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Density Functional Theory:

Theoretical concept and application




N roblems

aland aude il 4 3
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Greenhouse gases (GHG) senicnducor
and their sources o

‘The giobal warming potential (GWP) of each GHG
s measured using the equation Tg CO,Eq’

0;

AL o, is measured in Imilion metric tons. 3
1 metrictonis 1000 Kilograms = average weight of a female girafe.

Role of science in solving these problems?? 2




# Solution: Renewable Energy
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Solution: Materials sciences
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Solution: Materials sciences

Thermopower Power
\ Semiconductor
Steels, coatings, and ; electronics
super-hard materials Electronic Structure
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Material sciences : Application

O Spintronic

O Battery or Energy storage
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_I_ Experimental or Theoretical approach

Biological Method Physical Method Chemical Method

O(} 6})
G@

Non-equilibrium Atomic-scale Electronic-structure
carrier dynamics hquud response | methods & software

Boltzmann,| -




2. Theoretical approach




‘ | | How to predict the physical properties without experience??

Background??

I .::-_-:-..- ey

-:";'-:ijr, T A ?
Model:
A BDo ODG

Physical concept:
Quantum mechanic
Solide state
Schrodinguer
equation

Simulation, analysis
Input : lattice
parameter , atomic
positions ...

Decribe the physical properties:
optical , transport , magnetic ...




Density Functional Theory




v’ Electronic properties
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,Hi Which parameter we need in DFT?
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*the choice of Exchange-correlation (XC) functional :LDA or GGA
*wave function (e.g. Gaussian basis functions,
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3. Application:




“l Material sciences : Application

Q 1. Photovoltaic and photocatalysis 2. Magnetocaloric Effect

 BEVERSIELITY
Ertrogy ¥ ariation

Organic contaminants + 'O, (or OH )2 CO, + H,0 Magnetization phase Dremagnetization phase




U Photocatalysis-Photovoltaic

_ General formula ABX3
A: Organic cation( MA(CH3NH3)) CH;NH;PbI;

B: Metal ( Pb, Sn, Ge)
X: Halide (I, Br, Cl)

i

s (FAPDI3)0.95(MA.15PbBr3)o 05

:@_ mp-TiO, 2017
c-TiO,
FTO
Au
PTAA \
MAPb(l;,Br,); ; X = 0.1-0.15
mp-TiO, -\
Au ¢-TiO,
Spiro-MeOTAD ETO
Pt MAPDI,
Liquid electrolyte mp-TiO,
MAPDbI, c-Tio, Au
mp-TiO, FTO 014 PTAA
c-TiO, FAq gsMAg 1sPbl; 55Bro 45
FTO mp-TiO,
c-TiO,

2009 2011




| | U Photocatalysis-Photovoltaic

Potential Problems

* Stability * Toxicity
» The perovskite is not stable > By eliminating the toxicity we lose in efficiency
Lead substitution by
elements of the same
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N U Photocatalysis-Photovoltaic
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| | U Photocatalysis-Photovoltaic

Interaction of water molecule with the hybride perovskite

Pb(50%6)SN(25%)Sn(25%)

Calculated Adsorption energy (eV)

Sites MAPbI, MAPD, 5SNG.25Ge0 2515

CH, -0.40 -0.19

NH, -0.70 -0.70 Pb 30090

I -0.24 -0.14

Pb -0.56 -0.54

Ge -0.48

Pb(V; or V;3) -0.54 -0.50 v" Enhancement of stability
Pb(V,, or V,;) -0.49 -0.44

v" Reduction of toxicity

32



| | U Photocatalysis-Photovoltaic

Power conversion
efficiency
40
1 ——FAPb, Sn , Ge ,Cls _ o
8 ~FAPb_Sn_Ge Bry » Power conversion efficiency:
NE 304 _FAan,ssnu,szen,25I3 )7 = —VOCXISCXFF X 100
6 ——FAPbl; Pin
4 254
E =] FAPbBry
2 20 ——FAPbCI3
9 : The calculated bandgap E, short-circuit current density J., open circuit
g 15
< l voltage V. and power conversion efficiency n of FAPb, :Sn, ,:Ge, ,5X5 structures.
c
g 10-
= ]
O 54 Compounds E, Voe Joe n%
0 ] - e - Eipss(0.7 V) E. (0.5 eV) Eigss(0.7 €V) (0.5 eV)
1,0 15 20 25 30 35 40 FAPb, SNy ,sGey,sl;  0.98 0.28 0.48 315 6.17 12
E(eV) FAPb, SN, ,sGegsBr  1.22 0.52 0.72 29 12 17.5
3
FAPb, Sn,,5Gey,sCl 1.7 1 1.2 18 15.8 19.3
Short-circuit current density of FAPbX, 3
and FAPb, ;SN ,5Geg 55 X3, FAPbI, 1.5 0.8 1 20.3 14 17.8
FAPbBr, 1.67 0.97 1.17 17.3 14.6 18
FAPbCI, 2.14 1.44 1.64 9.6 12.5 14.3

39
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Magnetocaloric effect:

Multiferoic Systems:

Magnetoelasticity

Feibig, J. Phys. D 38, R123 (2005)
Eerenstein, et al., Nature 442, 759 (2006)
Ramesh & Spaldin, Nature Mater. 6, 21 (2006)
Cheong & Mostovoy, Nature Mater. 6, 13 (2006)

Hamiltonian : H=-J.Si.Sj — h....




B | Magnetocaloric effect: multiferoic system

. Mn ions r Mn ions
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B | Multiferoic system: Magnetocaloric properties
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“'ll \ Multiferoic system: Magnetocaloric properties

TbMnOs Theoritical result - Experimental result
I ]
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: l ; :
I ] ]
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: : 3=7 K
’
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Photocatalysis

Red
Fg: 2H* + 2e-= M,
(0, = CHy, CH,OH

h* Eg: 2H,0+4h' = O + 4H*

organics = degradation (C0; H,0)
Ox

=Step 1: Absorption of a photon with energy greater than 1.23 eV.
»Step 2: Excitation of electrons and holes and separating them to migrate to the surface.
»Step 3: The adsorbed species (water) are reduced and oxidized by electrons and holes.




1
EQ= () —E°—1E, (1),

e The valence and conduction band edge were

computing by the following equation:
puting by 9¢d E1(/)B=E((:)B+Eg (2)
How to choose catalyst materials?
A
v E vs. NHE f \
20| - _ e Dynamical and Band gap Abondance
aof - chemical stabili
B A e Ry 1 I I, Vo 1e~ssey)
sof —1--21 A L S __I_:l+:)_;f}[20 Higl‘l absorption
70 ’ SITio3 r M| w2 MOSZE :.: Efflcency

Oxide materials




Selection criteria for the choice of catalyst materials

Oxide with ves [ nfe o N G e e ks
Riosianaiaap Absorption in o T
A Cs Ba Ls W e os i A T R
Fr MRa AC me |T:)b |06Sg |0|13h |0|u'|S m;\/lt “IOJS “hg "(2:” “|3‘1h mFI

Francium  Radium  Actini Rutherf.. Dubnium Sesbory.. Bohrium Hassium Meitneri.. Darmst.. Roentge.. Coperni.. Nihonium Flerovium o¥i... Liven

7 ] ] ] ] & [ ] n n

/ Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Reduce Eg A

Move to Visible Cemlm Fraseod... Neody. P meth. Samarmm E ropium  Gadolini.. Terbium Dyspro..  Holmil Ebium  Thulum Yterbium Lutetium

# a2 ® a ® £l 100 101 102 103

range Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Thorum Protacti.. Umnium MNeptuni.. Phtonium Americi.. Curium Berkelum Cafifom.. Emnstein.. Fermum Mendel.. Nobelum Lawrenc.

»Study the effect of monodoping and co-doping on

( _ ] stability, electronic, optical and photocatalytic properties.
doping » Control the bandgap by elements of group IV, V and

chalcogens.

» Study the effect of Redox shift and its relationship with

pH.




Optical properties and Photocatalysis

) Se doped TiO — 1(c)
TiO2 doped 6 : 6.25% — 1 (c)
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Density Functionnel Theory :DFT??
More details




Schoedinger's Equation

/ Potential Energy Wave function

Coulombic interaction
External Fields Energy levels

e

Hamiltonian operator

Kinetic Energy

\

Dangerously
classical
representation

Cores

Very Complex many body Problem !!
(Because everything interacts)

Electrons




W |oensiy FunctowlTheory |
First approximations

= Adiabatic (or Born-Openheimer)
o Electrons are much lighter, and faster

o Decoupling in the wave function

\P(Ri 1 ): H(Ri )¢(r| )

=Nuclei are treated classically
o They go in the external potential




Density-functional theory based on Hohenberg-Kohn theorem (1964):

First statement: one-to-one correspondence A0 <7 Vext
Second statement:  variational principle for ground-state energy: £lro] < E[p]

Kohn-Sham formalism (1965 — 50 year anniversary!):
Interacting system is mapped onto a fictitious system of non-interacting electrons.

real system Kehn-Sham systerr;/

N
.M

Verl(r)

Vex(r)

Po(r) = pyr)




Non interacting electrons: Same Density

=> Back to wave functions, but simpler this time (a lot more though)

(KS1) _iVZ +Veff 0. (r): £.Q, (I‘) N K.S. equations

2m /(ONE particle in a box really)

(KS2) Vi (r)=V(r)+_[ 'O(r’?dr’+
|r —r | Exchange correlation potential

(KS3) p(r)= Zk”i (r)|2




4; | Density Functionnel Theory :DFT??

The exchange and correlation energy functional

-

LDA: The xc energy density of the inhomogeneous system in ris locally approximated
with that of a homogeneous electron gas with density n(r)

BEPA = [ den(e)<l85 (o)
+ GGA:include the dependence on the gradient of the density
B = [ drn@)e (), Va(e) = [ den(®)=tES(nw) Fenfe), 9n(r)

« Meta-GGA: include the dependency on the laplacian of the density and kinetic
energy density

E;'éGG"" = fdr n(rjeg(n(r), Va(r), ?En[rL T) T = %z |Vibi(r) 2
« Hybrid functionals: include a fraction of Fock exchange

Ehyl} _ {1 )EJI;JFT 1 ﬂ-l_‘jE}I{-IF 1 EEFT




=Ié Failure or success of DFT?

band gap

Band gap problem!

= BW<-0O3SN\ a
il H<—0v) » 3
m z%mluv " u =
puoureIp —ps. 0 B
man ZHA»..Mvh ouy |“' -
| agnp‘oguy >y E
| SPO'dIV'DIS'd¥D’ é%l.ww F
0gnD ‘o8 - - =
¢ R e
| [SIV" H_O<U&Hﬁll ‘I |
OPD S PO NI =
L SYur' d'qsuy =g ! 1
OISH —> W
[ | | | 1 | 1 | i | i §i
@D o) — ~ =

(A9) deS pojemore)

6

2 4
Experimental gap (eV)

after van Schilfgaarde et al PRL 96 226402 (2008)




‘ L ‘Solution . corrective approach

DFT GW method Bethe-Salpeter Equation
(BSE)

Kohn-Sham Equations

[Her + Hholot Hei- noie) Ay = ExA,

Conduction

Ho(r)xs (1) + Vae (ks (1) = exseoxs (1) h . Band

Abs(a) x Y| Y AYvD 0) (6 - )
A

Conduction

Band EI!cTr*onic 1

(transport) § (farts) ABSORPTION,

gapsy ?,I REFLECTIVITY, EELsS,..
Ground-state pr'oper‘ﬁes PES IPES, ARPES, STS ®
KS gaps underestimate
the real QP ones ' —

Quc?-!:ar'ﬂcle
Bandstpuctures
1

. 1
Optical e

1

|

I

1

Gaps, \/},

spectra

Valence
Band
A, E excitonic eigenfunctions

> @ E, = excitonic Eigenvalues




#{ Solution : corrective approach

GW approximation gets good band gap
! | ! I ! | ' | 1 |
8 a B - T i
O @ 29 .0
L a o N mer -
€w < = = ,L
6 T Ou o é’;"b @ -
— m u)..: - )
| T < - - 4
o OO0 Sao IEI - -
= s 9QGe2 )
gif 54845, wm L
- 26 o%=< ¥ 3
2 | Zoad Ao [ 2 |
- 3 a2 =¥ _ o 4,
2L © —
© = [ ] &)
[+ % “ @)
SN . i
o ¢ - m:LDA 4
o ©-GW(LDA) No more a ba'nd
PR I TR SR S SRR B gap problem!
0 2 4 6 8
experimental gap (eV)
after van Schilfgaarde et al PRL 96 226402 (2008)




X } Density Functionnel Theory :DFT??

Concepts when solving Schrodingers-equation TU

Non-spinpolarized

Spin polarized

(with certain magnetic order)

Relativistic treatment
of the electrons

non relativistic
semi-relativistic
fully-relativistic

<
-«

WIEN
Treatment of
spin Form ,Of “Muffin-tin” MT
- potential atomic sphere approximation (ASA)
————* pseudopotential (PP)
Full potential : FP

exchange and correlation potential

» Hartree-Fock (+correlations)
Density functional theory (DFT)
Local densityv approximation (LDA)

| R r
——NEH(#) (@,
5 () |¢

Generalized gradient approximation (GGA)
BevondLDA:e.g. LDA+U

k_k

=g, ¢, | Schrodinger - equation

non periodic
(cluster)
periodic
(unit cell)

.
Representation
of solid

Basis functions

plane waves : PW

augmented planewaves: APW

— atomicoribtals. e.g. Slater (STO). Gaussians (GTO).
LMTO. numerical basis



https://doi.org/10.1063/1.5143061

X Density Functionnel Theory :DFT??

Kohn-Sham Formalism

Guess q)J
Assume

|

N
pr)=)_ |7

I

BE; [p(r)]

ap(r)

v c(r) =

_l 2 ﬂ ! . — £ (s 1 2 p(r") '
Kohn-Sham [ N +V(")+I|r_r..|d" +ch(”)}fﬁ =59 [_EV +v(r')+j'—|r‘_r',| dr —Zi:Ki(r') Pj = EP;
equations — 0.5

Ne

Converged?

Calculate

molecular
properties

W. Kohn, L.I. Sham, Phys. Rev. 140, A 1133 (1965)




X Density Functionnel Theory :DFT??

Pseudopotential  « (F)LAPW+I0

Plane-wave pseudopotentials (F)LAPW+lo Mufin-tin i Interstitial Region (IR)
(T H
|
* Pseudopotentials ... Full all-electron potential use : . -
» ... enable usage of plane-wave basis. !
Augmented plane waves. |
* Basis set mathematically simple!! _ _ W 2, Qﬁ,ﬂlﬂf}i plane wave
= simple coding Complicated basis set!! i
=> easy to use. =>» complex codes, 0 oy
* Basis set complete. =>» more difficult to use.

Basis can be incomplete or
» Pseudization of wave functions. become overcomplete.

* Localized states difficult to treat « True all-electron wave functions.
(oxides, d'states, fstates).
Localized states efficiently treated

* No explicit treatment of core states (oxides, d'states, fstates).

(Frozen-core approximation).
Explicit treatment of core states.



Conclusion

2D/ bU|k_ system: Formalism:  Full potential
Strucure, lattice parameter Approximation: GGA, LDA,
LDA+U...
C
_ }C%i/ Theoretical results
Experimental result: L@

Comparer les resultas theorique et experimental
Chercher une interpretation physique des resultas







DFT: Summary

The ground state energy depends only on the electronic density (H.K.)

One can formally replace the SE for the system by a set of SE for non-
interacting electrons (K.S.)

Everything hard is dumped into E,

Simplistic approximations of E,_ work !
LDA or GGA




Reuproca\ space
a b =27.0;

(Invertlng effect)

Recipracal Space

Real Space b, —

k-vector (or k-point)
See X-Ray diffraction for instance

AIso| Fourier transform and Bloch theorem



Band structure

E Energy levels
(eigenvalues of SE)

N
A7

/
A

AP

|

—————

[T

Crystal

Molecule
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