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From DFT to DFTB

Kohn-Sham equations E = E|p(r)]
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From DFT to DFTB

Kohn-Sham equations E = E|p(r)]

— p=po+dp
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From DFT to DFTB

Kohn-Sham equations E = E[p(r)] —p=po+dp
Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p] = E°[po] + E'[po, dp] + E?[po, 6p*] + O(6p*)
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From DFT to DFTB

Kohn-Sham equations E = E[p(r)] —p=po+dp
Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p] = E°[po] + E'[po, dp] + E?[po, 6p*] + O(6p*)

o EOlpo) = —% [ [ LA grdr’ — [VC[pg)po(r)dr + Exclpo] + 5 Xapp B2

/|

o Eilpo, 0p) = 0 filt] = 5V2 + Vext + [ 225 + Vaelo] 1)

o« B2o0.00%) = [ (51 + 5oty ) Op(x)Op(x') dr dr’
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From DFT to DFTB

Kohn-Sham equations E = E[p(r)] —p=po+dp
Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p) = E°[po] + E'[po, dp] + E?[po, 6p*] + O(6p*)

o EO [po] 1 [ /‘p() r)ﬂo(r ) dr dr' — f Ve[ po] po(r)dr + Exc[po] + % ZA;AB ZI?AZBB

[r—r’|

o Eilpo,op] = 30 filthil — 3V + Vexe + [ |’f.(l(:/)| + Vaelpol|¥s)

o« B2o0.00%) = [ (51 + 5oty ) Op(x)Op(x') dr dr’
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Non-SCC (?) DFTB (DFTB1)

Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p] = E°[po] + E*[po, dp] + E[po, 6p°] + O(5p%)

occ

= Z VP (err) + Z fi(wbi| Hpo)|1b:) + ...

I<J i
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Non-SCC (?) DFTB (DFTB1)

Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p] = E°[po] + E*[po, dp] + E[po, 6p°] + O(5p%)

occ

= Z VP (err) + Z fi(wbi| Hpo)|1b:) + ...

I<J i

e minimal "pseudo" atomic basis set ¢; = 3, cuitop
e reference density p
e tabulated as function of distance

DRES!
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Non-SCC (?) DFTB (DFTB1)

occ

Enonscc = »_ Vs (xrr) + Y filwil Hlpol|¢3)

I<J i

e minimal "pseudo" atomic basis set ¢; = 3, cuitop
e reference density p
e tabulated as function of distance

DRES!
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SCC-DFTB(DFTB2) and DFTB3

Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p] = E°[po] + E'[po, dp] + E°[po, 6p°] + O(6p%)

2

o Blp0,0p%) = 3 [ | (e + 5ottty ) Op(r)op(x’) dr dr’
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SCC-DFTB(DFTB2) and DFTB3

Expanding E, at po to second (or third) order in fluctuation dp

Exot[po + 6p] = E°[po] + E'[po, dp] + E°[po, 6p°] + O(6p%)

o E2po,5p%) = 4 [ [ (e + s ) 0p(x)ap(x') dr i’

J 5p(r) = oy Mardpi(x)
o E%po,6p°l ~ 53,710 (Rig) AqrAgy

UNNVERSITAT Phys. Rev. B 58, 7260 (1998)
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SCC-DFTB(DFTB2) and DFTB3

o Eperea@) = Enon-scc + 3 21y Vi (Ri)AqrAgy + 55, AgiAqs Ty
o Hy =H), +H} W' Agl+ H,[I Aql, pel,vel

nv

® (gr = 27, fl fV[ "1/}7/(1'”2 d3r = % ZZ‘OCC fl Z}LEI ZV <C:;Z‘CV1'SNV + C;icuisyu)
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SCC-DFTB(DFTB2) and DFTB3

o Eperea@) = Enon-scc + 3 21y Vi (Ri)AqrAgy + 55, AgiAqs Ty

. W:HB,,—FHﬁ,/[fyh,Aq]—i-H‘[I,Aq], pwel,veld

nv

z fi fVI W}z |2 d*r = b ZOCC fi Zuel Z (C CmS;u/ + Czicm‘syu)

Charges iterated until self consistency has been reached

() (1)
gO B O, gy B, 0

Self-consistent charge (SCC) iteration

TECHNISCHE
UNIVERSITAT 6 . SCM

DRESDEN

nnnnnnn
nnnnnnn



Spin-Orbit Coupling (SOC)

Hans C. Orsted Moving charge creates

(1777-1851) magnetic field (1820)
— —>
Bo L
! —
| v
S
E=-n-B e’

1 v B v
& Clt

_i_, P1+1/2

_Hﬁ AEq, AEsp = E(L-S)

 —$—' P1-1/2

» SOC hamiltonian in Dirac Equation

_ eh N
200 = = a2 0 1By xP)

» Spherical potential & static case

_ ho1dv
=~ gz qr @ ]

AS¢ = ¢(L-§)

Eﬁfys"n'éﬁ’ﬁ Slide modified from Dr. Gautam Jha
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Spin-Orbit Coupling (SOC)

_i_, P1+1/2

B
A W’V . ! AE AEgy = E(L-S
. / v _Hﬁ SO 50 =& ( )
i | \
6& . “—f—'P1—1/z

» SOC hamiltonian in Dirac Equation

Hans C. Orsted Moving charge creates

g _ h
(1777-1851) magnetic field (1820) [soc = —ﬁo’ By xp]
—_ =
Bo L . ) .
» Spherical potential & static case
_ A 1adv
| —_— soc — _ o -[fxP
B[ \' H 4m?c?r dr o[ xP]
S
E=-n-B € A50¢ =¢(L-$)

See J. Chem. Theory Comput. 18, 4472 (2022)
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SOC implementation in DFTB

e Single-particle on-site spin-orbit interaction
5o = SL-S = (Faoy + Lyoy + 1
50—5 : _5( 20z + y0'y+ zo-z)
.
2\L, +iL, L.

i. ﬁf4@>_g<@

Pauli matrices:
(01

= (1 o)
(0 —i

= (i )

(L) NiveRsrTaT J. Phys. Chem. A 111, 5622 (2007)
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SOC implementation in DFTB

Pauli matrices:

e Single-particle on-site spin-orbit interaction o — (0 1)
T\ o0
A . . . 0 —i
Hgo = gL S = %(LM + Lyoy + L.02) oy = <2 OZ>
¢ L, Ly —iL, ¢ (L, L_ 1 0
= — A S A = — N N O-Z =
o \i,+il, L. 2 \Ly L. 0 -1
- LVE™ = +ml|V,E™),  La|VE™) = 10+ 1) —m(m £ 1), ™)

— pu(r —Ry) = R, (r)Y,(0,0)(n € I), whereY o ylm +Y
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SOC implementation in DFTB

e 2-component spinor wavefunctions

pi = Z <ng> Pu

p i
e Non-collinear Hamiltonian

~ ~

L _ /
l z l
(i 1) o (

. . . . 1 0
— 0 2 3
A= (HW+HW+HW)® <0 1> +
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SOC implementation in DFTB

e 2-component spinor wavefunctions

P = Z <ng> Pu

p i

f/ — /
l z l
" =)+
& <L+ —Lz> l &1 (
e Secular equation

5 HOS — ¢S, HSY Cgi
H/,BLS Hﬁf - eiS,LLI/ Cri

H me

e Non-collinear Hamiltonian
= (i v+ i3 e (t %)+
- pv v v 0 1

0, Hf“(,’ = (pulH |¢v)
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SOC implementation in DFTB
Pauli matrices:

e Density matrix (() 1)
occ =\1 0

wry (v pre pf :

=325 (4) (1) = (o ) = (i )
10 . Y . (10

=ntr) (0 1>+m (r)ox +m?(r)oy +m*(r)o, 72=\0 -1

e Electron and magnetization densities
n(r) =3 Re (p* +p%) ., m*(r) = 3Re (p** — o)
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SOC implementation in DFTB
Pauli matrices:

e Density matrix
occ 7/1?* ¢1@4 aa of
P =2k (wf*) <w?> - (Zﬁ z“)

—ulw) (§ 1)+ o+ 0o, + )

e Electron and magnetization densities
n(r) =3 Re (p* +p%) ., m*(r) = 3Re (p** — o)

e Mulliken charges
Q=73 (qﬁa +q” ) s 4 =2, 077 S

01
10
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SOC implementation in DFTB
e Energy: Eso = Tr(pHso)

Boo = > |HE8 pis + HEG il + 2Re (HES o3 )|

uv
o Forces:Fso;=—>,. aaEliéj
oo’ aHggl (R) e, 00" ) V(R)
Fsor= ) [ZPW (R)T{I ~ 245 (R)gRI]

w,R = oo’ oo’
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SOC implementation in DFTB

e Energy: Eso = Tr(pHso)

Bso =) [Hsagpgﬁ +H

i
OEgS

o Forces:Fsor=—> ., ar°

Fsor=»_ [ZPZ‘Z/(R)

oo’

R

/

0

S

v

aHgg,(R) e,o0"
TOR, > 57 (R)

oo’

oot + 2Re (HG )|

0S5, (R)

e

0

— No explicit contribution

Bi, Bond Length (A) | Frequency (cm1)
w SOC 1.98 1366
w/t SOC 2.02 1336

Table: calculated with GFN1-xTB in AMS/DFTB
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SOC implementation in DFTB

e Periodic boundary conditions

gb;lj(r) = \/1N Z Ry (r —R)
R
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SOC implementation in DFTB

e Periodic boundary conditions

gb;lj(r) = \/1N Z Ry (r —R)
R

e Fatbands
nh = 3 |(wkioh)

¢ Spin texture Si = (Yik|o|vix)

1
=3 Z Re (Cfffkcgiksuv + Ci:kcfiksﬂl’>
14

_ E B
mzk - Re( ,LL’LkCVszIU’ - ,uzkczlszlW
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Benchmark calculations
Me-Bi Me-Bi (SOC)
~—

Energy (eV)

Vo

Energy (eV)
T T T = T
UubhUuwuiNUFEUIOUIEFUINUTWOLT A UL

e ———

P, W N, 2O O B N W A
UhLWLNURUDOULRULNULWLALWG

z&.n

r K M

=
-
~
=

e Me functionalized Bi(111) topological insulators
e QUASINANO2013 Slater-Koster parameters
e Visualized in amsbands

TECHNISCHE o
UNIVERSITAT 14 * SCM  oresoen {
DRESDEN o

ccccccc



Benchmark calculations

DFTB GFN-xTB
4 :\/ \x 4 A :/\’——-\\\
5 =D 1 5 \/\/ N\ 1
E -\/y A E ~ A
W 01 0 \t/?‘ W 0 0 é“
w 5 e w ] TR
-1 AN /": 1
—4 -V'/:/ / /“ —4 - ;’::,._:4—//
r I\I/I II( r r M K r

e 2D WS, with SOC
e Plotted with python
e Spinor Visualization in amsbands to be done
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Benchmark calculations

e Hsg is transferable among different parameter sets and methods

e Successful benchmarked on close-shell molecules and materials such as
[1I-V 3D semiconductors, TMDC 2D crystals, topological insulators, with
comparison to DFTB+

¢ Regression test on single point calculation, geometry optimization, and
frequency calculation

DRES!

2
UNIVERSITAT 16 L SCM  oresoen
DEN - SCM

TECHNISCHE

nnnnnnn



Scalability
TIH chain

Strong scaling in ams

1 4 8 12
Number of Processors

EEEEEEERXXR

SOC: Ty Hao
SOC: Thioo Hioo
SOC: Tlaoo Ha00
SOC: Tlz00 H300
SOC: Tlago Haoo
SOC: Tlseo Hsoo
NR: Tl2o Hao
NR: Thoo Hioo
NR: Tl200 Hao0
NR: Tl300 H300
NR: Tlago Haoo
NR: Tlso Hsoo

Wall Clock Time (s)

4 Processors

—e— SOC ams

400 4 —e— SOC dftbplus
—#— NR ams
—#— NR dftbplus

300 A

200 A

100 A

0 -

200 400 600 800 1000
Number of atoms
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THANK YOU
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Backup: GFN-xTB

Vi = 32, Cuieu(C, STO —mG)b
. (10 10
Huy = Kis gt he) 0+ S+ kewa 30 (o) + e ()
C (1 0y 1 10
+§S,LLVZZ (YIC,Z” + YJC,Z”) Pl” <0 1) + 55/.11/((1% +q3) <0 1)

c
1 L, L_ L, L_
el (i ) e (0 5]
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