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Hunting for projections
Some recent emails from the Wannier90 
mailing list: 

Dear Experts,

How can I define the correct projection of 
particular material? […]


Dear Sir,

I need to know the correct projection of 
Graphene for a converged wannier 
calculation. […]


Dear Wannier Community,

[...]

My question is how do I define three 
projections for the half-filled p states of the 
two As atoms?

• Usually, code needs user to specify initial 
projections (guesses for the minimisation 
procedure) 

• This needs a lot of chemical understanding and 
experience. Biggest challenges for new users, 
and very hard to automate



Hunting for projections

• Recently: SCDM method (selected columns of 
the density matrix) [1,2] proposed, aiming at 
automatically finding Wannier functions

Some recent emails from the Wannier90 
mailing list: 

Dear Experts,

How can I define the correct projection of 
particular material? […]


Dear Sir,

I need to know the correct projection of 
Graphene for a converged wannier 
calculation. […]


Dear Wannier Community,

[...]

My question is how do I define three 
projections for the half-filled p states of the 
two As atoms?

[1] Damle, A., Lin, L. & Ying, L. Compressed representation of Kohn–Sham orbitals via selected columns of the density matrix. 
Journal of Chemical Theory and Computation 11, 1463–1469 (2015).

[2] Damle, A. & Lin, L. Disentanglement via entanglement: A unified method for Wannier localization. Multiscale Modeling & 
Simulation 16, 1392–1410 (2018).


• Usually, code needs user to specify initial 
projections (guesses for the minimisation 
procedure) 

• This needs a lot of chemical understanding and 
experience. Biggest challenges for new users, 
and very hard to automate



Aim and outcome
• Implementation of the SCDM method in 

Quantum ESPRESSO (pw2wannier90.x code) 

• Determination of an algorithm for the choice 
of “free” parameters in SCDM 

• Implementation of automatic workflows 
(within AiiDA) for fully automatic 
Wannierisation  

• Validation on a set of ~200 crystalline 
materials (~80 insulators) covering the 
chemical space
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V. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat.



Automatic workflows: the implementation

[1] http://www.aiida.net

[2] https://github.com/aiidateam/aiida-quantumespresso

[3] https://www.materialscloud.org/work/tools/seekpath
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AiiDA [1] + AiiDA-Quantum ESPRESSO [2] 
plugin and workflows 

(Automatic workflows implemented 
by Sebastiaan P. Huber, EPFL)

http://www.aiida.net
https://github.com/aiidateam/aiida-quantumespresso
https://www.materialscloud.org/work/tools/seekpath
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seekpath [3] (using internally spglib)  
to find primitive cell, refine it,

standardize its orientation, 

find standard k-path for band structure

AiiDA [1] + AiiDA-Quantum ESPRESSO [2] 
plugin and workflows 

(Automatic workflows implemented 
by Sebastiaan P. Huber, EPFL)

http://www.aiida.net
https://github.com/aiidateam/aiida-quantumespresso
https://www.materialscloud.org/work/tools/seekpath


Automatic workflows: the implementation

Crystal structure

seekpath

Find primi-
tive, refine cell

Quantum

ESPRESSO

Relax structure

Converged?

seekpath

Find primi-
tive, refine cell

suggested

k-points path

for band structure

Prepare restart,
adapt inputs

Quantum

ESPRESSO

Final SCF

DFT charge

density

yes

no

AiiDA [1] + AiiDA-Wannier90 [2] plugin and workflows 
AiiDA-Wannier90 plugin by Dominik Gresch, Antimo Marrazzo, Daniel 

Marchand, Giovanni Pizzi, Junfeng Qiao, Norma Rivano
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[1] http://www.aiida.net

[2] https://github.com/aiidateam/aiida-wannier90, 
     https://github.com/aiidateam/aiida-wannier90-workflows

http://www.aiida.net
https://github.com/aiidateam/aiida-wannier90
https://github.com/aiidateam/aiida-wannier90-workflows
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[1] http://www.aiida.net

[2] https://github.com/aiidateam/aiida-wannier90, 
     https://github.com/aiidateam/aiida-wannier90-workflows

SCDM implementation  
by Valerio Vitale 

in Quantum ESPRESSO [1]

(pw2wannier90.x code)

Automatic workflow implemented 
by G. Pizzi and A. Marrazzo, 

ported to AiiDA 1.0 by J. Qiao

http://www.aiida.net
https://github.com/aiidateam/aiida-wannier90
https://github.com/aiidateam/aiida-wannier90-workflows
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[1] http://www.aiida.net

[2] https://github.com/aiidateam/aiida-wannier90, 
     https://github.com/aiidateam/aiida-wannier90-workflows

SCDM implementation  
by Valerio Vitale 

in Quantum ESPRESSO [1]

(pw2wannier90.x code)

Automatic workflow implemented 
by G. Pizzi and A. Marrazzo, 

ported to AiiDA 1.0 by J. Qiao

Full workflow 
implementation 

in AiiDA [1] available: 
automation +  

provenance tracking 

(you will try it out during the tutorial)

http://www.aiida.net
https://github.com/aiidateam/aiida-wannier90
https://github.com/aiidateam/aiida-wannier90-workflows


Insulators: (subset of the) results

80+ bands (insulators) computed 
(and compared with DFT)

DFT 
Wannier

Ef



Bands distance
• To assess quality of Wannierisation and interpolation:  

we define a bands distance  
(between DFT bands and interpolated bands) 

• Moreover, we want to assess the importance of the 
density of k-points in the NSCF/Wannierisation step  
We will use a linear density       in Å-1

Average bands distance Max bands distance



Comparison of SCDM + MLWF with SCDM only (80 insulators)

• Good results require a density of at least 0.2 Å-1 or more dense 

• For insulators, SCDM-only already provides very good results; MLWF improves them 

• In general, very small band distances (i.e. very good interpolation)

0.00 25.00 50.00 75.00 100.00 125.00

0

50 ⇢k = 0.15 Å�1 SCDM+MLWF
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Average bands distanceMax bands distance

0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00

0

50 ⇢k = 0.15 Å�1 SCDM+MLWF
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V. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat.
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Comparison of SCDM + MLWF with SCDM only 
(80 insulators)

• Improvement of bands distance with MLWF 
on top of SCDM visible also from this plot
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• Spread reduction typically of ~10-20%: 
SCDM for insulators already is quite localised



Entangled bands

We now assume there is a number µc such that infi|"i � µc| is very small or even zero.
The following two scenarios of entangled eigenvalues appear most frequently in quantum
physics, corresponding to the Wannier localization problem below and around a certain
energy level (usually the Fermi energy) respectively [31]. In both cases f(✏) is large on
the region of interest and smoothly decays to zero outside I in a manner controlled by a
parameter � (see Fig. 1).

Isolated Entangled	case	1 Entangled	case	2

!"

!"#$
%& %&

ϵ ϵ ϵ

Figure 1: f(") for the isolated and two entangled cases.
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The function f(") satisfies lim"!�1 f(") = 1, lim"!1 f(") = 0 and the transition occurs
smoothly around µc.
Entangled case 2: I = (µc��, µc+�). In this case we choose f to be a Gaussian function
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For a smooth function f , the kernel of the quasi-density matrix P (r, r0) also decays
rapidly [1, 19], and we would once again like to select Nw “most representative” and well
conditioned column vectors of P to construct the Wannier functions. Let E = diag [{"i}] 2
RN⇥N be a diagonal matrix containing all eigenvalues such that f(") is above some thresh-
old, and  2 CNg⇥N be the matrix containing the corresponding discretized eigenvectors.
We can now compute a QRCP for the weighted eigenvectors

(f(E) ⇤)⇧ = QR (9)

and select the Nw columns corresponding to the left most Nw columns of the permutation
⇧. As before, we let C = {ri}

Nw
i=1 denote the real space points corresponding to the selected

columns and define the auxiliary matrix ⌅ 2 CN⇥Nw with ⌅i,i0 = f("i) ⇤
i (ri0). If the eigen-

values of ⌅⇤⌅ are bounded away from 0, the choice of gauge U = ⌅(⌅⇤⌅)�
1
2 once again gives

rise to the Wannier functions. Now, U 2 CN⇥Nw is a rectangular matrix with orthonormal
columns. Fig. 2 compares the delocalized eigenfunctions and the localized Wannier func-
tions corresponding to isolated and entangled cases using a simple one-dimensional model
problem, details of which are available in the supporting information.

4

and nanoclusters, which require a simpler setup than our forthcoming discussion of crystals.
For the isolated case, without loss of generality we assume only the algebraically smallest

N eigenvalues {"i}
N
i=1 are in the interval I, and the corresponding eigenfunctions { i}

N
i=1

are orthonormal. Using the Dirac notation, the density matrix P =
PN

i=1| iih i| is a rank
N matrix that is the spectral projector associated with H onto the interval I. Notably, its
kernel P (r, r0) decays rapidly as |r� r0| ! 1 [17, 1]. Intuitively, if we can select a set of N
points C = {ri}Ni=1 so that the corresponding column vectors of the kernel {P (r, ri)}Ni=1 are
the “most representative” and well conditioned column vectors of P , these vectors almost
form the desired Wannier functions up to the orthonormality condition.

In order to select the set C, we let  2 CNg⇥N denote the unitary matrix corresponding
to a discrete representation of { i,k(r)}Ni=1 using their nodal values on Ng grid points. The
corresponding discretized density matrix, still denoted by P , is given by P =   ⇤. Con-
ceptually, the most representative column vectors can be identified via a QR factorization
with column-pivoting (QRCP) [11] applied to P . However, this is often impractical since P
is prohibitively expensive even to construct and store in memory. The SCDM method [6]
proposes that the set C can be equivalently computed via the QRCP of the matrix  ⇤ as

 ⇤⇧ = QR ⌘ Q
⇥
R1 R2

⇤
. (3)

Here ⇧ is a permutation matrix, Q is a unitary matrix, R1 2 CN⇥N is an upper triangular
matrix, and R2 2 CN⇥(Ng�N). The points C = {ri}Ni=1 can be directly identified from the
first N columns of the permutation matrix ⇧.

Having chosen C, we must now orthonormalize the localized column vectors {P (r, ri)}Ni=1
without destroying their locality. Note that P (r, ri) =

PN
i0=1  i0(r)⌅i0,i where ⌅ 2 CN⇥N

has matrix elements ⌅i,i0 =  
⇤
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Here U 2 CN⇥N is a unitary matrix and is referred to as a gauge in physics literature. The
matrix square root transformation in Eq. (4) is called the Löwdin transformation [20] and
may be equivalently computed using the orthogonal factors from the reduced SVD of ⌅.
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(⌅⇤⌅)i,i0 =
NX

i00=1

 i00(ri) 
⇤
i00(ri0) = P (ri, ri0), (5)

the decay properties of P imply that [P (ri, ri0)] may be viewed as a localized N ⇥ N

matrix. If the eigenvalues (⌅⇤⌅)�
1
2 are bounded away from 0, then (⌅⇤⌅)�

1
2 will itself be

localized [1], and consequently {wi}
N
i=1 will be localized, orthonormal Wannier functions.

For the entangled case, we extend the SCDMmethod by “entangling” the eigenfunctions
of interest with additional eigenfunctions through the use of a quasi-density matrix

P =
X

i

| iif("i)h i| = f(H), (6)

where f(·) is a smooth function, I is a subset of the support set of f , and the summation
is formally over all eigenfunctions of H. From this perspective, the case of isolated band is
associated with the choice f(") = 1I("), the indicator function on the interval I.

3

Damle, A. & Lin, L. Disentanglement via 
entanglement: A unified method for Wannier 
localization. Multiscale Modeling & 
Simulation 16, 1392–1410 (2018).

• We consider (formally) all eigenstates, and give a weight in the quasi-density-matrix P 

• f: smooth function of energy, selecting relevant states. If f is smooth: P(r,r’) decays 
rapidly [2]


• We select the most Nw representative columns; procedure is analogous to isolated 
case
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tions corresponding to isolated and entangled cases using a simple one-dimensional model
problem, details of which are available in the supporting information.

4

and nanoclusters, which require a simpler setup than our forthcoming discussion of crystals.
For the isolated case, without loss of generality we assume only the algebraically smallest

N eigenvalues {"i}
N
i=1 are in the interval I, and the corresponding eigenfunctions { i}

N
i=1

are orthonormal. Using the Dirac notation, the density matrix P =
PN

i=1| iih i| is a rank
N matrix that is the spectral projector associated with H onto the interval I. Notably, its
kernel P (r, r0) decays rapidly as |r� r0| ! 1 [17, 1]. Intuitively, if we can select a set of N
points C = {ri}Ni=1 so that the corresponding column vectors of the kernel {P (r, ri)}Ni=1 are
the “most representative” and well conditioned column vectors of P , these vectors almost
form the desired Wannier functions up to the orthonormality condition.

In order to select the set C, we let  2 CNg⇥N denote the unitary matrix corresponding
to a discrete representation of { i,k(r)}Ni=1 using their nodal values on Ng grid points. The
corresponding discretized density matrix, still denoted by P , is given by P =   ⇤. Con-
ceptually, the most representative column vectors can be identified via a QR factorization
with column-pivoting (QRCP) [11] applied to P . However, this is often impractical since P
is prohibitively expensive even to construct and store in memory. The SCDM method [6]
proposes that the set C can be equivalently computed via the QRCP of the matrix  ⇤ as

 ⇤⇧ = QR ⌘ Q
⇥
R1 R2

⇤
. (3)

Here ⇧ is a permutation matrix, Q is a unitary matrix, R1 2 CN⇥N is an upper triangular
matrix, and R2 2 CN⇥(Ng�N). The points C = {ri}Ni=1 can be directly identified from the
first N columns of the permutation matrix ⇧.

Having chosen C, we must now orthonormalize the localized column vectors {P (r, ri)}Ni=1
without destroying their locality. Note that P (r, ri) =

PN
i0=1  i0(r)⌅i0,i where ⌅ 2 CN⇥N

has matrix elements ⌅i,i0 =  
⇤
i (ri0). One way to enforce the orthogonality is

wi(r) =
NX

i0=1

 i0(r)Ui0,i, U = ⌅(⌅⇤⌅)�
1
2 . (4)

Here U 2 CN⇥N is a unitary matrix and is referred to as a gauge in physics literature. The
matrix square root transformation in Eq. (4) is called the Löwdin transformation [20] and
may be equivalently computed using the orthogonal factors from the reduced SVD of ⌅.

Considering

(⌅⇤⌅)i,i0 =
NX

i00=1

 i00(ri) 
⇤
i00(ri0) = P (ri, ri0), (5)

the decay properties of P imply that [P (ri, ri0)] may be viewed as a localized N ⇥ N

matrix. If the eigenvalues (⌅⇤⌅)�
1
2 are bounded away from 0, then (⌅⇤⌅)�

1
2 will itself be

localized [1], and consequently {wi}
N
i=1 will be localized, orthonormal Wannier functions.

For the entangled case, we extend the SCDMmethod by “entangling” the eigenfunctions
of interest with additional eigenfunctions through the use of a quasi-density matrix

P =
X

i

| iif("i)h i| = f(H), (6)

where f(·) is a smooth function, I is a subset of the support set of f , and the summation
is formally over all eigenfunctions of H. From this perspective, the case of isolated band is
associated with the choice f(") = 1I("), the indicator function on the interval I.

3

Damle, A. & Lin, L. Disentanglement via 
entanglement: A unified method for Wannier 
localization. Multiscale Modeling & 
Simulation 16, 1392–1410 (2018).

• We consider (formally) all eigenstates, and give a weight in the quasi-density-matrix P 

• f: smooth function of energy, selecting relevant states. If f is smooth: P(r,r’) decays 
rapidly [2]


• We select the most Nw representative columns; procedure is analogous to isolated 
case

Arbitrary parameters to choose: μ and σ
(and N, the number of Wannier functions) 
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How to choose the parameters

• The SCDM method does not suggest how to choose 
the μ and σ parameters (and neither the  
number N of Wannier functions)

• The choice cannot be arbitrary: “bad” values 
generate bad interpolations

• μ too small: not enough information on high-
energy bands: QRCP will pick top states randomly

• μ too large: high-energy states (that we are not 
interested into) might have a large weight and 
QRCP might prefer to select them: interpolation 
tends to have higher energy than the actual bands

“Correct” μ: excellent interpolation

Too large μ: bad interpolation

How to choose these parameters 
(automatically)?



Important ingredient: Projectability

• For each band (n,k), it is the 
projection of that state on all 
the pseudo-atomic orbitals 
described in the pseudopotential 
file 

• Easy to obtain from Quantum 
ESPRESSO’s projwfc.x

p(| n,ki) =
X

i

| hoi| n,ki |2
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atomic orbitals oi described 
in the pseudopotential

p(| n,ki) =
X

i

| hoi| n,ki |2
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Copper 
Orbitals: s,p,d (no nodes) + s,p (1 node)

Image: courtesy of Daniel Marchand, EPFL
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• 3: Fit  the plot of the projectability vs. energy with  

• 4: choose the parameters μ and σ as follows
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How to choose the parameters: 
Our recipe

• We aim at getting a good band interpolation for the low-lying bands 

• 1: choose N as the number of atomic orbitals for which we have information in the 
pseudopotential file (see also Agapito et al., PRB 88, 165127 (2013)) 

• 2: compute the “projectability” of each state as the projection of each state on the 
subspace of the atomic orbitals oi described in the pseudopotential:

p(| n,ki) =
X

i

| hoi| n,ki |2
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V. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat.
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• 3: Fit  the plot of the projectability vs. energy with  

• 4: choose the parameters μ and σ as follows
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How to choose the parameters: 
Our recipe

• We aim at getting a good band interpolation for the low-lying bands 

• 1: choose N as the number of atomic orbitals for which we have information in the 
pseudopotential file (see also Agapito et al., PRB 88, 165127 (2013)) 

• 2: compute the “projectability” of each state as the projection of each state on the 
subspace of the atomic orbitals oi described in the pseudopotential:

p(| n,ki) =
X

i

| hoi| n,ki |2
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N: we select the most relevant, low-lying bands, 
and we can compute the projectability

σ: we select the physical 
“band width” of the system

μ: when projectability≲0.9, weight≲10-3 

need to exponentially suppress high-energy states 
to affect SCDM choice

V. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat.



μfit

μfit−3σfit

Ef

Energy (eV)

Pr
oj

ec
ta

bi
lit

y

Fit function

As2Ni2

µ = µfit � 3�fit; � = �fit
<latexit sha1_base64="2fOouzX/Sqpe5YHC1uESqCe+to4=">AAACNXicbVDLSgMxFM3UV62vUZdugkVwY5lRQUGEohsXLirYB3RKyaSZNjSZmSZ3xDL0p9z4H6504UIRt/6C6WNRWy8kHM6D5B4/FlyD47xZmYXFpeWV7GpubX1jc8ve3qnoKFGUlWkkIlXziWaCh6wMHASrxYoR6QtW9bvXQ736wJTmUXgP/Zg1JGmHPOCUgKGa9q0nE3yJzd30gD1CGnAY4CN84mnelmSKvMBer5eQFh4rw9CspWnnnYIzGjwP3AnIo8mUmvaL14poIlkIVBCt664TQyMlCjgVbJDzEs1iQrukzeoGhkQy3UhHWw/wgWFaOIiUOSHgETudSInUui9945QEOnpWG5L/afUEgvNGysM4ARbS8UNBIjBEeFghbnHFKIi+AYQqbv6KaYcoQsEUnTMluLMrz4PKccF1Cu7dab54Nakji/bQPjpELjpDRXSDSqiMKHpCr+gDfVrP1rv1ZX2PrRlrktlFf8b6+QXftawk</latexit><latexit sha1_base64="2fOouzX/Sqpe5YHC1uESqCe+to4=">AAACNXicbVDLSgMxFM3UV62vUZdugkVwY5lRQUGEohsXLirYB3RKyaSZNjSZmSZ3xDL0p9z4H6504UIRt/6C6WNRWy8kHM6D5B4/FlyD47xZmYXFpeWV7GpubX1jc8ve3qnoKFGUlWkkIlXziWaCh6wMHASrxYoR6QtW9bvXQ736wJTmUXgP/Zg1JGmHPOCUgKGa9q0nE3yJzd30gD1CGnAY4CN84mnelmSKvMBer5eQFh4rw9CspWnnnYIzGjwP3AnIo8mUmvaL14poIlkIVBCt664TQyMlCjgVbJDzEs1iQrukzeoGhkQy3UhHWw/wgWFaOIiUOSHgETudSInUui9945QEOnpWG5L/afUEgvNGysM4ARbS8UNBIjBEeFghbnHFKIi+AYQqbv6KaYcoQsEUnTMluLMrz4PKccF1Cu7dab54Nakji/bQPjpELjpDRXSDSqiMKHpCr+gDfVrP1rv1ZX2PrRlrktlFf8b6+QXftawk</latexit><latexit sha1_base64="2fOouzX/Sqpe5YHC1uESqCe+to4=">AAACNXicbVDLSgMxFM3UV62vUZdugkVwY5lRQUGEohsXLirYB3RKyaSZNjSZmSZ3xDL0p9z4H6504UIRt/6C6WNRWy8kHM6D5B4/FlyD47xZmYXFpeWV7GpubX1jc8ve3qnoKFGUlWkkIlXziWaCh6wMHASrxYoR6QtW9bvXQ736wJTmUXgP/Zg1JGmHPOCUgKGa9q0nE3yJzd30gD1CGnAY4CN84mnelmSKvMBer5eQFh4rw9CspWnnnYIzGjwP3AnIo8mUmvaL14poIlkIVBCt664TQyMlCjgVbJDzEs1iQrukzeoGhkQy3UhHWw/wgWFaOIiUOSHgETudSInUui9945QEOnpWG5L/afUEgvNGysM4ARbS8UNBIjBEeFghbnHFKIi+AYQqbv6KaYcoQsEUnTMluLMrz4PKccF1Cu7dab54Nakji/bQPjpELjpDRXSDSqiMKHpCr+gDfVrP1rv1ZX2PrRlrktlFf8b6+QXftawk</latexit><latexit sha1_base64="2fOouzX/Sqpe5YHC1uESqCe+to4=">AAACNXicbVDLSgMxFM3UV62vUZdugkVwY5lRQUGEohsXLirYB3RKyaSZNjSZmSZ3xDL0p9z4H6504UIRt/6C6WNRWy8kHM6D5B4/FlyD47xZmYXFpeWV7GpubX1jc8ve3qnoKFGUlWkkIlXziWaCh6wMHASrxYoR6QtW9bvXQ736wJTmUXgP/Zg1JGmHPOCUgKGa9q0nE3yJzd30gD1CGnAY4CN84mnelmSKvMBer5eQFh4rw9CspWnnnYIzGjwP3AnIo8mUmvaL14poIlkIVBCt664TQyMlCjgVbJDzEs1iQrukzeoGhkQy3UhHWw/wgWFaOIiUOSHgETudSInUui9945QEOnpWG5L/afUEgvNGysM4ARbS8UNBIjBEeFghbnHFKIi+AYQqbv6KaYcoQsEUnTMluLMrz4PKccF1Cu7dab54Nakji/bQPjpELjpDRXSDSqiMKHpCr+gDfVrP1rv1ZX2PrRlrktlFf8b6+QXftawk</latexit>

• 3: Fit  the plot of the projectability vs. energy with  

• 4: choose the parameters μ and σ as follows

f(") =
1

2
erfc

✓
"� µfit

�fit

◆
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How to choose the parameters: 
Our recipe

• We aim at getting a good band interpolation for the low-lying bands 

• 1: choose N as the number of atomic orbitals for which we have information in the 
pseudopotential file (see also Agapito et al., PRB 88, 165127 (2013)) 

• 2: compute the “projectability” of each state as the projection of each state on the 
subspace of the atomic orbitals oi described in the pseudopotential:

p(| n,ki) =
X

i

| hoi| n,ki |2
<latexit sha1_base64="bkXkTdhRx13+cCdThwZmAX1yzaE="></latexit><latexit sha1_base64="bkXkTdhRx13+cCdThwZmAX1yzaE="></latexit><latexit sha1_base64="bkXkTdhRx13+cCdThwZmAX1yzaE="></latexit><latexit sha1_base64="bkXkTdhRx13+cCdThwZmAX1yzaE="></latexit>

N: we select the most relevant, low-lying bands, 
and we can compute the projectability

σ: we select the physical 
“band width” of the system

μ: when projectability≲0.9, weight≲10-3 

need to exponentially suppress high-energy states 
to affect SCDM choice
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“Correct” μ: excellent interpolation

Too large μ: bad interpolationV. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat.



Bands distance for metals
• For metals, we introduce a smearing function, to consider bands 

only up to a given energy: 

• Smearing function:  

• Typically, the “fake” chemical potential ν is set e.g. 1eV above the 
Fermi level (and we choose ! = 0.1eV)

Average bands distance Max bands distance



Parameter choice validation: tungsten (W)
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as a function of μ and σ

Spread 
as a function of μ and σ

Our protocol:

μ = μfit − 3σfit

μ = μfit − 3σ

Very high 
bands distance

Artificially low 
total spread

Also in this region 
distance starts to go up again 

(even if not so visible on this scale)



Entangled bands: (subset of the) results

200 bands computed 
(metals and insulators, with entangled bands) 

(and compared with DFT)

DFT  
Wannier

Ef



Comparison of SCDM + MLWF with SCDM only 
(200 materials with entangled bands)
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0.00 50.00 100.00 150.00 200.00 250.00 300.00

0

10
⇢k = 0.3 Å�1
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• Good results require a density of at least 0.2 Å-1 or more dense 

• For insulators, SCDM-only already provides very good results; MLWF improves them 

• In general, very small band distances (i.e. very good interpolation)
V. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat.



Comparison of SCDM + MLWF with SCDM only 
(200 materials with entangled bands)
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• In many cases, running a MLWF in the 
entangled case worsens the bands distance 
(even if only by a little)

• Spread reduction is relatively large, often  
50% or more 

• SCDM with entangled bands is not 
maximally localised



Conclusions (part 1)
• SCDM method now implemented in Quantum ESPRESSO (since QE 6.3) 

• We have defined an algorithm for the choice of “free” parameters in SCDM (N, μ, σ) 

• We have implemented automatic workflows within AiiDA for fully automatic 
Wannierisation 

• We have validated the SCDM method and our algorithm on a set of 200 crystalline 
materials (~80 insulators) covering the chemical space
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Open Science Platform for Materials Science: 
AiiDA and the Materials Cloud

Giovanni Pizzi (EPFL)

http://www.aiida.net

 

G. Pizzi et al., Comp. Mat. Sci. 111,  
218-230 (2016)

http://www.materialscloud.org 

http://www.aiida.net
http://www.materialscloud.org


Our two core infrastructures

AiiDA as the “operating system” to manage,  
automate and store simulations and their results 

and 

Materials Cloud as the open-science  
dissemination portal and cloud simulation platform



Reproducibility: a cornerstone of the scientific method

IS THERE A REPRODUCIBILITY CRISIS?

Nature 533, 452–454 (2016)



Reproducibility: a cornerstone of the scientific method

IS THERE A REPRODUCIBILITY CRISIS?

Nature 533, 452–454 (2016)

 
No excuses in computational science 
We can and must be fully reproducible 

CHALLENGE #2: make open-science easier 



AiiDA

Main features  
•Python (2.7 & 3.6) infrastructure 
•SQL database backend, 

access via a Python ORM 
•Local connection to clusters, or via 

ssh using a python API 
• Interface to various job schedulers 

(SGE, Torque, LSF, PBS Pro, SLURM, ...) 
•Event-based daemon with remote 

management and workflow 
execution manager 

•REST APIs using Flask to expose one 
own’s data 

•Plugin management system and 
extended code support 

•Easy sharing of the results with other 
users in the community

http://www.aiida.net



Storage and provenance

• Inspiration from the open provenance model 

• Any calculation: a function, 
converting inputs to outputs: 

         out1, out2 = F(in1, in2) 

• Each object is a node in a graph,  
connected by directional labeled links 

• Output nodes can be used as inputs

out1 out2

in1 in2

F

data

data

data

data

calc

•Calculated properties: result of complex, connected calculations 
•How do we store simulations preserving the connected structure?



Data provenance: directed acyclic graphs



“Simple” graphs of workflows for a single material
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Molecular dynamics of Li ions in 
a solid-state electrolyte 
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Response of materials to stresses 

and deformations 



AiiDA graphs Graphical representation of the AiiDA 
database of calculations and workflows 

of DFT band structure and Wannier functions



AiiDA graphs
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Turn-key workflows in AiiDA
•Given a material, we often need to compute 

advanced quantities 
•These are often non-trivial and result from a 

complex workflow
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CREATE

CALL

StructureData (326)

 Al

output_structure

parameterskpoints

kpoints

clean_workdirmax_iterations

CALL

StructureData (312)

 Al

output_structure

output_structure

ParameterData (307)

parameters

ParameterData (308)

settings

UpfData (70)

pseudo_Al

pseudo_Al

pseudo_Al

pseudo_Al

structure

structure

parameters

kpoints

kpoints

clean_workdir

clean_workdir

max_iterations

max_iterations

CALL

output_structure

output_structure

ParameterData (321)

parameters

ParameterData (322)

settings

structure

primitive_structure primitive_structure

KpointsData (332)

 (Path of 274 kpts)

explicit_kpoints_pathexplicit_kpoints_path

structure

structure

structure

structure

kpoints

kpoints

parameters

kpoints

kpoints

clean_workdir

max_iterations

CALL

RemoteData (343)

remote_folder

remote_folder

ParameterData (340)

parameters

ParameterData (341)

settings

parent_folder

parent_calc_folder

parameters

settings

CALL

output_band

ParameterData (351)

parameters

ParameterData (352)

settings



Turn-key workflows in AiiDA
Str (283)

 sssp-pbe-efficiency

WorkCalculation (285)

 PwBandStructureWorkChain

pseudo_family

WorkCalculation (298)

 PwBandsWorkChain

pseudo_family

WorkCalculation (301)

 PwRelaxWorkChain

pseudo_family

WorkCalculation (306)

 PwBaseWorkChain

pseudo_family

WorkCalculation (320)

 PwBaseWorkChain

pseudo_family

WorkCalculation (339)

 PwBaseWorkChain

pseudo_family

WorkCalculation (350)

 PwBaseWorkChain

pseudo_family

ParameterData (286)

CREATE

ParameterData (287)

CREATE

ParameterData (288)

CREATE

ParameterData (289)

CREATE

ParameterData (290)

CREATE

Str (291)

 vc-relax

CREATE

Bool (292)

 False

CREATE

Float (293)

 0.2

CREATE

KpointsData (294)

 Kpoints mesh: 14x14x14 (+0.0,0.0,0.0)

CREATE

ParameterData (295)

CREATE

Float (296)

 0.01

CREATE

Float (297)

 0.2

CREATE

CALL

StructureData (331)

 Al

primitive_structure

BandsData (356)

 (Path of 274 kpts)

band_structure

Code (1)

'qe-pw-6.2.1'

code

code

code

code

PwCalculation (309)

 FINISHED

code

code

PwCalculation (323)

 FINISHED

code

code

PwCalculation (342)

 FINISHED

code

code

PwCalculation (353)

 FINISHED

code

Str (282)

 standard

protocol

StructureData (284)

 Al

structure

structure

structure

structure

structure

parameterssettings

settings

relax_options

options

options

options

relax_parameters

parameters

options

options

options

relax_relaxation_scheme

relaxation_scheme

relax_meta_convergence

meta_convergence

kpoints_distance kpoints_mesh relax_settings

settings

settings

settings

relax_volume_convergence

volume_convergence

relax_kpoints_distance

kpoints_distance

Bool (299)

 False

CREATE

Bool (300)

 True

CREATE

CALL

WorkCalculation (330)

 seekpath_structure_analysis

CALL

primitive_structure

ParameterData (335)

CREATE

KpointsData (336)

 Kpoints mesh: 14x14x14 (+0.0,0.0,0.0)

CREATE

Bool (337)

 False

CREATE

Int (338)

 5

CREATE

CALL

ParameterData (348)

CREATE

ParameterData (349)

CREATE

CALL

band_structure

final_scf meta_converge

ParameterData (302)

CREATE

KpointsData (303)

 Kpoints mesh: 14x14x14 (+0.0,0.0,0.0)

CREATE

Bool (304)

 False

CREATE

Int (305)

 5

CREATE

CALL

ParameterData (316)

CREATE

KpointsData (317)

 Kpoints mesh: 14x14x14 (+0.0,0.0,0.0)

CREATE

Bool (318)

 False

CREATE

Int (319)

 5

CREATE

CALL

StructureData (326)

 Al

output_structure

parameterskpoints

kpoints

clean_workdirmax_iterations

CALL

StructureData (312)

 Al

output_structure

output_structure

ParameterData (307)

parameters

ParameterData (308)

settings

UpfData (70)

pseudo_Al

pseudo_Al

pseudo_Al

pseudo_Al

structure

structure

parameters

kpoints

kpoints

clean_workdir

clean_workdir

max_iterations

max_iterations

CALL

output_structure

output_structure

ParameterData (321)

parameters

ParameterData (322)

settings

structure

primitive_structure primitive_structure

KpointsData (332)

 (Path of 274 kpts)

explicit_kpoints_pathexplicit_kpoints_path

structure

structure

structure

structure

kpoints

kpoints

parameters

kpoints

kpoints

clean_workdir

max_iterations

CALL

RemoteData (343)

remote_folder

remote_folder

ParameterData (340)

parameters

ParameterData (341)

settings

parent_folder

parent_calc_folder

parameters

settings

CALL

output_band

ParameterData (351)

parameters

ParameterData (352)

settings

•The AiiDA provenance graph allows to know how the structure was computed and to 
reproduce that single specific calculation: log of “what happened in the past” 

•We need also an easy way to re-run the same calculation again with different parameters or 
for a different material: turn-key workflows



Turn-key workflows in AiiDA

•“Operating system” for all 
calculations 

•Automatic provenance tracking in 
the DB 

•Control provenance granularity 
store level of detail relevant to the 
workflows 

•Progress checkpointing 
restart from arbitrary step, retry on 
failure, allows to shut down daemon and 
continue later 

•Easy debugging, self-documenting

class PwBandsWorkChain(WorkChain): 
    @classmethod 
    def define(cls, spec): 

        spec.input('code',  
                   valid_type=Code) 
        spec.input('structure',       
                   valid_type=StructureData) 
        spec.input(‘pseudo_family',  
                   valid_type=Str) 

        spec.outline( 
            cls.setup, 
            cls.validate_inputs, 
            if_(cls.should_do_relax)( 
                cls.run_relax, 
            ), 
            cls.run_seekpath, 
            cls.run_scf, 
            cls.run_bands, 
            cls.results, 
        )



Turn-key workflows in AiiDA

•“Operating system” for all 
calculations 

•Automatic provenance tracking in 
the DB 

•Control provenance granularity 
store level of detail relevant to the 
workflows 

•Progress checkpointing 
restart from arbitrary step, retry on 
failure, allows to shut down daemon and 
continue later 

•Easy debugging, self-documenting

class PwBandsWorkChain(WorkChain): 
    @classmethod 
    def define(cls, spec): 

        spec.input('code',  
                   valid_type=Code) 
        spec.input('structure',       
                   valid_type=StructureData) 
        spec.input(‘pseudo_family',  
                   valid_type=Str) 

        spec.outline( 
            cls.setup, 
            cls.validate_inputs, 
            if_(cls.should_do_relax)( 
                cls.run_relax, 
            ), 
            cls.run_seekpath, 
            cls.run_scf, 
            cls.run_bands, 
            cls.results, 
        )

PwBandStructureWorkChain.run( 
    code=Code.get_from_string( 
        'qe-pw-6.2.1@localhost'), 
    structure=StructureData( 
        ase=ase.build.bulk('Al')),  
     pseudo_family=Str('sssp-pbe-efficiency'))

• Turn-key solution:



Simple provenance tracking also for pre-/post-processing

  
def add(a, b): 
    return a+b 

  
def multiply(a, b): 
    return a*b 

  
def add_multiply(a, b, c): 
    return multiply(add(a, b), c) 

final_value = add_multiply(  
    a=3, 
    b=4, 
    c=5)

final_value: (3+4)*5= 35



Simple provenance tracking also for pre-/post-processing

@calcfunction 
def add(a, b): 
    return a+b 

@calcfunction 
def multiply(a, b): 
    return a*b 

@workfunction 
def add_multiply(a, b, c): 
    return multiply(add(a, b), c) 

final_value = add_multiply(  
    a=Int(3), 
    b=Int(4), 
    c=Int(5))

Int
value: 35

add_multiply()

result

multiply()

CALL

add()

CALL

result

Int
value: 7

result

Int
value: 4

b

b

Int
value: 5

c

b

Int
value: 3

a

a

a

final_value:  
<Int: uuid: e25b98c2-db06-4451-86dc-4e1b179d00cc (pk: 1547) value: 35>

from aiida.engine import calcfunction, workfunction



Simple provenance tracking also for pre-/post-processing

@calcfunction 
def add(a, b): 
    return a+b 

@calcfunction 
def multiply(a, b): 
    return a*b 

@workfunction 
def add_multiply(a, b, c): 
    return multiply(add(a, b), c) 

final_value = add_multiply(  
    a=Int(3), 
    b=Int(4), 
    c=Int(5))

Int
value: 35

add_multiply()

result

multiply()

CALL

add()

CALL

result

Int
value: 7

result

Int
value: 4

b

b

Int
value: 5

c

b

Int
value: 3

a

a

a

 
AUTOMATIC PROVENANCE 

TRACKING 
By very minimal modifications, 

provenance is automatically 
tracked also for simple, local data 

processing python functions 

final_value:  
<Int: uuid: e25b98c2-db06-4451-86dc-4e1b179d00cc (pk: 1547) value: 35>

from aiida.engine import calcfunction, workfunction



Sharing in AiiDA: data and graphs
• Private AiiDA instances 
• UUIDs to uniquely identify nodes

Materials Cloud

• Data can be shared to other AiiDA repositories 
or to online repositories



Sharing in AiiDA: not only data 
Codes, plugins and workflows

Calculation Data Parsers Transport and 
scheduler Workflows Importers & 

exporters

Generation of input files for a given code  Management of data objects for input/
output 

Parsing of code output & generation of 
new DB nodes

Running on remote super- 
computers

Compute seamlessly relevant materials’ 
properties Import structures, ... from external DBs 

• Plugins are collected in the AiiDA plugin registry 
• Over 90 different codes currently supported,  

with almost 80 workflows 
• Many are community-contributed

AiiDA plugin registry

https://aiidateam.github.io/aiida-registry/



OPEN SCIENCE PLATFORM:

https://www.materialscloud.org



Materials Cloud
•AiiDA is the ‘engine’, like Git - used in production since 2015 
•Materials Cloud is the dissemination platform (like GitHub) and more  
(cloud computing and data generation platform) - online since Dec 2017

LEARN

WORK
EXPLORE

ARCHIVE

- Educational materials
- Videos, courses, 
  tutorials

- Simulation tools 
   and services
- AiiDA lab in the cloud 
  or on premises

- AiiDA graph browser
- Raw data + provenance
  (inputs, outputs) 

- Long-term storage
- Metadata protocols
- DOIs

DISCOVER
- Curated datasets
- Interactive interfaces
  and visualizations



Open	data	sharing:	Archive,	Discover,	Explore

Direct links 
to Discover & 
Explore

DOIs  
assigned

FAIRsharing.org 
re3data.org  

+ 

Recommended 
data repository 

by Nature’s 
journal 

Scientific Data



Open	data	sharing:	Archive,	Discover,	Explore

UUID links to jump to the 
provenance graph in the 
EXPLORE section

DISCOVER EXPLORE

Browse the full AiiDA 
provenance graph  
(inputs, outputs, …) at any 
level



Explore+Discover section for Automatic Wannier functions will be online soon
Paper: V. Vitale, GP et al., arXiv:1909.00433, accepted in npj Comp. Mat. 

Data: V. Vitale, GP et al., Materials Cloud Archive (2019),  
doi: 10.24435/materialscloud:2019.0044/v2)



Data	Management	Plans	(DMPs)	and	FAIR	principles

• We provide DMP templates for researchers using Materials Cloud 
(and we are coordinating with EMMC for a EU H2020 template)

• Combination of AiiDA + Materials Cloud (Discover, Explore, Archive): 
FAIR-compliant sharing

• Findable: DOIs with standardized metadata 
• Accessible: web interface to browse data, 

calculations and provenance, curated data 
in Discover section

• Interoperable: data linked via the AiiDA 
directed graph; data structures reusable 
between different codes 

• Reusable: downloadable data, encourage 
open (CC) licences, reproduce in the AiiDA 
Lab thanks to full provenance



Materials Cloud WORK section



Materials Cloud WORK section

For instance: cloud/web version 
of seekpath



Materials Cloud WORK section

You are using it 
for this tutorial 

Feel free to use it also 
for other events and tutorials



Materials Cloud WORK section

AiiDA on the cloud  
using a jupyter interface
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Conclusions (part 2 - AiiDA and Materials Cloud)

• Automated Wannier functions: all data and provenance on Materials Cloud Archive 
(Valerio Vitale, GP et al, Materials Cloud Archive (2019), doi: 10.24435/materialscloud:2019.0044/v2) 

• Archive entry contains a reproducible Virtual Machine to run the same (or new) 
simulations 

• Workflows now updated to most recent version of AiiDA, you will try in the tutorial 

• Discover+Explore sections for the automatic Wannier functions project: soon online

•AiiDA: reproducibility and automation engine  

•turn-key workflows and automation with full provenance tracking as a graph 
•Share data, plugins and workflows 

•Materials Cloud: FAIR dissemination portal 

•Archive: Findable long-term storage + Discover (curated data) + Explore (raw AiiDA data) 
•Quantum Mobile as a tool for tutorials and schools

Conclusions

http://doi.org/10.24435/materialscloud:2019.0044/v2


Contacts

Materials Cloud: http://www.materialscloud.org  

- AiiDA Lab: http://aiidalab.materialscloud.org  

- Archive: http://archive.materialscloud.org

@aiidateamhttps://www.facebook.com/aiidateam

Website: http://www.aiida.net 

Docs: http://aiida-core.readthedocs.io 

Git repo: https://github.com/aiidateam/aiida_core/  

Plugin registry: http://aiidateam.github.io/aiida-registry 

Quantum Mobile: http://www.materialscloud.org/work/
quantum-mobile 

http://materialscloud.org
http://aiidalab.materialscloud.org
http://archive.materialscloud.org
https://www.facebook.com/aiidateam
http://www.aiida.net
http://aiida-core.readthedocs.io
https://github.com/aiidateam/aiida_core/
http://aiidateam.github.io/aiida-registry

