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Motivation and computational cost -

University of
Strathclyde
Glasgow

Method Eform. (eV) Time

Orthogonal TB 3.2 1

Self-Consistent Orthogonal TB 3.2 13

Non-orthogonal TB 3.1 2 (~DFTB)

SC non-orthogonal TB 3.4 19 (~SCC-DFTB)
3 centre non-orthogonal TB 4.3 72

3 centre SC non-orthogonal TB 4.4 87

LCAO LDA DFT 3.8 44

SC LCAO LDA DFT 4.1 110

Si vacancy formation 64 atoms periodic I'-point minimal basis
A. P. Horsfield and A. M. Bratkovsk, J. Phys. Cond. Mat. 12 R1-R24 (2000).
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DFTB

University of
Strathclyde
Glasgow

Semi-empirical DFTB modelling (DFT-/ite descended
from the Harris functional)

— Non-orthogonal tight-binding minimal sp (d,f,...) basis
— Second order charge and spin contributions - behaves like
(S)GGA/LDA

— Parameterised integrals/repulsives but no integration after that
(Open parameters : http://www.dftb.org )

— Standard DFT-like properties including thermodynamic levels
(Janak's theorem works), vibrational modes/intensities/Raman
x-sections, ...

— Time dependent and transport extensions (following DFT)

— Simple picture of what's happening - Mulliken populations
actually mean something

J. Phys. Chem. A 111, issue 26 (2007)
pssb 249 issue 2 (2012)

http://www.dftbplus.org/ ScotCHEM17



DFTB+ 17/.1

University of

Strathclyde

Glasgow

« DFTB1, DFTB2 and DFTB3 for clusters and periodic systems

» Spin polarized calculations with collinear (and non-collinear) spin
« Geometry optimization with constraints (Cartesian)

* Molecular dynamics (NVE, NPH, NVT and NPT ensembles)
 Dispersion correction (van der Waals interaction)

* Plotting of charge distribution, molecular orbitals, etc.

 OpenMP parallelisation

B. Aradi, B. Hourahine, and Th. Frauenheim. DFTB+, a sparse matrix-based
implementation of the DFTB method, J. Phys. Chem. A, 111 5678 (2007)

https://github.com/dftbplus
http://www.dftbplus.org/ ScotCHEM17
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DFTB+ 17/.1

University of

Strathclyde

Glasgow

e Treatment of s, p, d and f-electrons (including LDA+U, spin orbit
coupling)

« External electrical fields, QM/MM coupling via fields

* Time dependent DFTB in the Casida-formulation

« Automatic code validation (autotest system)

 Documentation — user guide, tutorials, developer guide

 LGPL license release (16/06/2017)

B. Aradi, B. Hourahine, and Th. Frauenheim. DFTB+, a sparse matrix-based
implementation of the DFTB method, J. Phys. Chem. A, 111 5678 (2007)

D.F https://github.com/dftbplus
http://www.dftbplus.org/ ScotCHEM17




DFTB - underlying idea

Sum of neutral confined atomic densities (Confinment gﬁ.ﬂagﬂ'?flyde

dictated by physical environment)
TZO(V):ZO( ng|r—Ro(| Etot = Ebs[nO]+Erep[n0]+E2nd[n0’5n2]

E..[n,] and E, ,[n,06n?] calculated explicitely (approximations: yes,
adjustable parameters: no)
Superposition of pairwise interactions

Z ZB#O( rep

(|R«—Ry))

Deviation from ab initio calculation

tabulated as function of distance in | C-C
dvance RepuIS|ves< C_-H

2 needed:
H - H

Eaﬁ(Ra’B) = Eab initio(Raﬁ) - [EbS + EZ](RO{,B)

rep

E..[n,] fitted to ab initio calculations

rep

(corrects errors due to approximations)
http://www.dftbplus.org/ ScotCHEM17
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Charge self consistency (DFTB2)

Strathclyde
bs
:Zi fl.zw CinCivH T = Z yO(BA 9.A qy+E,, Glasgow

=3 fremy Doy Vbl A g +E,| - old SCC-DFTB

At self-consistency,An._ = An_, so the two forms agree, but
before this :

HZO S|:S|VO
-43.48
-43.5 | Lilg
-43.52 | ] ~
4350 | Bisriir=l B
-43.56 4 , D|:||:| E
4358 | LArasasanss "
-43.6 |
43.62 B
0 2 4 6 8 1012 14
lteration lteration

Hourahine et al. J. Phys. Chem A 111, 5671 (2007)
http://www.dftbplus.org/ ScotCHEM17



SCC-DFTB (DFTB2) - accuracy

gaiﬂhffgi
University of

Strathclyde
DFTB cc-pVDZ ce-pVTZ 52 Glasgow

H,+CH=CH—CH,=CH, -388 —41.0 ~37.9 —40.1
H,+CH,=CH,—CH;—CH; —37.0 —28.5 —26.5 —-30.5
3H,+HCN —NH,+CH;y —479 —47.1 —48.5 —53.7
H,+CO —H,CO +109 +0.1 +0.7 +3.1
2H,+CO—CH,0OH -7.8 —12.6 —-13.1 —15.5
H,+CH;0H—CH,+H,0 -257 —20.6 —24.6 —26.2
2H,+N,—NH,—NH, +32.7 +31.6 +31.9 +30.7
H;+NH;—NH;—2NH; —474 —138.3 —43.1 —46.7
H>+H,0,—2H,O0 —81.7 —63.3 -71.1 —82.8
2H,+C0,— H,0+HCO 4156 +26.6 +21.9 +14.5
CH,+CO - CH=CH+H,0 +559 +51.5 +43.7 +44.3
CH,+H,C0 —CH,=CH,+H,0  +62 +10.4 +5.2 +1.1
CHy+CH,0OH — CH,—CH;+H,0  —12.1 —5.4 7.6 ~10.8
2CH4+N>—NH,—NH,+CH,—CH: +83.3 +75.4 +75.4 +76.6
CH4+H,0, —CH,OH+H,0O —56.0 —42.6 —46.4 —56.6
2NH,;+CH=CH—NH,-NH,+CH,—CH, +8§7 —2.8 +5.1 +6.7
2NH;+CH,=CH,—NH,—-NH,+CH;—CH; +10.4 +9.7 +16.6 +16.2
NH;+HCN —CH,+N,  —33.1 —40.5 -37.4 -37.6
NH;+CO —HCN+H,0O +14.3 +13.8 +10.8 +12.0
2NH3+H,CO— NH,—NH,+CH,OH  +28.8 +25.5 +29.3 +28.2
H,+H,CO—CH,0OH —18.7 -12.8 —-13.8 —18.6
Oxirane+H,0— OH—CH,—~CH,—~OH —130.9 —20.5 —16.7 —19.6
Oxirane+NH, —NH,—CH,—CH,—OH -33.1 —20.4 —-17.5 -226
HNCO+H,0 —NH,—-COOH  —43 -17.3 —11.1 —16.1
CH,—NH+CH,;+NH,—2CH;NH, 2.7 +1.1 +4.3 —0.6
H,CO+CH,+H,0O —2CH,0OH +7.1 +7.9 +10.9 +7.6
HCN+2CH4+2NH,—3CH;NH, +174 +14.1 +21.4 +14.6
CO+2CH4+2H,0 —3CH.OH  +43.6 +28.6 +36.2 +36.8

With respect to G2 set:

mean ave. dev.: 4.3 kcal/mole
Krueger, et al., . Chem. Phys. 122 (2005) 114110.

http://www.dftbplus.org/ ScotCHEM17




DFTB3 - accuracy

University of

. . Strathclyd
Expand the DFT energy to 3™ order in charge fluctuations elta-rsitowcy c
v : | Extension of Small molecule
0.07 7 DFTB3/30B test set
< 006 2 |
o T B Mg Paper includes
- E 0.05 -
5a | | : peptides and
E 8004 | other larger
- 3 | systems at
B | | DFTB3 level
P - 1 f 1
© & 0.02 |
ca _ | e |
2 oo U'xﬂ
0 ! . d.-- a
PME DFTE3 MIO DFTB3 30B MP2 iug cC- B3LYP

G6-31+G(d,p)

Typical mean absolute deviation (MAD) of ~3-5 kcal/mol

X. Lu, M. Gaus, M. Elstner, Q. Culi, J. Phys. Chem B 2015, 119, 1062-1082.

J http://www.dftbplus.org/ ScotCHEM17
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Kohler et al. Chem. Phys 309 23 (2005)
http://www.dftbplus.org/ ScotCHEM17




SDFTB2 - accuracy

@
University of

Strathclyde
Glasgow

- GMTKNS3O0 test set
T 400
ia 3ob set technically
E intended for
= ag DFTB3 level model
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Q15 3ob (QN15-spin  3ob-spin

Melix, P., Oliveira, A.F., Riger, R. et al. Theor Chem Acc (2016) 135: 232.

http://www.dftbplus.org/ ScotCHEM17



Fe_ molecule ground state
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Fe_ molecule ground state

g,gimri?\
University of

Strathclyde
6 6

dftb2

Glasgow

Same behaviour as
0 ’ ' 0 PBE see;:

“Density Functional Theory in
Transition-Metal Chemistry:
Relative Energies of Low-Lying
States of Iron Compounds and
the Effect of Spatial Symmetry
Breaking”

Ef

9 — 1 Sorkin, Iron, Truhlar, J. Chem.
A Y Theory Comput., 4 307 (2008).

http://www.dftbplus.org/ ScotCHEM17
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Fe_ molecule ground state

dftb2

%g,-imri?\
niversity of

: S
) dftb2+U (FLL)
4 4
2 2 Same behaviour as
0 0 0 PBE / PBE+U, see:
, , “Density Functional Theory In
“ Transition-Metal Chemistry:
4 4 Relative Energies of Low-Lying
! States of Iron Compounds and
; . 6 E the Effect of Spatial Symmetry
' 8 . Breaking”
' 8 Sorkin, Iron, Truhlar, J. Chem.
A Y 10 10 Theory Comput., 4 307 (2008).
12 12
[y by
Wrong symmetry 92_ Right symmetry
g
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NIO

University of %
. . . _ gltrathclyde
Nickel oxide is the 'famous' example for the failure of s
mean field functionals in DFT. Its a rock salt wide gap

Insulator with anti-ferromagnetic ordering of Ni spins ([).

4 Eg Eg + A
SCC-DFTB 0.0 0.0
spin-SCC-DFTB 0.31 0.0
DFTB+U 1.42 2.03 4.94
DFTB+pSIC 1.22 1.28 3.81
LSDA-SIC 1.16 ~2.80
LDA+U 1.71 2.73
B3LYP 1.67 4.1
Expt 1.64-1.90 4.0-4.3

D+m Hourahine et al. J. Phys. Chem A 111, 5671 (2007)
TB http://www.dftbplus.org/ ScotCHEM17



Casida excited states in DFTB

sity of

Strathclyde

TD-DFTB Spectra of Co, I

energy [eV]
DFTB has been used for Casida-type excitations for ~15 years.

m Niehaus et al. Phys. Rev. B 63, 085108 (2001)

T http://www.dftbplus.org/ ScotCHEM17




Spin-orbit — topological insulators &
Strathcl
Glasgow
Dirac cones like graphene, but on opposite sides of the whole solid —
linked electron momenta and spin for states — only possible to change

electron direction for surface states by tunnelling through whole solid.

A A

\J

Insulating in the bulk, but with protected metallic surface states.
Consequence of non-trivial topology of wavefunction

— odd number of band inversions in the bulk electronic states

Kane and Mele, Phys. Rev. Lett. 95, 226801 (2005)

“ http://www.dftbplus.org/ ScotCHEM17



Topological insulator Bi,Ses

@
University of

Strathclyde
Glasgow

DFTBT
surface
state
calculation
For 3
formula
unit thick
slab - i.e.
primitive
cell +
vacuum

Protected surfaces states as expected...

D
d http://www.dftbplus.org/ ScotCHEM17



Fast DFTB2 NVE dynamics

%
rsity of

Strathclyde
Glasgow

Molecular Dynamics Execution Time 0.4 5oms A
03 — XLBOMD

= "||ﬂ ' '.-.. : Ted || LI
I OFTB E“, LRERG N 20 :”l el ”|
/—-’-—-_—__ E—U 1 | :'-...' |: LB |“| e

@ |;| [ ' . 11" ‘!'Il-, ' A R

XL-BOMD DFTB & -0.2 ' t e
=().3
\}_ } Sl |
0.0 0.5 1.0 1.5 2.0
Time [ps]
1 SCC step per dynamics step = BOMD

— XLBOMD

~10x speed up for DFTB2 MD at the same
accuracy

0 500 1000 1500 2000 2500 3000 3500
Frequency [cm ']

iImidazol crystal with 16 imidazol
molecules / supercell

| Balint Aradi, Anders M. N. Niklasson, and Thomas Frauenheim
D J. Chem. Theory Comput., 2015, 11 (7), pp 3357-3363
http://www.dftbplus.org/ ScotCHEM17



Path integral and REMD dynamics -

Strathclyde
Glasgow

DFTB+ has an interface to
forces options the I-PI open source code

foreefield, fumetional.
atomic gpecies, ..,

(PIIMD options

eosembbe, thormostnt,
initial configoration, ..

— They support several
Exirmr.!;-:.-ﬂ'um; sampling modes for

X.h o ONPUTE molecular dynamics:
U._j:l‘ o|| ENERGY

‘ \ & FORCES

https://github.com/i-pi  Computer Physics Communications
Volume 185, Issue 3, March 2014, Pages 1019-1026
I-PI: A Python interface for ab initio path integral molecular
dynamics simulations
Michele Ceriotti. , Joshua More and David E. Manolopoulos

EVOLVE
NTCLE]

14

DISTRIBUTE

OUTFUT
PROPERTIES
S |

REPLICAS

* Free energy landscapes
e Quantum nuclear
dynamics

Interface to ASE code as well
https://wiki.fysik.dtu.dk/ase/ase/calculators/dftb.html

http://www.dftbplus.org/ ScotCHEM17



What's next?

University of

Strathclyde

Glasgow

DFTB+ 17.1 is the current release (as of today).

17.2
— MPI parallel version re-integrated to main code
— 1D, 2D and helical boundary conditions released
— liIbDFTB (CHARMM and GROMACS integration)

17.3
— Non-Equilibrium Green’s function transport re-integrated to main code
— Coupled perturbed and Sternheimer response modules released

18.1
— Hybrid functionals released
— linear scaling and O(N?) solvers released
— ASCF excitations

18.2
— Parameterization tools packaged with DFTB+

http://www.dftbplus.org/ ScotCHEM17



MPI Parallel scaling

%g,-imri?\
niversity of

gtrathclyde
1000 atom SiC supercell (11 SCC cycles + forces) Glasgow

1000 e ————
Total — 11 SCC cycles,

Eigen solution —¢—  gamma point

| - Forces ——  sampling, increase
density Matrix —=—  problem size with

1 Cholesky fact. core count

100 5
; Electrostatics

1 Example 'small’
problem, 1000 atom
supercell, self

Calculations
_ performed on
consistent energy and SUPERMUC Via

Wall time (s)
S

1 ¢ 4 forces evaluated. PRACE scheme
: ] Scaling of significant
| calculation
0] b .| components shown
1 10 100
cores

http://www.dftbplus.org/ ScotCHEM17



MPI Parallel scaling

g'itv;;m::lyde
Glasgow
10000 ¢ . S S—
: gcalmg —— ]
N” guide -
12000
atoms
~ 1000 E :
Py
E
G ] |
= 100 L |Calculations
: iperformed on
- ISUPERMUC via
| 1000” |PRACE scheme
atoms
10 a " i - i a a1 i . i & TR R TTa
100 1000 10000

Cores

11 SCC cycles, gamma point sampling, increase problem size with core count
. (called “weak scaling”)

http://www.dftbplus.org/ ScotCHEM17



Graphene s

S T 300T —— -
0.4 } 195 T —— ity E
156 T —— Strathclyde
0.35 f - Glasgow
0.3
> 0.25
o 02
0.15
0.1 |
0.05 Field length Atoms
0 39T 0.8um 8000

20 -15 -4~5 0 5 7o 20 25 30 35 195T 1.7um 16000
156 T 2.1 ym 20000

0.025
0.02
° o015
Landau levels in 0.01 Calculations
magnetic field 0.005 , w performed on
\ } SUPERMUC via
0.6 -0.4 02 04 06 08 PRACE scheme

eV

http://www.dftbplus.org/ ScotCHEM17




Device

Self-consistent quantum transport

BULK

Strathclyde
Glasgow

1

[ 0 = dEG Density Matrix
uv

27T1

/
\

Surface

Surface

Mulliken charge
—qu ZPW uw Correction

y

on - V&V, =-4aon
— 0H — 606G~ — 6n'

SCC-loop

BULK

/
N

:zh_e (Tr[=*(E )G (E) - ()G (E )

/

Di Carlo et. al. Physica B, 314, 86 (2002)

http://www.dftbplus.org/ ScotCHEM17



Single helix DNA — pure Adenosine in vacuum

%
rsity of

6 Strathclyde

Ewald sum of r- dispersion interactions included Glasgow

33.27° twist
- 6,075,000
atom unit cell

(%)

[\

Torsional stiffness
0.329 Hartree A

[Em—
T

Strain Energy (Hartree x10%)

)

238 A ] [
translatlon,Ml,,,,_,,, 30 32 34 36 38
Twist Angle (deg)

Minimal (objective) unit  Nikiforov, Hourahine, Aradi, Frauenheim and

D cell — 108 atoms  Dumitrica, J. Chem. Phys. 139 094110 (2013)
% http://www.dftbplus.org/ ScotCHEM17



Coupled perturbed TD-response N

Sy
empty AU
) = — Z (¥j|0H /OEy |1, Wl
’ ) E; — 8j —+ N = W gﬁgsrtglj;:;ion

Spectra in ~2 days
(48 quite old cores)

static structure, but
Charge with Il__-S spin orbit
response coupling

400 500 600 700 800

Wavelength / nm

O(n3) scaling for sum over states, but can be broken into a few
GEMM operations for calculation over all {i} states simultaneously.

http://www.dftbplus.org/ ScotCHEM17



Linear scaling

%
University of

Internally DFTB+ is designed to uses a flexible sparse e

representation to solve the quantum mechanics of the system
Only at one point in its calculation is there a dense (hence
expensive) calculation to solve the electronic Hamiltonian

Calculate sparse H from
geometry
and charges of atoms

Only part of code
scaling as >O( N)

Calculate properties from
sparse density matrix

http://&rww.dftbplus.org/ ScotCHEM17



Simple divide and conquer linear scaling

University of

T T T T T 3 Strath(:lyde

10000 ,

LAPACE —i— . Glasgow

First results from (yet
another) linear scaling DFTB
Implementation — Yang's
divide and conquer
Yoo aman w0 ww wo e w10 Energies and forces for Si
Atams supercells at " point.

1000 F T T T T T

Memory vuse (MB)
5 :
\ E

LAaPACE —tH—
Tz

Alternatives also under
development

— use of PEXI library

— Galli functional

100 | 3

Time (s}

1 1 1 | 1 | 1
200 400 &S00 00 1000 1200 1400 1600 1800
Atoms

http://www.dftbplus.org/ ScotCHEM17




Current size limits:

Liquid water simulation
using

Divide and conquer to
build the density matrix,
and a (very) large
supercomputer

Nishizawa et al. Journal of
Computational Chemistry
2016, 37, 1983-1992

DC-DFTB-K code

%;é’ﬂh-’f;i
i ' o T ': University of

(i [ jlll Strathclyde
—a— Repulsion E Glasgow
= e |-¢ integral v
B0 ey - ]
g = "
E : v— SCC . v 2
g 10 ¢ Gradient | y— t
S il n
= ) % e
= >l :
= '/ @ i
o 10" s - E
B i o 3
| — :
10” S
(b) 1 SCC cycle :
_ 10°F| —=— Update E
= e Solve :
£ 10' -4— Fermi m— * 1
= v Density o .
g . ‘
S 10 e E
2 ° A ]
z‘-‘r 10" /:/: 1
‘3 =
10” ,/f:/ - E
a 3
3 t/ 1
10 s : i PN T R B O | . i 1 i i
10 10 10 10
System Size, N
http://www.dftbplus.org/ ScotCHEM17



And In conclusion

http://www.dftbplus.org

Looking forward to supporting more users and new developers



DFT connection

Density Functional Theory, Kohn-Sham theory:

r)|2

Foulkes-Haydock: n(r)=n,(r)+dn(r)

rsity of

Strathclyde

Glasgow

E=E[nr)] n(r)=

Total energy up to second order in the charge fluctuation:

E o = Eus[Nol+ Erep[No]+ E N5, 6n°]

rep

2 n o
E, no Z /i <L|J [no]LIJ >’veﬁ‘[n0] f O d” tv, [ ]
2 | r‘ Depen
_ , 7 7 [ ds
E, [n ! f 1olr)molr )dr dr—|—Exc[nO]—fvxc[no]nodr-l-z G only on
2 =] R~ Ry ny(r)
1 1 62 —
E,aln,dnl== | —— | 5,5 - Depends on charge fluctuation
r—r| |5n8n), mixes both n'™ and nOUt

- stationary energy expression

http://www.dftbplus.org/ ScotCHEM17



SCC-DFTB

Second order term: (as Mulliken charges):

Charge fluctuations in monopole

sity of

approximation Strathclyde

Glasgow

1
E2nd:52u ZB?&O( yO‘BA q‘XA dg Aqa = qa _qg QO(:ZZ- fizue(x ZV CzuczvSuv
XC contribution described with
chemical hardness of the atoms

Yo =i—s(Raﬁ,U U,) From ab initio Mulliken charges depend

op atomic calc. on the one-electron
wavefunctions

ol e
vad_z uvz Yu§+}/Bg)AQE Ci\/(Huv EiSuv> O

must be solved self consistently

Depends only
bs
— Etot:Zi fizuv Clucsz T ZuByQBAq“A qB+E } on nOUt

p
N
N A
= f—

FE T

4 hEa B )

http://www.dftbplus.org/ ScotCHEM17



Spin
Spin polarization is an additional term to the SCC-DFTB g;gagﬁg}lvde

energy expression
» SCC contribution to the total energy is resolved by

angular atomic momentum
» Mulliken spin populations used - shell resolved

magnetisation
o Atomic spin constants W,. similar to the atomic

Hubbard U, (Stoner-I Iike)

L, Z fzw in sz T3 ZabykkAqkAqk+ Z W,ApAp, +E,,
k,k' E(a,b),l,l Ea

7 1 L 7

H, = ES E(ymg—l—yﬁg)A g H =—-H_
(generalising to non-collinear spin - swap spinors for
wavefunctions and dot product for multiplication)

Kohler et al., Chem. Phys., vol. 309, pp. 23 (2005)
Kohler et al. J. Phys. Chem. A 111 5622 (2007)

D m
el

http://www.dftbplus.org/ ScotCHEM17
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