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Direct problem:   

 
(D1) Development of methodologies to compute (measure) directly the 
property of interest. Application of such methodologies to selected cases. 
  
e.g. optimized exchange-correlation functionals, non-adiabatic processes, 
theoretical spectroscopies, faster algorithms, improved hardware, etc. 
 
(D2) Search for design-rules/descriptors for the property of interest in 
selected cases to  provide structure (hopefully quantitatively) to the 
intuition.        
   

Descriptors discovery 
rThinking 
rHigh-throughput methodologies + Data-mining tools 



Trends in Nanomanufacturing: “Advances in Modeling Nanomanufacturing Processes” 

Inverse problem:   

 

(I1) Exploration of a large configuration space by determining the property of 
interest and screening for optimal materials. 
 
e.g. Stability of Pt-group alloys by Hart et al., Physical Review X (2013) 
 
(I2) Exploration of a restricted configuration space in which property 
descriptors are expected to be reliable. Validation.  
     

The real test of understanding is prediction* 
 
e.g. Pb-free piezoceramics by Armiento et al., Physical Review B (2011/3) 
   
    

* R. Hoffmann, Solids and surfaces (VHC, 1988) 

Infrastructures 
rAFLOW http://aflowlib.org  

http://aflowlib.org
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Curtarolo et al.,  Comp. Mat. Sci. 58, 227-235 (2012) and www.aflowlib.org 

Infrastructors: AFLOWLIB Repository 
r Database of DFT calculations  
r > 500,000 compounds 
r Online/socket commands for the SQL database interrogation. 
r Distributed platform will work on Linux/UNIX platforms 

http://www.aflowlib.org


Creating “aflow.in” input files: 

Materials Database (AFLOWLIB) 

HT Computational 

Tools (AFLOW) 

VASP/QE 

Automatic Generation of Databases 



Extract general materials properties: structural, electronic, 
magnetic properties… 

Develop new high-throughput programs based on the 
desired materials properties 

Automatic data/visualization analysis 



Pt-group alloys 

r153 binaries: prototypes+hypothetical 
rFormation enthalpy: convex hull 
rCompetition with disorder: Ts 

r37 new phases (@nanoscale?) 
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critical temperatures). In other words, the descriptor is the language 
with which the researcher speaks to the database, and thus the 
heart of any e ective HT implementation. In Table 1 we illustrate 
examples of recently introduced descriptors.

Once a good descriptor is identi ed, the search for better 
materials within the repository can be performed intrinsically or 
extrinsically, depending on whether the optimum solutions are 
already included in the set of calculations or not. Intrinsic searches 
include just step (iii), require only fast descriptors, and may employ 
various informatics techniques. Examples of previous such searches 
include the scanning of better cathode materials27,28, and the uncov-
ering of unknown compounds9,29,30, novel topological insulators16 or 
thermoelectric materials15. Extrinsic searches involve all three steps, 
because the search for an optimal solution includes iterations lead-
ing to an expansion of the repository.

An important component of extrinsic HT computational research 
is a scheme capable of using the evaluation of descriptors on exist-
ing database entries to guide new calculations not yet included in 
the database. Examples of such schemes published in the literature 
comprise evolutionary and genetic algorithms7,8, data mining of 
spectral decompositions3 and Bayesian probabilities10, re nement 
and optimization by cluster expansion13,31 and structure map analy-
sis32–34. Neural networks35,36 and support vector machines37 have 
also been utilized in a few cases. ese methods may sometimes 
be used to bypass step (iii) of the HT analysis, that is, the formula-
tion of a physically meaningful descriptor, so that a search can still 
be implemented even with only a super cial understanding of the 
physical problem.

Areas of current application
Following the general framework outlined above, we describe in 
this section a few speci c examples of computational HT studies 
reported in the literature, ordered by increasing degree of complexity. 

ermodynamics for the identi cation of binary and ternary 
compounds. e identi cation of stable structures is the rst step 
in the design of materials with various speci c functionalities. e 
proper descriptor of alloy stability, the formation enthalpy, is the 
simplest example of a parameter used for HT materials development.

Alloys are the workhorse material of many important techno-
logical applications. us, nding new and improved alloys could 

be transformative in some areas and would have a substantial 
economic impact. When improving an existing alloy or designing 
a new one, scientists rely on databases of alloy thermodynamics 
and phase diagrams (for example, the Massalski’s Binary Alloy 
Phase Diagrams38 and the Villars’s et al. Pauling File39). Although 
the utility of these repositories is tremendous, they could be of even 
greater use if they were more complete. Experimental complete-
ness is di cult to achieve due to the vast combination space and 
because experimentation is o en di cult: it requires high tempera-
tures or pressures, very long equilibration processes, or may involve 
hazardous, highly reactive, poisonous or radioactive materials. 
Computational compilation of the properties of materials is more 
feasible and will lead to much more complete repositories. Examples 
that demonstrate this are the almost simultaneous prediction and 
experimental veri cation of the previously unknown C11b structure 
of the Pd2Ti compound9,40, the veri cation by Niu et al.41 of an ear-
lier prediction42 that the CrB4 compound, thought for 40 years to 
have an oI10 structure, is actually more stable in an oP10 structure, 
and the simultaneous synthesis and solution, by an ab initio evolu-
tionary search, of an unexpectedly complex tI56 crystal structure of 
CaB6 (ref. 43).

In alloy design, the targets of the formation enthalpy descrip-
tor are stable phases. e HT ab initio method explores the phase 
stability landscape of alloys by calculating the descriptor for a large 
number of possible structures. An HT code must perform these 
calculations automatically, transform the structures into standard 
forms that are the easiest to calculate, and automatically set the nec-
essary k-point grid densities, basis-set energy cuto s and relaxation 
cycles with a convergence tolerance of the order of a few meV per 
atom44. It should also respond automatically to calculation failures, 
due to insu cient hardware resources or runtime errors of the 
ab initio calculation itself. ese are among the most di cult chal-
lenges in HT database generation that have only recently been over-
come (ref. 44 gives details about how this automatic data generation 
is implemented in the AFLOW HT framework). e initial search is 
performed on a set of known crystal structures, of all lattice types, 
spanning the entire composition range of the investigated systems3,9. 
In advanced HT studies this set includes hundreds of structures per 
system44. In subsequent steps, the search is o en aided by data-min-
ing and optimization techniques that re ne and accelerate the struc-
ture screening. ey include a variety of di erent approaches: for 

Table 1 | Examples of descriptors introduced in the literature.

Problem Combination of materials properties (gene) Descriptor

Structure stability: convex hull of an alloy 

system

Formation enthalpy (Hf) as a function of concentration (x) and the 

enthalpies (H) of A and B.

Hf(x) = H(A1−xBx) − (1−x)H(A)−xH(B)

Phase stability in off-lattice alloys Spectral decomposition of alloy vector-energies (En,p, n-rows = species, 

p-columns = configurations) with principal-component-analysis 

coefficients (αi) and truncation error ( (d)) (ref. 3).

En,p α1En,1  αp–1En,p–1 + (d)+ +

Nanosintered thermoelectrics Ratio of the average power factor (<P>) to the grain size (L) (ref. 15). thermo ˆ  χ
<P>

L

Topological insulators (epitaxial growth) Variational ratio of spin–orbit distortion versus non-spin–orbit 

derivative strain (Ek
SOC , Ek

noSOC , spin/no spin–orbit bandgaps at 

k, a0 lattice)16.

Ek

Ek

TI  –ˆ  χ
a0(a0)

(a)0

SOC

noSOC a0 a0

Power conversion efficiency of a solar cell 

(spectroscopic limited maximum efficiency)

Ratio of the maximum output power density (Pm) to the incident solar 

energy density (Pin) — a function (η) of the radiative electron–hole 

recombination current (fr) and the photon absorptivity (α(E)) — 

versus bandgap energy (Eg)
62.

η(α(E),fr) = Pm/ Pin; Eg

Non-proportionality in scintillators Maximum mismatch between effective masses of electrons (me) 

and holes (mh)
75.

,
np  max ˆ  χ ( (mh

me

me

mh

Morphotropic phase boundary 

piezoelectrics

Energy proximity between tetragonal, rhombohedra and rotational 

distortions ( Ep). Angular coordinate (αAB) of the energy minimum in 

the A–B off-centerings energy map for ABO3 systems79.

∆Ep  0.5 eV

αAB ≈ 45°

REVIEW ARTICLE NATURE MATERIALS DOI: 10.1038/ NMAT3568
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Descriptors discovery: piezoceramics 
r Prototype: Pb(Zr,Ti)O3 (PZT) 
r ABO3 ceramics with perovskite-like structure: 3669 compositions (up to Bi) 
 
r Tetragonal Pb-free perovskite (to replace PbTiO3) 
r MPB forming alloys 
 
 C0:  Electronic structure (insulating with d-p hybridization) 

C1: Coexistence of several polar phases (RHO, TET) 
C2: Competition with octahedral rotations/tiltings 
C3: Large A-/B-site interplay 

Queqy box

Results table

Refeqence foq

database fields

Help text

Seaqch button



Descriptors application: piezoceramics 

C0:  Electronic structure (insulating with d-p hybridization) 
C1: Coexistence of several polar phases (RHO, TET) 
C2: Competition with octahedral rotations/tiltings 
C3: Large A-/B-site interplay 
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C0:  Electronic structure (insulating with d-p hybridization) 
C1: Coexistence of several polar phases (RHO, TET) 
C2: Competition with octahedral rotations/tiltings 
C3: Large A-/B-site interplay 
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Descriptors application: piezoceramics 

 632
 C0: 99  C1-3: 49   

 

 Three main families: 
  (Sn,Pb)(Zr,Ti,Hf)O3  
 (Ba, Sr, Ca)(Zr,Ti,Hf)O3 

 (Li,Na,K,Cs)(Nb,Ta)O3 

 
 Descriptors interpolation:  
 x E1(V(x))+(1-x) E2(V(x)) 

 
 Stability vs. concentration 
  convex hull 



High-throughput calculations 

 Accelerate the discovery of new chemical compositions/structures 
 Study alloys 
 Study interfaces 

 
 
 

 Study nanostructuring effects … more to do 
 Automatic search for descriptors … more to do 
 Temperature dependent properties … more to do 
Morphological replacement … more to do 
 Synthesis … more to do 

 
 

PRX 1, 021012 (2011) 
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Fundamental Barriers 

Fundamental Questions 

r To which extent nano is real? 
r Do we always need to think at structure-property relationships? 
r What control is achievable in large scale nano manufacturing?  
r What is the role of theory/calculations in nano manufacturing? 

 

 
r Synergy between theory and … theory 
r Synergy between theory and experiments  
r Realistic goals that can be achieved 
r Long term vs. short term research 

 
 


