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FHI-aIMmSs

The ab initio materials
simulation package

FHI-aims is the product of a very large community, without whom this code
would not exist.
To everyone whose hard work made what FHI-aims is today: THANK YOU!

Alaa Akkoush, Heiko Appel, Victor Atalla, Kurt Baarmann, Carsten
Baldauf,Alexej Bagrets, Daniel Berger, Josh Berryman, Sheng Bi, Benedikt
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Importance of Materials Science
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The number of all possible materials is practlcally |nf|n|te

TERT — CNS BN~ _ AN B

About 250,000 inorganic compounds
have been synthesized so far. Many more are possible.

And what do we know about them?

Elastic constants for ~200 compounds
Dielectric constants for 300-400 compounds
Heat conductance for ~200 compounds

Superconductivity, T-  for ~4,500 compounds
Catalysis, TOF( T, p) for ??? compounds
For almost every property we are below 1/ in coverage ..

~
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Modeling Materials Properties and Functions:

The Many-Body Schrodinger Equation

(TG n T{'on n ye—e + V{?fiou + Vicmfion)q; — F¥

Modeling Materials Properties and Functions:

The Many-Body Schrodinger Equation
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? ? ? o {1 MMz We know the operators
°* o o Yyion—ion _ e R 7% ‘ and the interactions. We
O r ML can write them down.
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No open questions here!
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Born-Oppenheimer Approximation

H ?RI Oy rpnd) = E f‘,{RI Oy (rp{nd)
H¢ = T¢ n ye-e + Ve—'imz

¥(ry, - rN;Ry, - Rm) = ZAL!({RI})% R nd)

Where @, are solutions of the “electronic Hamiltonian”:

The Schrodinger
equation of the
electrons is
determined by

{RI’ Z1}9/1=1 ’ N

Born-Oppenheimer Approximation

Where @, are solutions of the “electronic Hamiltonian”:

Hig 1 @ rydrd) = E) gy P (v drd)
H.. — T{, V(,—L V{..—JOH
frequently (commonly) applied approximations:

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

—) the dynamics of electrons and nuclei decouple

Y(ry,---ry; Ry, - R ZAI {Ri})® v {Ry} {rk})

The Schrodinger
equation of the
electrons is
determmed by

{Rla ZI}I 1°?
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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
* 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:

Nevertheless, we will use the BO
approximation in the following.

al reactions

e ( ., e Fice 5
Hirg @, iry) (1) = E7 ryy P 1y (1)
H" v TU ye—e | pe—ion
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The Total Energy

MM

e.g. from DFT —— 11 .2 . — aclassical term
1T

+ guantum mechanical corrections for lattice vibrations

A TorfA> |

77777 / The total energy per atom without
Etot T k7/ . zero-point vibrations as a function

N \ | / of the inter-atomic distance: the
i T agrAa Born-Oppenheimer surface.
_ Gnergy . e The measured inter-atomic
vl J distance is the average over the
SR positions of vibrating atoms.

ay lattice parameter

Density “Functional” Theory (as understood in ca. 1920)

The Schrodinger Given the ground-state electron density, n(r)
equation of the
electrons is Inspection of n(r) tells
determined by -
M * The positions of the atoms: {R
{Rb ZI}1:1 ! N P { I}

* The nuclear charges at these positions: {Z,}
* The total number of electrons: N

There is an obvious algorithm:

Ground-state density n(r) 2 [{R,, Z,};VI=1 , N ] = many-electron Schrodinger
equations > ground-state energy (and even everything)

This is an algorithm, not a closed mathematical expression.

10



8/25/2021

Density Functional Theory

The energy of the ground state of a many-

electron system : E, {R,}) = Ming, <®|H¢|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, ) Erryy [N]

Density-Functional Theory

The Hohenberg-Kohn Theorem (1964)

Hed=E CD/ oy TN =n@
[ o P ;}: (D|; (r—r NDO> »® @ \"l
‘ OO —o@ I‘ N N
|27 pe (D(QJTJJ —7”7= n® @
00y gan ) [ o (2 |
Sl ESmne

e

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).

11
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The Levy!-Lieb? Constrained Search

With the external potential v(r) (here the electron-nucleus Coulomb
potential) and the concavity and continuity of the ground-state energy as
a functional of v(r) we have

Ey [v] = Min,q [ Ming , o <®| 78+ Ve ¢|®> + [v(r)n(r)dr] .

[1] M. Levy, Proc. Natl. Acad. Sci. U.S.A. 76, 6062 (1979); M. Levy, Phys. Rev. A 26, 1200 (1982)
[2] E. Lieb, Int. Jour. Quant. Chem. 24, 243 (1983)

The Levy'-Lieb? Constrained Search

With the external potential v(r) (here the electron-nucleus Coulomb
potential) and the concavity and continuity of the ground-state energy as
a functional of v(r) we have

Ey [v] = Min [ Ming _, <@ 78+ Ve ¢|D> + [v(r)n(r)dr] .

Here ®(r,, 1y, ...Iry) is an antisymmetric wavefunction of an N-electron
system restricted to the request that it leads to n(r).

This defines the universal density functional F[n(r)] of the Hohenberg-
Kohn DFT:

F[n] = Ming, _, oy <®|T*+ Ve ¢|D>,

[1] M. Levy, Proc. Natl. Acad. Sci. U.S.A. 76, 6062 (1979); M. Levy, Phys. Rev. A 26, 1200 (1982)
[2] E. Lieb, Int. Jour. Quant. Chem. 24, 243 (1983)

12
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Density-Functional Theory
The Hohenberg-Kohn Theorem (1964)

(@] He )

Schrodinger

Py P({ri})
|

~ 10**Variables

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

(P[HE|D) Ey[n]

Schrodinger

EO-

g n(r)
1

~ 10%3Variables 3 Variables

13



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] = T[] + [ v(r)n(r) r + Everree[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 may be “just an algorithm”: n(r) — [{R,,Z},N] —» H® > E

e
0

8/25/2021

Kohn and Sham (1965):
Ey[n] =1n] + f a.:(r)-n.(r)d3r + EHMHee[n] + E*¢[n]

: EHartree n iS ‘d3 !
with 24;.\,0 f/ — ‘ I

And T[n] the functional of the kinetic energy of non-
interacting electrons. EX’[n] contains all the unknowns.

14
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Kohn and Sham (1965):
Eyn] = Tn] + f -z.f(r)-n.(r)d3r 4 pHartree [-n.] + E*¢[n]

. EHartree n
with 2 410 f /

And Tn] the functional of the kinetic energy of non-
interacting electrons. EX’[n] contains all the unknowns.

dgrd3r’
—r |

At fixed electron number N the variational principle gives

s{ o) = ([t - ) b=

SEN | amm) Kohn-Sham
S, + equation

or

Kohn and Sham (1965):

9 ’ S 1xe
e o e n(r’) ) ]
v (r) v(r) + — f r—r| dr’ + on(r)

Because T[n] is the functional of non-interacting particles,

we effectively restrict the aIIowed\densmes to those
that can be written as :
n(r) = Z o ()2

15
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Kohn and Sham (1965):

E ) 0B
drey ) |r—1| on(r)

Because T[n] is the functional of non-interacting particles,
we effectively restrict the allowed densities to those

N
that can be written as (r) = Z o (r)

This implies: L 1 Kohn-Sham

W .
{_Tu+l8ﬁ(1‘)}ﬁl (I') :gi {‘I (I') equat'on

Vveéfi(r) depends on the density that we are seeking.

Tl =Xl |5EVa)
= 2321 €, — [ [n™](r)n(r)d’r

The xc Functional

@)

€xc-jellium(n)

]
[

—
=)

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

E™[n] / Enln(r)d* s = E*MPA[n] + O(Vn)

—+— Wigner (1938)

] neglecting
. o O(Vn)
- Gell-Mann - Briickner (1957) — 1S the_ local-
. density
LU | rrrrrrrrrrrrrrrrrrrrrrirrd . .
' 5 10 15 20 25 30 approximation

n (102 A

T EXC-LDA :f €xc-je||ium(n) n(r) d3r

16



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

E*[n] /@‘ [n]n(r)d’r

— Wigner (1938)

= fxe-LDA (n] + O(Vn)

—
)
-

—

o

EXCc-LDA :f €xc—jellium(n) n(r) d3r

=

€xc-je||ium(n)

N

1]
o

> Ceperley and Alder (1980)

neglecting
o O(Vn)
-10 Gell-Mann - Briickner (1957) — IS the_ local-
density
rrrrrrrrrrrrrrirrrrrrrrrrrrrirnrd . .
0 5 10 15 20 25 30 approximation
n (o2 A3

The xc Functional

LSRG Tl SR TEETBITT Approximate xc functionals have been very
of the special system studied FIea=E3 (0| RN Rt =R 7=N o171 o] (13315

for certain bonding situations (vdW,
hydrogen bonding, certain covalent bonds)

o for highly correlated situations, and

—
o)
<
~—
<

— Wigner (1938)

€xc-jellium(n)

N

"~ Ceperley and Alder (1980)

]
[

-10 Gell-Mann - Brickner (1957) —
LI | rrrrrrrrrrrrrrrrrrrrrrrri
' 5 10 15 20 25 30

n (102 A

for excited states.

neglecting
O(Vn)

is the local-
density
approximation

17
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Perdew’s Dream: Jacob’s Ladder in

Density-Functional Theory

R m . The exchange-correlation functional
our favorite :
> N3 unoccupied y;(r), EX+ cRPA, as given by ACFD
© 4 | occupied y;(r), hybrids (B3LYP, PBEO, HSE, ...)
§ 3| 1(n), meta-GGA (e.g., SCAN)
© 2 | Vn(r), Generalized Gradient Approximation
1| n(n), Local-Density Approximation

™(r):  Kohn-Sham kinetic-energy density (e ()
1§ SO (1) U ()00 (2 )0 (1

EX: exact exchange: E, = -3 Z ffdr dr 1|

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)

Perdew’s Dream: Jacob’s Ladder in

Density-Functional Theory

R The exchange-correlation functional |
our favorite o '
>| \_5_/unoccupied wi(r), EX+ cRPA, as given by ACF™__ ef¢
© 4 | occupied w;(r), hybrids (B3LYP, PBE" e(acx\o\N(a\\s'
§ 3| t(n), meta-GGA (e.r e\"'\(\‘ e\\6
© 2 | vn(r), Generali~ e® 2%
1 n(r), Lo~ X
() 5
() VST
P (0) U (1)1, (2 )1 (27)
r—r|
o®
(,\)(\ A0
o<
Bohn € _s (195 Brueckner (1957); Gunnarsson, Lundqvist (1975, 1976); Langreth, Perdew (1977);
X. Ren, P. Rinke, C. J& d M. S., Invited Review, Mater. Sci. 47, 21 (2012)

18
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¥ | started |
with
DFT

1 0 ¢-0-0-0 s : . ‘ 0

1980 1990 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.

Nobel Prize

sjuaied Jo Jaguinp

Walter Kohn at West Beach Santa Barbara at age 75

The First (Convincing) DFT Calculations

. Stability of crystals and crystal phase transitions
-7 84—
ore 1 M. T. Yin and
g silicon : M. L. Cohen ‘
KL\ ] PRB26(1982) ) see also:
] | <and PRL 1980 > V.L. Moruzzi, J.F. Janak,
< el j A and A.R. Williams
5 ‘ e RS Calculated Electronic
3 . J L[F))K ' Properties of Metals;
5 . i AR pseudopotentials, Pergamon (1978)
diamond ]  neglect of relati-
-7.92 FURS WU ST I B . .
0.6 0.7 0.8 09 1.0 1.1 Vistic effects.
Volume

19
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Valence-Electron Density of Semiconductors

a) Ge (top),
b) GaAs (middle), and
c) ZnSe (lower)
in electrons per unit-cell volume.
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i foesecasen,_wwevin Jsnaoe] siae s » onn_eamon | s o] g

',, 5'5%1'3' V. L. Moruzzi, J. F. Janak, and A. R. Williams
Calculated Electronic Properties of Metals
NOVEL MATERIALS DISCOVERY Pergamon Press (1978)

RELATIVEATCMIC

Approximations: " PERIODIC TABLE OF THE ELEMENTS

LDA,
‘muffin-tin’ approximation,
neglect of relativistic effects.

Quantitative data and trends:
Lattice constant, cohesive
energy, bulk modulus, density
of states, band structure,
susceptibility enhancement,

X
.E‘
~ ~ 4

Mo}

2045 | 123275 i "6 1902 w2220 1eses W

W | Re Os‘ Ir | Pt Au | Hg | Tl

| ravm | peou oo | mow | pa ase || v
s 06 or: (107 7 408z 1w e [0 e I G [ e[ 103

Sp [ BE S s RO [ D R O | Uit

saut] 230 wsu wa nedunles wiw e wie e wnooas | canan Jow com| e e v woe, w

spin polarization.
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Ab Initio Melting Curve of Fe
as Function of Pressure

NOVEL MATERIALS DISCOVERY

408 Subduction zone _ :
650 = liquid

S 8 |
o

= e 2 g B

E nages é 6 ’r_T’ =

73 © L

~2700 o - 1

%2‘890 mantle Oé.)- 4 o |d

-] | % soli

o) D" layer o) 7 = ’,—"'/
8"

outer core 2 . i .
(liquid) 100 200 300
5,150 ‘\\ Pressure (GPa)
inner
e \ D. Alfe, M. J. Gillan,
6,378 q ;
364 329 136 24 0 and G. D. Price
Pressure (GPa) NATURE 401 (1999)

Summary and Outlook: Interacting Electrons Determine
the Properties and Function of Real Materials

NOVEL MATERIALS DISCOVERY

John Perdew: Correlated wavefunction theory provides "the right
answer for the right reason", but at a high computational price for
systems of many electrons. Kohn-Sham density-functional theory
employs a simpler non-interacting or Coulomb-uncorrelated
wavefunction, but includes a density functional for the exchange-
correlation (xc) energy that is exact in principle but requires
improvable approximations in practice. It often provides "almost the
right answer for almost the right reason at almost the right price" for
real atoms, molecules, and materials.

21



8/25/2021

“.acmac-aas  Summary and Outlook: Interacting Electrons Determine

S P

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

22



