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Ovtlive

i€ Density Functional Theory and the KS formalism

%}:((é Gaussian and Plane Wave method (GPW)

Al

a~ Basis sets and pseudo potentials

>),§ Gaussian Augmented Plane Wave method (GAPW)



PFT

Why DFT?

/,,\v Explicit inclusion of electronic structure
S Predicable accuracy (unlike empirical approaches, parameter free)

Al
Zic Knowledge of electronic structure gives access to evaluation of many
observables

1€ Better scaling compared to many quantum chemistry approaches

A

L : : : :
¢ Achievable improvements: development of algorithms and functionals

large systems, condensed matter, environment

effects, first principle MD



Hohewberg-Kohwn theoremes

Theorem I

A
7

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

Vext(r,R) = H(r,R) =T(r) + Veyi(r, R) + Vie(r)

H(r,R)¥(r,R)=FER)¥(r,R) \
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)



HiC Total energy

Theorem II: The total energy is variational
E [n] > b [ngs]

Eios[n] = Exin|n] + Eext|n| + Eu(n| + 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-Shaw: won-Lnteracting
electrone

2

= > [ili(r) .

-
(/

Kinetic energy of non interacting electrons

-3 (i) = 5 710s(r) )

Electronic interaction wn‘h the external potential

Electronic density

B [n] = /n(r)VeXt(r)dr Vext () = Z T _ZIRI‘

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

(23



kS energy functional

Classical e-e repulsion

J[n] = % / / | ”‘(:)_”S‘/ ) drdr’ — % / n(r) Vg (r)dr

r

Kohn-Sham functional

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

Excln] = Exn|n| = Ts[n| + Eecln| — J[n)

_

non-classical part



S Eguations

Orthonormality constraint

Qks|Yi| = Exs|n Zézg / i () (x

Lagr'ange multipliers

Variational search in the space of orbitals

1
Hygsv; = _§v2‘|‘VKS

i =Y €
_ y

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

g



S Eguations

eij diagonal

SV Vis(0) | d(r) = et (o)

>>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?)



Self-consistensy

A
i€ Generate a starting density = nini*

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

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

Al
Zic Calculate the new density = n'

\V, .
},\( New KS potential = Vis?

Al

. , .
Zs New orbitals and energies = ¢

R .
s New density = n®

Al
N

\/

Initial Guess
Molecular Orbitals
(1-electron vectors)

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




BASLS Set Representation

KS matrix formulation when the wavefunction is expanded into a basis

System size {Ne;, M}, P [MxM], C [MxN]
%’ (I‘) — Z Cozi¢oz (I‘)

Variational

n<r) — Z Z fiCoziCBi¢a (I')¢5 (I‘) — Z Paﬁ¢a (I‘)¢B(I') pr'inciple

i ap o3 Constrained

P = PSP

minimisation
problem

KS total energy
E[{i}] = T[{¢i}] + E™[n] + EV[n] + E*%[n] + B
Matrix formulation of the KS equations

K(C)C = T(C) + Vi (C) + EM(C) + E*(C) = SCe



Critical Tasks

s Construction of the Kohn-Sham matrix
® Hartree potential
® XC potential
® HF /exact exchange

\I%
A\

N

!

N/

Fast and robust minimisation of the energy
functional

S& Efficient calculation of the density matrix

and construction of the MOs (C)

I L |
— O(N)
— O(N%)
— O\

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

E‘\é Localised basis sets centred at atomic positions, 6TO

Idea of GPW: auxiliary basis set to represent the density

>>K§ Mixed (GTO+PW) to take best of two worlds, GPW: over-completeness

Xé Augmented basis set, GAPW: separated hard and soft density domains

13



GPW Ingredients

linear scaling KS matrix computation for 6TO

Az
Zie Gaussian basis sets (many terms analytic)

=) Caita(r) o) =Y dmagm(r)  gm(r) =az™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 M

€

2

14



Gaussian Basits Set

$\V€ Localised, atom-position dependent GTO basis
— Z dmugm(r)
m
A

7 Expansion of the density using the density matrix

=" Pupu(r)es(r)

Operator matrices are sparse

Sw= [ eume,ar '

H,, = / o 1)V (r)gn (r)dr o |

15



Amlgtio Integrals
Cartesian Gaussian
g(r,n,n,R) = (v — R,)" (y — R,)" (2 — R.)"e "R
l=n,+n,+n, (I+1)({I1+2)/2

Differential relations

0 9, 0,
IR, n) =2nn+1;) —n;n — 1;)

Obara-Saika recursion relationsl
(Oa|0(r)\05) } (a+ 1;|O(r)|b)

Obara and Saika JCP 84 (1986), 3963

16



OS RLoUrsSLOW relations

Invariance of integrals

0
5)7“2'

Shift of angular momentum

(alO(r)|b +1;) = (a+ 1;]O(r)|b) + (A; — B;)(a|O(r)|b)

(alO(r)[b) =0

Overlap

T
o+ 3

(0a|05) = ( )3/2 exp[-§(A —B)*]  £=

1

(Ck n 6) [nm(a — ]-z‘b) —+ nib(a\b — 12)]

(a+1;b) = (P, — A;) (alb) + 5

aA + 5B
a—+ B

P =

17



BAasLs Set Libmva

GTH_BASIS_SETS ; BASIS_MOLOPT ; EMSL_BASIS_SETS
6-31Gx 6-31G*

Q
Q SAWKMUIHT-GTH SZV-MOLOPT-GTH-q6
i
2

O 6-311++G3df3pd 6-311++G(3df,3pd)

%4@@?&%66&8%9@9366‘@9%%%273 9
Whhi 2449 10061
d . 10 £ 7083 8588.50000000 0.00189515
i 6%% 47@8%74%%879 57 129723000000 0.01438590

299.29600000 0.07073200

1 (ﬁ 14 9@ 30880 0 092715833600 0.173039869300 7 37710000 0.24000100

;xR 3300 -0.000259943800 0.008736449600 25.67890000 0.59479700
.59993360 -0.14802630 0.33975280 3.74004000 0.28080200
O DZX%%%@ GTHARZMBMOLQPIG T gb 101311
o118 3@43855492 0 1510165999 0.0000000000 -0.0995679273 0.000000000011750000 011388900  0.03651140
20 ggjz%dﬁsmm 3640000000000000, -0,3011422449 0.000000000¢
| 705

G ?3%878%

o 603%%%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 O%Og&?gélﬁ%&() 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 OOOOOOOOOO -0 059585@924(1 10.0000000000 0.0000000000
1203553405 i1 gj % %4807054400

| 08150 " 186159300
21 g 576499200

e e

1 & 14%9]?%508@@”@2116&@5&9@1)0@87201458600 0 521378340700 0 173039869300 O 717465919700 0 436184043700 0.318346834400
0 8%7&9%]8‘%?00 -0 ?WOG 0 QWOO 0.175643142900 0.009726110600 0.032498979400 0.073329259500 -0.005771736600

12211
0.80000000 1.00000000 18

‘%’%A‘ 00 O.é)

S O
_uwo



cp2k/data/

ALL_BASIS_SETS
ALL_POTENTIALS
BASIS_ADMM
BASIS_ADMM_MOLOPT
BASIS_MOLOPT
BASIS_RI_cc-TZ

GTO in CPRAK

RS . . L
Zic The repository contains several 6TO libraries

BASIS SET HFX_BASIS dftd3.dat

BASIS ZIJLSTRA HF _POTENTIALS nml2_parameters.xml
DFTB MM_POTENTIAL rvvV10_kernel_table.dat
EMSL_BASIS SETS NLCC_POTENTIALS t_c_g.dat
GTH_BASIS_SETS POTENTIAL t_sh_p_s_c.dat
GTH_POTENTIALS README vdW_kernel_table.dat

Tools for the optimisation of 6TO basis sets are

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

19



Generote S TO bosis 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

20



Psewdlopotentials

N2

Zns Core electrons are eliminated Zv=Z-Zcore

>)K§ Atomic 1s : exp{-Z r}

R .
Zic Smooth nodeless pseudo-wfn close to nuclei

S
2 Bare Coulomb replaced by screened Coulomb

)

A
Zic Inclusion of relativistic effects

N/
Zis 1ransferable

\v Angular dependent potentials:

Pt p peaked at 3.9A
s peaked at 2.4A
d peaked at 1.3A



gienerote PP

Reference |
(=574 Valal(r) + Vaclal() + Vine(r) ) () = extn ()

PP

~

(=572 + Vil (1) + Vaclra](7) + Vi (1)) Gu(6) = xta)

2
dr = 1

~

Normconserving / Dy (r)

Separable: local, nonlocal

Lmax

Vop(r) = Vioe(|r|) + Z i ) Vi {Dim |
Im

22



4

PP
ocC

(r) =

GTH Psewdopotentials

/,,\v Norm-conserving, separable, dual-space

A
Zis Local PP : short-range and long-range terms

4

(20-2) PP _\2 Lion
Z C;F (\/(Z)Ozppfr‘) e ()" _ erf (ozPPr)
— r
= analytically part of ES

2}(@ Non-Local PP with Gaussian type projectors

Accurate and

V 5 5 ‘plm hl 'm‘r/> miransferable
, Scalar
. 1 ( r o o .
<r | p§m> — Nil Ylm(f,c) P(142i=2) =2 (TZ) relativistic

Few paramefers

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



Psewdopotential integrals

Local PP (SR): 3-center terms
(a + 1;/c|b) H;(a|c|b)
1

" 20+ B+ )

+  ni[(a+ 1ilc = 24|b) + (A; — Cs)(alc — 2;|b)]]

[nm(a — 1Z|C|b) -+ nib(a]c\b — ]-z)

_B+1C—-(B+7)A

H
a+ 0+

(P —C)*| (alb)

a—+ 5 >3ﬂexpl_7 a—+ 5

m”%mw:(a+ﬁ+v a+ B+

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 uibrara

GTH_POTENTIALS

PP PP PP
Toc N C'1 CNC
Ny
1 1

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

T2 n {hz’j}z’jzl...nz

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

025523449 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

Lps = /‘/I(P))CP(I')’”(I')CZI‘—FQTFQZ n ((2?((;) +% Z | ZALB
G

total charge disTr'ibu‘l'ionl e (1) = n(r) + S 1alr
including n(r) and Z ot (1) (r) EA: alr)

= — o "A V — f
nA(I‘) (T%)Sﬂ- € core( ) ‘I‘—RA‘er 741c4
rS =V2ries cancels the long range term of local PP
B B ntot ntot d d EH[n'l'o't] Iong r‘ange
ES = / 2// r—1 rar smooth
1 V- R4 — RB 1 Z5
+ = erfc
QE\RA—RB! {wu) } Zﬂri

E®’ short range, pair Eself
27



Auxilia ry Basits Set

A

—

Z  Long range term : Non-local Hartree potential

ntot ntot

ntot = , )drdr’
r — 1/

\\V/

Zn Orthogonal, unbiased, naturally periodic PW basis

Efficient: Mapping

1 :
G

Grid spacing [A]
015013 0.11 010 0.09 0.08

B0, 6TH TZV2P i

10
: , , 10
Linear scaling solution of the P
et SuEg S o U TR T S
=10
H ﬁ;:kot(GL% 10
E7 niot| = 272
[ tot] Z ( o
10

Electrostatic
Energy

J @) (IJI N w [\ —_

| 1 | 1 | 1 | 1 |
100 200 300 400 500
Plane wave cutoff [Ry]
28



r2al Space Integration

Finite cutoff and simulation box define a real space grid

\'/ [
aie Density collocation Screening

= Pupu(r)pu(r)

Truncation

P
/ uflllll;lIHE]I!IDIII!ZIHE]IHE“ \
n(G) '
W(G) — Vi (G) = V(R | EE
n( ) 7 H( ) G2 H( ) Jl'fI;IHI@H@H@H@N@H@l;g
Real Space G—Space
51& Numerical approximation of the gradient n(R) — Vn(R)
Al O€
7 €xc and derivatives evaluated on the grid vxc[n](r) = Vxe(R) = 5 (R)
T
Al
Zic Real space integration Hifve = (uVaxce()lv) = > Vaxc(R)¢,, (R)

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

29



Ewnergy Ripples

1 -1 0 1 2
| r[A]

. . . . . Vnl|?
Low density region can induce unphysical behaviour of terms such ’ O)
n
n [a.u.] Vyeo [a.u.]

H20, BLYP locally averaged
closeto 0 along 1o | locally average
HOH bisector . _ n (neigh. g

’\/sp/";: 3106 poin‘l's Sq)
with PP | |
low density T } smoothed finite
at core an f rdifferences (D9)

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

H20 dimer
10° .
S .
< 10 alternatively:
—4 N6(c6)-1 .
8810-2 ’3;'86(5) Non-linear core corrected PP
5
- 1073 510-D6 GAPW
104 | j
100 200 300 400

Cutoff [Ry]
30



Multiple Grids

El

) _ cut
cut 04(7’_1) )

the exponent of Gaussian product selects the grid oo

—

I.N

number of grid points is exponent-independent

Accuracy

2
o, =1/2n, => Relative Cutoff

~30 Ry

70000 Number of pair's

50000

/‘

30000

10000

4
Exponent

6

Error

- _FET

Exponent =1

le-U6 )

le-08

le-12}

le-15

L 1I\l.

1 !

Int

-0 0 |
123456 10 "0 30 15 20 25
egration range Cutoff (Ry) Integration Points

—!‘l Q Ul_ll =

31



Awnalysis of Multigrid

Bulk Si, 8 atoms, a=5.43A, E..+=100 Ry, Ere1 =60 Ry

total gridlevel count

# REL_CUTOFF =
# Cutoff (Ry)

50

100.
150.
200.
250.
300.
350.
400.
450.
500.

.00
00
00
00
00
00
00
00
00
00

60

| Total Energy (Ha)
.3795329864
.3804557631
.3804554850
.3804554982
.3804554859
.3804554843
.3804554846
.3804554851
.3804554851
.3804554850

-32
-32
-32
-32
-32
-32
-32
-32
-32
-32

Changing Ecyt from 50 to 500 Ry

| NG on grid 1 | NG on grid 2

5048
2720
2032
1880
264
264
56
56

)

)

5432
5000
3016
2472
4088
2456
1976
1976
2032
2032

cutoff
cutoff
cutoff

16
2760
5432
3384
3384
5000
5688
3016
3016
3016

0

16
16
2760
2760
2776
2776
5448
5448
5448

| NG on grid 3 | NG on grid 4



Eel [n]

GPW Functional

Z Py <90M ——V2 + VISR + Vi

27 Z ot (G ntOt Z n

>l

= vQ Vext
5 +

%>

VXC

> + ZVHXC )1 R))

Linear scaling KS matrix

construction

23



&FORCE_EVAL
METHOD Quickstep

CP2K BFT baput

&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-PBE-ql
&XC &END KIND
&XC_FUNCTIONAL &KIND 0O
&PBE BASIS_SET DZVP-GTH-PBE
&END PBE POTENTIAL GTH-PBE-q6

&END XC_FUNCTIONAL

&END KIND
&END SUBSYS
&END FORCE_EVAL

24
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BFT for very large systewms

Ligand-protected Au cluster Rubredoxin in water solution

762 atoms, ~3400 el. ~2800 atoms, ~ 55000 Na
s superatom complex 117s/scf 1024 CPUs (XT3),
80% parallel efficiency

R

~

-~

4

.

<

’

-

4

~

y £
.’. S

'-

1 5

L
‘M&A‘——.—.

—_
9}

—_
)

PLDOS [1/eV]

S W

energy [eV] . . SO'VGTCd mZTG“O-pf‘OTein

W
[e]

Sulpizi et al, JPCB ,111, 3969, 2007

|\
]

PDOS [1/eV]
o o

-1.5 -1 -0.5 0 0.5 1

M. Walter et al., PNAS, 105, 9157 (2008) http.//www.cpZk.org/science



http://www.cp2k.org/science

Hard and Soft Densities

-4 Formaldehyde

2 .
7 Pseudopotential = frozen core

%}:{é— Augmented PW = separate regions (matching at edges)

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

A . . :
Zic Dual representation = localized orbitals and PW

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

26



Partitioning of the Density

n(r) — n(r)= I
na(r) — far)=0 [ S
n(r) — na(r)=0

fi(r) — fa(r) =0 }r A

TLA(I') ~ Z P"“/X,ZXXJS n(r) = Z Pupuoy — Z fl(G)eiG'R
Hv G

qaussian Augmented Plane waves

37



Local Denstties

- Z P X Xi)
pv o

Xu projection of @uin (a

through atom-dependent d’
g P v TR

overlap in A
Z diiey Go(r

projector basis (same size)

{Pa} Ao = K% Amin (Palpp) = dﬁ% (Palgp)

=[]

na(r) = Z ZPMVd:fclxd/u% ga(r)gs(r) = ZP/B Jga(r)gs(r)

af L pv i af

38



Density Dependent Terms: XC

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

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

Eln] =/ Vige(r)n(r) = /{Woc(r)ﬂLZszc(r)JrZVz?c(r)}
A A

=9



Density Dependent Terms: ES

Non local Coulomb operator

n0(r) =S n (r) = L L. Compensation
// D ILUED I PRLZTZIUE S
/

07
% Same multipole expansion as the

local densities

Qﬁ = / {nA(r) —na(r) + ni(r)} rlylm(egb)rzdr sin(0)dOd¢

v@@ ns V[n%ﬁ] 5S v@@]
A A

Interstitial region
Atomic region



GAPW Functionals

Eazc[n] — Emc[ﬁ] + Z E:Uc[nA] — Z Ea:c[ﬁA]
A A
Z L ~ 0
Egln+n®| = FEgn+4+n|+
ZEH[nA -+ ni] — ZEH[ﬁA + IIO]
A \A /
on global grids Analytic integrals

via collocation + FFT Local Spherical Grids
Lippert et al., Theor. Chem. Acc. 103, 124 (1999): Tannuzzi, Chassaing, Hutter, Chimia (2005);

Krack et al, PCCP, 2, 2105 (2000) VandeVondele , Tannuzzi, Hutter, CSCM2005 proceedings
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GAPW Input

&DFT &SUBSYS
&QS &KIND O

EXTRAPOLATION ASPC BASIS_SET DZVP-MOLOPT-GTH-q6
EXTRAPOLATION_ORDER 4 POTENTIAL GTH-BLYP-qg6
EPS_DEFAULT 1.0E-12 LEBEDEV_GRID 80
METHOD GAPW RADIAL_GRID 200
EPS_DEFAULT 1.0E-12 &END KIND
QUADRATURE  GC_LOG &KIND 01
EPSFIT 1.E-4 ELEMENT O
EPSISO 1.0E-12 # BASIS_SET 6-311++G2d2p
EPSRHOOQ 1.E-8 BASIS_SET 6-311Gx**
LMAXNO 4 POTENTIAL ALL
LMAXN1 §) LEBEDEV_GRID 80
ALPHAQ_H 10 RADIAL_GRID 200

&END QS &END KIND

&END DFT &END SUBSYS



CP2K vs G032

All-electron Calculations
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P,

\IZ
71N

\V/
Zi\\

\IZ
Z\

L
AN

\I

\IZ
71N

/2
Zi\\

Bnergy Functional Minimisation
C™ = argmcin {E(C) : C*"SC =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))

P(I‘,I’l) -~ e—c\/Egap|r_r/|

up S // p(r)P(r,rl)p,(r ’)drdr -

| 0.1 0.01 ().()().l 0.0001
required precision

le-05
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Traditional Diagonalisation

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
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Metallic Blectronte Strusture

1
Bz JBZ —

' Ty o el
A.°.' 0l 1
. P ol P’f-’r?' C«s and Eis needed
! ; S - ‘ 5 . ‘-.__. f“ 6\ "
lm-- Aot b e - - j--_r-.- ’ Rd -} n LA 1l 1 J 1 L J J_L A._‘—.

N 05
charge sloshing and exceedingly slow convergence

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

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

S
Zie Lntegration over k-points and iterative diagonalisation schemes
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Sw.earing § Mixing in G-space
Mermin functional: minimise the free energy

F(T) =F — ZkBTS(fn) S(fn) — _[f'n lnfn -+ (1 o fn) hl(l o fn)]

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

en, — F 1
fn( !

) oxp (Frt) + 1

Fermi-Dirac

Trial density mixed with previous densities: damping oscillations
. . . m—1
nob | =nmP + G'R[nP] + Z a; (An; + G'AR;)
1=1
residual

RInIP] = pout[pinp] _ pinp minimise the residual

G preconditioning matrix damping low G
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t
POy

n"V(r)

lkerative lmprovement of the the w(r)

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‘)

¥

Check convergence

max {POut glﬂ }

\ 4

Density mixing

nout nin nh . _y pnew
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Rhodium: Bulk and sSurface

Bulk: 4x4x4

Surface: 6x6 7 layers

Basis PP ag[A] B[GPa] Es[eV/A’] WeV]

Rh(111) d-projected
LDOS

. Qi7 DZVP

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

< 0 4 8
E-Ef [eV]
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ScalLAPACK for diagonlisation

> > >
A T (*,9,) d,
reduction to compute transform
tridiagonal form eigenvalues and eigenvectors
—-vectors of T

pdsyevd (ESSL) on IBM BGP

Tridiagonalization

oaemS  Polyalanine peptide e il g SO
(A)::"v-' - Solution

D) V===~ Cho. 1
€ s 1
(E) S So-g Back trans.
Cho. 2
512 1024 2048 4096 8192
Number of Processor Cores

27069 BSf %

Wall clock time [s)

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

Total time for 12 SCF

BLPA (http://elpa.rzg.wmpg.de)

Improved efficiency by a two-step transformation and back transformation

better scaling better scaling

Number of cores

higher per-node perf

complex complex better scaling complex band form by
malnly / "cheap comry wrtlal blocked
BLAS 3 partial orthogonal
> (A,q;) * q, transformations
reduction to compute transform
tridiagonal form eigenvalues and eigenvectors
-vectors of T
N atom= 2116: Nel = 16928: N atom= 480; Nel = 6000;
nmo = 10964 nao = 31740 nmo = 7400 nao = 14240
—_——————
e E e e = e Diag - syevd
Al - syevr Diag - syevd | 10000 } g-sy _
All - ELPA
All - ELPA Diag - syevr N
Diag - ELPA
Diag - ELPA
1000 F
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500 4000 4500
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http://elpa.rzg.mpg.de

Large metallic systems

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

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

.....

OO AR AR A AN AN AN AT AN AN

~

]

TR AT ABEABAABY DB AWM VWA DB AW

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

rerree e

~ 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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