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Computational materials screening 
•  Finding new and better materials for  

–  solar cells 
–  solar to fuel conversion 
–  catalysis 
–  structural materials 
–  electronics 

Some questions: 
 
•  Which materials properties should be 

computed? 
–  “descriptors” 

•  How should the descriptors be computed 
(DFT, many-body perturbation theory…)? 

•  How should one search in materials 
space? 

•  Can machine learning be used to speed 
up computational screening? 
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An example: 
light-induced water splitting 

(Fujishima and Honda, Nature 1972) 

Descriptors: 

•  Stability of material 

•  Heat of formation 

•  Good light absorption 

•  Bandgap in the visible range 

•  Photogenerated charges at right potentials  

•  Band edges straddle the water redox potentials 
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Cubic perovskites ABX3 
(X3= O3, O2N, ON2, N3, O2S, O2F, OFN) 
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20 candidate materials 
About half are known 

~19000 materials 

Castelli, Olsen, Datta, Landis, Dahl, Thygesen, Jacobsen, Energy & Environmental Science, 5(2), 5814 (2012). 
Castelli, Landis, Thygesen, Dahl, Chorkendorff, Jaramillo, Jacobsen, Energy Environ Sci 5, 9034 (2012) 

Screening criteria: 
•  Stability (heat of formation) 
•  Band gap 
•  Band alignment 
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Photoelectrochemical water splitting  
– a more realistic device 
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Required	materials:	
Light	absorbing	materials	–	
small/large	band	gaps	
Protection	layers	
Catalysts	
p-n	junctions	

Small	bandgap	semiconductor:	~1.1	eV		Silicon	

Large	bandgap	semiconductor:	~1.8	eV		??	
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Sulfide ABS3 – screening funnel 
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More 
demanding 
calculations 

Semiconducting 

Stability 

Band gap 

Effective masses 

... 

Candidates for experimental investigation 
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architecture (panoscopic approach) in PbTe bulk thermoelectric materials causes a significant reduction 

in țlat and dramatically increases ZT to an exceptionally high value of 2.2 at 915 K [17]. 

Skutterudites and clathrates are highly promising for practical thermoelectric devices operating in the 

intermediate temperature range of 573–973 K [22–28]. These systems contain large cages of host atoms 

in their crystal structures. Filling the large cages with guest atoms reduces țlat because the guest atoms 

rattle at low energy inside the cages and effectively scatter phonons. A very high ZT of 1.9 at 835 K was 

achieved in the skutterudite Sr0.09Ba0.11Yb0.05Co4Sb12 [27], and a conversion efficiency of  

7% was demonstrated in a skutterudite-based thermoelectric module [28]. 

This review discusses recent progress in an intriguing new class of thermoelectric materials,  

layered chalcogenides. Among the layered chalcogenides, we primarily focus on the sulfide systems 

because sulfur is an environment-friendly and cost-effective element. Figure 1 shows the crystal 

structures of the thermoelectric sulfides and chalcogenides addressed in this article, including  

layered sulfide TiS2, misfit layered sulfide [LaS]1.14NbS2, a member of cannizzarite homologous  

series Pb5Bi6Se14, accordion-like layered selenide SnSe, and thermoelectric mineral Cu12Sb4S13.  

The nanoblock integration, nano- and meso-structuring/panoscopic approach, and rattling/low-energy 

atomic vibration to layered sulfides and chalcogenides are important guidance for ZT enhancement 

through all-length-scale hierarchical architecture. 

 

Figure 1. Crystal structures of the thermoelectric sulfides and chalcogenides addressed in 

this article: (a) TiS2 [29,30]; (b) [LaS]1.14NbS2 [31,32]; (c) Pb5Bi6Se14 [33,34]; (d) SnSe [35]; 

and (e) Cu12Sb4S13 [36,37]. Sizes of atoms in this figure are arbitrary. 
  

081514-2 Castelli et al. APL Mater. 2, 081514 (2014)

FIG. 1. Crystal structures investigated in this work: cubic (a), tetragonal (b), and orthorhombic (c and d). The tetragonal and
orthorhombic phases, with 20 atoms unit cell, differ from the cubic (5 atoms unit cell) by a planar rotation and a tilting of the
octahedron, respectively. The organic molecules are shown in (e) and (f).

Perdew-Becke-Ernzerhof (PBE)19 show a Mean Absolute Error (MAE) larger than 10 pm (14.4 and
11.1 pm, respectively). PBE corrected for solids (PBEsol),20 Wu-Cohen (WC), and its corrected
description (WCsol)21 have a MAE below 4 pm (3.7, 3.5, and 3.1 pm, respectively). The fully
optimization of the structures has been performed using GGA-PBEsol because of its small error in
predicting the relaxed structure and because the bandgaps are later calculated using a functional that
is based on PBEsol.

The heats of formation of the candidate materials are calculated with respect to the cubic pure
phases. For example, the heat of formation of the tetragonal CsPbCl2I, !ECsPbCl2I(t) , is given by

!ECsPbCl2I(t) = ECsPbCl2I(t) −
2ECsPbCl3(c) + ECsPbI3(c)

3
, (1)

where ECsPbCl2I is the DFT total energy of the phase indicated in parentheses ((c): cubic and (t):
tetragonal). When !E > 0 eV/fu, the cubic pure systems are more stable than the candidate structure,
while a negative !E indicates that the perovskite under investigation is favorable compared with
the pure cubic phases. A more realistic evaluation of stability is obtained by calculating the heat of
formation with respect to the most stable pure phases. In fact, the stability is, in this case, calculated
with respect to a broader set of reference systems composed of all the possible phases that each
compound can have, while only the cubic phases are included in the pool of references for Eq. (1).
!ECsPbCl2I(t) is now obtained using

!ECsPbCl2I(t) = ECsPbCl2I(t) −
2ECsPbCl3(o1) + ECsPbI3(o2)

3
, (2)

where (o1) and (o2) indicate the orthorhombic1 and orthorhombic2 phases, which are the most stable
phases for CsPbCl3 and CsPbI3, respectively.

It is well-known that the Kohn-Sham states of standard DFT seriously underestimate the
bandgaps. Possible solutions to this problem are the use of hybrid functionals or of many-body
methods, that with an increase of the computational cost, give a better estimation of the optical
properties of the materials. Alternatively, we here use the GLLB-SC potential by Gritsenko, van
Leeuwen, van Lenthe, and Baerends (GLLB),22 adapted by Kuisma et al.23 to include the PBEsol
correlation for solids (-SC) that has been shown to give reasonable bandgaps at a minimal cost.14, 24–26

This exchange-correlation functional includes explicitly the calculation of the derivative disconti-
nuity (!xc) that is added to the Kohn-Sham bandgap (EKS

gap) to obtain the quasi-particle gap (EQP
gap).

GLLB-SC shows an agreement within 0.1 eV with respect to G0W0 for this class of systems.45 It
has been recently shown that the spin-orbit correction plays an important role in the estimation on
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architecture (panoscopic approach) in PbTe bulk thermoelectric materials causes a significant reduction 

in țlat and dramatically increases ZT to an exceptionally high value of 2.2 at 915 K [17]. 

Skutterudites and clathrates are highly promising for practical thermoelectric devices operating in the 
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because sulfur is an environment-friendly and cost-effective element. Figure 1 shows the crystal 
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layered sulfide TiS2, misfit layered sulfide [LaS]1.14NbS2, a member of cannizzarite homologous  

series Pb5Bi6Se14, accordion-like layered selenide SnSe, and thermoelectric mineral Cu12Sb4S13.  

The nanoblock integration, nano- and meso-structuring/panoscopic approach, and rattling/low-energy 
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through all-length-scale hierarchical architecture. 

 

Figure 1. Crystal structures of the thermoelectric sulfides and chalcogenides addressed in 

this article: (a) TiS2 [29,30]; (b) [LaS]1.14NbS2 [31,32]; (c) Pb5Bi6Se14 [33,34]; (d) SnSe [35]; 

and (e) Cu12Sb4S13 [36,37]. Sizes of atoms in this figure are arbitrary. 
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Kuhar, Crovetto, Pandey, Thygesen, Seger, 
Vesborg, Hansen, Chorkendorff, Jacobsen,  
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Final list of ABS3 sulfides for photoabsorption 
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BaZrS3: W. Meng et al.,  
             Chem Mater, 28, 821 (2016)	

Bold:	all	low-energy	phases	
have	relevant	band	gaps	

Kuhar,	Crovetto,	Pandey,	Thygesen,	Seger,	Vesborg,	Hansen,	Chorkendorff,	Jacobsen,		
Energy	and	Environmental	Science,	10,	2579	(2017).	

Initially 
~ 1400 compositions 
x 8 structures 
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LaYS3 – experiments 
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Spectroscopic ellipsometry –  light absorption coefficient 

Direct band gap determined from 
absorption coefficient and refractive 
index 

Kuhar, Crovetto, Pandey, Thygesen, Seger, Vesborg, Hansen, Chorkendorff, Jacobsen,  
Energy and Environmental Science, 10, 2579 (2017). 

Photoluminescence 
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Screening of known materials for photovoltaics or 
water splitting 
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Advantages: 
 
Materials known to 
be stable or metastable 
 
Known synthesis procedures 
 
Current limitations: 
Binary or ternary compounds 
Non-magnetic compounds 

K.	Kuhar,	M.	Pandey,	K.	S.	Thygesen,	and	K.	W.	Jacobsen,	ACS	Energy	Lett.,	3,	436	(2018)	

22807 materials 

74 materials 
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Screening results 
 (74 materials) 
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Known	perovskites	

Antiperovskite	

K.	Kuhar,	M.	Pandey,	K.	S.	Thygesen,	and	K.	W.	Jacobsen,	ACS	Energy	Lett.,	3,	436	(2018)	

Database available on-line at 
https://cmr.fysik.dtu.dk 
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Back to the cubic perovskites ABX3 
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20 candidate materials 
About half are known 

~19000 materials 

Castelli, Olsen, Datta, Landis, Dahl, Thygesen, Jacobsen, Energy & Environmental Science, 5(2), 5814 (2012). 
Castelli, Landis, Thygesen, Dahl, Chorkendorff, Jaramillo, Jacobsen, Energy Environ Sci 5, 9034 (2012) 

Screening criteria: 
•  Stability (heat of formation) 
•  Band gap 
•  Band alignment 



DTU Fysik 31. marts 2019 DTU Physics 31. marts 2019 

Machine learning: 
Kernel regression 

12 

Fitting	a	function	f(x)	based	on	data	points	

Drop	a	Gaussian	on	each	data	point:	

Interpolation:	

Coefficients	determined	by	data	points:	

Interpolation:	

with	

Green:	f(x)	
Blue:	fit	
Red:	Gaussians	

y(x) =
X

i

k(x, xi)↵i

y(x) = kTK�1y

ki = k(x, xi)

k(x, xi) = exp(�|x� xi|2/2⇢2)

yi = f(xi)
<latexit sha1_base64="+iOnkqB4CQZTaMzQyZD8bOUcYgY=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoBuh6MZlBfuAtgyZNNOGZmZCckccSj/CjYgbBX/GX/BvTNvZtPVA4HDOCfeeGygpDLrur7O2vrG5tV3YKe7u7R8clo6OmyZJNeMNlshEtwNquBQxb6BAydtKcxoFkreC0f3Ubz1zbUQSP2GmeC+ig1iEglG0UjfzBbklYeXFFxd+qexW3RnIKvFyUoYcdb/00+0nLI14jExSYzqeq7A3phoFk3xS7KaGK8pGdMDHs00n5NxKfRIm2r4YyUxdyNHImCwKbDKiODTL3lT8z+ukGN70xiJWKfKYzQeFqSSYkGlt0heaM5SZJZRpYTckbEg1ZWiPU7TVveWiq6R5WfXcqvd4Va7d5UcowCmcQQU8uIYaPEAdGsBAwRt8wpczcl6dd+djHl1z8j8nsADn+w9OvYxS</latexit><latexit sha1_base64="+iOnkqB4CQZTaMzQyZD8bOUcYgY=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoBuh6MZlBfuAtgyZNNOGZmZCckccSj/CjYgbBX/GX/BvTNvZtPVA4HDOCfeeGygpDLrur7O2vrG5tV3YKe7u7R8clo6OmyZJNeMNlshEtwNquBQxb6BAydtKcxoFkreC0f3Ubz1zbUQSP2GmeC+ig1iEglG0UjfzBbklYeXFFxd+qexW3RnIKvFyUoYcdb/00+0nLI14jExSYzqeq7A3phoFk3xS7KaGK8pGdMDHs00n5NxKfRIm2r4YyUxdyNHImCwKbDKiODTL3lT8z+ukGN70xiJWKfKYzQeFqSSYkGlt0heaM5SZJZRpYTckbEg1ZWiPU7TVveWiq6R5WfXcqvd4Va7d5UcowCmcQQU8uIYaPEAdGsBAwRt8wpczcl6dd+djHl1z8j8nsADn+w9OvYxS</latexit><latexit sha1_base64="+iOnkqB4CQZTaMzQyZD8bOUcYgY=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoBuh6MZlBfuAtgyZNNOGZmZCckccSj/CjYgbBX/GX/BvTNvZtPVA4HDOCfeeGygpDLrur7O2vrG5tV3YKe7u7R8clo6OmyZJNeMNlshEtwNquBQxb6BAydtKcxoFkreC0f3Ubz1zbUQSP2GmeC+ig1iEglG0UjfzBbklYeXFFxd+qexW3RnIKvFyUoYcdb/00+0nLI14jExSYzqeq7A3phoFk3xS7KaGK8pGdMDHs00n5NxKfRIm2r4YyUxdyNHImCwKbDKiODTL3lT8z+ukGN70xiJWKfKYzQeFqSSYkGlt0heaM5SZJZRpYTckbEg1ZWiPU7TVveWiq6R5WfXcqvd4Va7d5UcowCmcQQU8uIYaPEAdGsBAwRt8wpczcl6dd+djHl1z8j8nsADn+w9OvYxS</latexit><latexit sha1_base64="+iOnkqB4CQZTaMzQyZD8bOUcYgY=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoBuh6MZlBfuAtgyZNNOGZmZCckccSj/CjYgbBX/GX/BvTNvZtPVA4HDOCfeeGygpDLrur7O2vrG5tV3YKe7u7R8clo6OmyZJNeMNlshEtwNquBQxb6BAydtKcxoFkreC0f3Ubz1zbUQSP2GmeC+ig1iEglG0UjfzBbklYeXFFxd+qexW3RnIKvFyUoYcdb/00+0nLI14jExSYzqeq7A3phoFk3xS7KaGK8pGdMDHs00n5NxKfRIm2r4YyUxdyNHImCwKbDKiODTL3lT8z+ukGN70xiJWKfKYzQeFqSSYkGlt0heaM5SZJZRpYTckbEg1ZWiPU7TVveWiq6R5WfXcqvd4Va7d5UcowCmcQQU8uIYaPEAdGsBAwRt8wpczcl6dd+djHl1z8j8nsADn+w9OvYxS</latexit>

yj =
X

i

k(xj , xi)↵i =
X

i

Kji↵i ! y = K↵ ! ↵ = K�1y
<latexit sha1_base64="A5y/tNwprYqrsS+iUaCZiCVHQ4s="></latexit><latexit sha1_base64="A5y/tNwprYqrsS+iUaCZiCVHQ4s="></latexit><latexit sha1_base64="A5y/tNwprYqrsS+iUaCZiCVHQ4s="></latexit><latexit sha1_base64="A5y/tNwprYqrsS+iUaCZiCVHQ4s="></latexit>
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Kernel regression with uncertainties: 
Gaussian process 
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Based on Bayes theorem: P (Model|Data) =
1

P (Data)
P (Data|Model)P0(Model)

<latexit sha1_base64="nRKwCt7kum9+Ys76QUG3yatoQdQ="></latexit><latexit sha1_base64="2CP/zbfgYdtryPlOIvXZ3XvURus="></latexit><latexit sha1_base64="2CP/zbfgYdtryPlOIvXZ3XvURus="></latexit><latexit sha1_base64="S4wFnYIuLyhD8AZ8xFy6w41bUGU=">AAACTXicbVHLSgMxFM201dbxVXXpZrAI7abMuNGNUNSFG2EE+4BOGTJppg1mHiR3xDKd/3Pnxo0f4kZETB8inXohcHLOyU3uiRdzJsE037VCsbSxWa5s6ds7u3v71YPDjowSQWibRDwSPQ9LyllI28CA014sKA48Trve4/VM7z5RIVkUPsAkpoMAj0LmM4JBUW41tOsO0GcQQXoXDSnPpr/bGww4a1zqji8wSa0s/XMupCxHTFcbNXTbNXPNG261ZjbNeRnrwFqCGlqW7VZfnGFEkoCGQDiWsm+ZMQxSLIARTjPdSSSNMXnEI5rO08iMU0UNDT8SaoVgzNkVHw6knASecgYYxjKvzcj/tH4C/sUgZWGcAA3J4iI/4QZExixaY8gEJcAnCmAimHqhQcZYpQfqA3Q1upUfdB10zpqW2bTuzVrrahlCBR2jE1RHFjpHLXSLbNRGBL2hT62olbRX7UP70r4X1oK2PHOEVqpQ/gEiPrQn</latexit>

P0(y) =
1p

2⇡det(K)
exp

✓
�1

2
yTK�1y

◆
, yT = (y(x1), y(x2), . . . , y(xN ))

Prior probability distribution (i.e. without data points): 

Kij = hy(xi)y(xj)i = k(xi, xj) = exp(�|xi � xj |2/2⇢2)

⇢2 = 0.1 ⇢2 = 0.01

“Reinterpretaion” of kernel function as correlation: 
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Gaussian process 
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Fitting	a	function	f(x)	based	on	data	points	yi=f(xi)	 Kernel:	

Update	of	model		
because	of	data	

The value of      can be addressed by 
so-called cross validation 

⇢2 = 0.1

⇢2 = 0.01

k(xi, xj) = exp(�|xi � xj |2/2⇢2)

⇢
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Back to water splitting with machine learning 

15 

About 19000 cubic perovskites oxides, oxynitrides, oxysulfides, oxyfluorides, 
oxyfluornitrides 

ABO3,	ABON2,	..	

Fingerprint	(x-vector):	

x(SrTaO2N) = (5, 2, 6, 5, 2, 1, 0, 0)
<latexit sha1_base64="VcU77pHAXbMIcwjPuD4JaDrQG4Q=">AAACEHicbVDLTgIxFO3gC/GFunTTSEwgmZAZ4mtjQnTjSjECkgCZdEqBhs4j7R0DmfATbvwVN8a4UeMf+DfOwLgAvEmb03NO055j+4IrMIwfLbW0vLK6ll7PbGxube9kd/fqygskZTXqCU82bKKY4C6rAQfBGr5kxLEFe7AHV7H+8Mik4p5bhZHP2g7pubzLKYGIsrLmMN8CNgTphPeySm7HVunvfDMu4AucP9FL+qke76Zu6EbByuaMojEZvAjMBORQMhUr+9XqeDRwmAtUEKWapuFDOyQSOBVsnGkFivmEDkiPhZNAY3wUUR3c9WS0XMATdsZHHKVGjh05HQJ9Na/F5H9aM4DueTvkrh8Ac+n0oW4gMHg4bgd3uGQUxCgChEoe/RDTPpGEQtRhJopuzgddBPVS0TSK5t1xrnyZlJBGB+gQ5ZGJzlAZXaMKqiGKntEr+kCf2pP2or1p71NrSkvu7KOZ0b5/AVfqmTg=</latexit><latexit sha1_base64="VcU77pHAXbMIcwjPuD4JaDrQG4Q=">AAACEHicbVDLTgIxFO3gC/GFunTTSEwgmZAZ4mtjQnTjSjECkgCZdEqBhs4j7R0DmfATbvwVN8a4UeMf+DfOwLgAvEmb03NO055j+4IrMIwfLbW0vLK6ll7PbGxube9kd/fqygskZTXqCU82bKKY4C6rAQfBGr5kxLEFe7AHV7H+8Mik4p5bhZHP2g7pubzLKYGIsrLmMN8CNgTphPeySm7HVunvfDMu4AucP9FL+qke76Zu6EbByuaMojEZvAjMBORQMhUr+9XqeDRwmAtUEKWapuFDOyQSOBVsnGkFivmEDkiPhZNAY3wUUR3c9WS0XMATdsZHHKVGjh05HQJ9Na/F5H9aM4DueTvkrh8Ac+n0oW4gMHg4bgd3uGQUxCgChEoe/RDTPpGEQtRhJopuzgddBPVS0TSK5t1xrnyZlJBGB+gQ5ZGJzlAZXaMKqiGKntEr+kCf2pP2or1p71NrSkvu7KOZ0b5/AVfqmTg=</latexit><latexit sha1_base64="VcU77pHAXbMIcwjPuD4JaDrQG4Q=">AAACEHicbVDLTgIxFO3gC/GFunTTSEwgmZAZ4mtjQnTjSjECkgCZdEqBhs4j7R0DmfATbvwVN8a4UeMf+DfOwLgAvEmb03NO055j+4IrMIwfLbW0vLK6ll7PbGxube9kd/fqygskZTXqCU82bKKY4C6rAQfBGr5kxLEFe7AHV7H+8Mik4p5bhZHP2g7pubzLKYGIsrLmMN8CNgTphPeySm7HVunvfDMu4AucP9FL+qke76Zu6EbByuaMojEZvAjMBORQMhUr+9XqeDRwmAtUEKWapuFDOyQSOBVsnGkFivmEDkiPhZNAY3wUUR3c9WS0XMATdsZHHKVGjh05HQJ9Na/F5H9aM4DueTvkrh8Ac+n0oW4gMHg4bgd3uGQUxCgChEoe/RDTPpGEQtRhJopuzgddBPVS0TSK5t1xrnyZlJBGB+gQ5ZGJzlAZXaMKqiGKntEr+kCf2pP2or1p71NrSkvu7KOZ0b5/AVfqmTg=</latexit><latexit sha1_base64="VcU77pHAXbMIcwjPuD4JaDrQG4Q=">AAACEHicbVDLTgIxFO3gC/GFunTTSEwgmZAZ4mtjQnTjSjECkgCZdEqBhs4j7R0DmfATbvwVN8a4UeMf+DfOwLgAvEmb03NO055j+4IrMIwfLbW0vLK6ll7PbGxube9kd/fqygskZTXqCU82bKKY4C6rAQfBGr5kxLEFe7AHV7H+8Mik4p5bhZHP2g7pubzLKYGIsrLmMN8CNgTphPeySm7HVunvfDMu4AucP9FL+qke76Zu6EbByuaMojEZvAjMBORQMhUr+9XqeDRwmAtUEKWapuFDOyQSOBVsnGkFivmEDkiPhZNAY3wUUR3c9WS0XMATdsZHHKVGjh05HQJ9Na/F5H9aM4DueTvkrh8Ac+n0oW4gMHg4bgd3uGQUxCgChEoe/RDTPpGEQtRhJopuzgddBPVS0TSK5t1xrnyZlJBGB+gQ5ZGJzlAZXaMKqiGKntEr+kCf2pP2or1p71NrSkvu7KOZ0b5/AVfqmTg=</latexit>

Sr	“coordinates”	

(5,2)	

O,	N,	S,	F	
k(xi, xj) = exp(�|xi � xj |2/2⇢2)
Kernel	function:	
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Water splitting with Gaussian process 

16 

Prediction:	 with	Training	on	500	perovskites	(~2.6	%	of	the	total	dataset).		

Only	determined	by	“metric”	
(not	by	data)	 Data	

Example:	Heat	of	formation	 Mean	Absolute	Error:	0.28	eV	
Mean	Absolute	Predicted	Error:	0.38	eV	

+ error prediction 

y(x) = kTK�1y

ki = k(x, xi)

Stable compounds 

Large reduction in the 
number of necessary DFT 
calculations for stable 
compounds! 
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Machine learning accelerated 
computational screening of new materials 

Two challenges: 
1) Can we predict material properties for materials in many different structures where the 
detailed atomic positions are not known?  
2) Can we invert the process so we go directly from properties to material? (to avoid 
evaluation of properties of maybe billions of (irrelevant) materials) 
 
 

17 

Properties 

DFT 

Machine learning 
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Organic solar cell 
(PCBM-based blended polymer solar cell) 

18 

PCBM	=	Phenyl-C’61-Butyric-Acid-Methyl-Ester		

Peter Bjørn Jørgensen,  Murat Mesta, Suranjan Shil, Juan Maria García Lastra,  
Karsten Wedel Jacobsen, Kristian Sommer Thygesen, and Mikkel N. Schmidt 
The Journal of Chemical Physics 148, special issue (2018) 
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Donor-acceptor molecules (polymer units) 

19 

What	is	the	position	
of	the	LUMO	and	
the	optical	gap	for	
these	molecules?	
	
Training	set	with	
3989	molecules	
(Gaussian,	B3LYP)	
	
In	principle	1014	
molecules!	
One	prediction	1ms	
->	Total	1011	sec	
~	3000	years	
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Data representation 

20 

String	representation	of	molecules.	
	
Grammatical	production	rules.	
	
No	specification	of	atomic	coordinates.	

Earlier	work	uses	SMILES	to	represent	molecules:	

Gómez-Bombarelli	et	al.	(2016),	arXiv:1610.02415	[cs.LG].	
Kusner	et	al.	(2017),	arXiv:1703.01925	[stat.ML].	
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Variational autoencoder 

21 

32	dimensional	vector	space	
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Method comparison 

22 
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Grammar variational autoencoder 
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Production	rules:	
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Production rule matrix encoding 

24 
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Latent space 

25 

Colored	according	to	optical	gap	 Bright	points	are	within	target	range	

First	2	principal	
components	of	32-
dimensional	space	
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Prediction of new molecules 

26 

Optical	band	gap	

LUMO	energy	

Target	region	

100	new	molecules	
predicted	
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How do we classify materials without using atomic 
positions? 
Composition, symmetry and prototypes: 

FCC Cu 
Space group 225 
Only variable is 
lattice parameter 

Rocksalt NaCl 

Space group 225 
Only variable is 
lattice parameter 

HCP Mg 

Space group 194 
Two lattice 
parameters 
c = 1.624*a 

CsSnI3 
Space group 127 
Two lattice 
parameters 
Rotation angle 
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Voronoi cells and graphs 

28 

BaSnO3 cubic perovskite Voronoi (Wigner-Seitz) cells 

Quotient graph  
with symmetry labels 

Symmetry  
operations 

Peter B. Jørgensen, Estefanía Garijo del Río, Mikkel N. Schmidt, Karsten W. Jacobsen, arXiv.org (2018)  

Symmetry-labeled graph 
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Graph vs. prototypes 

29 

Do we know the 
prototype if we know 
the graph (and vice 
versa)? 

Symmetry labeled 
graphs provide a 
more detailed 
description than 
prototypes 

Graphs Prototypes 
Entropies 

Mutual information 

Uncertainty coefficients 

U(P |G) = 1� H(P |G)

H(P )
<latexit sha1_base64="V99twmG46Ts20aQV0ixCGiT+xfM=">AAACEHicbVDLTgIxFL2DLxxfqEs3jcQEFpIZNdGNCdGFLDFxgAQI6ZQONHQeaTsmBGfrB/gdbjXujFv/gL+xDLMBPEnTk3NOc2+PG3EmlWVNjdza+sbmVn7b3Nnd2z8oHB41ZBgLQh0S8lC0XCwpZwF1FFOctiJBse9y2nRH9zO/+UyFZGHwpMYR7fp4EDCPEay01Csgp1R/eSijW2Sjc9TxBCaTWiols7uc9ApFq2KlQKvEzkgRMtR7hWmnH5LYp4EiHEvZtq1IdSdYKEY4TcxOLGmEyQgP6CTdP0FnWuojLxT6BAql6kIO+1KOfVcnfayGctmbif957Vh5N90JC6JY0YDMB3kxRypEszJQnwlKFB9rgolgekNEhlh3oHRlC1NcPzFN3YW9/PNV0rio2JcV+/GqWL3LWsnDCZxCCWy4hirUoA4OEHiFd/iAT+PN+DK+jZ95NGdkb45hAcbvH3KVmaA=</latexit>

Uncertainty coefficient: Entropies 

Materials from OQMD database 
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Message passing neural network 
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Only input: 
Atomic numbers Z 
Symmetry-labeled quotient graph 

Message passing neural network 

atom -> node 
bond -> edge 

Peter B. Jørgensen, Estefanía Garijo del Río, Mikkel N. Schmidt, Karsten W. Jacobsen, arXiv.org (2018)  
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Neural networks for materials 
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arXiv:1704.01212	
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Predictions on OQMD (5-fold cross validation) 

32 

Mean	absolute	error	on	formation	
energies	20	meV!	
Accuracy	of	DFT	~100-200	meV.	

meV! 

Heat of formation: 
Mean absolute error 

~500000 DFT calculations for inorganic materials 

Only Voronoi graph (+symmetry) 
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Performance on subsets 

33 
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The ABO3 subset of materials 

34 

Predictions	on	ABO3	oxides	
MAE	=	35	meV.	

2113 

�E = EML(GDFT )� EML(GML)
<latexit sha1_base64="cFxtl+E+FjEmNQTRa+ILejpIKfc=">AAACGXicbVDLSgMxFM3UVx1foy7dBIvQLiwzKuhGKNqqC4UKfUFbh0yaaUMzD5KMUIb5Bj/A73CruBO3rvo3pg+Qth4IOTn3XG7ucUJGhTTNoZZaWl5ZXUuv6xubW9s7xu5eTQQRx6SKAxbwhoMEYdQnVUklI42QE+Q5jNSd/vWoXn8mXNDAr8hBSNoe6vrUpRhJJdlGrlUkTCJYgpew9BQ/3CfZWzsu3lSS3PHfW10528iYeXMMuEisKcmAKcq2MWx1Ahx5xJeYISGalhnKdoy4pJiRRG9FgoQI91GXxONFEnikpA50A66OL+FYnfEhT4iB5yinh2RPzNdG4n+1ZiTdi3ZM/TCSxMeTQW7EoAzgKBXYoZxgyQaKIMyp+iHEPcQRliq7mSmOl+i6ysKa33yR1E7y1mneejzLFK6mqaTBATgEWWCBc1AAd6AMqgCDF/AG3sGH9qp9al/a98Sa0qY9+2AG2s8vCHWduw==</latexit>
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Heat of formation for  
ABSe3 dataset 

35 

Only 6 ABSe3 selenides in OQMD 

1000 compositions x 6 structures 

Only training on OQMD 
MAE = 0.17 eV 

Additional training on 100 ABSe3 
MAE = 0.10 eV 
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ABSe3 dataset 

36 

Additional training on ABSe3 dataset 

�E = EML(GDFT )� EML(GML)
<latexit sha1_base64="cFxtl+E+FjEmNQTRa+ILejpIKfc=">AAACGXicbVDLSgMxFM3UVx1foy7dBIvQLiwzKuhGKNqqC4UKfUFbh0yaaUMzD5KMUIb5Bj/A73CruBO3rvo3pg+Qth4IOTn3XG7ucUJGhTTNoZZaWl5ZXUuv6xubW9s7xu5eTQQRx6SKAxbwhoMEYdQnVUklI42QE+Q5jNSd/vWoXn8mXNDAr8hBSNoe6vrUpRhJJdlGrlUkTCJYgpew9BQ/3CfZWzsu3lSS3PHfW10528iYeXMMuEisKcmAKcq2MWx1Ahx5xJeYISGalhnKdoy4pJiRRG9FgoQI91GXxONFEnikpA50A66OL+FYnfEhT4iB5yinh2RPzNdG4n+1ZiTdi3ZM/TCSxMeTQW7EoAzgKBXYoZxgyQaKIMyp+iHEPcQRliq7mSmOl+i6ysKa33yR1E7y1mneejzLFK6mqaTBATgEWWCBc1AAd6AMqgCDF/AG3sGH9qp9al/a98Sa0qY9+2AG2s8vCHWduw==</latexit>
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ML for computational screening 
•  Significant speed-up of materials screening with machine learning 
•  However severe limitations: 

– Better descriptors/understanding of solar cells/water splitting devices 
•  Absorption 
•  Defects 
•  What limits the open-circuit voltage Voc? 

– More accurate calculations beyond DFT (GW/RPA/BSE) 

37 
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