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Ml DENSITY FUNCTIONAL THEORY

Ceatech

Finding and storing the many-body wave function ¢ (r1,...,7x) is a
problem that grows exponentially with N.

Hohenberg-Kohn theorem (1963) states that the groundstate density n(r)
of interacting electrons in an external potential v(r) determines this
potential uniquely.

This means that n(r) contains all the information about the Hamiltonian
and thus about the ground state properties of the system.

Instead of trying to find the wave function that gives the minimum energy,
we look for the density that minimizes the energy.

See Walter Kohn’s Nobel (1998) lecture

Journées Nationales de la Thermoélectricité - 18/10/2018 | Ambroise van Roekeghem | 4



E@iattfc'! DENSITY FUNCTIONAL THEORY

The Kohn-Sham equations (1964)
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| —
allow to find the ground-state density using independent electrons,
provided that the exchange-correlation potential is known exactly.

One of the most successful exchange-correlation functionals is based on
the local density approximation: vu.(r) = vgc(n(r))

DFT-based programs are now some of the most used tools in
computational solid state physics.
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DENSITY FUNCTIONAL THEORY
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Marini et al, Phys. Rev. Lett. 88, 016403 (2001)
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COMPUTING PHONONS

Small displacements
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————— Phonon spectrum
And thermal conductivity
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Quantum statistics, finite T

COMPUTING PHONONS
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Exp. data at 300 K: Cowley, Phys. Rev. 134, A981 (1964)
and Stirling, J. Phys. C: Solid State Physics 5, 2711 (1972)
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FINITE-TEMPERATURE PHONON CALCULATIONS
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van Roekeghem, Carrete and Mingo, Physical Review B 94, 020303(R) (2016)
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BOLTZMANN’S TRANSPORT EQUATION
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BOLTZMANN’S TRANSPORT EQUATION

150 -
< 100 -
-
p
S—
=
50 -
V)
0 -
1 1 1 1
250 500 750 1000
T (K)

ShengBTE: Computer Physics Communications 185, 1747 (2014)
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ShengBTE: Computer Physics Communications 185, 1747 (2014)
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J— B 5imaBTE
- THERMAL SIMULATION

homogeneous with defects nanostructures multiscale structures
materials
Single crystals Vacancies Superlattices ;B ér:ﬁnl:jlt:l)’l[a)yers
Alloys Substitutionals Thin films
g Interfaces
Interstitials
Steady ste.1te Dislocations
and transient
heat flow

J. Carrete et al., “almaBTE : A solver of the space—time dependent Boltzmann transport equation
for phonons in structured materials”, Computer Physics Communications, vol. 220, pp. 351-362,
Nov. 2017.

6 partners from academia to industry

13 citations in less than one year

88 members on the online forum

31 related publications from our group since 2016

(including 1 Adv. Mat., 1 Phys. Rev. X, 1 Phys. Rev. Lett., 9 Phys. Rev. B, 1 Phys. Rev. Mat.)

Journées Nationales de la Thermoélectricité - 18/10/2018 | Ambroise van Roekeghem | 14
e


http://www.almabte.eu/

almaBTE

THERMAL SIMULATION
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Vermeersch et al, unpublished
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ALMABTE B almaBTE
- THERMAL SIMULATION
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van Roekeghem et al, arXiv:1809.11046 (2018)

Journées Nationales de la Thermoélectricité - 18/10/2018 | Ambroise van Roekeghem | 16




ONSAGER’S COEFFICIENTS AND THE BTE

Linearized Boltzmann’s transport equation in the relaxation time approximation
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(See Electrons and Phonons by Ziman, Ashcroft-Mermin, Boltztrap papers)
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ELECTRON SCATTERING

* Electron-phonon scattering
* Impurity scattering
* Electron-electron scattering
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Gerthsen et al, Phys. Stat. Sol. (a) 13, 127 (1972)
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COMPUTING THE SEEBECK COEFFICIENT

Constant relaxation time approximation

————» S becomes independent of 7 and ¢ /7 becomes constant
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Xu and Verstraete, Phys. Rev. Lett. 112,196603 (2014)
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NANOGRAIN LIMIT
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METALLIC ALLOYS

1.0

o=, 5 = — —

qT £(0)
+ Sommerfeld development - L
Mott's formula: S = —— kpT Olno _ T kpT Op
| 3 e Oy 3 ep Ou

Multicomponent alloys and Matthiessen’s rule: 2on—

p:PO‘|‘ZPj ZpoJerjrj
J J

S:@SOJFZ%SJ-
J

Cu-Zn / Y

S _© o
T T

o
@ n
o
S
=]
N
p O
Ind
o
o

P

S (e V/°K)
o
o

——— Gorter-Nordheim formula and plots

5 o o ¢ o
(=] 5] B 1]
o [=] o
T E—
)
oL
o
2
(=]
ol 5
2
=] ~

8

=

3
]

See Thermoelectric Power of Metals,
Blatt, Schroeder, Foiles and Greig T .
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METALLIC ALLOYS @p@r@m
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Traditional approaches

HIGH-THROUGHPUT SCREENING

~ High throughput

MATERIALS
PROJECT

Environmental Science RSCPublishing

View Article Online

View Journal | View Issue

First principles high throughput screening of oxynitrides
for water-splitting photocatalysts

Chtethis: nergy Environ S, 2013, 6,
s Yabi Wu,? Predrag Lazic,® Geoffroy Hautier,t? Kristin Persson® and Gerbrand Ceder*®

Fp=3
o

RATIONAL REMEWABLE EMERGY LABORATORY

REVIEW ARTICLE

PUBLISHED ONLINE: 20 FEBRUARY 2013| DOI: 10.10:

The high-throughput highway to computational
materials design

Stefano Curtarolo?*, Gus L. W. Hart??, Marco Buongiorno Nardelli?**, Natalio Mingo?¢,
Stefano Sanvito?” and Ohad Levy'?®

ARTICLES

High Performance Computing Center o ° I I

s N R E L M 3 t e rf. a .’ S D a t a b ase Prediction and accelerated laboratory discovery of

previously unknown 18-electron ABX compounds

Romain Gautier”, Xiuwen Zhang®, Linhua Hu', Liping Yu?, Yuyuan Lin’, Tor O. L. Sunde’,
Danbee Chon', Kenneth R. Poeppelmeier™ and Alex Zunger®™
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HIGH-THROUGHPUT SCREENING

ABX3 with X=0 or F

" 8000 possible combinations
" 400 non-magnetic semi-conductors
" 90 found mechanically stable at 1000 K

" 35 already synthesized perovskites

" 17 mentioned only as non-perovskites

" 38 potentially new compounds

" 2 with negative thermal expansion at 300 K
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HIGH-THROUGHPUT SCREENING

100 Kann References Kiooo  FKaoo References kiooo ®aoo  References
CaSi0Os  4.80 [21] CdYFs 1.20 3.51 TIOsFs 0.62 0.95
RbTaOs 3.61 [22] RbCaFs 1.15 246 (32) [23-25] InZnFs 061 186
NaTaOs; 3.45 |26] HgInFs 115 3.85 CsCdFs 0.59 1.73 [27]
CuCF5 3.32 8.79 |28] AlFeFs 1.14 AlMgF; 0.56
Srsi0); 3.23 10.10 |2'.-'J] PLHIO; 1.12 [3[]] AuZnFs 0.53
NaNbOs 3.05 (1.5) [31-33]  AgMgF; 1.11 3]  InOsF; 052
BaHfOs; 3.04 (4.5) 8.26 (10.4) [35] ¥nScFs  1.10  3.66 RbSrFs  0.51 |36]
KNbO;  2.94 (10 |31, 33 RbFeFs 1.09 4.62 [37] CsSrFs 050 1.13 [36]
TITaOs  2.86 [38] TIMgFs 106 3.42 [39] BeYF; 048 2.34
AgTaO; 2.77 [0, 41]  KCaFs  1.06 42| BeScFs; 048 1.59
KMgls 2.74 2825 (1) [25, -;13] HgScF,  1.01  5.42 TICdF; 0.44 {ET]
GaTaO;  2.63 [44-46]  CsCaFs; 0.98 3.03 [47]  RbHgFs; 043 [48]
BaTi(; 2.51 4.99 {4‘-5 ] [33, -fl'El] AuMeFs 0.96 a Pd¥F; 043 099
PbTiOz 2.42 (5 [33] InMgFs 096 3.53 AlZnFz 0.39
SrTiO; 236 (4) 6.44 (10.5) [51-53] RbZnFs 091 2.64 [54] KHgFs 0.37 [48]
SrHfD; 2.20 (2.7) (5.2) [53, 55] ZnlnFy  0.88 1.89 RbSnFs; 037 0.82 {55]
BaZr(Os 213 (29) 561 (5.2) |57] BaSiOs  0.587 [53] fmBiF; 0.37 1.29
XeScFq 187 4.410) TICalFy (.86 CsHgl'y 037 100 {43]
HgYFs  1.84 5.37 CdSeF;  0.85 237 KSnF; 0.35 |56]
AgNbhO3 1.79 [59, 60] XeBiF; 0.82 213 CdBiFs  0.33  0.98
TINLOs 1.75 [38] AgZnFs; 0.80 [34] RbPtFs 0.32 |61]
KFeF'; 1.72 6.37 (3.0) ['EFE, 63 PdScF;  0.79  1.63 BeAlFy 0.30 1.70
SnSi0s  1.66 122 64, 65| KCdFs 0.75 66, 67] KPbF; 0.30 [68]
PhSIO;  1.66 3.60 [69, 70] BaLiFs 073 221 ®  |71,72] CsBaFs; 0.29
AuNbOg  1.56 [73] HgBilFs  (0.72 237 InCdFs  0.29
CaSe(Q; 1.42 [74] ZnAlF; 0.2 1.92 BaCuF; 0.28
NaBeF; 1.40 2.53 [75, 76] GaZnFs; 0.69 TISnF: 0.27 0.63 [77]
RbMgFs 1.37 4.54 78] RbCAFs 0.68 1.46 27] TIHgFs 0.26 [79]
GaMgF; 1.34 2.11 GaRuFsz 0.67 CdSbFs  0.26
KZnFs;  1.33 415 (5.5) [25 80] CsZnFs 067 1.12 81] TIPbFs  0.22 [82]
ZnYFs  1.32 3.72 TIZuFs  0.64  1.96 183]

van Roekeghem et al., Phys. Rev. X 6, 041061 (2016)
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HIGH-THROUGHPUT SCREENING
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van Roekeghem et al, Phys. Rev. X 6, 041061 (2016) Carrete et al, Phys. Rev. X 4, 011019 (2014)
(b) B
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MACHINE LEARNING

Experiments Errors XYZ probability space group
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' ) ' ' ‘ ) ' '  properties of atoms — QO'Keeffe TmPtBi 0.947 216"
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DFT calculations vib LuPdBi 0.831 216"

Legrain et al., Chemistry of Materials 29, 6220 (2017) Legrain et al., J. Phys. Chem. B 122, 625 (2018)

zg"‘Rm 30
D(z)a Z e Co rij —+ Rm) (%9 (rJ'L e Rm) = o3
2a (2)a %m
Ds,s’,z,j - (65“ 53] dan 65% ’553 ) 1,J *9?0 /
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-10 (I) (elvOIAZ 20 30

Legrain et al., arXiv:1803.09827, Journal of Chemical Information and Modeling in press
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MACHINE LEARNING

Accuracy

B Energy: ~ 1 meV/atom

B Forces: 0.003 - 0.05 eV/A

Features

B Output: Energy, Forces, Stress tensor

B Efficient training utilizes both energies and forces

B Training data may contain any number of atoms and

species
=1
- 2 2
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dEs; Bochkarev et al, in preparation
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CONCLUSIONS

Ab initio calculations of the lattice thermal conductivity are reliable.

For electronic properties, it is still very difficult.

High-throughput computational screening is increasingly developing.

Machine learning can help to speed up the process.

Journées Nationales de la Thermoélectricité - 18/10/2018 | Ambroise van Roekeghem |29
e



Thank you!

Commissariat a I'énergie atomique et aux énergies alternatives
17 rue des Martyrs | 38054 Grenoble Cedex

Etablissement public & caractére industriel et commercial | RCS Paris B 775 685 019
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