Ab Initio Computation of Free Energies

Jorg Neugebauer, Fritz Kormann, Blazej Grabowski, and Tilmann Hickel

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany
Department of Computational Materials Design

warmbandcoil

Structural Optoelectronics Corrosion io-nsplred
Materials materials

MPIE Diisseldorf, Dept. Computational Materials Design IPAM MDWS1, Los Angeles (Oct. 1-5, 2012)




Challenges in Materials Modeling

Hierarchical nature of structural materials
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Challenges in Materials Modeling

Optoelectronic Devices

Device Structure: Blue Laser
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Development of accurate and reliable simulation tools for
materials design

Are QM-based bottom-up methods able to address complexity and
high temperature properties of modern materials?

Questions:

Is the accuracy at the most fundamental level sufficiently accurate?
(How “robust” are today's available ab initio techniques?)

Can such an approach be used on present day computers?
(“smart” statistical approaches to sample huge configuration space)

Can we estimate error bars through all scales?

Key quantity:
Free energy: Materials properties at finite temperatures
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Solid-Solid Phase Transitions

antity: Free energy

Free energy difference between bcc and fcc iron
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Energy resolution better 1 meV!
— Can we achieve such accuracy with present
day DFT functionals?
— Can we “afford” statistical averages with such an accuracy?

MPIE Diisseldorf, Dept. Computational Materials Design IPAM MDWS1, Los Angeles (Oct. 1-5, 2012)



Free energies: What accuracy is needed? 5.

Free energy difference between bcc and fcc calcium
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Target:
Numerical precision <1meV
—> remaining error purely due to xc-functional
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DFT has been originally developed as a ground state (T=0K) theory

— How to extend it to finite temperatures?
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Approach (schematic):

Energy for any configuration/phase can be computed:
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— applicable to any system: bulk, surface, nano, ...

All possible excitation mechanisms can be described:
— vibrational, magnetic, electronic, chemical, ...

Statistical averages provide thermodynamic quantities:

Z(V,T,X) = < OS(IR, .2, .0, fiv, JIkeT >V’T’X

Knowledge of partition function allows to derive any thermodynamic quantity!
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ADb Initio Thermodynamics
» Key: Calculate partition function

107 configurations
/ a few hours

Z(AT) Z):_EB R,, /kBT
R 1

MPIE Diisseldorf, Dept. Computational Materials Design IPAM MDWS1, Los Angeles (Oct. 1-5, 2012)




Ab initio thermodynamics: Fundamentals

ey: Calculate partition function DET  Experiment
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Ab initio thermodynamics: Fundamentals 5" =

der Born-Oppenheimer Surface

Divide high dimensional phase space into well defined regions
— split up energy in corresponding contributions

EBOS({ﬁl 1Z| }): E;nin n E(rylarm n E;nharm
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Z(\V,T,X)

Adiabatic |
approximation
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Quasiharmonic approximation + electronic
excitations
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Vibronic excitations
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Harmonic ansatz for extensions U::
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Vibrational Properties: Phonons
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Phonon energy [meV]

Phonons (V)

Occupation

-+ Bose-Einstein (T) = FVib(T,V)
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Example: Bulk (fcc) Alu
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Contribution of electronic excitations to free energy
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Are contributions beyond quasiharmonic
approximation relevant?
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Example: Bulk (fcc) Alu
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h Temperatures

Specific Heat at Hig

Uber die spezifische Wirme
fester Korper bei hohen Temperaturen.

Von M. Born und E. Brody in Géttingen.

(Eingegangen am 9, Juli 1921.)

Einleitung. Nach dem Gesetz von Dulong und Petit bzw. .
L]
seiner Verallgemeinerung durch Neumann, Regnault und Kopp QueStlon-

soll die Atomwirme bel kounstantem Volumen C, im festen Acpregat- . . oy
T ) = ‘ o SEETE — origin of additional degrees

zustande sich mit wachsender Temperatur dem Grenzwerte
€, = 3R — 5,96 cal grad—! of freedom at hlgh T

niihern (I ist die absolute Gaskonstante). Bei vielen Substanzen aber

wird dieser Wert merklich iiberschritten, und zwar um so mehr, je A t- .
niher die Temperatnr dem Schmelzpunkt kommt. Es gibt haupt- ssump ion.
siichlich Zwei-Ursachen, auf die man diese Erscheinune zuriickfithren A=F

= | — anharmonicity

kann: Einmal das Anwachsen der Schwingungsamplituden der Atome
nber-den Bereich hinaus, in dem Proportionalitit zwischen Ausschlag _
und zuriickziehender Kraft bestebt; sodann das Auftreten neuer

Freibeitsgrade. DBesonders bei den Metallen liegt es nahe, an die Present proposa|5'

Freiheitsgrade der Leitungselektronen zu denken, die bei hohen Tem-

— electrons in conduction band

peraturen einen Anteil am Wirmeinbalt iibernehmen kénnten. Aber — vacancies

das Ansteigen der spezifischen Wiirme bei der Anndherung an den . . . r
Schmelzpunks spricht mehr fiir die erste Hypothese; denn das Schmelzen — di-vacancies and interstitials
mnll doch in einem Anwachsen der Atomschwingungen zn solcher — Self-critical Vacancy conc.
Stiirke bestehen, daB das Gefiige des Kristallgitters zerstort wird, und =

¢s 1st wabrscheinlich, dall sich diese heftige Agitation der Atome - anharmonICIty

schon vorher thermisech bemerklich macht. — electrons in conduction band
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Challenges
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Error sources
« Radiation losses (~T?3)
» Defects, imperfections
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How to sample over 107 configurations with
ab initio accuracy?

Can we use empirical potentials to describe
anharmonic contributions
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Main challenge:

Reduce number of (ab initio) configurations by several orders

of magnitude
i from MD or MC

i) - 2= (R )

Two major concepts

— N

Thermodynamic integration Free energy perturbation
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namic Inteqgration

Key idea: Compute free energy change between reference system A
and real system B

AF(A— B):_l[<
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MD simulation in Tl-step
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MD steps

with U(/ﬂt):UA‘F/ﬁt(UB _UA)

Application straightforward if
good reference is available

Typically the number of
configurations can be reduced by
1-2 orders of magnitude

— several 104 configurations

Not affordable on highest ab initio

level l



verturbation

Key idea: Compute free energy change between reference system A
and real system B

EB_EA

AF(A— B)=—k,T In{ exp —

sl

Performance increases with
4 P quality of reference

For large differences to reference
B the method becomes inefficient/
fails

For the targeted accuracy less
— efficient than thermodynamic
{R, } integration
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es in thermodynamic integration

A integration (2-10 steps)
— Improved reference reduces step number

Thermodynamic average

Performance

(103...10% MD steps)
12 -

Energy (meV)
=
o

0 2000 4000
MD steps
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Solution

A integration (2-10 steps)

— Improved reference reduces step number
— Here: Quasiharmonic reference

Energy(meV)
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Thermodynamic average (103...104 MD steps)

— Use free energy perturbation approach
— Use low/medium converged DFT as reference

— Reduces number
of configurations by 102
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Benchmark against experiment
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Vacancy concentration
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Thermal expansion coefficient

I |
Thermal expansion coefficient of Al

cGh
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- Excellent agreement with experiment
- Systematic trend: LDA and GGA provide approximate measure of error bars

Grabowski, Ismer, Hickel, Neugebauer, Phys. Rev. B 79, 134106 (2009)
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Heat Capacity

Heat capacity of Al

oy
\O

Heat capacity (k)

—o Exp. <1950

I I
400 600 800 "
Temperature (K)

- DFT gives lower bound to all recent experiments
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Applications

MPIE Diisseldorf, Dept. Computational Materials Design IPAM MDWS1, Los Angeles (Oct. 1-5, 2012)



Calcium: Heat capacit
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Calcium: Heat capacit
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Calcium: Heat ca

acit
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Calcium: Heat capacit

| | 5 '
- : d
S - CALPHAD (SGTE) |
— LDA :
Qm ______ I
. |
g 1
= 3 |
3 |
oy I
Q I
N 2 |
S o Ditmars 1989 ||
an > Robie 1985 !
m Ulyanov 1985 :
® Kubaschewski 1950 | |
1 A Jauch 1946 [
i 0 Clusius 1930 :
10 20 30 . A Zalesinski 1928 |
0 | | . ® Eastman 1924 !
0 300 00 TE 900 T

Temperature (K)

MPIE Diisseldorf, Dept. Computational Materials Design IPAM MDWS1, Los Angeles (Oct. 1-5, 2012)



Magnetic Excitations
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Magnetic Excitations

-~ @

Typically 30 an
have to be incl

Construct spin Hamiltonian
(e.g. Heisenberg model)

more neighbors
led!

e~00-
- - -
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Magnons

4 [MmeV]

Koermann, et al., PRB 78, 033102 (2008)

Calculated

- (from spin-waves)

\

experiments
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ature Magnetism

Construct and solve magnetic Hamiltonian: A" = —Z J S-S,

l [ J
1, J

| —> from DFT
Example: Heat capacity of a iron -> >30 neighbors
: : | |
Heat Hierarchy of approaches:
capacity M
6 | = classical Monte-Carlo (MC):
— fails below T
24l —> analytical approach (RPA):
;1 — only <T.

= 'ons On‘y
Vibratl bee  fee — quantum Monte-Carlo (QMC):

- — map on eff. HMag
— Works everywhere
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of alloys

Example: Cementite (Fe;C)
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Description of T-dependent materials properties by DFT

» Toolset to compute all free energy contributions with a
numerical accuracy of ~1 meV

» Partitioning into various excitation mechanism provides
new insight (e.g. dominating entropy contributions
close to melting)

» Accuracy in finite temperature effects often close to
or even beyond experiment

Powerful basis to design multiscale approaches for real-world materials
» Steel design, understanding/overcoming failure mechanisms (e.g H embrittlement)

» predicting experimentally not accessible phase transitions

» Other materials systems: Lightweight alloys, semiconductor surfaces,
phase change and shape memory alloys, biological nanocomposites etc.
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