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The energy in SP-DFT
We estimate the full DFT energy
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Electron basis: Wannier functions

In order to express electron excitations we need basis:
Precise, small, material-adapted — Wannier-like functions
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Wannier functions...
@ are localized and so are ideal to build range-limited models
@® allow disentanglement of electron degrees of freedom
Reduced, meaningful physical models
© are very accurate even with a small basis
@ are orthogonal
@ are defined for all geometries



Electron basis: Density matrix in the WF basis
The different densities in the WF basis are:
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@ Density matrix represent:
» Diagonal occupation of an orbital
» Offdiagonal hybridization of two orbitals
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Our main variable is the Difference density

@ Density matrix represent:
» Diagonal occupation of an orbital
» Offdiagonal hybridization of two orbitals
@ The sign of Dgp:
> positive for excited electrons
> negative for excited holes
© Density matrix for an insulator is diagonal In metals decays rationally
dah = 6aboa



Obtaining the WFs and their occupation

We transform sets of bands into WFs

Example: BaTiO3

W Wannier-Bloch transformation
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® Minimize spread

Energy (eV)




Obtaining the WFs and their occupation

We transform sets of bands into WFs

Example: BaTiO3

/“W Wannier-Bloch transformation
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@ Select bands
(energy windows)
® Minimize spread

Energy (eV)

Key property to understand how the reference is defined:

A diagonal density matrix is only obtained from the transformation
of a set of Bloch states that are equally populated

0 0
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Reference state
The reference state is the base to make the SP-DFT expansion
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Reference state
The reference state is the base to make the SP-DFT expansion
EDFT ~ E(O) + E(l) + E(2) + ...

lattice electron excitations
no(r) on(F)

The reference state is identified with the reference density, ng:
@ no is not spin-polarized (avoid bias between up/down states)
@ It is continuously defined for all geometries (not just RAG)

©® In the Wannier-function (WF) basis it is characterized by a
fixed diagonal density matrix:

F‘Z D xa()xb(7) Zoa)!x( 2 = d\ = 5,0

@ np may be a real solution (DFT calculable) or be virtual



Density matrix in spin-polarized simulation

Spin-polarized simulations have up/down spin components
Density matrixes are expressed in two complementary ways
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Density matrix in spin-polarized simulation

Spin-polarized simulations have up/down spin components
Density matrixes are expressed in two complementary ways
T {
dab + dab
2

T +
dab — dab

dy = 5

I _
dab_

> d;{,, D;{) measure charge and charge differences

> d;b = D;b measures the magnetization

Non-magnetic  Spin polarization
Total dp =dY  dl,dh— dY,dl,
Reference d;g) d g

a
Difference Dy = DY DJ,, D% — DY, D!,



Reference density and WF in the model xml file

They are associated to the (atom ...) ... ( /atom ) xml element

$ vi srtio3_noelec.xml

<atom elemen nass="47.8670" massunits="atomicmassunit”>
<position units="bohrradius"> 3.6299 3.6299 3.6299 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
©.0000 0.0000  ©.0000
0.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>
<orbital name="dxz" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" ini_occ_d
<orbital name="dyz" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" ini_occ_d
<orbital name="dxy" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" in
</atom>
<atom element="0z" mass="15.9990" massunits="atomicmassunit”s
<position units="bohrradius"> 3.6299 3.6299  0.0000 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
6.0000 0.0000  ©0.0000
©.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>
<orbital name="pz" ref_occ_up="0.7500" ref_occ_d
<orbital name="px" ref_occ_up="0.7500" ref_occ_d
<orbital name="py" ref_occ_up="0.7500" ref_occ_d
</atom>

"0.0000"></orbital>
0.0000"></orbital>
_occ_dn="0.0000"></orbital>

©.7500" ini_occ_up="1.8000" ini_occ_dn.
="0.7500" ini_occ_up="1.0000" ini_occ_dn,
="0.7500" ini_occ_up="1.0000" ini_occ_dn=

'1.0000"></orbital>
"1.0000"></orbital>
"1.0000"></orbital>




Reference density and WF in the model xml file

They are associated to the (atom ...) ... ( /atom ) xml element

$ vi srtio3_noelec.xml

<atom element="Ti 47.8670" massunits="atomicmassunit”>
<position units="bohrradius"> 3.6299 3.6299 3.6299 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
©.0000 0.0000  ©.0000
0.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>

ref_occ_up="0.7500" ref_occ_dn="0.7568" ini_occ_up="0.8800" ini_occ_dn="6.0008"></orbital>
ref_occ_up="0.7500" ref_occ_dn="0.7508" ini_occ_up="0.0000" ini_occ_dn="6.0008"></orbital>

ref_occ_up="0.7500" ref_occ_dn="0.75600" ini_occ_up="0.8000" ini_occ_dn="0.8800"></orbital>

<orbital name="dxy"
</atom>
<atom element="0z" mass="15.9990" massunits="atomicmassunit”s
<position units="bohrradius"> 3.6299 3.6299  0.0000 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
6.0000 0.0000  ©0.0000
©.0000 0.0000  ©.9000

©.0000 0.0000  0.0000
</borncharge>

ref_occ_up="0.7500" ref_occ_dn="6.7500" ini_occ_up="1.0000" ini_occ_dn="1.0000"></orbital>
="px" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up= ="1.0000"></orbital>
<orbital name=" py ref_occ_up="08.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_dn="1.0000"></orbital>
</atom>

Each WF has its own (orbital ...) ... { /orbital ) xml element
» [t contains a name

> It contains the reference occupations ref_occ_up/ref_occ_dn
Careful modifying these values!



Reference density and WF in the model xml file

They are associated to the (atom ...) ... ( /atom ) xml element

$ vi srtio3_noelec.xml

<atom element="Ti" mass="47.8670" massunits="atomicmassunit”>
<position units="bohrradius"> 3.6299 3.6299 3.6299 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
©.0000 0.0000  ©.0000
0.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>
<orbital name="dxz" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" ini_occ_dn="0.0000"></orbital>
<orbital name="dyz" ref_occ_up="0.7500" ref_occ_d .7560" ini_occ_up="0.0000" ini_occ_dn="6.6000"></orbital>
<orbital name="dxy" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" ini_occ_dn="0.0000"></orbital>
</atom>
<atom element="0z" mass="15.9990" massunits="atomicmassunit”s
<position units="bohrradius"> 3.6299 3.6299  0.0000 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
6.0000 0.0000  ©0.0000
©.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>
<orbital name="pz" ref_occ_up=

"8.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_dn="1.0000"></orbital>
0.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_dn="1.0000"></orbital>

<orbital name="py" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_dn="1.0000"></orbital>
</atom>

Each WF has its own (orbital ...) ... { /orbital ) xml element

» It contains a name

> It contains the reference occupations ref_occ_up/ref_occ_dn
Careful modifying these values!

> It contains the initial occupations ini_occ_up/ini_occ_dn
Can be modified to converge to particular states



Reference density and WF in the model xml file
They are associated to the (atom ...) ... ( /atom ) xml element

$ vi srtio3_noelec.xml

<atom element="Ti" mass="47.8670" massunits="atomicmassunit”>
<position units="bohrradius"> 3.6299 3.6299 3.6299 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
©.0000 0.0000  ©.0000
0.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>
<orbital name="dxz" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" ini_occ_dn="0.0000"></orbital>
<orbital name="dyz" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_| .0000" ini_occ_dn="0.6000"></orbital>
<orbital name="dxy" ref_occ_up="0.7500" ref_occ_dn="0.7500" ini_occ_up="0.0000" ini_occ_dn="0.0000"></orbital>
</atom>
<atom element="0z" mass="15.9990" massunits="atomicmassunit”s
<position units="bohrradius"> 3.6299 3.6299  0.0000 </position>
<refcharge units="abs(e)"> -0.5000000000 </refcharge>
<borncharge units="abs(e)">
6.0000 0.0000  ©0.0000
©.0000 0.0000  ©.9000
©.0000 0.0000  ©.0000
</borncharge>
<orbital na
<orbital na
<orbital name=
</atom>

Each WF has its own (orbital ...) ... { /orbital ) xml element

» |t contains a name

"pz" ref_occ_u
" ref_occ_u
" ref_oce_u

"8.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_d
.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_
.7500" ref_occ_dn="0.7500" ini_occ_up="1.0000" ini_occ_

"1.0000"></orbital>
1.0000"></orbital>
1.0000"></orbital>

> It contains the reference occupations ref_occ_up/ref_occ_dn
Careful modifying these values!

> It contains the initial occupations ini_occ_up/ini_occ_dn
Can be modified to converge to particular states
Also check read_orbocc in input



The SP-DFT total energy
The full SP-DFT energy is:
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The SP-DFT total energy
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© £2({DV}) are the long-range (electrostatic) terms

All parameters are well-defined and evaluated at reference state
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The SP-DFT total energy
The full SP-DFT energy is:

O({ax}, 7 +ZD [ran &% + 67ap T ({T@a )]

+= ZZ (D4 DYy Ushary — Dl Dby bty ) + E5({DV})
ab a’b’

Electron energy terms:
(1) 'beAG " are the one-electron terms at the reference geometry
@ 5" sr({F/)‘}) are the electron-lattice coupling terms
© U .. labarwy are the two-electron terms
© £2({DV}) are the long-range (electrostatic) terms
All parameters are well-defined and evaluated at reference state
= }\7 n A
"ab <Xa| [ 0] ’Xb> Uaba’b’ = (XaXa’l g ’XbXb’>
. 1 5°E
g(r,7') = o
|F=7[ " on(F)on(F) |,
What is the associated one-electron hamiltonian?




The SP-DFT real-space Hamiltonian

The SP-DFT is formally equivalent to Hartree-Fock
The real-space one-electron Hamiltonian is a central part of the code
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The SP-DFT is formally equivalent to Hartree-Fock
The real-space one-electron Hamiltonian is a central part of the code
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® U,,.,y Hubbard two-electron parameter (RAG)

O /.1y Stoner two-electron parameter (RAG)

@ 75,7 ({iin}) electron-lattice terms (out of RAG)



The SP-DFT real-space Hamiltonian

The SP-DFT is formally equivalent to Hartree-Fock
The real-space one-electron Hamiltonian is a central part of the code

:b _ VEI;AG sr (5 eI lat, sr + Z ( b’ Uaba’b’ + D b’ Iaba’b') + ’)’il;b
Ib/
This expression contains the main parameters for the electron part:
(1) 7fbAG *" short-range tight-binding
(2] ,;rb long-range electrostatic interactions
® U,,.,y Hubbard two-electron parameter (RAG)
O /.1y Stoner two-electron parameter (RAG)

(5 576' lat, *'({dx}) electron-lattice terms (out of RAG)

The electron bands trivially obtained by going to reciprocal space:
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The SP-DFT real-space Hamiltonian

The SP-DFT is formally equivalent to Hartree-Fock
The real-space one-electron Hamiltonian is a central part of the code

s RAG,sr eI lat, sr Ir
ab = Vab 5 + Z ( a’b’ Uaba’b’ + D a’b’ Iaba’b') + Vab
/bl

This expression contains the main parameters for the electron part:

o 75.;% *" short-range tight-binding

(2] ,;rb long-range electrostatic interactions

® U,,.,y Hubbard two-electron parameter (RAG)

O /.1y Stoner two-electron parameter (RAG)

(5) 5'ye| 3tST((775}) electron-lattice terms (out of RAG)

The electron bands trivially obtained by going to reciprocal space:
s _ ik- (RB RA) s s S = &5 ¢85
hab,l? - Z hap — Zh bk Sk = Sk Cjak
Re—Ra

Let's check them in detail...



The reference one-electron terms in the model xml file
The SCALE-UP input: one-, two- and electron-lattice interactions.

One-electron interaction, ~ap
orbital 1 <= orbital 2

. 7 o iy . - cell hop = 3 integers
Yy EVAL: Value = ap (eV)

Position => [ xaPxbd’r



The reference one-electron terms in the model xml file
The SCALE-UP input: one-, two- and electron-lattice interactions.

One-electron interaction, 7ap

WYYV, orbital 1 <= orbital 2

/./. //?*;A/*i)/. cell hop = 3 integers

Yy EVAL: Value = 7ap (eV)
Position = [ xaPxbd’r

Example:

$ vi srtio3_noelec.xml

<electron_hamiltonian_one>
<interaction_gm orbital_1="1" orbital_2="1" hopa=
<interaction_gm orbital_1; h
<interaction_gm orbital_1;
<interaction_gm orbital 1
<interaction_gm
<interaction_gn
<interaction_gm
<interaction_gm

" hopb="0" hop( 0" ganma- "o. 0930 rx="3. 0299 oo "3, 0299 rz="3.6299"></interaction_gm>

13" 00" 0000"></interaction_gm>
0000"></interaction_gm>
0000"></interaction_gn>
000" ></interaction_gn>
006" ></interaction_gn>
006" ></interaction_gn>
" hopb="0" hopc="6" gamma="0.0936" rx="3.6299" ry="3.6299" rz="3.6299"></interaction_gn>

</electron_hantltonian_one>

Composed of:
(electron_hamiltonian_one ...) ... ( /electron_hamiltonian_one ) xml section
(interaction_gm ...) ... ( /interaction_gm ) xml elements



Geometry dependence - Introduction
WFs depend on geometry = + is expanded on atomic positions:

W;rb_'}/ab"i_Z[ ab)\'u 0P + 0P - gab)\v 0w +
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These terms have two main effects:
@ lattice—electron h,p depends on geometry
@ electron—lattice Forces depend on density



Geometry dependence - Introduction
WFs depend on geometry = + is expanded on atomic positions:

’7;{,:'7ab+2[ fab v - 0w + 0w - gabAv 0w +

U,I should also depend on 67 — neglected

These terms have two main effects:
@ lattice—electron h,p depends on geometry
@ electron—lattice Forces depend on density

Closely related to Jahn-Teller Hamiltonian



Geometry dependence - Lattice—Electron
f and ‘E influence electronic structure in 3 main ways:
@ Diagonal terms hy,, level-shift
PoPy Py

~ d2fu

Px




Geometry dependence - Lattice—Electron
f and Z— influence electronic structure in 3 main ways:

@ Diagonal terms hy,, level-shift

® Off-diagonal terms same-type orbitals h,p band width
2y (81))

9 (819
8- — 1.
o @ T2y (5%)




Geometry dependence - Lattice—Electron
f and E influence electronic structure in 3 main ways:

@ Diagonal terms hy,, level-shift

® Off-diagonal terms same-type orbitals h,p band width
970D 2v(8)

?*'“*a* — Ewam

© Off-diagonal terms different-type orbitals hap hybridization
Y (8F;)
Yah( r) !

-og8-o- Jj"m




Geometry dependence - Electron—Lattice

Depending where electrons are placed they produce forces:

Yab = Yab + Z [ fab,xw * 0w + 0Faw * Eab,)«u < 0w +



Geometry dependence - Electron—Lattice

Depending where electrons are placed they produce forces:

’Y:L - ’Yah + Z [ ab Av 6FAU + 5FAU ‘ Eab,)«u . 6?)\11 + ]
The forces are :

Fr=—VaE = —VAED =3 DyViarya

- ﬁ)(\O) + Z Dab Z (Fab,)\'u - Eab,kv . 5F>«u + )
ab v

Depending where electron excitations are, force field is corrected



Geometry dependence - Electron—Lattice

Depending where electrons are placed they produce forces:

'Yab - 'Yah + Z [ ab Av ° 6F>\’U + 57)«; . Eab,)«u . (5?)\1; + ]
The forces are :

Fr=—VaE = —VAED =3 DyViarya

- ﬁ)(\O) + Z Dab Z (Fab,)\'u - Eab,kv . 6F>«u + )
ab v

Depending where electron excitations are, force field is corrected
fab represents the force when that interaction is occupied

Zab,m corrects the force with distortion



The electron-lattice terms in the model xml file
Electron-lattice interactions change h,p based on atomic positions:

Vb = Ve + Z ~Faxo 0P+ D 5w (8)ap nwarer OTAVer + -

Av’
Electron-lattice interaction
Interaction <= v,
Atoms — from a
Linear = fap av (eV/A)
. 2
Quadratic = (&) b xware (eV/A?)




The electron-lattice terms in the model xml file
Electron-lattice interactions change h,p based on atomic positions:

Vb = Ve + Z ~Faxo 0P+ D 5w (8)ap nwarer OTAVer + -

Av’
Electron-lattice interaction
Interaction <= v,
Atoms — from a
Linear = fap av (eV/A)
. 2
Quadratic = (&) b xware (eV/A?)




The electron-lattice terms in the model xml file
Electron-lattice interactions change h,p based on atomic positions:

"Yab = ’Y;JbSh + Z ab Av 0w + Z 0w (g)ab AN V! 6!‘)‘/.,_,1 + ...,

A’

Electron-lattice interaction
Interaction <= ~ap
Atoms — from a
Linear => fap aw (eV/A)
. 2
Quadratic = (&) b xware (eV/A?)

<electron_hamiltonian_electron_lattices
<interaction_vb gamma="589">
<atom_1> 6 © 0 © </atom_1>
<atom 2> 7 6 0 © </atom_2>
<linear> 0.0000 ©.0000 -2.2477</linears

e 556 0,000 0.0000 vi li202_latticeelectrons_mod.xml

©.0000 6.0000 3.2781
</quadratic>
</interaction_vb>
<interaction_vb gamma="393">
<atom_ 1> 6 0 0 0 </atom_1>
<atom 2> 7 0 0 0 </atom_2>

<linear> 0.0800 8.6000 -2.2477</linear> Com posed Of

<quadratic> . . . .
9.0600 0.0000 0.0000 (electron_hamiltonian_electron_lattice ) xml section
©0.0000 0.0000 0.6000 . . . .
90000 0.0000  3.2751 (interaction_vb ...) ... ( /interaction_gm ) xml elements
</quadratic>

</t‘ncera;cton,vb>

</electron_hamiltonian_electron_lattices



The two-electron constants

Xaba'b’ = / d3rXa(F7 S)Xb(Fa S) / d3r,Xa'(?/a S)Xb'(?,a S)gX(F7 ?,a S, 5,)
The Hubbard two-electron constant:
nJ

1 1 52 E,.

(g IE— o Ee
ST F=E T 2 | an(7 1)on(P 1)

S (1)

@ Contains all classical electrostatic terms (Hartree)



The two-electron constants

Xaba'b’ :/d3rXa(?,S)Xb(F,S)/d3r,Xal(?/,S)Xbl(?,,S)gx(F, ?,7575,)

The Hubbard two-electron constant:
n0]

NP | 1 62Exc
ST = 771 2 | a7 1an(7 1)

. 62 Exe
o 0n(r,1)on(7, 1)

@ Contains all classical electrostatic terms (Hartree)
@® They are corrected (screened) by exchange and correlation



The two-electron constants

Xaba'b’ :/d3rXa(F75)Xb(F75)/d3r,Xa'(Fl’S)Xb'(?,7s)gX(?7 ?,7575,)

The Hubbard two-electron constant:
n0]

NP | 1 62Exc
ST = 771 2 | a7 1an(7 1)

N =
. on(7,1)on(r, 1)

@ Contains all classical electrostatic terms (Hartree)

@® They are corrected (screened) by exchange and correlation
The Stoner one-electron constant:
1 02 Eyc 6%Eye
no (5”(?, T)(sn(F/7T) no
@® Pure quantum origin (exchange and correlation)
~ Pablo Garcfa-Ferndndez = garciapa@unicanes ~ Workshop: Energy in SPDFT |

gi(r.7) =

2 | on(7,1)én(7. 1)

@ Magnetic interactions



The two-electron terms in the model xml file

The two-electron interactions modify the one-electron values:

hab = Yab + Y _ Darty Unp arty

a’b’

Describes how bands change when occupations change

Two-electron interaction
interactions <= Yab, Va'p’
cell hop = 3 integers
Hubbard == U,p, 2y (V)
Stoner = L 2 (€V)

Ya'n'




The two-electron terms in the model xml file

The two-electron interactions modify the one-electron values:

hab = Yab + Y _ Darty Unp arty

a’b’
Describes how bands change when occupations change
Two-electron interaction

interactions <= Yab, Va'p’
cell hop = 3 integers

Ya'n'

T ab - 8

. U W'

Q¥ . ° . ab,a'b

/ . / . / . //. Iab b’ Hubbard — Uab,a'b' (eV)
’ Stoner = L 2 (€V)

Example:

<electron_hamiltonian_two>
<interaction_ee gamma_1="1" gamma_2="1" hopa="6" hopb="8" hopc="8" hubbard="8.5880" stoner="8.560"></interaction_ee>
</electron_hamiltonian_two>

Composed of:
(electron_hamiltonian_two ...) ... { /electron_hamiltonian_two ) xml section
(interaction_ee ...) ... { /interaction_ee ) xml elements



Electrostatics
All interactions in the model are between localized objects:

U

~ and U contain electrostatic
(long-range) contributions
Hartree/electron-nucleus
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(long-range) contributions
Hartree/electron-nucleus

At long-range (far-field regime) shape of
source density is unimportant
Multipolar expansion!

We approximate the full charge density by a field of point charges and dipoles
localized at the reference geometry



Electrostatics
All interactions in the model are between localized objects:

~ and U contain electrostatic
(long-range) contributions
Hartree/electron-nucleus

At long-range (far-field regime) shape of
source density is unimportant
Multipolar expansion!

We approximate the full charge density by a field of point charges and dipoles
localized at the reference geometry

Model parameters are separated in long and short contributions.

___sr Ir
Yab = Yab T Yab
__Jysr Ir
Uabar' = Uaba'b’ + Uaba’b'

The short-range part — quickly converging to zero




Electrostatics:

The present electrostatics in code extend beyond original paper:

Stationary SP-DFT Time-dependent SP-DFT
(a) low hw (b) hlgh ﬁw () low hw  (d) high fiw

é B 3-0-0 iy " Electrostatics are charges+dipoles
) i: £ 1:2:2*0 ’3}'?' » Dipoles sensitive to density not just

) 1
f?,i iyt & geometry
Ay

703

» Effect of electric fields on density




Electrostatics:

The present electrostatics in code extend beyond original paper:
Stationary SP-DFT Time-dependent SP-DFT
(@) low hw  (b) high fuw () low hw  (d) high fiw

.i,i} B .(}-%/.70. i,i,:. .3-5-'. » Electrostatics are charges+dipoles
il 44T :?:?’ 1% % 8% . Dipoles sensitive to density not just
T T 000

;’A{;- geometry

By NG BRI U
Tl JNA AL /A 42 » |

(R r e » Effect of electric fields on density
Same basics - the far-field potential

- -

—a n(r . r—rnx
Velec[n](F) = Z\r P d3r~2‘4 = —i—ZPAm

r)\\

Dipole definition changes

g =2\ — Z dar P = 2ty — Z [Z (da’b’F;l’b') — dararPa

a’ex a’ex L b’



Electrostatics:

The present electrostatics in code extend beyond original paper:

Stationary SP-DFT Time-dependent SP-DFT

(@) low hw  (b) high fuw () low hw  (d) high fiw . .
.i,i, JRCIO0 i,i,&. .$-§-'. > Electrostatics are charges—+dipoles
Al L lgy - . : . : :
Fof AT ‘_g*g’o‘ 11 88® . Dipoles sensitive to density not just
) th, 1
e L T seomery
o e e 2 £.8% » Effect of electric fields on density

Same basics - the far-field potential

- -

Velec[n] ) Z‘r ( d3rNZ‘_, = +ZP)\m

r)\\ |F —

Dipole definition changes

o =2x— ) darw Pr=2a0x— Y | Y (darty Paryy) — darar P
a’ex a’ex L b’
Definition of dipoles is consistent with modern theory of polarization



Electrostatics: Matrix elements

Previously electrostatic matrix elements were just diagonal in h
To calculate matrix element expand mid-way between WFs

R F+Fb - F-I—Fb A
VFF(I’,t)%VFF(az ,t)—Eint(‘?'2 ,t)r—i—...




Electrostatics: Matrix elements

Previously electrostatic matrix elements were just diagonal in h
To calculate matrix element expand mid-way between WFs

N F+?b - ?-I—Fb A
VFF(I’,t)%VFF(az ,t)—Eint(az ,t)r—i—...

We now see the existence of diagonal and off-diagonal elements

fa+ 1 - = Ta+ 1y .
hf & —evpp ( 2 > ,t) (Xal xb) + € [Eext(t) + Eint (aT t)] Fab

~/

-~

diagonal off-diagonal



Electrostatics: Matrix elements

Previously electrostatic matrix elements were just diagonal in h
To calculate matrix element expand mid-way between WFs

. fat+ i = (fat+h \a
VFF(I’,t)%VFF(a b,t)—Eint(a b,t)r—i—...

2 2

We now see the existence of diagonal and off-diagonal elements

fa+ 1 - = fa + .
hf & —evpp ( 2 > ,t) (Xal xb) + € [Eext(t) + Eint (""T t)] Fab

diagonal off-diagonal

We perform all electrostatic calculations on atomic centers

- Ta + Fb 1r1=
Eint a—at ~ = |:E|nt( )+E|nt (rbat)}
2 2
During parameterization, the total matrix element is:

DFT ~ SP—DFT __ lIr sr
h hab - hab + ab



Electrostatics: local dipoles
The local dipole on an atom is:

ﬁ)\ = Zxiix — E E (da'b’F;l’b’) — darar
a’ex L b’



Electrostatics: local dipoles
The local dipole on an atom is:

Pr = Zaiix = Y | (darty Farty) — darar P
Noting that: aea L v’
@ Reference and difference densities

dab = C’adab + Dab



Electrostatics: local dipoles
The local dipole on an atom is:

Pr = Zaiix — Y | (dubrFarty) — darar P
Noting that: aea L v’
@ Reference and difference densities
dab = Oadab + Dab
® WEF real position (displaced from atom)

Tab = Oab(Pr(a) + lx(a)) + 07ab



Electrostatics: local dipoles
The local dipole on an atom is:

Px = Zxlix — Z Z (darbt Tar ) — darar
Noting that: aea L v’
@ Reference and difference densities
dab = Oadab + Dab
® WEF real position (displaced from atom)
fab = Oab(Mr(a) + Ux(a)) + O7ab
Px = Zxlx — Z 0alix — Z 0a0Ta —Z Daalix — Z DabdTab
a a a a

—_——— — Y~

Born charge Z5 iix ,—,»(f) ion hybridization

> Z, Uy Born dipole for reference state



Electrostatics: local dipoles
The local dipole on an atom is:

Px = Zxlix — Z Z (darbt Tar ) — darar
Noting that: aea L v’
@ Reference and difference densities
dab = Oadab + Dab
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The local dipole on an atom is:

Px = Zxlix — Z Z (darbt Tar ) — darar
Noting that: aea L v’
@ Reference and difference densities
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Px = Zxlx — Z 0alix — Z 0a0Ta —Z Daalix — Z DabdTab
a a a a

—_——— — Y~

Born charge Z5 iix ﬁ()?) ion hybridization

> Z, Uy Born dipole for reference state
> /3'&0) is intrinsic dipole by WF position

» ion is dipole by displacing charge



Electrostatics: local dipoles
The local dipole on an atom is:

Px = Zxlix — Z Z (darbt Tar ) — darar
Noting that: aea L v’
@ Reference and difference densities
dab = Oadab + Dab
® WEF real position (displaced from atom)
fab = Oab(Mr(a) + Ux(a)) + O7ab
Px = Zxlx — Z 0alix — Z 0a0Ta —Z Daalix — Z DabdTab
a a a a

—_——— — Y~

Born charge Z5 iix ﬁ()?) ion hybridization

> Z, Uy Born dipole for reference state
> /3'&0) is intrinsic dipole by WF position

» ion is dipole by displacing charge

> hibridization is diﬁole b‘ mixinﬁ of orbitals j : :




Scaling

RAG, X
=S+ 0 )) + 3 (D3l U + Do) + 74

a’b’

Building the matrix...
@ full elements — N* (N = basis-size)



Scaling

RAG, -l
= S () 3 Dy Vs Dl )
a’b’
Building the matrix...
@ full elements — N* (N = basis-size)

@ range limited — N-n3 (n = interactions per element)

In SCALE-UP only non-null interactions are taking into account
Scaling in matrix-building is linear!



Scaling

ab - ’Vflf\G o + 47, el ot Sr Z ( a'b’ aba’b’ + D a’b’ Iaba'b') + ’Y‘!;b
a’b’
Building the matrix...
@ full elements — N* (N = basis-size)
@ range limited — N-n3 (n = interactions per element)
In SCALE-UP only non-null interactions are taking into account
Scaling in matrix-building is linear!
Diagonalization:
® Full scaling is N® (very slow)
@® Lanczos has better scaling (not implemented yet)

©® Other methods are being explored (using TD)



Summary of electron hamiltonians

The electron part of SP-DFT is based on a real-space approach:

5= Tan o+ 0y Z (ngs, abart + Dl b’ Iaba’b') + 7o

a'b!
It contains the following terms:

(1) VRAG " short-range tight-binding

@ ! long-range electrostatic interactions

©® U,p.y Hubbard two-electron parameter (RAG)

O /,,a,’ Stoner two-electron parameter (RAG)

@ 72,7 ({iin}) electron-lattice terms (out of RAG)

SP-DFT is formally equivalent to Hartree-Fock

Range-limited terms would allow to obtain linear scaling



