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what	is	in	QUANTUM	ESPRESSO

PWscf	

PHonon	

CP/FPMD	

PWcond	

GIPAW	

Wannier90	

atomic	

QHA	

PWgui	

XCrysDen	

XSpectra	

GWL	

turboTDDFT	

YAMBO	

EPW	

WanT	

PostProc	

⋯	many	others	to	come
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coordinate	and	support	research,	
educaGon,	and	outreach	within	the	

QUANTUM	ESPRESSO	community

own	the	trademarks	and	protect	the	open-
source	character	of	QUANTUM	ESPRESSO

raise	funds	to	foster	the	QUANTUM	
ESPRESSO	project

/Objects



Cambridge-based	non	profit	company	
limited	by	guarantee	
public	company	arGcles
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Scuola	Internazionale	Superiore	di	Studi	AvanzaG,	Trieste	
Ecole	Polytechnique	Fédérale	de	Lausanne	
InternaGonal	Centre	for	TheoreGcal	Physics,	Trieste	
Consiglio	Nazionale	delle	Ricerche,	Italy	
CINECA	supercompuGng	center,	Bologna	
University	of	North	Texas	
the	FoundaGon	is	open	to	new	groups	/	insGtuGons	
wishing	to	join

/Members



/the	Bus iness 	Model

disseminaGon	(web	sites,	web-based	community-oriented	users’	
assistance)	
training	(mainly,	internaGonal	schools)		
funding	(micro-)	prizes	and	super-compuGng	grants	
code	development	and	community-oriented	code	gluing

where	the	foundaGon’s	money	go	to



/the	Bus iness 	Model

disseminaGon	(web	sites,	web-based	community-oriented	users’	
assistance)	
training	(mainly,	internaGonal	schools)		
funding	(micro-)	prizes	and	super-compuGng	grants	
code	development	and	community-oriented	code	gluing

where	the	foundaGon’s	money	go	to

where	the	foundaGon’s	money	come	from

membership	fees	
(micro-)	donaGons	
academic	and	corporate	training	
brokering	of	custom-tailored	code	development	/	porGng	/	
opGmizaGon	/	benchmarking



/the	Bus iness 	Model

Schrödinger	Inc.	and	the	Quantum	ESPRESSO	Foundation	announce	an	on-
going	development	collaboration	to	integrate	the	QUANTUM	ESPRESSO	
materials	simulation	program	into	the	Schrödinger	modelling	suite
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equation solvers, 
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user interfaces

data formats & APIs

third-party apps



QE scaling benchmarks

courtesy	of	Carlo	Cavazzoni	(CINECA)

molecular dynamics of a functionalized  
Carbon nanotube ~7nm, 1532 atoms

Ab-initio simulations -> numerical solution of the quantum mechanical 
equations

QE	scaling	benchmark	(cp.x)
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Input	dataset:		
http://www.qe-forge.org/gf/download/frsrelease/49/63/CNT10POR8.tgz
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Figure 6. Relative error in the PBE, PBE0, HSE03, and B3LYP atomization energies with respect to experiment.

Table 3. Mean error ME (eV), mean absolute error MAE (eV),
mean relative error MRE, and mean absolute relative error MARE, in
the PBE, PBE0, HSE03, and B3LYP atomization energies with
respect to experiment.

PBE PBE0 HSE03 B3LYP

All solids

ME −0.045 −0.228 −0.184 −0.590
MAE 0.134 0.286 0.252 0.590
MRE (%) −1.9 −6.5 −5.1 −17.6
MARE (%) 3.4 7.4 6.3 17.6

No metals (Si–LiF)

ME −0.018 −0.067 −0.063 −0.348
MAE 0.156 0.161 0.162 0.348
MRE (%) −1.2 −2.2 −2.1 −8.0
MARE (%) 3.4 3.6 3.6 8.0

level (with a MARE of 3.4%, compared to 7.4% and 6.3%
and 17.6% (!) for the PBE0, HSE03, and B3LYP results,
respectively). A comparison between the ME, MAE, MRE,
and MARE listed in table 3 for the complete set of systems
and the corresponding entries for the non-metallic systems only
(Si–LiF) shows that especially for the metallic systems (Na–
Ag) the HF/DFT hybrids underperform with respect to the
(conventional) PBE functional. This is clearly illustrated by
figure 6 as well.

As discussed in [7], the inclusion of HF exchange in the
hybrid functionals very likely causes an overestimation of the
exchange splitting in d elements. The concomitant increase
in the spin-polarization energy of the atomic system leads to
an underestimation of the atomization energy of the d metals.
Consequently, hybrid functionals fail to describe the d-metal
atomization energies, whereas PBE works reasonably well.

This situation is even worse in the case of the B3LYP
functional, for which the atomization energies of all metallic
systems (Na–Ag in figure 6) are severely underestimated.
Moreover, in the case of B3LYP this underbinding is present
in all systems possessing substantial itinerant character, i.e.,
it affects the small- to medium-gap systems as well (Si–BN).
Generally speaking, one may conclude that the more ‘free-
electron-like’ the material is the larger the deviations of the
B3LYP atomization energies to experiment are. Note that the
materials in figure 6 are listed from left to right in order of
increasing band gaps (e.g. Eg(Si) = 1.17 eV, Eg(GaAs) =
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Figure 7. Relative error in the PBE, PBE0, HSE03, and B3LYP
heats of formation with respect to experiment.

1.52 eV, etc). As shown in [8], the main reason for the poor
performance of the B3LYP functional is the use of the LYP
correlation energy: the LYP correlation functional does not
attain the homogeneous electron gas (HEG) limit.

4.2.2. Heats of formation. Figure 7 shows the relative errors
with respect to experiment, in the PBE, PBE0, HSE03, and
B3LYP heats of formation for some representative solid–gas
and solid–solid chemical reactions. As discussed in [8], the
PBE calculations show a pronounced underestimation of the
heats of formation (MARE(PBE) = 14% w.r.t. experiment),
whereas the HF/DFT hybrids yield markedly better results
(e.g. MARE(PBE0) = 8.8% and MARE(HSE03) = 9.5%).
Most strikingly, however, the B3LYP description of the heats
of formation is excellent (MARE(B3LYP) = 4.4%). The
latter was judged most likely to be fortuitous [8]: B3LYP heats
of formation are larger than the corresponding PBE, PBE0,
HSE03 results, primarily because of its underestimation of the
total energy of the metallic reactants. An overestimation of
the total energy of the molecular reactant and underestimation
of the energy of the metal in all likelihood cancels against a
similar overestimation for the reaction product. All solid–gas
reactions in figure 7 involve a metallic reactant and are thus
subject to this line of reasoning. The only exception is the
solid–solid SiC formation. This reaction does not involve a
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Figure 8. Band gaps from PBE, PBE0, and HSE03 calculations,
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metallic reactant and, in line with the previous arguments, the
B3LYP heat of formation for SiC is similar to that for PBE0
and HSE03.

4.3. Electronic properties

Figure 8 shows PBE, PBE0, and HSE03 band gaps plotted
against data from experiment. As expected, the PBE
calculations show the usual underestimation of the band gaps,
which is typical for the conventional density functionals.
The PBE0 and HSE03 hybrid functionals definitely provide
an improved description of the band gaps compared to
conventional DFT. In the case of HSE03, the improvements
are most pronounced for small- to medium-gap systems [6, 7],
whereas for large-gap systems (e.g. LiF, Ar, and Ne) the
gaps are still underestimated. The PBE0 functional yields
an overestimation of the band gaps in semiconductors, and
similar to the HSE03 case an underestimation of the gaps
in large-gap systems [7]. In large-gap systems, where the
dielectric screening is very weak, the correct exchange term
should approach the bare HF exchange, and admixing only
25% of HF exchange as is done in the PBE0 and HSE03
hybrids is not enough to correctly describe large-gap systems.
Furthermore, as shown in [7], the PBE0 and HSE03 description
of the electronic structure of metallic systems is not entirely
satisfactory either: the HSE03 bandwidths are slightly, and the
PBE0 bandwidths significantly, overestimated with respect to
experiment. In metallic systems dielectric screening is strong,
and one should ideally admix less than 25% of HF exchange to
correctly describe the exchange interactions.

4.4. Transition metal monoxides

Table 4 lists the lattice constants a0, local spin magnetic
moments Ms, and band gaps !, for the transition metal
monoxides (TMOs) MnO, FeO, CoO, and NiO, from LDA,
HSE03, and B3LYP [24–26] calculations, as well as from
experiment (see [27] and references therein).

Table 4. Lattice constants a0 (Å), spin magnetic moments Ms (µB),
and band gaps ! (eV), for the transition metal monoxides MnO, FeO,
CoO, and NiO, from LDA, HSE03, and B3LYP [24–26] calculations,
as well as from experiment ([27] and references therein).

LDA HSE03 B3LYP Expt.

a0 4.31 4.44 4.50 4.45
MnO Ms 4.14 4.52 4.73 4.58

! 0.4 2.8 3.92 3.9
a0 4.17 4.33 4.37 4.33

FeO Ms 3.26 3.63 3.32/4.2
! 0.0 2.2 3.70 2.4
a0 4.10 4.26 4.32 4.25

CoO Ms 2.23 2.67 2.69 3.35/4.0
! 0.0 3.4 3.63 2.5
a0 4.06 4.18 4.23 4.17

NiO Ms 1.06 1.65 1.67 1.64
! 0.4 4.2 4.10 4.0

As illustrated by table 4, conventional density functionals,
e.g. the LDA, underestimate the TMO lattice constants and
the local magnetic moments on the transition metal ions, and
severely underestimate the TMO band gaps; FeO and CoO are
even predicted to be metals. These discrepancies result from
deficiencies of the LDA (or any other (semi-) local density
functional) to describe the strongly localized transition metal
3d states: conventional density functionals yield 3d states that
are spatially too delocalized.

The most widely used approaches to remedy this situation
are the GW approximation, self-interaction corrections (SICs),
the DFT + U method, and the use of HF/DFT hybrid
functionals (see for instance [28] and references therein).

In general, the Hartree–Fock approximation tends to
give rise to a higher degree of spatial localization of the
wavefunctions than conventional density functionals, and this
carries over to the HF/DFT hybrid functionals. As evident from
table 4 the admixture of HF exchange in the hybrid functionals
addresses the aforementioned deficiencies quite effectively.
The HF/DFT hybrids yield larger lattice constants, local spin
magnetic moments, and band gaps. In particular, the HSE03
functional gives TMO lattice constants and local spin magnetic
moments that are in excellent agreement with experiment. The
apparently large underestimation of the local magnetic moment
in the case of CoO (and to a lesser extent FeO) stems from
the neglect of spin–orbit coupling (SOC) in the calculations.
The inclusion of SOC would give rise to an additional orbital
magnetic moment.

Unfortunately, the agreement between the HSE03 and
B3LYP TMO band gaps and experiment is still rather erratic,
although they present a large improvement compared to the
corresponding LDA results.

4.5. CO on d-metal surfaces

The failure of the conventional (semi-) local exchange–
correlation density functionals to yield the correct adsorption
site for CO on d-metal surfaces is well documented (see for
instance [29]). Common density functionals predict CO to
adsorb in the hollow sites of, e.g., Cu, Rh, and Pt, whereas
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Abstract. Some new methods are presented for calculating the density of states n(E) and 

other aspects of electronic structure in a tight-binding band, without use of Bloch’s theorem 

or the band structure E(k) .  The methods are therefore applicable to calculating the local 

density of states at surfaces, impurities etc and relate the electronic structure to the local 

atomic environment. They depcnd on developing the Green function as an infinite continued 

fraction. There is no difficulty in obtaining n(E) in a few minutes computing time correct to 
the first 50 moments for an s band and 10 moments for d bands. The present paper discusses 

the methods and ideas, with specific applications to follow. 

1. Electronic structure and local environment 

The present work concerns calculating the electronic structure of a solid when this can 
be represented in a tight-binding formalism (or the lattice vibrations in a force constant 
model). The method does not involve the use of Bloch’s theorem or the band structure 
E(k)  in any way. Instead, the electronic structure at one atomic site is related to the local 
environment of near neighbouring atoms. The method can therefore be applied to the 
electronic structure at a surface, with or without an adsorbed atom, or at an impurity 
in the bulk. Even for the bulk properties of a perfect crystal the method may have some 

advantages. Firstly the density of states n(E)  is obtained as an analytic expression 
without sampling E(k). Secondly the electronic structure is related to the chemical bond- 
ing of an atom to its near neighbours, and the variation of the bond order through the 
band can be obtained for example. The transport properties of solids are most naturally 
discussed in terms of E(k) with the machinery of Fermi surfaces, effective masses, electrons 
and holes. But in other situations the wavevector k may be irrelevant, a given property 
depending perhaps on just the density of states. Our method will be used to discuss how 
large a cluster of similar atoms is required before the central atom behaves the same way 
as in bulk material. It is equally applicable to a finite cluster with a small number of 
atoms, as to an infinite solid. It seems the method might also be used for disordered alloys 
and random structures. Specific applications currently under study in Cambridge include 
the electronic structure of transition metals at a surface, the relatihe energies of different 

phases for transition metals, in particular some complex alloy phases, the atomic 
moments in magnetic alloys, and lattice vibrations at surfaces. 

In order to discuss electronic structure when perfect periodicity is lacking, Friedel 
introduced the ‘local density of states’ (Friedel 1954, Kittel 1963, p 339. Heine and 
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the methods and ideas, with specific applications to follow. 

1. Electronic structure and local environment 

The present work concerns calculating the electronic structure of a solid when this can 
be represented in a tight-binding formalism (or the lattice vibrations in a force constant 
model). The method does not involve the use of Bloch’s theorem or the band structure 
E(k)  in any way. Instead, the electronic structure at one atomic site is related to the local 
environment of near neighbouring atoms. The method can therefore be applied to the 
electronic structure at a surface, with or without an adsorbed atom, or at an impurity 
in the bulk. Even for the bulk properties of a perfect crystal the method may have some 

advantages. Firstly the density of states n(E)  is obtained as an analytic expression 
without sampling E(k). Secondly the electronic structure is related to the chemical bond- 
ing of an atom to its near neighbours, and the variation of the bond order through the 
band can be obtained for example. The transport properties of solids are most naturally 
discussed in terms of E(k) with the machinery of Fermi surfaces, effective masses, electrons 
and holes. But in other situations the wavevector k may be irrelevant, a given property 
depending perhaps on just the density of states. Our method will be used to discuss how 
large a cluster of similar atoms is required before the central atom behaves the same way 
as in bulk material. It is equally applicable to a finite cluster with a small number of 
atoms, as to an infinite solid. It seems the method might also be used for disordered alloys 
and random structures. Specific applications currently under study in Cambridge include 
the electronic structure of transition metals at a surface, the relatihe energies of different 

phases for transition metals, in particular some complex alloy phases, the atomic 
moments in magnetic alloys, and lattice vibrations at surfaces. 

In order to discuss electronic structure when perfect periodicity is lacking, Friedel 
introduced the ‘local density of states’ (Friedel 1954, Kittel 1963, p 339. Heine and 
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plasmon spectra
bulk Silicon

Ag(111)

Plasmons in bulk silicon and Al(111)

Local XC functional: LDA

Remarkable agreement with experiment and conventinal TDDFT approach.

Bulk silicon

H.-C. Weissker et al., Phys. Rev. B 81,
085104 (2010).

Al(111)

F. Naccarato, Master thesis,
University of Trieste (2014).
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bulk Bismuth

9

(a) (b)

FIG. 3: Bulk Al: Loss function calculated for Q = 0.513 a.u. along [100]. (a) Convergence with respect to the number of
Lanczos iterations, using a 10 ⇥ 10 ⇥ 10 MP k point mesh, and e↵ect of the extrapolation technique. (b) Convergence with
respect to the size of the k point mesh, using 600 Lanczos iterations. Both figures have been obtained with a Lorentzian
broadening ⌘ = 0.056 Ry. Curves have been shifted vertically for clarity.

(a) (b)

FIG. 4: Bulk Al: Comparison of the loss function calculated for two di↵erent values of the transferred momentum, Q, using
the Liouville-Lanczos (LL) approach, with experiment47 and with previous theory.47 (a) Q = 0.616 a.u. along [100], (b)
Q = 0.821 a.u. along [100]. LL data have been obtained using 400 Lanczos iterations plus extrapolations. A 10 ⇥ 10 ⇥ 10
(14⇥14⇥14) MP k point mesh and a Lorentzian broadening ⌘ of 0.051 (0.068) Ry have been used for the two cases, respectively.

retical predictions agree remarkably well with each other
(the slight discrepancies being attributable to the usual
small di↵erences between the technical details of the cal-
culations) and with experiment. Both theoretical spec-
tra display a small blueshift (⇠ 0.5 eV) of the plasmon
peak with respect to experiments. At larger transferred
momentum (panel (b)) the theoretical spectra display a
feature at ⇠ 24 eV, which is not observed experimen-
tally. We attribute the remaining discrepancies to the
lifetime e↵ects,47 which have been treated in our calcu-
lations by a constant Lorentzian broadening parameter
(⌘ = 0.068 Ry, requiring a 14⇥ 14⇥ 14 MP mesh).

IV. CONCLUDING REMARKS

We believe that the Liouville-Lanczos approach intro-
duced in this paper will open new perspectives in the cal-
culation of loss spectra in extended systems. Its main fea-
tures are the adoption of a representation for the charge-
density response borrowed from density-functional per-
turbation theory, and of a Lanczos recursion scheme for
computing selected elements of the inverse of (very) large
matrices. The combination of these two elements per-
mits to compute the loss spectrum of a given system,
for a given transferred momentum, and for an entire
wide frequency range, with a numerical workload of the
same order as needed for a standard ground-state cal-
culation for a same system (the pre-factor being only a
few times larger). In principle, the convergence of the

bulk Aluminum

I. Timrov, N. Vast, R. Gebauer, and SB, Phys. Rev. B 88, 064301 (2013) 
I. Timrov et al., submitted to PRB
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flip, from down (the minority spin direction) to up. Spin
wave emission is thus forbidden for an up spin beam
electron. We show the spin flip exchange scattering
process schematically in the inset of Fig. 1.
A central question has been the relative intensity of

the spin wave feature in the SPEELS spectrum, relative
to the previously observed Stoner loss bands. We have
addressed this in a recent quantitative theoretical analysis
[7] for an electron propagating in bulk Fe. We predict
the spin wave loss peak to be quite strong, as confirmed
by the data reported here. In Fig. 1, for the electron
energy used in the data reported below, and for the
relevant momentum transfer, we show the theoretical spin
flip portion of the SPEELS spectrum for an electron
propagating in bulk Fe. One sees the very broad loss
band associated with the Stoner excitations; the peak is
at roughly 2.5 eV, with a shape similar to that found
experimentally. Near 100 meV, one sees a prominent
peak produced by the spin wave loss process. The
structure near 700 meV in the calculated spectrum is a
low lying feature in the Stoner spectrum.
The experiments cited above [9] employ both a polar-

ized beam and a spin detector to isolate the spin flip con-
tributions to the SPEELS spectrum. These are referred
to often as “complete experiments.” As we have seen,
only down spin beam electrons may create spin waves,
while angular momentum conservation forbids such pro-
cesses for up spin beam electrons. Thus, to observe the
spin wave loss, a spin detector is not required. One needs
only a polarized beam, and then, to measure the loss
spectrum in the spin wave region for two cases, beam
polarization first antiparallel and then parallel to the
sample magnetization. The difference between the two
loss spectra (more precisely the spin asymmetry, defined
below) will contain the spin wave loss feature. If the spin

FIG. 1. The calculated spin flip loss spectrum for incident
energy Ei ≠ 29 eV and scattering angle ui ≠ 55±. The inset
shows schematically the scattering exchange spin flip process.

wave loss is the only feature in its energy range, the spin
asymmetry should be 100%. In practice, other losses are
indeed present, so it will be reduced. If the asymmetry re-
mains large, as the data presented here show, one need not
utilize a Mott detector for the scattered electrons. Since
Mott detectors are highly inefficient, the spin wave sig-
nal will be enhanced substantially by its absence. On real
samples, one also has a quasielastic background as well,
present by virtue of finite energy resolution in the beam,
in combination with imperfections in the sample surface.
This influences the data presented below significantly, as
we shall see.
We have employed a polarized incident beam to measure

the spin asymmetry A in the SPEELS spectrum at low loss
energies, from a five layer ferromagnetic Fe film grown on
a W(110) substrate. The asymmetry A ≠ �I# 2 I"⇥⇤�I# 1
I"⇥, where I#�"⇥ is the loss intensity for the case where the
beam polarization is antiparallel (parallel) to the substrate
magnetization. The sample has magnetization parallel to
the surface and to the � 110⇥ direction. The scattering plane
is normal to the magnetization and to the sample surface.
The direction between the incident and scattered beam is
90±, and we have explored the SPEELS spectrum and its
spin asymmetry for angles of incidence with respect to
the surface normal of between 50± and 75± for two beam
energies of 19 and 29 eV. In all spectra, we see a dramatic
increase in spin asymmetry as we move down into the spin
wave loss regime. This provides the first experimental
evidence for the presence of spin wave losses.
We show such data in Fig. 2(a) for the beam energy

29 eV and angle of incidence of 55±. We show the
spin averaged intensity, defined as �I# 1 I"⇥⇤2, and the
asymmetry A. Residual magnetic stray fields from the film
and the surroundings affect the electron trajectories in the
source and the analyzer. These lead to a deterioration of
the resolution of⌅80 meV by about 30% when averaging.
In Fig. 2(a), the spin averaged intensity is shown on a
logarithmic scale. We see the strong quasielastic peak
centered at zero loss energy. At higher loss energies,
we see the gradual onset of scattering from particle-hole
excitations. The elongated crosses are the asymmetry A,
plotted on a linear scale. At the larger loss energies, we
see the low energy end of the Stoner spectrum, which
decreases with decreasing loss energy. The dramatic rise
below 300 meV is the spin wave signature. This peaks at
roughly 200 meV, an energy substantially above that of the
spin wave loss feature in Fig. 1. While the data provide
clear and unambiguous evidence for the presence of strong
spin wave losses, we are in fact unable to resolve the spin
wave peak. The drop in A below 200 meV is caused by
the presence of the quasielastic scattering, which drives A
downward by virtue of its influence in the denominator
in its definition. In addition, there is in fact a negative
contribution to the numerator in the quasielastic region.
This has its origin in quasielastic exchange scattering,
whose sign and nature are different from the asymmetry
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InteracGon	with	commercial	soYware	vendors	based	on	original	business	models	will	provide	new	opportuniGes	to	
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