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N '-. High-Throughput Screening

"'-- '- |n Computatlonal (and Experimental) Materlals Saence

Consider as many compounds a possible, typically 0(103) -0(10°)
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M. D. Wilkinson et al., Scientific Data 3, 160018 (2016)
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The NOMAD Repository

>50 Mio. Total-Energy Calculations

NOVEL MATERIALS DISCOV Max Planck Society
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.. . Transparency
space Predictive modeling from 1997

and simulations must . .
address all time and Continuum Equations,

density- Rate Equations
functional e
theory

lonte Carlo) this is what we
want (need)

time

the bas s hours years

We need robust, error-controlled links with knowledge of
uncertainty between the various simulation methodologies

Modeling Materials Properties and Functions:
The Many-Body Schrodinger Equation
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The Many-Body Schrodinger Equation
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Born-Oppenheimer Approximation
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Where @, are solutions of the “electronic Hamiltonian”:

The Schrédinger
H{ RI ARy} d{rd) = (I)v,{RI }({rk}) equation of the
HC = TC+ Ve ¢4+ V:_.—um electrons is

frequently (commonly) applied approximations:

e neglect non-adiabatic coupling (terms of order m/M; )
* keep only A,

d rml-ned-bj'
éﬁle}ﬁvlzl ! N

—) the dynamics of electrons and nuclei decouple
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Some Limits of the
Born-Oppenheimer Approximation

The BO Approximation does not account for correlated dynamics of ions and
electrons. For example:

polaron-induced superconductivity

dynamical Jahn-Teller effect at defects in crystals

some phenomena of diffusion in solids

temperature dependence of band gaps

non-adiabaticity in molecule-surface scattering and chemical reactions
relaxation and transport of charge carriers (e~ or h)

etc.

Some Limits of the
Born-Oppenheimer Approximation

The BO Approximation does not account for correlated dynamics of ions and
electrons. For example:

polaron-induced superconductivit
These limits can be severe.

Nevertheless, we will use the BO
approximation in the following.
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The Total Energy

e.g. from DFT —— QMM .~ aclassical term
(see later) Eo : Z R, - R Ly Lo,
+ quantum mec hdm( al corrections for lattice vibrations
<AO| T |on|AO>

The total energy per atom without

Etot S 7/ . zero-point vibrations as a function
N | | i of the inter-atomic distance: the
| o T agAa Born-Oppenheimer surface.
. Sﬁgregc';'/ve T The measured inter-atomic
Vel J distance is the average over the
A positions of vibrating atoms.

ay lattice parameter

Density-Functional Theory

The Hohenberg-Kohn Theorem (1964)

e — s
He @ = Ecp/w \\( - [ 1 Y v
@) — \
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ety | & E = Min E, [n(r)]
(13) —

Set of non-degenerate ground-state Set of particle densities n(r) of non-
wave functions ® of arbitrary N- degenerate N-electron ground states.
electron Hamiltonians.

The dashed arrow is not possible (reductio ad absurdum). Thus,
there is a one-to-one correspondence between @y and n(r).
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Density Functional Theory

The energy of the ground state of a many-

electron system : E, {R,}) = Ming <®|He¢|D>

Hohenberg and Kohn (1964): The functional
n(r) = n[®] = <®| 2. 8(r-r;) |©>
can be inverted, i.e., |
O(ry, ry, ..., ry) =@[n(r)] .
This implies:
Eo ({R,}) = Min, ) Eqy [N]

Density-Functional Theory
The Hohenberg-Kohn Theorem (1964)

(BIH|P)

Schrodinger

~ 10**Variables 3 Variables
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The Hohenberg-Kohn-Sham Ansatz of
Density-Functional Theory

*  Kohn-Sham (1965): Replace the original many-body problem
by an independent electron problem that can be solved!

E,[n] = Tn] + I v(r) n(r) dr + E"etee[n] +( EX[n]

* With T, [n] the kinetic energy functional of independent electrons,
and EX°[n] the “unknown” functional.

* The challenge is to find useful, approximate xc functionals.

The existence of a one-to-one relationship does not imply that the exact
xc functional can be written down as a closed mathematical expression.
In fact, it is “just an algorithm”:  n(r) - {R,, Z,}, N — H¢ — E&, @,

¥ | started |
with
DFT,

1980 1990

Nobel Prize

| T T O
1995 2000 2005 2010 2015
Year
Number of articles and patents in materials science
including the term “density functional theory”
published per year during the past 25 years.

Walter Kohn at West Beach Santa Barbara at age 75
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The xc Functional

T,, EHaee "and EXC are all universal functionals in n(r), i.e., they are independent
of the special system studied. (general theory: see the work by Levy and Lieb)

EI’CC[.”} — ‘/F.XC{'H}H(I‘)JBI‘ — EXC*LDA[T?} JF()(v??)

V) 4. .
- Wigner (1938)
) xc-LDA — -jelli
peieiompy T, oA = [ ceelium(n) n(r) ddr
54 0
] neglecting
- o O(Vn)
-10 4 Gell-Mann - Briickner (1957) — IS the. local-
- density
rrrrrrrrrrrrrrrrrrrrrrrrtrrrrrrT . .
0 5 10 15 20 25 30 approximation

The xc Functional

T,, EFatee and EXC are all universal functionals in n(r), i.e., they are independent
of the special system studied. (general theory: see the work by Levy and Lieb)

E*[n] = /em[n}n(r_)dar = = IPAR] + O(Vn)

) ol
— Wigner (1938)

EXC-LDA :f €xc-jellium(n) n(r) d3r

Ceperley and Alder (1980)
\\\\\\\\\\\\\\\\\\\\\ neglecting
O(Vn)

€xc-jellium(n)
5 ™

-10 Gell-Mann - Brickner (1957) — IS the. local-
density
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrd . .
' 5 10 15 20 25 30 approximation
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The xc Functional

LSRG T N SR TN Approximate xc functionals have been very

of the special system studied JEE=S5 (0| R[Nl == =N olgel o1 EI
Efn] = /g for certain bonding situations (vdW,

hydrogen bonding, certain covalent bonds)

—
)
-

—

o

4 N for highly correlated situations, and
— Wigner (1938)

for excited states.

€xc-je||ium(n)

=

~
.

1]
o

Ceperley and Alder (1980)
\ neglecting
O(Vn)

-10 Gell-Mann - Briickner (1957) — IS the. local-
density
rrrrrrrrrrrrrrirrrrrrrrrrrrrirnrd . .
0 5 10 15 20 25 30 approximation
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Perdew’s Dream: Jacob’s Ladder in

Density-Functional Theory

The exchange-correlation functional
our favorite
unoccupied y;(r), EX+ cRPA, as given by ACFD

r
(S}

>

§ 4 | occupied y;(r), hybrids (B3LYP, PBEO, HSE, ...)

§ 3| 1(n), meta-GGA (e.g., SCAN)

© 2 | vn(r), Generalized Gradient Approximation
1| n(r), Local-Density Approximation

7(r):  Kohn-Sham kinetic-energy density

EX: ctexch : Jo— Z f f i dy L0 Ym (097, () Y (1)
: exact exchange: P =3 F=

cRPA: random-phase approximation for correlation

ACFD : adiabatic connection fluctuation dissipation theorem

Bohm, Pines (1953); Gell-Mann, Brueckner (1957); Gunnarsson, Lundqvist (1975, 1976); Langreth, Perdew (1977);
X. Ren, P. Rinke, C. Joas, and M. S., Invited Review, Mater. Sci. 47, 21 (2012)
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Perdew’s Dream: Jacob’s Ladder in

Density-Functional Theory

The exchange-correlation functional
A m our favorite oS
>| \._5_/unoccupied y;(r), EX+ cRPA, as given by ACF” e((.
© 4 | occupied y;(r), hybrids (B3LYP, PBEP e@c&\o\ﬂ@\\s’
§ 3| t(n), meta-GGA (e.~ e\r‘:\(\‘ e\l6
© 2 | Vn(r), Generali- e(es %,('a“% .
1| n(r), S ]
v
(o)
W WS o ) () (Y ()
r—r'|
c’i\o‘\
Q\)(\ C“'\O
Bohr, ?\)(\gs (195 Brueckner (1957); Gunnarsson, Lundqvist (1975, 1976); Langreth, Perdew (1977);
X. Ren, P. Rinke, C. J& 0 M. S., Invited Review, Mater. Sci. 47, 21 (2012)

The First (Convincing) DFT Calculations

Properties of Metals;

LDA,
Pergamon (1978)

_ 1 pseudopotentials,
diamond ]  neglect of relati-

Sy ¢ )/} ST WU SR W — e
0607 0.8 0.9 1.0 1.1 Vistic effects.

Volume

-7.90

R HEXAGONAL T
DIAMOND

N Stability of crystals and crystal phase transitions
-7 .84 ‘
- 1 M. T. Yin and
= silicon ;
£ . {" M. L. Cohen
& 786 | PRB26(1982) ) see also:
] | <and PRL 1980 > V.L. Moruzzi, J.F. Janak,
< el j A and A.R. Williams
2 ‘ 1 - Calculated Electronic
2 1 Approximations:
() 4
5
|_
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Valence-Electron Density of Semiconductors

NOVEL MATERIALS DISCOVERY

a) Ge (top),
b) GaAs (middle), and
c) ZnSe (lower)
in electrons per unit-cell volume.
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V. L. Moruzzi, J. F. Janak, and A. R. Williams
, Calculated Electronic Properties of Metals
NOVEL MATERIALS DISCOVERY Pergamon Press (1978)
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Ab initio Atomistic Thermodynamics

Surface in contact with a one-component gas phase — Example: O, @ Pd

Y surt. = WA G (No, Npg) = No 5~ Npg #p4 ]

O, gas Ng = # of O atoms in the system
® / Npy = # of Pd atoms (substrate)
1) .. .
H N\ in the system
surface ) Concept of thermodynamic reservoirs:
bulk 1) The environment can give and take
u 2) O atoms at an energy o = 72 uo,

to (T, ) = Y2po, (T, p°) + Y2 kgT In(p/p°)

2) Also the bulk of the substrate is practically of infinite size and acts as a
reservoir for the Pd atoms: 64 = gpgPU

Ab initio Atomistic Thermodynamics

Surface in contact with a one-component gas phase — Example: O, @ Pd

Y surt. = WA TG (No, Npg) = No o= Npg 4p4 ]
O% gas Ng = # of O atoms in the system

(]
1) ® C. M. Weinert and M. Scheffler, Mat. Sci. Forum 10-12, 25 (1986).
| |  E. Kaxiras et al. Phys. Rev. Lett. 56, 2819 (1986).

1 M. Scheffler and J. Dabrowski, Phil. Mag. A 58, 107-121 (1988).
. E. Kaxiras et al., Phys. Rev. B 35, 9625 (1987).

X.-G. Wang et al., Phys. Rev. Lett. 81, 1038 (1998).

K. Reuter and M. Scheffler, Phys. Rev. B 65, 035406 (2002).

2) Also the bulk of the substrate is practically of infinite size and acts as a
reservoir for the Pd atoms: 4 = gpg®U!«

16
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Oxide Formation on Pd(100)

P (atm)
107 10" ’ 1 10"
600K — : : Al A more general
s00k 107100107107 10" approach, including

-100 anharmonic
- vibrations:
Grand canonical
g 0 replica exchange
g molecular
(V5 xV5)R27° S s dynamics.
gﬂdrlog;gvfl’etlgli,(zoos); b metal S::;f%ze bulk 0;:; See. Fa Ik by .Luca
Kpglegﬁ;:rf;\g ?gge(glggzl) 1503 -1I.5 y -ol.s 0 St nghelll

-1
g (eV)

Strained InAs Quantum Dots at GaAs(001)

G. Costantini et al. APL 82 (2003)

a) STM topography of a large island.

b) Equilibrium shape (theory: E.
Pehlke, N. Moll, M.S., Proc. 23" ICPS
(1996); Q. Liu, et al., PRB 60 (1999)).

".'.{,Ilofacetj-"‘ ) 4 (Ta1)facet
4". 3 .l _7{— ‘*

- J L__‘ .

- \ (110) and (111) side facets.

c), d) High-resolution views of the

Dgos. [ wH Also:
R - p Vi AW . Marquez et al., APL 78 (2001);
-?‘I’—Ollez.nmz 4x4 nm? Y. Temko et al., APL 83 (2003).

10>
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Au,; at Room Temperature

visiting many metastable structures

Ab initio
molecular
dynamics

Ab Initio Melting Curve of Fe
as Function of Pressure

- Oﬁlt'wl B McQueen
< ® Shenetal ; .
O Yoo et al ||qu|d

o I T — D'.'-J' |l.'

8 8 Viilliams at a

e, This work

Midoce: \(I; o L_'., e
—~ ridges —_ - - =
= S 6 LI
X © T R4
=2,700 : - -
2,890 o
5
-

£

Q<

)

3 \
outer core

(liquid) \

100 200 300

21580 | Pressure (GPa)
Inner
6.378 Er \\ ‘ D. Alfe, M. J. Gillan,
364 329 136 24 0 and G. D. Price

Pressure (GPa) NATURE 401 (1999)

18



8/27/2019

Summary and Outlook: Interacting Electrons Determine

the Properties and Function of Real Materials

NOVEL MATERIALS DISCOVERY

Important arenas for future theoretical work:

* Non-adiabatic effects, dissipation

* Transport (electrons, ions, heat)

* Thermodynamic phase transitions, e.g. melting

* Modeling the kinetics, e.g. of catalysts or crystal growth (self-assembly
and self-organization) — in realistic environments

* Molecules and clusters (incl. bio molecules) in solvents, electrochemistry,
fuel cells, external fields

* Correlated systems, e.g. f-electron chemistry

* Big-data analytics (statistical learning, compressed sensing, etc.)

The challenges:
» Find ways to control the xc » Develop methods for bridging
approximation length and time scales

iR (1)
NM = H|y(t))
4 PARADIGM

31 PARADIGM Big-Data-
27d PARADIGM Computational D”‘,’en SC'e,nce

- Theoretical Science, -
1 Eﬁ]RI-I}IIg;?M Goicnen Simulations

“The future is already here.

I It is just unevenly distributed.” (L it

Detection of
patterns and
anomalies in

William F. Gibson (*1948),

American and Canadian Bitng?tf:
fiction writer and essayist ?nrt,'effi:;nce; ote.
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