8/25/2021

NOVEL MATERIALS DISCOVERY

Propertles of Materlals from Flrst Prmmple‘;
c A Vlrtual Handsn Tutonal Usmg FHiimsc

N"""" Properties of Materials from First Principleg

"'":!A 2 G A Vlrtual Hand@n Tutorlal Usmg FrAims¢
:

\ Max Planck Souety
‘ .

,, —~ Blum, Saee@ohloul

- Q )

TOPOIO ~2-°-!. ,‘éx‘%( JakobFilser Sebastian
ic Kokott Konstantin Lion,

The ab initio meie.rJ:E.I'm::\ KarSt.erReUter’ Marian i
Rossi, Matthias Scheffl¢

\nsu\a‘O‘S

< Levi Kellerevgeny

% Moerman Mohammad
» 2 NakhaeeYi Yao,

tand more




8/25/2021

FHI-aims

All-electron electronic structure theory with
numeric atom-centered orbitals.
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Versatile Precise and Accurate Scalable

Learn more Get the code News Gul Materials

o https://fhi-aims.org

H 1
el

Who We Are

Molecules - Clusters Density Functional Theory From Laptops to
Nanostructures Many-Body Methods Highest-Performance

Surfaces - Solids Quantum Chemistry Computers

Learn more

. Learn more Get the code News GUI Materials Who We Are
FHI-alms
The ab initio materials . .
https://fhi-aims.org
Who We Are
e
0e¢%2%0

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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Ville Havu, Joscha Hekele , Olle Hellman, Jan Hermann, Oliver Hofmann, Johannes

Hoja, Xiaojuan Hu, William Huhn, Lukas Hormann, Arvid lhrig, Timo Jacob, Adam

Jackson, Svenja Janke, Ran Jia, Rainer Johanni, Werner Jiurgens , Matthias Kahk,
Yosuke Kanai, Levi Keller, Matthias Kick, Woo Youn Kim, Jan Kloppenburg,

Florian Knoop, Franz Knuth, Simone Koecher , Gabrielle Koknat , Sebastian
Kokott, Raul Laasner , Lucas Lang, Bjoern Lange, Marvin Lechner, Maja - Olivia
Lenz, Sergey Levchenko,Alan Lewis, Jiachen Li, Xinzheng Li, Kailai Lin, Xinyi
Lin, Konstantin Lion,Yair Litman, Chi Liu,Andrew  Logsdail, Andreas Marek,
Thomas Markovich, Reinhard Maurer, Florian Merz, Joerg Meyer, Wenhui Mi,
Evgeny Moerman, Christoph Muschielok , Mohammad Nakhaee, Lydia Nemec, Norbert
Nemec, Kane O'Donnell, Harald Oberhofer, Berk Onat, Eszter Pos, Thomas
Purcell, Nathaniel Raimbault , Karsten Rasim, Xinguo Ren, Karsten Reuter,
Norina Richter, Stefan Ringe , Patrick Rinke, Herzain  Rivera, Matti Ropo,
Mariana Rossi, Tuomas Rossi, Adrienn Ruzsinszky, Nikita Rybin , Georg

Michelitsch , Andrea Sanfilippo, Matthias Scheffler, Markus Schneider,
Christoph Schober, Franziska Schubert, Honghui Shang, Tonghao Shen, Markus
Sinstein , Justin Clifford Smith, Ari - Pekka Soikkeli , Ruyi Song, Aloysius Soon,
Muhammad Tahir, Alexandre Tkatchenko, Thomas Theis , Alvaro Vazquez Mayagoitia
Suzy Wallace, Tianlin ~ Wang, Yanyong Wang, Jurgen Wieferink, Scott Woodley,
Jianhang Xu,Yong Xu,Yi Yao,Mina Yoon,Ted Yu, Victor Yu, Zhenkun Yuan, Marios
Zacharias, Igor Ying Zhang, Wenxing Zhang, Rundong Zhao, Ruiyi Zhou, Yuanyuan
Zhou, Tong Zhu
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Importance of Materials Science
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The number of aII possible materials is practically |nf|n|t )
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About250 ,000inorganic compounds
have been synthesized so ffany more are possible.

And what do we know about them?

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

Superconductivity].  for -4,500compounds
Catalysis, TOH{( p for ??? compounds

For almost every property we are beIoSh% in coverageX.
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Modeling Materials Properties and Functions:
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The ManyBody Schidinger Equation
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Modeling Materials Properties and Functions:

The ManyBody Schidinger Equation

(Tc n Tfon n V(,’—c + V(?—fﬂli n V:’m:—iou)\lj _ LY
Wlth ‘P(l’l, “I'N; R]_" t RM)
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??? o MM g We know the operators
= = = ylon—ion 1= and the interactions. We

can write them down.
n 1or1 \ IOI’]S hel‘e'
pe-ion (1 Ry) — Z Z" (R; — 1)) No open quest
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Born-Oppenheimer Approximation

¥(ry, -y Ry, - Rwm) = ZAL!({RI})% w®pdrd)

Wheret, N az2fdziaAzya 2F GKS aSft SO
e ’ The Schrodinger
H{ Rp }(le-u{ R} {Nd) = Eu,{RI }(Dv, {Rg }({ rd) equation of the

e e e—e e—ion electrons is
H=r+V"+V determined by

{RI’ZI} ,N

Born-Oppenheimer Approximation

Flry, -y Ry, - Rm) = ZAL’({RI})% R {rd)

Where( , are solutions of theéelectronic Hamiltoniag

¢ ’ The Schrodinger
H{ Ry }(I)bu{ R {rd) = Ev,{RI }‘Dv, {Ry }({ M) equation of the

He =T+ Ve ¢4t V:.’.f'imz Sleetgtrrr?]?nseig by
frequently (commonly) applied approximations:  {R;,Z} ,N
w neglect noradiabatic coupling (terms of ordewM, )

Akeep onlys

— 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 af
electrons. For example:

A polaroninduced superconductivity

A dynamicallahnTeller effect at defects in crystals

A some phenomena of diffusion in solids

A non-adiabaticity in moleculesurface scattering and chemical reactions

A relaxation and transport of charge carriees ¢r h)

A etc.

Some Limits of the

Born-Oppenheimer Approximation

The BO Approximation does not account for correlated dynamics of ions alf
electrons. For example:
A polaronigg
A dynamic
A some p
A non-adia

These limits can be severe.
Nevertheless, we will use the BO

approximation in the following. _ _
ical reactions

P

J

Ha-‘ = Tv VL’—(’ | Vt‘—in.’{

A etc. e
H{RI

{ i / \
v{Ri} k) = F’u,{R] ! Py (g} (k)
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The Total Energy

MM

e.g. from DFF—— 2
J B —(EYiy ¢ 7
(see later) dmeg2 & [Ry — Ry[ "™

+ guantum mechanical corrections for lattice vibrations

! _~ aclassical term

<S ol TS o>
. The total energy per atom without
Eot T 7/ . zero-point vibrations as a function
N ‘- | ; of the interatomic distance: the
atDa BornOppenheimer surface

S Themeasurednter-atomic
distance is the average over the
positions of vibrating atoms.

DensitydFunctionak Theory (as understood in c4.920

The Schrodinger Given the grounebtate electron densityn(r)
equation of the
glectrons ldS o Inspection oin(r) tells
etermined by i
(R.Z} N A The positions of the atom$R }

A The nuclear charges at these positiofig;}
A The total number of electron$d

There is an obvious algorithm:

Groundstate densityn(r) A {R,Z} ,N]A manyelectron Schrodinger
equationsA groundstate energy (and even everything)

This is an algorithm, not a closed mathematical expression.

10
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Density Functional Theory

The energy of the ground state of a many

electron system :
Hohenberg and Kohn (1964)The functional
n(r) = n[a] = <ala dir-r;) [a>
can be inverted,e., |
(ry, ro ... ry) =0n(r)] .

This implies:

Eo ({R}) = Min,) Ergy [N]

Density-Functional Theory
The Hohenbergkohn Theorem (1964)

Hea =

Set of

wave functiongi of arbitraryN-
electron Hamiltonians.

EQ n(r) = n[u]
= <0B d(r-r)la>

E = Min E, [n(r)]

nondegenerate groungtate  Set of particle densities(r) of non

The dashed arrow is not possibtequctioad absurdum). Thus,
there is a ondo-one correspondence betwediny andn(r).

degenerateN-electron ground states.
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