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http://bigdft.org version 1.8.x

-cea A code both for Solid-State and Quantum Chemistry

] D @ 3D periodic, Surfaces and Free BC (+— Poisson Solver)
%ﬁr@ @ Very high precision (analytic KS operators)
Big DFT @ Usage of analytic HGH pseudopotentials
cralenees @ AE accuracy, benchmarked in G2-1, S22, DeltaTest
Introduction
o Present functionalites
BigDFT
nyuw) Traditional functionalities for GS Kohn-Sham DFT (including
Fragment metals, Hybrid Functionals), LR-TDDFT, empirical VdW
Exhaustive library of Structural Prediction, O(N) calculations

Outlook

A new formalism: Opens the path towards new opportunities
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Scaling of BigDFT

We can reach systems containing up to a few hundred
i nt electrons thanks to wavelet properties and efficient
fff*PJ@ parallelization: (MPI + OpenMP + GPU)

8]

ey

Challenges
S DFT operations scale differently: @ 50 | |

@ O(NlogN): Poisson solver g 40 ]
SoFT @ O(N?): convolutions 2 zg
eragn:e:n @ O(N®): linear algebra E w0l |
Idemcmon and have different prefactors: 0 ; pr o0
OEuatT::k ® Cons) K Co(nz) K Co(Niog N) Number of atoms

@ (first) motivation for a new approach
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Local orbitals and linear scaling

Linear combinations of Defined via the kernel K®? in
support functions r): .
a0 PP i)a( ) the ¢ (r) basis:
jfgrlﬁrg ¥i(r) = Zci 0o (r)
Fl . @ ) — Z fllPI )
5 @ localized around atoms .
ig DFT I
cralenaes @ expanded in wavelets =Y 0u(r)K*Pop(r")
redueton @ optimized in-situ
O(N)
BigDFT
Why O(N)
Fragment
Identification

Purity Indicator

Example

# localize @ optimize @

extended Kohn-Sham orbitals localized support functions (LCAO) localized adaptive support functions
cubic scaling, high accuracy linear scaling, low accuracy linear scaling, high accuracy

Outlook

Localization — sparse matrices — O(N)
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Comparison with the cubic version

felg

56

time (seconds)

Energy and forces with accuracy of a systematic approach J

5000 S—
total runtime linear ——
4500 total runtime cubic ——

linear extrapolation, reference 3000 atoms ------- @ 20 min for 18 000 atoms
4000
3500 @ CPU Time and memory
3000
2500 o< number of atoms

2000

@ Precise DFT computing
for thousands atoms at
"L Institute-Scale (102 — 10°

2000 4000 Giz?nb:g?:mmloow 12000 14000 CPU Cores)

Without fine-tuning converges to absolute energy differences
of the order of 10 meV/atom, and almost exact forces.

@ Charged systems, various BC (free, surfaces, periodic)

1500
1000

500

@ System sizes: 100 - 30K atoms ~~ 100 k Basis functions
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Features of the basis set
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@ Accurate results with good localization (high sparsity)

@ Low No. of degrees of freedom

@ (very!) Low condition number (quasi-orthogonality)

@ Small Spectral Width (PSP)

S H
system (#atoms)  sparsity K sparsity SW (AU)
DNA (15613) 99.57% 2.29 98.46% 1.81
bulk pentacene (6876) 98.96% 2.26 97.11% 1.55
perovskite (768) 90.34% 215 76.47% 1.73
Si nanowire (706) 93.24% 2.16 81.61% 1.53
H,O droplet (1800) 96.71% 1.57 90.06% 1.41

'[Sim
S
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Reference paper for O(N) BigDFT implementation

cea
Ennn Accurate and efficient linear scaling DFT
ip;*PJ@ calculations with universal applicability
ngrg S. Mohr, L. E. Ratcliff, L. Genovese, D. Caliste, P. Boulanger,

o S. Goedecker and T. Deutsch

Big DFT Phys. Chem. Chem. Phys., 2015, 17, 47, 31360-31370.
Challenges DOI: 10.1039/c5cp00437¢c
Introduction
Why wavelets P P
o) " CC . | Included in the Real-space numerical
BigDFT grid methods in quantum chemistry
Wy o(N) themed issue of PCCP
c : Guest-edited by Luca Frediani
ragmen (The Arctic University of Norway) and

Identification Dage Sundholm (University of Helsinki)

Purity Indicator

Example

Outlook
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Why Large Scale DFT?

Present-day situation

2
= | Quantum Chem.
g Methods QM
g MM
L \ Hybrid DFT QMMM
c
© / DFT
= o LS-DFT
> \‘\‘AG«\O\\ o Force Fields
\9‘2250“?
Coarse-graining
Model - MD
\J
o
O
%?‘\ r\‘(\e’ at
N o°
\© @
10K 100K ™ 10M 100M Size
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Review of O(N) DFT calculations

Advanced Review

Challenges in large scale quantum e

[ . . i iu] (i
B ﬁJ@ mechanical calculations 4
B rg Laura E. Ratdliff,' Stephan Mohr,? Georg Huhs,? Thierry Deutsch,>* Michel Masella®
and Luigi Genovese®**
Big DFT g9i6 ese
Challenges
During the past decades, quantum mechanical methods have undergone an amaz-

Introducti ing transition from pioneering investigations of experts into a wide range of practi-
ntroduction

cal applications, made by a vast community of researchers. First principles
Why wavelets calculations of systems containing up to a few hundred atoms have become a stand-
ard in many branches of science. The sizes of the systems which can be simulated

0_(N ) have increased even further during recent years, and quantum-mechanical calcula-
BigDFT tions of systems up to many thousands of atoms are nowadays possible. This opens
Why O(N) up new appealing possibilities, in particular for interdisciplinary work, bridging

together communities of different needs and sensibilities. In this review we will
Fragment present the current status of this topic, and will also give an outlook on the vast
Identification multitude of applications, challenges, and opportunities stimulated by electronic
Purity Indicator structure calculations, making this field an important working tool and bringing
Example together researchers of many different domains. © 2016 John Wiley & Sons, Ltd

Outlook How to cite this article:
WIREs Comput Mol Sci 2016. doi: 10.1002/wcms. 1290

New calculation paradigms are emerging

.l | rq‘
et
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Express localized information

Cea (g can be used to map quantum information to localized DoF I
fr=s & O(N) BigDFT provides also ideal set up to condense
CEﬁIEnFQTes information coming from large-scale (many thousands atoms)
ntoduction QM calculations.
e @ Partial Density of States
O(N
BiéDLT Each atom can be associated a subset of basis functions
Fragment @ Hamiltonian and density matrices
"Zﬁ“tff‘“ Direct consequence of nearsightedness
@ Express efficiently and accurately the QM results (DFT)
@ Define a hierarchy of various levels of theory
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Nearsightedness implications in Simulation setups

Localized basis set helps in understanding systems’ behaviourJ

[T | °
Bl Localityof the density matrix
o]

inJ @ Identify fundamental building blocks of the system
DT (Fragments, residues)
S @ Understand and model the interaction between them
Why wavees (electrostatic embedding)
o @ Manipulate fragment quantities to extract excited-state
v o) properties (Constrained-DFT)
Outiook @ Build/Optimize basis functions for different systems

@ Inspect the Density Matrix in this basis

@ Manipulate the Hamiltonian matrix elements
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Building blocks identification DNA snippet in H,O

cea

@ Complete DFT calculation: 2h15m (800 MPI, 8 OMP)

,
X
P

8,

°
== 3J0 @ Let us perform a atomic Mulliken Population analysis
HEDfE) . . .
G| o Different questions arise
Big DFT
Chljlenges K SR 5 A e N g T RO T AT
g’/f;?&;@L 3}\7 et 5 E‘%ﬁ%‘{t*ﬁ“};“’ Y EXls
RS s (S AT R T i CARNE B s et
Introduction g ?;Q:‘ (é}”{"“’?\é”"”f 'JE’)‘? f‘%‘ "'mﬁ},&%
Raatern ol e Ve s 3%? T
Why wavelets ;""‘ffﬁﬁff\ o f\ A ‘;}u‘* pa'S
S LAY Y, e Ters
om) ¥ omgiaa il Lot E
BigDFT A G Erar g
9 «35‘5 TR L S Ar;:‘“ A
Why O(N) {f’,’ ,”g\,;;ﬂ},v St 7 o
BVRR S e BRI
Ty aito.: Bl 8 kel i LS
AR e S RNy
442,,;?‘%‘3; AT PRI
Purity Indicator A X W );.5‘»'4£ o )&38?’*5')'*
Example §%”»"\Y’r€‘§‘}1{’%k. :’fﬂ, ‘2‘21“"\;}!;)"{ 3
s SUS }_—;f Porat i{ {jfr"t)
Outlook P, e S
>
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Arbitrariness of the results

@ Some atomic charges seem sound (e.g. Na), other look
strange (e.g. P)...why?
;g;@j@ @ If we use more complete basis results change
D considerably (known problem of MPA and LPA)
Eig DFT“ @ However, we know that the basis functions represent
Challenges (very) well the Ground State

Introduction
Why wavelets
O(N)
BigDFT

Why O(N)

normalized occurence

40 05 00 05 1.0 15 20 25
atomic net charge
Purity Indicator

Example

Outlook

Atomic charges are (in general) not physical observables.
Is it possible to identify fragment-related
pseudo-observables? @ “meaningful” fragmentation

5
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Fragmentation procedure: the purity indicator

6

Big DFT
Challenges

w

Introduction
Why wavelets
O(N)
BigDFT

Why O(N)
Fragment
Identification

Purity Indicator

Example

Outlook

Suppose that a QM system, identified by F =
split into M “perfect” fragments §.

We indicate with [yS) the Fragment’s physical state.

@ There must exists a Fragment projection operator WS sit.
WS |y) = ).

If the fragments are independent, i.e. (WS |y?)
Fragment density matrix satisfies

. A e\ 2
FS = B = y%) (v = (#F)
When expressing this quantities in a localized basis:

F=Y l0a)K™® (05|, WS —ZI% P (0]
ap

we obtain that a “good fragment” should satlsfy

W) (| can be

= 53-3/, the

1
N==_-u ((Ks5)*~Ks;) ~0, S;=SR;S
S

t&‘im
L=
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Meaning of the Purity Indicator
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If the above conditions are satisfied, the expectation value of
any observable O may also be associated to the fragment §:
(O)5 =tr (FSO) = tr (KSR50)

@ Explicit functional of {|¢,) } and of the choice of R

@ [1~0is a necessary condition. If it is not satisfied, the
basis and/or the projection method do not single out §
as a meaningful fragment.

@ |nterplay bw the basis set and the projection method

Pioneering atomic population analysis might be generalized
to fragments. For instance:

Mulliken: Rz = TS~ Loewdin: Ry = S™'/2TzS1/2
where T3 selects the indices o € §.

Sim
A=
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Example, 100 Molecule Water “droplet”

Different basis (SF and AO) qualities. ¢ & *

Correlation between H,O dipoles <« valueof [ Liy g

optimized quasi-orthogonal support functions

non-optimized atomic orbitals

Qo

©7 .00 % 6

= reference ) ) " Fermi energ | reference —— " Fermi ener
T type T spis
2 spdisp - type 8 spdsp — A
S| spdifgpd-type —— < spdiisgd —— At
0 %
o o
a L L L Q L L L L
=il -0.8 -0.6 -0.4 -0.2 0 =il -0.8 -0.6 -0.4 -0.2 0
energy (ha) energy (ha)
Mallkan Tye Proacor Loawdin-Typo Prjcin Mllen Ty Prjcior Loowdn Ty Proacor
St tpen S pe0 T J aan l e
3 I 3 I 3 | pndm e 3 tndea
5| I sodisp-ype § spdfsp - typell § [ spaspl 5 spdspDl
3| bl 3 b bl 3 3 [
FrR - tpeD § | wwe0 oo
| [& I
I ST 0% L — L
‘Purity Indicator Purity Indicator Purity Indicator Purity Indicator
Mk Type Proecior LoowdinType Proecor Wollen-Type Projector LoaweinType Profcor
‘ spalispd - ype ‘ spdspd-typed J Spalspdn M‘L spatspd 0
8 g |- 8l e e 3 Lol el
§ J spdisp - type 5| mln, spdisp-type Dl 5| spalsp 8| spdisp
3| 3| A 3 M 3| i
§ PR 8 s pen H P 8 it

5 1 15 2 25 5 35 1 4%
Norm of water Dipole moment (D)

5 1 15 2 25 5 35 4 4%
Norm of water Dipole moment (D)

o

5 1 15 2 25 5 35 i 4%
Norm of water Dipole moment (D)

51 15 2 35 3 35 1 4%
Norm of water Dipole moment (D)

"{sim
Sim
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Advantages of minimal bases

Atomic description might be replaced by molecular one

sp/s atomic orbitals

sp/s optimized |

H,O (0] H H,O (e} H
Mulliken 0.02(1) 0.16(1) 0.45(0) | 0.03(1) 0.16(1) 0.46(1)
Lowdin 0.03(1) 0.16(1) 0.45(0) | 0.03(1) 0.17(1) 0.48(0)
quality (4 X X (4 X b 4

optimized atomic orbitals
sp/s  spd/sp  spdf/spd sp/s  spd/sp  spdf/spd
DoS 4 4 (4 b 4 v v
non-purity 4 b 4 X 4 X X
H,O dipole 4 X X v/X X X
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Coming back to the original case study

The only meaningful ==
“atomic fragment” is the i L Jﬂﬂﬂmm ML
q . 2
ionized Na of the solvent e e AR
H ¢ N O Os Na P
m 048 048 032 015 012 004 034
X X X x X v x

They can be identified a posteriori as the relevant quantities

H0 ——

Outlook 8 Gytosine nucleotidd )
§ Guanine nucleotide =—— Po4 Cyt Gua H 5 O
3
£ n 0.05 0.01 0.01 0.01

v 4 4 v

o
B

05 0.0 05
fragment net charge
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Potentialities for large systems DNA snippet in HoO

@ Inspection of the Density Matrix allows to identify
. fragments (DNA residues in this case)
CEE ] 0
fffiﬁ%g @ Electrostatic multipoles on such fragments can be
fH=e considered as observable quantities
Big DFT
Challenges @ A general technique which takes benefit from a
Introduction optimized minimal basis
s (JCCP 2017, 13, 4079-4088)
soorT
Why O(N)
Fragment
Identification
_ nucleotide net charge

080 075 -070 -065 -0.60 -0.55
nucleotide net charge
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Interplay between fragmentation and embedding

A good fragmentation may also be employed to study the

cea influence of explicit vs. electrostatic solvation
8 ik B Gua nucleotides Cyt nucleotides
L]
=g 0 02
e -
———ﬂmr@’ 0.0 0.0 f 1
B ()
° g-02 8-02r 1
Big DFT s s
Challenges 5 -04 604 ]
2 2
-0.6 % -0.6 } 1
Introduction { } {
Why wavelets 100 — T T T T T -0.8 -0.8 } I %
QM/QM, shell
80 ~  QM/QM, shell 4 A 4
O(,;LT P e 10.0 10.0
Big g Ol
Why O(N) TS 9.0 l { 9.0 | 1
° °
Fragment or g 8.0 g 8.0 - ]
Identification o 2 70 [ l 2 70t E
Purity Indicator energy (Hartree) % %
Example T g 60 g 60 [ 1
a5
Outlook . 5.0 5.0 l
T a5 4.0 4.0
I full QM —e—  shell 4 A —e—
25 shell0 A —— shell 6 A
shell2 A ——
2
R R o @ Reduce overpolarization

Explict solvent shell sz (A)
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Different modelling of the environment

Big DFT
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Allows an efficient and
accurate treatment of
implicit solvents

The cavity can be

@ rigid (PCM-like)
@ determined from the

Electronic Density
(SCCS approach)

@ Can treat various BC
(here TiO2 surface)

Can be used in conjunction with O(N) BigDFT |

"{sim
S
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BigDFT basis set in Fragment approach

We can duplicate the Support Functions for similar portions
E of large systems — considerably reduces the cost J
HEH ot @ Enables manipulation of optimized basis sets (database)
el
D
Cﬁ;%.fn;; Realistic ‘host-guest’ morphology: Host molecule

6192 atoms, 100 molecules
Introduction
Why wavelets : v M, ey

L W " 20228 s,

O(N) ’ W4 ST DINLINPAT e
BigDFT X 5 : ; 4,4"-N,N"-dicarbazole-bipheny!
Why O(N) . 4
Fragment ¥ e
Identification Ry
Guest molecule

Purity Indicator

Example

Outlook

tris(2-phenylpyridine)iridium
V.
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Future scientific directions with O(N) codes

@ Robust convergence, high accuracy and flexibility (BC)

@ Reduction in degrees of freedom — large systems via
moderate sized machines (~ TFlop/s) Lab-scale

@ Optimal mapping between KS DoF and atoms

o Different level of descriptions (controlling the precision)
QM D Fragments D Atomic charges

@ Opens up new possibilities

@ Explore interplay environment <+ electronic excitations
(CDFT, QM/MM, statistics. . .)

@ Provide high quality back end for extraction of atomic
multipoles from QM calculations

@ Towards a control of the level of theory (QM/QM)

'Esim
L=
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