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CPRIL DVerLEW

/,,\\ Fortran95, 1'000'000 lines of code, rapid development

A
Zic Freely available, open source, GNU General Public License

Al

s community Developers Platform (UZH, IBM Research, ETHZ, PNL, LLNL, PST, U Bochum,
EPCC UK, .....)

)),(é User community through Google groups

Al

7 MPI and OpenMP parallelisation, CUDA C extensions : porting on >100'000 cores and to GPUs

>)K( Quality control: automatic regression and memory leak (>2000)

Al

i Force Methods: KS/OF DFT (vdw), Hybrid, MP2, RPA, Classical Force Fields, QM/MM, DFTB,
semi-empirical, mixed

Al

s Sampling Methods: GeoOpt, CellOpt, Molecular Dynamics, Ehrenfest MD, FES and PES tools
(Metadynamics), Monte Carlo, PTMD

Al

Zis Properties and spectroscopy (vibrational, IR, TDDFT, NMR, EPR, NEXAFS, Raman...)

Al

Zis External Library: Lapack/BLAS, ScalLapack/BLACS, MPI, OpenMP, FFTW, libint, libxc, ELPA

))Ké Internal library for handling sparse matrices (DBCSR)



Owitling

/,,\V Density Functional Theory and the KS formalism

>>,\f Gaussian and Plane Wave method (GPW)

Al

o~ Basis sets and pseudo potentials
//.\v S Gaussian Augmented Plane Wave method (GAPW)
/)Kf Orbital Transformations (OT)

%<\‘ Diagonalisation and Mixing

A
N M@TG' S



BFT

Why DFT?

N/ e ey . . )
Zis Explicit inclusion of electronic structure

AL : . ..
7 Predicable accuracy (unlike empirical approaches)

2 . . .
7z~ Knowledge of electronic structure gives access to evaluation of

many observables

A : :
Zic Better scaling compared to many quantum chemistry approaches



Hohenberg-iKohw theorews

Theorem I

A
7

b ~. . . : : . .
/,.\% Given a potential, one obtains the wave functions via Schraodinger equation

Vext(r,R) = H(r,R) = T(r) + Vox (r, R) + Voo (1)

H(r,R)Y(r,R)=FR)¥(r,R) N

Walter Kohn

S€ The density is the probability distribution of the wave functions

n(r) < Vo (r, R)

the potential and hence also the total energy are

unique functional of the electronic density n(r)



HiZ Total energy

Theorem II: The total energy is variational
b [TL] > I3 [ngs]

Etot[n] = Eiin|[n] 4 Eext[n] 4 Euln| + Exc|n]

Al

Zis Exin QM kinetic energy of electron (TF)

Al
>,,\< Eext energy due to external potential

A : ,
¢ EH classical Hartree repulsion

R : ,
>/.§ xc hon classical Coulomb energy: el. correlation



ohn-Sham.: won-iwteracting
electrons

= Zfz’ 9 (r)|”

Electronic density

Zfz <wz )| — —v%( >>

Kinetic energy

External energy

FEext|n] = /n(r)VeXt(r)dr Vext (r) = Z T —Z;{I\

1
Exact solution VU, = mdet [¢1¢2¢3---¢N]



ohn-Shav: won-Lnteracting
electrone

Classical e-e repulsion
1 / 1
Jn| = 5 /r/r/ n‘(rr)_niﬂ)drdr’ =3 /rn(r)VH(r)dr

Kohn-Sham functional

Exs(n| = Ts[n] + Eexs[n] + Jn| + Exc|n]

Exc|n] = Exin[n| — Ts[n| + Eeeln] — J[n|

_

non-classical part



»
KS Bouations
Orthonormality constraint

Qks|¥i| = Exs|n Zézg / i (r);(x

Lagr'ange multipliers

Variational search in the space of orbitals QU [wz] — ()
0y
H L _ 1 2 V _ _
; - 17

Viks(r) = Vext(r) + Vu(r) + Vxo(r)

9



S Eguations

eij diagonal

_%VZ + Vks(r) | ¥i(r) = ei(r)

>>K€ KS equations looking like Schraodinger equations

S
Zic coupled and highly non linear

N/A
Zic Self consistent solution required

A .
)XQ e and y are help variables

R . o
}.\( KS scheme in principle exact (Exc?)

10



Self-consistenty

A
i€ Generate a starting density = nini*

/,,\v S Generate the KS potential = Vs

A .
Zis Solve the KS equations = ¢ |, y

A
Zis Calculate the new density = n!

A .
s New KS potential = Vis!

Al

. , .
Zs New orbitals and energies = ¢

R .
s New density = n®

Al
N

\

Molecular Orbitals
(1-electron vectors

Initial Guess
—>

4

Calculate
Properties Yes

End

Input
3D Coordinates
of atomic nuclei

Fock Matrix

A

Calculation

\4

Fock Matrix
Diagonalization

SCF
Converged?

until self-consistency to required precision

No




Looal Density) Approximation
Uniform electron gas

ELPA ) = / n(r)exe (n)dr

VDA () = 2 = () £ n(e) =

Two contributions

Exc(n) = ex(n) + ec(n)

Dirac ex-functional QMC interpolation (Ceperly-Alder)

Applicable with slow-varying densities

12



ceneralised cradient
ADDrOXLIMatLon.

Gradient expansion

ESCGAn] = /n(r)exc(n)FXC [n, Vn, Vn, ] dr

GGA derivation

Az . .
Zis Explicit form not known

1€ Theoretical approach: by fulfilling formal conditions as

sum rules, long range decay, scaling rules, high/low
density limits, etc.

AL ~. :
2 Fit parameters to experimental results (mol. database)

1=



BaSLS Set Representation

KS matrix formulation when the wavefunction is expanded into a basis

System size {Ne;, M}, P [MxM], C [MxN]
i(r) =) Caital(r)

Variational
n(r) =Y ¥ [iCaiCpita(r)ds(r) = Y Papda(r)ps(r) principle

i ap af Constrained

minimisation
problem

P = PSP

KS total energy
E[{:}] = Tl{yi}] + B [n] + E[n] + B [n] + BV
Matrix formulation of the KS equations

K(C)C = T(C) 4+ Vext (C) + EM(C) + E*(C) = SCe

14



Criteal Tagks

Zs construction of the Kohn-Sham matrix
® Hartree potential
® XC potential
® HF /exact exchange

2{(( Fast and robust minimisation of the energy

functional

S& Efficient calculation of the density matrix
and construction of the MOs (C)

O(N) scaling in basis set size

Big systems: biomolecules, interfaces, material science
1000+ atoms

CPU Time

Long time scale: 1 ps = 1000 MD steps, processes
several ps a day _

Number of Atoms



Classes of Basis Sets

>>K< Extended basis sets, PW : condensed matter

>>,§ Localised basis sets centred at atomic positions, 6TO

))KQ Mixed to take best of Two worlds, GPW: over-completeness

>>,(€ Augmented basis set, GAPW: domains

Tools for the optimisation of 6TO basis sets are

available in cp2k, based on atomic and molecular
electronic structure calculations

16



Generate G TO basts set

&ATOM
ELEMENT Ru
RUN_TYPE BASIS_OPTIMIZATION
ELECTRON_CONFIGURATION CORE 4d7 5s1

CORE [Kr] &POTENTIAL
MAX_ANGULAR_MOMENTUM 2 PSEUDO_TYPE GTH
&METHOD &GTH_POTENTIAL
METHOD_TYPE KOHN-SHAM 1 0 7
&XC 0.61211332 1 5.04489332
&XC_FUNCTIONAL 3
&PBE 0.6421504 2 4.625563 -1.8033490
&END 2.32811359
&END XC_FUNCTIONAL 0.6793665 2 3.233952 -2.42101064
&END XC 2.86457842
&END METHOD 0.3805972 2 -15.5316 13.58045054
&OPTIMIZATION —-15.39878349
EPS_SCF 1.e-8 &END GTH_POTENTIAL
&END OPTIMIZATION CONFINEMENT 0.5 20.00 4.5
&PP_BASIS &END POTENTIAL
NUM_GTO 6 6 6 &POWELL
S_EXPONENTS 3.73260 1.83419 0.80906 0.34515 ACCURACY 1.e-8
0.13836 0.04967 STEP_SIZE 1.0
P_EXPONENTS 3.73260 1.83419 0.80906 0.34515 &END POWELL
0.13836 0.04967 &END ATOM

D_EXPONENTS 3.73260 1.83419 0.80906 0.34515
0.13836 0.04967
EPS_EIGENVALUE 1.E-14
&END PP_BASIS

17



GPW Ingredients

linear scaling KS matrix computation for 6TO

/,,\v s Gaussian basis sets (many terms analytic)

= Z Caida(r) P (1) = Z drmaGm (T) gm(r) = x>y

NA
Zic Pseudo potentials

Al
},\é Plane waves auxiliary basis for Coulomb integrals

S1& Regular grids and FFT for the density

\\'/
Zis Sparse matrices (KS and P)

%% Efficient screening

G. Lippert et al, Molecular Physics, 92, 477, 1997
J. VandeVondele et al, Comp. Phys. Comm.,167 (2), 103, 2005

My Mz

€

2

1L



Gaussiawn Basis Set

S& Localised, atom-position dependent 6TO basis

pu(r) = Z Ay Gm (T)

%)K(é Expansion of the density using the density matrix

n(r) =Y Fupu(r)es(r)

Operator matrices are sparse

19



Awnalytic integrals
Cartesian Gaussian
g(r,n,n,R) = (z — R,)" (y — R,)™ (2 — R,)"e 10 R

l=ns+ny,+n, (I+1)(1+2)/2

Obara-Saika recursion relations'

(04|O(r)|0p) } (a+1,/O(r)[b)

Obara and Saika JCP 84 (1986), 3963

20



BAOSLE Set Libmrg

GTH_BASIS_SETS ; BASIS_MOLOPT ; EMSL_BASIS_SETS

Q 6-31Gx 6-31G*
Q SAWEMUI-GTH SZV-MOLOPT-GTH-q6
vy
s&de1170bol 000183 O 6-311++G3df3pd  6-311++G(3df3pd)
1844 %%ﬁﬁéé&%@@?&i%ﬂd&@%@9366”(?9@%%%273 9
88 (HLEON0N 1052 2449 1006 1
, 7083 8588.50000000 0.00189515
» 6%%4 7@ 8%19&887957 1297.23000000 0.01438590

299.29600000 0.07073200
87.37710000 0.24000100

;x E éégad 0%??699‘}3"500 099878?7&96“ 25.67890000 0.59479700
.59993360 -0.14802630 0.33975280 3.74004000 0.28080200
O DZX%%%@ GTHZMBMOLOPIG T gp 101311
o118 3@43855492 01510165999 0.0000000000 -0.0995679273 0.000000000011750000 011388900  0.03651140
203(57).22[8@1(55@)484 3640000000000000, -0,3011422449 0.000000000¢
| 705

G ?3%?3@%

o 6033%%3 ésggé 2 0.462964485000 -0.572670666200 0.352639910300 04736748584
0.3523163 OU}035800K6H0008 6760006700 0.294708645200 048484837640 1 00000000 1 00000000
442977330880 0.092715833600 0.387201458600 0.173039869300 0.717465919708 % ' 00 ' '

%@%@g@ﬂ -0 0%086?%?%)0 0.003825849600 0.009726110600 0.032498979400 -0. O g 01865&?00 1.00000000
8%5 23495000 0.013950 12211

O TZNBNBLEPI-G @&%XIS%OLOPT GTH-q6 129200000  1.00000000

400 0.92081100 0.23715300
-0.00327447 0.81970200

@(g 1.00000000 1.00000000

2 0 2?% gﬂ)rml993823@ﬂ989598460 0 0000000000 0 0000000000 -0 0595$5§924Q 10.0000000000 0.0000000000
12018 ‘ i1 gj % %4807054400
| 08150 " 186159300
21 g 576499200

o)
i 8 %é@%ﬁ% %@é@‘é@bﬁ
STSIONSS 0435 o 18830400 o 00 0
1 d) 14%9]?%508@@@211@@@5%0@87201458600 0 521378340700 0 173039869300 O 717465919700 -0.436184043700 0.318346834400
084?77&%95]8‘8’00 O?WOG OQWOO 0.175643142900 0.009726110600 0.032498979400 0.073329259500 -0.005771736600

12211
0.80000000 1.00000000

‘%’%A‘ 00 O.é)

S O
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Psewdopotentials

Al .
7 Core electrons are eliminated Zy=Z-Zcore

>)K§ Atomic 1s : exp{-Z r}

RS .
A Zic Smooth nodeless pseudo-wfn close to nuclei

S
2 Bare Coulomb replaced by screened Coulomb

f -

AL

Vpseudo Zis Inclusion of relativistic effects

Al
7 Zis 1ransferable

o Al . .
Z Zic Based on atomic calculations

y Al

’ Zis Matching of orbital energies and shapes (AE)




Generate PP

Reference |
<—§V2 + Vi [n|(r) + Vie[n](r) + Vaue (7“)) wi(r) = ei(r)

PP

~

(=572 + Vil () + Veclnaal (1) + Vi) ) ) = ()

Normconserving / ‘@Z (r) ’ J
(T r =1

Separable: local, nonlocal

Lmax

Vop(r) = Viec(|r]) + Z i ) Vi {Pim|
Im

23



4

PP
ocC

(r) =

qTH Psewdopotentials

VA
Al
4

i=1 .
analytically

Al

> crr (\ﬂ2)aPPr) R )

Zis Norm-conserving, separable, dual-space

zis Local PP : short-range and long-range terms

Z;On erf (ozPP'r)

part of ES

Zs Non-Local PP with Gaussian type projectors

Accurate and

V > >1 ‘plm hl <p§m‘r/> Miransferable
Scalar
) 1 r e o g
<I’ ‘ pgm> _ Nzl Ylm(,’g) T(l—|—2@—2) e 2 (7”1 relativistic

Goedeker, Teter, Hutter, PRB 54 (1996), 1703;
Hartwigsen, Goedeker, Hutter, PRB 58 (1998) 3641

Few parameters

24



GTH PP for O: & val. el.

SATOM
&AE_BASIS
ELEMENT 0 BASIS_TYPE GEOMETRICAL_GTO
RUN_TYPE PSEUDOPOTENTIAL OPTIMIZATION SEND AE_BASIS
&PP_BASIS
ELECTRON_CONFIGURATION [He] 2s2 2p4 BASIS_TYPE GEOMETRICAL_GTO
CORE [He] &END PP_BASIS
MAX_ANGULAR_MOMENTUM 2 &POTENTIAL
PSEUDO_TYPE GTH
COULOMB_INTEGRALS ANALYTIC &GTH_POTENTIAL
EXCHANGE _INTEGRALS ANALYTIC 2 4
0.24455430 2 -16.66721480 2.48731132
SMETHOD 2
METHOD_TYPE KOHN-SHAM 0.22095592 1 18.33745811
RELATIVISTIC DKH(2) 0.21133247 ©
&XC &END GTH_POTENTIAL
&XC_FUNCTIONAL PBEO SEND POTENTIAL
&END XC_FUNCTIONAL
&END XC &POWELL
&END METHOD ACCURACY 1.e-10
SOPTIMIZATION STEP_SIZE 0.5
EPS_SCF 1.e-10 WEIGHT _PSIRQ 0.1
SEND SEND
&PRINT
&BASIS_SET SEND ATOM
&END

&END

25



PP Library

GTH_POTENTIALS

PP PP PP
Toc NC Cl CNC
Ny
1 1

1 Tl {hij}ijzl...nl
2 2

T2 n {hz’j}z’jzl...n2

C GTH-BLYP-g4
2 2
033806609 2 -9.13626871 1.42925956
2
030232223 1 9.66551228
028637912 0
#
N GTH-BLYP-q5
2 3
0.28287094 2 -12.73646720 1.95107926
2
0.25523449 1 13.67893172
024313253 0

Few parameters

#
Al GTH-PBE-¢3

2 1

0.45000000 1 -7.55476126

2

048743529 2 695993832 -1.88883584

2.43847659
0.56218949 1 1.86529857

26



Electrostatic Energy

Periodic system

G~ 747
EESZ/VlEcP() ()dr+2wﬂz )7 + Z| AZB

2 i7p Ra— Ryl
total charge dis'rr'ibu‘l'ionl e (1) = n() + S n
0 — AT
including n(r) and Z ot ) ) EA: )
Za s (;}4) ) Za (|I‘—RA|)
= — " V;:ore — ert c
nA(r) (7304)37‘- € (r) r— R 4| A
rS =V2ries cancels the long range term of local PP

/ EH[n:+ot] long range
EES — /Vigf”(r)n(r) _|_y/ ntot(r)ntot(r)drdr, [ T 1'] g g

r — 1| smooth
+ 5 erfc
Zé‘RA—RB’ |:\/(TA) _|_ :| Z\/%Ti
E° short range, pair Eself

27



Auxitiarg BAOSLS Set

A

—

Z  Long range term : Non-local Hartree potential

n n !
ntot / / tOt’r — :;T( ) drdr’
\\V/

Zn Orthogonal, unbiased, naturally periodic PW basis

Efficient; Mapping

1 :
G

Grid spacing [A]
015013 0.11 010 0.09 0.08

10" HzO GTH TZVZP v}
107 _
Linear scaling solution of the P35 - Electrostatic
Mo (GglO'S
EH[TLtOt] == QWQZ tot (m10_6
107

| 1 | 1 | 1 | 1 |
100 200 300 400 500
Plane wave cutoff [Ry]
2g



Real Space ntegration

Finite cutoff and simulation box define a real space grid

/,,\v Densn“y collocation Screening
Tiruncation
Z Puvpu(r)e,(r) — Z Pu@u(R) =n(R)

uv

Real Space
%)K(é Numerical approximation of the gradient
A N : O€ e
7 €xc and derivatives evaluated on the grid  vxc[n](r) — Vxc(R) = 5 (R)
n
))Kf Real space integration Hi o = (uVaxe(r)|v) — Z Vixc(R)g,, (R)

R

G. Lippert et al, Molecular Physics, 92, 477, 1997
J. VandeVondele et al, Comp. Phys. Comm.,167 (2), 103, 2005 29



Energy Ripples

. . . . . Vnl|?
Low density region can induce unphysical behaviour of terms such | a|
n
n [a.u.] Vye [a-u]

H20, BLYP locally averaged
close to 0 along " : Y : 4
HOH bisector . _ | N (neigh. q

s 10,6 points S9)

with PP s- | |
low density 1 T ! } smoothed finite

at core 0 | 1 : tdifferences (D)

N 1 1 I
2 -1 0 1 2 -2 -1 0 1 -1 0 1 -1 1] 1 2
r [A] r [A] r [A] r [A]

Spikes in vxc = small variations of the total energy as atoms move relative to the grid |
101

H20 dimer
10° .
S .
< 107 alternatively:
—4 N6(c6)-1 .
8810-2 ’L’I’gf,(s) Non-linear core corrected PP
5
- 1073 - le'Db GAPW
104 | |
100 200 300 400

Cutoff [Ry]
20



Multiple Grids

. E! . .
éut — (iclll) ] 1 = 1N
e} Exponent =1
the exponent of Gaussian product selects the grid oonf + + 1
number of grid points is exponent-independent i | Il |
, Accuracy. E
L le-09F & i i ]
R VPU NN - 5 Relative Cutoff
~3O RY le-12f T T )
el =534 56 10 2030 15 20 ;Is'

Integration range Cutoff (Ry) Integration Points

70000 Number of pGif‘S

50000

30000 _FFT

/7

10000

Lb 2 4 6 8 P=

Exponent

|

"I: o
":."I" 2
L,

31



Eel [ n]

SGPW Funstional

ZPMV <90M ——VQ —|—V18R—|—Vn1
27 Z ot (G ntOt Z 7
; P, (<g&u —§v2 4 jext

)

VXC

>+ZVHXC ) R))

Linear scaling KS matrix

construction




&FORCE_EVAL
METHOD Quickstep

CP2K BFT bnput

&XC_GRID
XC_DERIV SPLINE2_smooth

&DFT XC_SMOOTH_RHO NN10
BASIS_SET_FILE_NAME GTH_BASIS_SETS &END XC_GRID
POTENTIAL_FILE_NAME GTH_POTENTIALS &END XC
LSD F &END DFT
MULTIPLICITY 1
CHARGE @ &SUBSYS
&MGRID &CELL

CUTOFF 300 PERIODIC XYZ
REL_CUTOFF 50 ABC 8. 8. 8.
&END MGRID &END CELL
&QS &COORD
EPS_DEFAULT 1.0E-10 0O 0.000000 0.000000
&END QS H 0.000000 -0.757136
&SCF H 0.000000 0.757136
MAX_SCF 50 &END COORD
EPS_SCF 2.00E-06 &KIND H
SCF_GUESS ATOMIC BASIS_SET DZVP-GTH-PBE
&END SCF POTENTIAL GTH-PADE-ql
&XC &END KIND
&XC_FUNCTIONAL &KIND 0O
&PBE BASIS_SET DZVP-GTH-PBE
&END PBE POTENTIAL GTH-PADE-q6

&END XC_FUNCTIONAL

&END KIND
&END SUBSYS
&END FORCE_EVAL

33
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PLDOS [1/eV]

PDOS [1/eV]

BFT for very lavge systems

Ligand-protected Au cluster
762 atoms, ~3400 el.
as superatom complex

Rubredoxin in water solution
~2800 atoms, ~ 55000 Ngo
117s/scf 1024 CPUs (XT3),

80% parallel efficiency

= | = g=—1 =====
L)

E Sy C——

!
0 H [
] () 15

: - nn [k H rluﬂnm.nﬂn‘ﬂ'ﬂ-
E

.. R [A]
Metallicity of the Au79 core
15 Au102 (p_MBA)44 DI re——— I
P m— g —
10 S F |
5
0

1.5

Aﬁ A

-1.5 -1 0.5 0

M. Walter et al., PNAS, 105, 9157 (2008)

() |
=]

Solvated metallo-protein

Sulpizi et al, JPCB ,111, 3969, 2007

http://www.cp2k.org/science



http://www.cp2k.org/science

Havd and Soft Densities

- ¢ -+ Formaldehyde

Ay .
Zis Pseudopotential = frozen core

9)):(% Augmented PW = separate regions (matching at edges)

LAPW, LMTO (OK Andersen, PRB 12, 3060 (1975)

RUZ : . .
Zis Dual representation = localized orbitals and PW

PAW (PE Bloechl, PRB, 50, 17953 (1994))



Pavtitioning of the Density

na(r) = Z Puyxfxf n(r) = ZPW%% — Zﬁ(G)eiG'R
1% G

qaussian Augmented Plane waves

26



Local Densities

- ZPWX;?X;/LX A
U

Xu projection of guin (a

through atom-dependent d’
ough atom-depende > oV

Z A A ga overlap in A

projector basis (same size)

{Pa } Ao = k™ Amin (Palop) = Z uﬁ<pa|gﬁ>
g

na(r) =) | Pudiads| 9a(r)gs(r) = Y PG galr)gs(r)

af L pv i af

37



Density Dependent Terms: XC

Semi-local functional like local density approximation, generalised
gradient approximation or meta-functionals

Gradient:  Vn(r)=Va(r)+ ) Vna(r)—» Via(r)
A A

Eln] = / Viee(t)n(r) = / {Vloc<r>+2vlfc<r>+zvlz‘c<r>}
A

A

38



bemitg Depenlent Terms: ES

Non local Coulomb operator

): ) QL gL(I') \ ccmp@nSGﬂOn
EA: > Qi gi

/// n“(r)zgjn%(r 2 | charge
_

Same multipole expansion as the
local densities

Qﬁ = / {nA(r) —na(r) + ni(r)} rlylm(6’¢)r2dr sin(6)dOd¢

v@@ s V[n%fx] =S v@@]
A A

Interstitial region
Atomic region

=9



T
3
AL
S

|

T
T
3
1

S
_ N

|

T
T
3
1

5

on global grids
via collocation + FFT

Lippert et al., Theor. Chem. Acc. 103, 124 (1999);

Krack et al, PCCP, 2, 2105 (2000)

Analytic integrals
Local Spherical Grids

Tannuzzi, Chassaing, Hutter, Chimia (2005);
VandeVondele , Tannuzzi, Hutter, CSCM2005 proceedings
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CP2K vs G032

All-electron Calculations

<y e

L)
ol
[ J

X
\,
Qo

[ )

A
/\C/

N
T

1““'('}7§“““_
e ©

,————_——_-—-— —— =

L &
O <" o

G
.49’
°

&
W
Y}

60

50

-
4

-
o

-
(Q\]

[oonreH-M] J011q

10
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P,

\IZ
ZI\

.
Zi\\

\I

\IZ
71N

\/
AN

\IZ
ZI\

.
Zi\\

\I

Energy Functional Minimisation
C* = argmin {E(C) : C7SC =1}

Standard: Diagonalisation + mixing (DIIS, Pulay, J. Comput. Chem. 3,
556,(1982); iterative diag. Kresse G. et al, PRB, 54(16), 11169, (1996) )

Direct optimisation: Orbital rotations (maximally localised
Wannier functions)

Linear scaling methods: Efficiency depends on sparsity of P (' S.
Goedecker, Rev. Mod. Phys. 71, 1085,(1999))

o)
L ] T E
|

o

/ —cy/Egap|r—r’] %0
P(r,r') xe gap 0.5}
N0.4
g =
203

/ ! ©
up Sqv //Spp (r,r7)pq(r")drdr 50'2.
= 0.1

Q

&3

E

1 0.1 0.0l 0.0l 0.000l le-05
required precision
42



2. % » » 2
Traditional Dragonalisation
Eigensolver from standard parallel program library: SCALAPACK

KC = SCe¢

Transformation into a standard eigenvalues pr'oblem'
Cholesky decomposition S=U TU C'=UC

KC=U"'"UCe = [(U")'KU'|C' =C¢

Diagonalisation of K' and back transformation of
MO coefficients (occupied only (20%))

DIIS for SCF convergence error matrix
acceleration: few iterations e = KPS — SPK

scaling (O(M3)) and stability problems

4=



ovbital Transformation Method

Auxiliary X, linearly constrained variables to parametrise the occupied subspace
not linear orthonormality constraint Linear constraint
C'SC =1 XSCy =0
C(X) = Cycos(U) + XU *sin(U) U= (XTSX)M2
matrix functionals by Taylor
expansions in X'SX

\I/

'4
s Guaranteed convergence

R\\//X

o o . . ope Al . . ey
minimisation in the auxiliary Tcmgen%< Various choices of preconditioners
idempotency verified

f
OE(C(X)) —g)'];r(X SCod) _ gg g; S KS diagonalisation avoided

Y

\I/

/ . . . .
7 Limited number of SCF iterations

\I/

CG(LS) or DIIS ,,\::—i Sparsity of S and H can be exploited

R\\//X

Preconditioned gradients| 2 Scaling O(N?M) in cpu and O(NM) in
memory
PH—-S¢)X -X =0

S Optimal for large system, high

quality basis set

VandeVondele et al, JCP, 118, 4365 (2003)



OT performance

1 SCF iter DzVP TZVP TZV2P QZV2P QZV3P
64 H.O

OT 0.50 0.60 0.77 0.87 1.06
32 CPUs IBM SP4
M Diagonalisation  6.02 8.40 13.80 17.34 24.59

. I I I el | I I I I
1000  CPU time for 1 MD step: SCF+For'ces' -
: : : TZV2P (40 functions per Hz0),
1024 H,0 j 280 Ry PW cutoff
' 100E \\1 _ eps(scf) = 10°, CRAY XT5
S12H,0 - System M N
i 32 Ho O 1280 128
1B H0 E 128 HoO 5120 512
§1HO : 256 HoO 10240 1024
) ] 512 HoO 20480 2048
P20 e, 1024 HoO 40960 4096
14 32 64 1 78 736 5 l 2 1024 2048
I\umber of CPUs

Structure optimisation 50+100 iterations = ~1 hour for 512 H20
MD simulation (10 ps) 10000 iterations = ~1ps per day for 512 H20

45



oT iwput

&SCF
EPS_SCF 1.01E-07
&OUTER_SCF
MAX_SCF 20
EPS_SCF 1.01E-07/

&END OUTER_SCF

SCF_GUESS RESTART

MAX_SCF 20

&0T
MINIMIZER DIIS
PRECONDITIONER FULL_ALL

&END OT

&END SCF
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BYye Sensitized Solay Cell

In situ electronic spectroscopy and dynamics

dye-iodide complex attached to TiO2

F. Schiffmann et al., PNAS 107 4830 (2010)

S 1751 atom computational cell, 864

(TiO2), 60 dye+electrolyte, 828 solvent
SE 9346 electrons, 22951 basis functions
S& MD simulation using PBE (DF T+U)

%}K{é CPU time on 1024 cores Cray-XT5
S1& SCF iteration: 13.7 seconds

S1E MD time step: 164 seconds
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Linear Sealing SCF

A . .
Zic Based on sparse matrix matrix

multiplications

1
P = 5 (I — sign (S_lH ,u[)) S~
Al : . ..
s Self consistent solution by mixing
Hn—l—l(Pn—l—l)

Hn_|_1 — (1 — &)Hn — OéHn_|_1

%,l\s Chemical potential by bisecting until

Upa1 : trace(P,+15) — Neg| < 1/2

Largest O(N?®) calculation with CP2K
\(~6000 atoms)

A e i i

| / 22nm | (ﬂ(\m

Largest O(N) calculation with CP2K
(~1'000'000 atoms)

VandeVondele, Borstnik, Hutter; JCTC 10, 3566 (2012)

22nm
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Spavse Matrix Library

DBCSR: Distributed Blocked Compressed Sparse Row

NA : :
Zic For massively parallel architectures

)Xé Optimised for 10000s of non-zeros per row (dense limit)

A .
Zie Stored in block form : atoms or molecules

Si€ Cannons algorithm: 2D layout (rows/columns) and 2D distribution of data

AW
—

Zic Homogenised for load balance

given processor communicates only with nearest neighbours
transferred data decreases as number of processors increases

Borstnik, et al; submitted

9



Wall time [min]

Millions of atows

1 LI |||| 1 || 1 1 |||| 1 1 1 LI |||| 1 1 1 LI
103:_ =
- . » Accurate basis sets, DFT
i 46656 cores
10°F E The electronic structure
1 ™ 0O(10°%) atoms in < 2 hours
10'F 3
. ~ ] Minimal basis sets:
g i DFT, NDDO, DFTB
0 1 | I | IIII (] [ | ] | IIII ] ] ] L1 |||I ] ] | L1
10
0 0 10° 9216 cores

Number of atoms

Bulk liquid water. Dashed lines represent ideal linear scaling.
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Metallie Electronie Structure

1
Epand = Z — / enk®(enk — Ep)d’k  — > > wienO(enk — Ef)d’k
OBz JBZ —

L - 40 :
| Rh band structure | i |

S | P\' 0k 9-70{& CKS and €ys needed
L eev X ‘

T Ef \ casyey DT185el
=&.‘ =% 0 ‘
- - "' T ',l | |ﬁ

AT B 0 b RS O |
Lo o1 a5 10 4]

charge sloshing and exceedingly slow convergence

S€ Wavefunction must be orthogonal to unoccupied bands close in energy

A
Zie Discontinuous occupancies generate instability (large variations in n(r))

A
Zie Lntegration over k-points and iterative diagonalisation schemes

51



Swearing § Mixing in G-space
Mermin functional: minimise the free energy

F(T)=E =) kpTS(fn) S(fn) = —fuln fro + (1 — fu)In(1 — f,)]

Any smooth operator that allows accurate S(f,) to recover the T=0 result

f (571 —Ef) B 1
"’ kT exp (8”_Ef) +1

ksT

Fermi-Dirac

Trial density mixed with previous densities: damping oscillations

m—1
n,irglil = %P 4 G'R[n"P] + Z a; (An; + G'AR;)
i=1
residual

R[n"P] = pout [pinp] — inp minimise the residual

G preconditioning matrix damping low G



t
POy

n"V(r)

leeraitive tmaproveyent of the the w(v)

Input densi’ry matrix
P 0 — n' "(r)

\ 4

Update of KS Hamiltonian

\ 4

diagonalization plus iterative refinement C,, €,

\ 4

Calculation of Fermi energy and occupations E¢ fy,

\ 4

New density matrix
t
POB — nou (I‘)

4

Check convergence

max {POllt 3“5 }

\ 4

Density mixing

nout nin nh . _y pnew
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Rhodivm: Bulle and Surface

Rh(111) d-projected
LDOS

Bulk: 4x4x4

Surface: 6x6 7 layers

Basis PP ap[A] B[GPa] Es[eV/A’] WeV]

3s2p2df 17e  3.80 258.3 0.186 5.11
2s2p2df 9e  3.83 242.6 0.172 5.14
2sp2d 9¢e  3.85 230.2 0.167 5.20
spd Oe 3.87 224.4 0.164 5.15

. Qi7

DZIVP

4 0 4

E-Ef [eV]
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SealAPACK for diagonlisation

> > >
A T (.4, d,
reduction to compute transform
tridiagonal form eigenvalues and eigenvectors
—vectors of T

pdsyevd (ESSL) on IBM BGP

. . _ o_ Iridiagonalization
1003 atoms  Polyalanine peptide o | E(B: g
27069 BSf ) : : 5 {p,)v- -¢d-¥—¢- Solution
> : ; a g ® s ; - S
a ; ’ | 2 D), =~y Cho.1—__

‘ - ' - 10F e E

Y £ $ ' % = : (B} ™ Back trans. :
. 1 - = : Cho 2

' |

512 1024 2048 4096 8!92
Number of Processor Cores

576 Cu, nao=14400, Nelect.=6336, k of eigen-pairs=3768

time x SCF, on CRAY XE6

nprocs syevd syevr Cholesky
32 106 (49%) 72 (40%) 38 (21%) o
64 69 (46%) 48 (37%) 34 (26%) >70% in eigenvalue solver

128 41 (41%) 29 (34%) 23 (28%)
256 35 (41%) 26 (34%) 24 (32%)
Syevd: D&C
Syevr: MRRR

poor scaling
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1000

CF

Total time for 12 S

ELPA (http://elpa.vze.wmpg.de)

Improved efficiency by a two-step transformation and back transformation

better scaling
complex complex

mainly "cheap"
BLAS 3

reduction to
tridiagonal form

better scaling

* (%,q,)

compute
eigenvalues and
-vectors of T

N atom= 2116; Nel = 16928;
nmo = 10964 nao = 31740

v.
rAll - syevr Diag - syevd . 10000 |
All - ELPA Diag - syevr
Diag - ELPA
1000 }
500 1000 1500 2000 2500 3000

Number of cores

higher per-node perf
better scaling
complex

partial /

complex band form by
Wrtlaﬂ blocked
orthogonal
" q, transformations
transform

eigenvectors

N atom= 480; Nel =
nmo = 7400; nao =

6000;
14240

R e —— T
—_————————

Diag - syevd
All - ELPA '

\-——/‘

Diag - ELPA

500 1000 1500 2000 2500 3000 3500 4000 4500
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http://elpa.rzg.mpg.de

Large wmetallic systems

hBN/Rh(111) Nanomesh
13x13 hBN on 12x12 Rh slab

graph./Ru(0001) Superstructure
25x25 g on 23x23 Ru

i R TR
- .

L e ) N
S \“;'_\

».
- .
o ™
-~

U TS
f\.&\\.

<4 .

RTINS

.
S~
|
A

. At it NN
1 A AARRRNNY

OO AN AR A AN AN AN AT AT AT e

~

]

OO AT AT AR AT AT AT AR AR AT

2116 Ru atoms (8 valence el.) + 1250 C atoms,
Nel=21928, Nao=47990 ;

-

~ 25 days per structure optimisation, on 1024 cpus

Slab 12x12 Rh(111) slab, ap=3.801 A, 1 layer hBN 13x13
4L: 576Rh + 169BN: Nao=19370 ; Nel=11144
7L: 1008Rh + 338BN: Nao=34996 : Nel=19840

Structure opt. > 300 iterations => 1-:2 week on 512 cores



&SCF
SCF_GUESS ATOMIC
MAX_SCF 50

EPS_SCF 1.0e-7
EPS_DIIS 1.0e-7
&SMEAR
METHOD FERMI_DIRAC
ELECTRONIC_TEMPERATURE
&END SMEAR
&MIXING
METHOD BROYDEN_MIXING
ALPHA 0.6
BETA 1.0
NBROYDEN 15
&END MIXING
ADDED_MOS 20 20
&END SCF

SCF for Metals

&XC
&XC_FUNCTIONAL PBE
&END
&vdW_POTENTIAL
500. DISPERSION_FUNCTIONAL PAIR_POTENTIAL
&PAIR_POTENTIAL
TYPE DFTD3
PARAMETER_FILE_NAME dftd3.dat
REFERENCE_FUNCTIONAL PBE
&END PAIR_POTENTIAL
&END vdW_POTENTIAL
&END XC
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