12.63
NO2 0.5 10.82 (6.63) 10.46 (6.55) 11.23
O2 1.0 12.11 (6.92) 11.67 (6.87) 12.33
S2 1.0 9.53 (5.86) 9.34 (5.82) 9.55

30

on the electronic structure of the interface. The method developed here is not limited to

solid/liquid interfaces and to planar geometries and has broad applicability to any complex

(nanostructured) materials inclusive of heterogeneous interfaces81.
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Figure 13: (Color online) The local density of states (LDOS, see text) of two solid/liquid
interfaces: H�Si/H2O (left panels) and COOH�Si/H2O (right panels). The top panels
report the side view of the unit cells. Bottom (middle) panels report the LDOS obtained
using G0W0 (KS-DFT) energies in Eq. (69). A color scale that ranges from black to red is
used to plot the LDOS; black areas indicate energy gap regions.
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WEST: input

{
    "input_west": {
        "qe_prefix": "silane",
        "west_prefix": "silane",
        "outdir": "./"
    },
    "wstat_control": {
        "wstat_calculation": "S",
        "n_pdep_eigen": 50
    }
}

Input in JSON format

Keyword that identifies the directory where 
the output of DFT calculation resides 

Keyword that identifies the directory 
where the calculation is saved

Number of eigenpotentials 

G�
KS in Eq. (6). In the following sections we describe in detail all the steps outlined in

Fig. 1. The separable form of WRPA is given in Sec. 2.1. Calculation of the polarizability

and the spectral decomposition of the dielectric matrix are described in Sec. 2.2 and 2.3,

respectively. Matrix elements of GKS and WRPA are then obtained without the explicit

use of empty electronic states and simultaneously at several frequencies by using a deflated

Lanczos technique, described in Sec. 2.4. Finally the frequency integration is carried out by

introducing a contour deformation method, as described in Sec. 2.5. The use of the analytic

continuation used in the original method of Ref. [39,40] is thus avoided.

DFT PDEP WLanczos

Lanczos G
Contour  

Deformation

�(�) =

Z
d�0G(� + �0)W (�0)

QP-energies

DFT

Figure 1: (Color online) Schematic representation of the steps involved in the calculations of
quasiparticle (QP) energies, within the G0W0 approximation, using the method proposed in
this work. The KS energies (✏i) and occupied orbitals ( i) computed at the DFT level are
input to the PDEP algorithm, which is used to iteratively diagonalize the static dielectric
matrix (✏�1) at zero frequency. The set of eigenvectors {�n} constitutes the basis set used
to compute both G and W at finite frequencies with the Lanczos algorithm. The frequency
integration of Eq. (3) is carried out using the contour deformation technique. The frequency
dependent matrix elements of the electron self-energy are thus obtained and introduced in
Eq. (5) to compute the QP energies EQP

i .

2.1 Separable form of the screened Coulomb interaction

In order to solve equation Eq. (5) and obtain QP energies, one needs to compute the matrix

elements of the electron self-energy between KS states, which in the G0W0 approximation is

given by Eq. (3). The Green’s function may be expressed in a fully separable form using its

7

Start from scratch

Output directory {
wstat.in
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WEST: output 

{
    "runjob": { … },
    "software": { … },
    "config": { … },
    "parallel": { … },
    "input": { … },
    "system": { … },
    "exec": { … },
    "output": { … },
    “timing": { … }
}

Output in JSON format

G�
KS in Eq. (6). In the following sections we describe in detail all the steps outlined in

Fig. 1. The separable form of WRPA is given in Sec. 2.1. Calculation of the polarizability

and the spectral decomposition of the dielectric matrix are described in Sec. 2.2 and 2.3,

respectively. Matrix elements of GKS and WRPA are then obtained without the explicit

use of empty electronic states and simultaneously at several frequencies by using a deflated

Lanczos technique, described in Sec. 2.4. Finally the frequency integration is carried out by

introducing a contour deformation method, as described in Sec. 2.5. The use of the analytic

continuation used in the original method of Ref. [39,40] is thus avoided.

DFT PDEP WLanczos

Lanczos G
Contour  

Deformation

�(�) =

Z
d�0G(� + �0)W (�0)

QP-energies

DFT

Figure 1: (Color online) Schematic representation of the steps involved in the calculations of
quasiparticle (QP) energies, within the G0W0 approximation, using the method proposed in
this work. The KS energies (✏i) and occupied orbitals ( i) computed at the DFT level are
input to the PDEP algorithm, which is used to iteratively diagonalize the static dielectric
matrix (✏�1) at zero frequency. The set of eigenvectors {�n} constitutes the basis set used
to compute both G and W at finite frequencies with the Lanczos algorithm. The frequency
integration of Eq. (3) is carried out using the contour deformation technique. The frequency
dependent matrix elements of the electron self-energy are thus obtained and introduced in
Eq. (5) to compute the QP energies EQP

i .

2.1 Separable form of the screened Coulomb interaction

In order to solve equation Eq. (5) and obtain QP energies, one needs to compute the matrix

elements of the electron self-energy between KS states, which in the G0W0 approximation is

given by Eq. (3). The Green’s function may be expressed in a fully separable form using its

7

Status of execution 
Version of software 
Configuration of the platform where the code ran 
Details about parallelization  
Input variables (for future reference) 
Details about the system under study 
Log of execution  
Output 
Timings 

wstat.json

{
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WEST: extract information from  
the output
{
    "runjob": { … },
    "software": { … },
    "config": { … },
    "parallel": { … },
    "input": { … },
    "system": { … },
    "exec": { … },
    "output": { … },
    “timing": { … }
}

import json

# read data from JSON file
with open(‘west.wstat.save/wstat.json’) as file:
    data = json.load(file)

# show values
print(data[“input”][“wstat_control”][“n_pdep_eigen”])
print(data[“runjob”][“completed”])
print(data[“output”][“eigenval”])

{wstat.json

Import JSON library

Read the output file

Recall an input variable

Is the simulation done?

Manipulate output
13Marco Govoni - Institute for Molecular Engineering - Argonne National Lab & UChicago 13



Run WEST

mpirun -n 4 wstat.x -i wstat.in 

Number of cores
Name of the program

Input file

import westpy 
westpy.command() Python plotting suite

mpirun -n 4 wfreq.x -i wfreq.in  mpirun -n 4 westpp.x -i westpp.in 

MPI launcher/manager
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WEST: parallelization schemes

6 cores running in parallel 

Communication

Frequent 
communication

Frequent 
communication

Less frequent
communication

The computation is distributed 
evenly across all cores 

The computation is diversified 
in order to keep frequent 

communication bound to small 
number of cores 

 ✔ Improved scalability

Message Passage Interface (MPI)

mpirun -n 6 wstat.x -i wstat.in 

mpirun -n 6 wstat.x -nimage 2 -i wstat.in 
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WEST: website
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WEST: Hands-on!

Let’s look at a summary of what we will learn!
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