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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 parallelization, 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)



»
Ouclung
Ground state KS-DFT and ab initio MD

>>.§ Gaussian and Plane Wave method (GPW)

¢ Basis sets and pseudo potentials
)),\Q Gaussian Augmented Plane Wave method (GAPW)
>)K§ Orbital Transformations (OT)
'/7\\< Diagonalisation and Mixing
2& Metals
'>> s Born-Oppenheimer Molecular Dynamics

Al

2~ Stability and efficiency



BFT

Kohn-Sham formalism: matrix formulation when the wavefunction is expanded into a basis
System size {Ne;, M}, P [MxM], C [MxN]
i(r) =) Caial(r)

n<r) — Z Z fiCaiCﬁiqba(r)qbﬁ(r) — Z Paﬁgba(r)qbﬁ(r)

T af af
P = PSP Variational
principle
KS total energy Constrained
minimization
El{¢i}] = TH{:}] + E[n] + EX[n] + E*[n] + BV problem

Matrix formulation of the Schrodinger equations

K(C)C =T(C) + Ve (C) + EH(C) + E*(C) = SCe



Critieal Tagks

W& Construction of the Kohn-Sham matrix

7IN

[\

N\
7

® Hartree potential
® XC potential
® HF/exact exchange

zc Fast and robust minimisation of the
energy functional

Zs 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



GPW ngredients

linear scaling KS matrix computation for GGA

Zis Gaussian basis sets (many terms analytic)

Uir) = Y Caitalt)  Galt) =Y dmagm(t)  gu(r) = ameymezmeemonr

«

A .
Zi¢ Pseudo potentials

NA - : :
Zis Plane waves auxiliary basis for Coulomb integrals

S Regular grids and FFT for the density

Al .
Zie Sparse matrices (KS and P)

RUN :
Zic Efficient screening

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



SoaussLan BasLs Set
$\V€ Localised, atom-position dependent GTO basis

- Z dm“gm (I‘) gm(r) = "= ymy Zmze_o‘m"“Q

$\'€ Expansion of the density using the density matrix

Z L (r) e, (r)

Operator matrices are sparse




BAOSLE Set Libmrg
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Psewdopoteniials

Zis Norm-conserving, separable, dual-space GTH

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

4

VPP (r) = ZCPP (\/(Q)Ozppr) 72 e_(O‘PP"“)Q _ Zion erf (aPPT)

r
1=1

analytically part of ES

>>,§ Non-Local PP with Gaussian type projectors [ algeldegizeiile

liransferable

Vil (r,r) = S: prlmml <p§'m’r/> Scalar

Ilm 13

relativistic
2
(x| i) = N yim(s) rt22 o5 ()

Few paramefters

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



PP Libmvg

GTH_POTENTIALS

PP PP PP
Toc NC Cl CNC
Ny
1 1

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

T2 n {hz’j}ijzl...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 paramefters

#
Al GTH-PBE-¢3

2 1

0.45000000 1 -7.55476126

2

048743529 2 695993832 -1.88883584

2.43847659
0.56218949 1 1.86529857

10



Electrostatic Energy

Periodic system

Gr~ YA
EES:/VIECP()()err%QZ )G) 1 Z| A2

A;AB R4 — R3]
To'r.al chc.lr'ge distribution neor () = n(r) + Z”A ()
including n(r) and Z ”
B ZA —3/2 r;# A _ Z A ‘I'_RA|
TLA(I') = — (,],.104)37-‘- €< A ) ‘/core( ) — |I‘ _ RA‘erf 7"104
r% = V2t cancels the long range term of local PP

/ EH[nToT] |ong range
Eps = / Viee (r)n(r) %/ / Pt ()ot ()

r—r/] smooth
1 LAl B |RA — RB 1 ZEX
+ = erfc
ZE‘RA—RB’ [\/014) + } Zﬂw %

E® short range, pair Eself

11



Auxitiarg BAOSLS Set

L :
S Long range term : Non-local Hartree potential
ntot ntot ) /
Hngot] , drdr
r —r/|
NA

Zn Orthogonal, unbiased, naturally periodic PW basis

A

Efficient; Mapping

1 :
G

Grid spacing [A]
015013 0.11 010 0.09 0.08

B0, 6TH TZV2P }

10
. : : 10
Linear scaling solution of the P>
e ¢S
=10
H 0 ﬁ;:kot(GL% 10
E%n = 27
Ttot] Z ( 10
10

Electrostatic
Energy

| @) )] SN W \S] —

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



Real Space ntegration

Finite cutoff and simulation box define a real space grid

)X( Density colloca’rlon Screening
ZPW% r)e, (r) — Z Pu@.(R)=nR)  |Hgldddidy

. n(G
n(G) — Vg (G) = éQ) Vi (R)
Real Space G—Space
2}@ Numerical approximation of the gradient n(R) — Vn(R)
O€ze
>>K< €xc and derivatives evaluated on the grid vxc|n|(r) — Vxc(R) = on (R)

A : .
>& Real space integration

G. Lippert et al, Molecular Physics, 92, 477, 1997
J. VandeVondele et al, Comp. Phys. Comm.,167 (2), 103, 2005 13



H20, BLYP
close to 0 along
HOH bisector

with PP

1.0 1

n [a.u.]

Energy Ripples

Low density region can induce unphysical behaviour of terms such ’an‘Q
Vyo [a.u.]
locally averaged
N | n (rleigh. q
spline2 310,56 points S9)

low density
at core

] smoothed finite
| differences (DY)

-1

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

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

101

forceqoy [a.u.]
—h —h -
(=] Q
o 4 2
| ]

-

o
&
]

-k
<
=

H20 dimer

,_j’D6(56)-1

100

200

D6

300 400
Cutoff [Ry]

alternatively:

Non-linear core corrected PP
GAPW

14



O

Multiple Grids

Exponent =1

- E!
7 _ cut -
the exponent of Gaussian product selects the grid 0.001

number of grid points is exponent-independent

Accuracy

~30 Ry

70000 Number of pGif‘S

50000

30000

/7

10000

Lb 2 4 6 8 P=

Exponent

=1/ 21y => Relative Cutoff

le-06

Error

le-09

le-12

le-15

~

1 1 [ I 1
123456 10 20 30 15 20 25
Integration range Cutoff (Ry) Integration Points

<
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SGPW Funstional

1
—QV?+%§V+MH

E:lmy<¢u

901/>
N

2-() Z Mot G)”tot Z (R VXC

>l

1
. §v2 i Vext

>+ ZVHXC o R)>

Linear scaling KS matrix consfr'ucﬁon'

16



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
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Havd and Soft Densities

Formaldehyde

* Pseudopotential = frozen core

* Augmented PW = separate regions (matching at edges) LAPW,LMTO
(OK Andersen, PRB 12, 3060 (1975)

* Dual representation = localized orbitals and PW
PAW (PE Bloechl, PRB, 50, 17953 (1994))

1L



Pavtitioning of the Density

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

qaussian Augmented Plane waves



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

20



Density Dependent Terms: XC

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

Gradient: Vn(r) = Vﬁ(r) + Z VnA(I') — Z V1N (I‘)
A A

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

A




bemitg Depenlent Terms: ES

Non local Coulomb operator

) = Z< Z% gfg(r) \ Compensation
A

/ o n“(r)zgjn%(r 2 | harge
2

Same multipole expansion as the
local densities

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

vm}@ s V[n%fx] -y V[ﬁ%%
A A

Interstitial region
Atomic region
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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

23



CP2K vs G032

All-electron Calculations
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Energy Punctional Minimization
C™ = argmcin{E(C) . C1SC =1}

\/
7IN

Al
ZIN

Standard: Diagonalisation + mixing (DIIS, Pulay, J. Comput. Chem. 3,
556,(1982); iterative diag. Kresse 6. 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))

/ —cy/ Egap|r—r’| :_;0'5_
P(r,r') xe S0.4f
=t
0.2
P
P = 38,48, [ [ 0P e, )arar 50
Pq =

1 0.1 0.0l 0.0l 0.000l le-05
required precision
25



Tvaditional Blagowalization

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¢

Diagonalization 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

26



ovbital Transformation Method

Auxiliary X, linearly constrained variables to parametrise the occupied subspace

not linear orthonormality constraint
C'SC =1
C(X) = Cy cos(U) + XU *sin(U)

matrix functionals by Taylor
expansions in X'SX

Linear constraint

XSCy =0

U = (X7sx)"?

\I/

'4
s Guaranteed convergence

R\\//X

o o . . ope Al . . ey
minimisation in the auxiliary Tangen%.\% Various choices of preconditioners

idempotency verified
OFE(C(X)) + Tr(XTSCoA) IE OC

0X 0C 0X

C6(LS) or DIIS

Preconditioned gradients|

P(H - Se)X — X ~ 0

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

Y

\I/

/ . . . .
7 Limited number of SCF iterations

NA . L. :
Zic KS diagonalisation avoided

\I/

,,\:é Sparsity of S and H can be exploited

R\\//X

S Scaling O(N2M) in cpu and O(NM) in
memory

S Optimal for large system, high

quality basis set

27



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

2L



BYye Sensitized Solay Cell

In situ electronic spectroscopy and dynamics

dye-iodide complex attached to TiO2

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

))Kf 1751 atom computational cell, 864 (TiO2),

60 dye+electrolyte, 828 solvent
S& 9346 electrons, 22951 basis functions
>>Kf MD simulation using PBE (DFT+U)
>>Kf CPU time on 1024 cores Cray-XTH
>>K§ SCF iteration: 13.7 seconds

>>Kf MD time step: 164 seconds

29



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

320



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

31



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

. A278W |
- w0t 9-70561 Cks and €Eks needed I

20

Ca52el 01185¢eV
0l \ ;
Ef
0 N D N l'l | I I | | D] P [ [ |
01 05 10 15

charge sloshing and exceedingly slow convergence

S€ Wavefunction must be orthogonal to unoccupied bands close in energy
Al
Zie Discontinuous occupancies generate instability (large variations in n(r))

A
Zie Lntegration over k-points and iterative diagonalisation schemes



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

En—Ef 1
fn LT — - &
exp(” f)—l—l

ksT

Fermi-Dirac

Trial density mixed with previous densities: damping oscillations

m—1

=1
residual o |
R[ni"P] = pout[pinP] _ pinp minimise the residual

G preconditioning matrix damping low G

34



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

P(()Xlg: nnew (I‘)




Rhodivwm: Bulk ans Swrface

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]

36



SealAPACK for diagonlization

> > >
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

37



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

38
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Large wmetallic systems

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

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

am ‘, '. ". -_ : o‘_
e e i e\
| o | s B

N M~

s N k! -
0

.

»
l\\\'\ T <
-t A

RTINS

.
S~
|
A

. At it NN
1 A AARRRNNY

OO AR AR AN AN AT AN AR AT AT tEt

~

~

AMAABA AWM ABAABL AR A|MA M| AW AW

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
29



Moleenla-Bying WODCS

Given the initial conditions ({RI}.{PI}), an interacting potential (H),
and the thermodynamic conditions (T,V,P)

generate deterministic trajectories that sample the

phase space according to statistical mechanics

M.P. Allen and D.J. Tildesley, Computer Simulations of Liquids, Claredon Press, Oxford, 1987
D. Frenkel and B. Smit, Understanding Molecular Simulations, Computer Sciences Series, Academic Press, 2002

Calculate Computational Experiment

Acceleration of

Each Atom
Interaction
Model ~

Calculate Total Calculate
Force on N Velocity of

Atoms
Initial d Each Atom
Positions
t Move All Atoms J
to New

Positions
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Equatiows Oft Motroyw (EGHM)

Set of classical particles in a potential

With a model potential depending only on the particles’ coordinates
and no external sources of forces are introduced

p,—_ M
- o . 9 9

Hamilton EOM P, = _8—;; = — Ué{;]}) = Fi({Rr})

- OH

Ri= o5

| 4B _dn _
Conservation of energy: Fr T
Lagrange EOM

LOR}{RY) = 3 S MiR2 - U({Ry}) d oL _ oL
2 dt oR; OR;

MR; =F;{R;}) Newton's second law
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Nuoerteal tesvatiom

The system is propagated in the phase space
Discretisation of time to=0:;t1 =At ;... ;ty =N-At;

The fast time scales of the system determine the choice of time step.
A good integrator algorithm:

A

i . . . . .
s Accurate for long time steps: higher order derivatives, more memory storage required

s
~

s Minimum number of force calculations

)

s
~

& Long time energy conservation and stability in spite of small perturbations

)

\IL

» Approximation of the true trajectory: Lyapunov instability

N2 N Nz N

*:—‘ Short time reversibility: invariant for t — —1
Velocity Verlet |
Az ~.
R(t + At) = R(t) + V(£) At + F(t )At2 Zic Simple: needs only forces
2M >,\€ Positions and velocities available at equal time

RUA

S Contains error of order At*
F(t+ At) + F(¢ w

V(t+ At) = V(t) + L+ A0 +E() 5, >)}(§ Time reversible

/,,\\ Conserves volume in phase space: symplectic

))KQ Long time stability

2{(? Implemented in 3 steps: half kick/drift/half kick
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lmptemew‘catiow Of: veLocitg ~\/drlar

Half Kick -- Drift -- Half Kick

Given R(:),V(:).F(:) at time-step itime
Update V(:) by half fime-step
V(:) := V() + di/(2*M)*F(:)
Then update R(:) by the entire time-step
R(:) := R(:) + di*V(:)
Compute the new F(:) by using the updated R(:)
Finalize the update of V(:) by the second half time-step
V(:) := V() + di/(2*M)*F(:)

4=



Chotee off the e Stes

Compromise between efficiency and reliability

- Dist.(exact) [A]

o
O

o
&

Dist.(integrated)

O o)
Qz% Yo, Ooo Pairwise potential
- 3t = 0.5fs, 50fs, 5fs

(@2

o

o

ot=50fs_ »°
. ’ Difference between exact and
: numerical traiectory
' ot =5f1s
e - e - - ‘._l '''''''''
N Time-step at least 10 times
| | | smaller than the fastest period
>00 10001500 of motion
Time [fs]



Microcavonteal Bwncemble

OH
dt Z [@RI R+ OP; PI] =0 N, V, and the internal energy E are the
constants of motion
L OH 4 P\ OH
1T opP; " T OR,
By integrating the EOM, a trajectory in the NVE ensemble ONVE = Z 5((F

is generated: micro-states probability distribution

Any physical quantity that can be described in terms of the available
degrees of freedom is an observable

1
Fobs = <F>ens - — F(F(t))
Tobs .
1
T P_r — MIU2

({APr}) INEkp XI: ! >>K§The instantaneous temperature fluctuates.

)),(éTume -averages correspond fo NVE ensemble averages

K
T _ i T(t ) ;}@Ir‘r‘espec‘rive of the initial state, all accessible micro-
NV E k .. ..
— states should be visited (ergodicity)
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Test on Required Aceuraicy of Forees

Classical FF, 64 H20 at 330 K: TIP3P(flexible), SPME

0.8 = 10"-4) Std-dev ol
— 10°(5) Sid-dev Stability depends on accuracy of forces
1.2 = 10-6) Std-dev
— -7 Std-dev
16 | Stdev. Af Stdev. Energy Drift
1.75 Hartree/Bohr uHartree pHartree/ns  Kelvin/ns
-1.76 — 170.35 35.9 0.06
- 10-10 179.55 -85.7 -0.14
o 1008 173.68 6.5 0.01
1,769 1097 177.83 -58.2 -0.10
1006 — -385.4 -0.63
LT 10700 — 9255.8 15.21
- 10794 — 972810.0 1599.31
| | | | | |

-1.772 '
250000 500000 750000 1000000

Simulation Time [fs]
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Extendled S Ystem.

To extend the applicability of MD to other ensembles, the Lagrangian equations of
motion need to be reformulated: the system moves in a different phase space
impose control of specific thermodynamic variables

Canonical Ensemble ‘

Generate the correct Boltzmann distribution 5 exp(—E; /kgT)
by coupling with a heat bath "> exp(—E;/kgT)

Al

s Andersen Thermostat: Stochastic approach
uncorrelated stochastic collisions of randomly selected particles with the heat bath
MC moves from one constant energy shell to another

A

s Nose Thermostat: Extended Lagrangian approach
deterministic evolution derived from a properly modified Lagrangian, i.e. new EoM

the extended system generates microcanonical ensemble in modified phase space

LnNose = Z —$’R; —U{R;}) + %52 —gkgTIns

Dynamical Friction
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I Nose-Hoover Eom

The additional variable s can be interpreted as scaling factor of time.
The Lagrangian generates a dissipative dynamics, leading o a non-Hamiltonian flow. The
fluctuations of the friction term generate a canonical distribution

Equations of motion ‘

. F, . L1 2
1= shy S O EI: iy —gkp
T <T T >T
smaller friction larger friction

Constant of motion |

7_(Nose — ENVT — Z
1

M[SQR?
2

+Z/{({R]}) + %éz + gkgT'In s

Ergodicity problems can be solved by implementing a chain of thermostats
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lintegrators oy AD=CIEIDIMTS

Born-Oppenheimer MD
# # Adiabatic approx.
Semiclassical approx.

11 + SCF

LBo ({Rl}a{RI}) Z M1R2 ?qlblf}lEKS({gbz} AR} _

=1

Classical equations of motion MIRI (t) = —Vj ?qlbﬂ}} Fxs ({¢z} ; {RI (t)})

Integration step determined by the time scale
of the nuclear dynamics: ~femtoseconds

Fr=—[(Vo|ViHks|Po) + (ViVo|Hks|VPo) + (Vo Hks|Vi¥o)]
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Forees v BO-MDB

For exact eigenstates and complete basis sets, the contributions from
variations of the wavefunction vanish exactly

F/ " = —(W0o|VrHks|To) Hellman-Feynman

Vigi =Y (Vicw) eu(ri{Ri}) + Y i (Vigu(r; {Rr}))
’ N

v

implicit dependence of the explicit dependence of the
expansion coefficients: basis function
not exact self-consistency IBS
NSC

FNSC = _ / dr (Vn) (Vo8 — vN56)

v

FIIBS = — Z (<V[QOV ‘HSSC — Gi’ Sp,u> + <90V Hé\ISC - ei‘ VIQOM»
wu

P. Bendt et al., PRL, 50, 1684 (1983)
G.P. Srivastava et al., 36, 463 (1987)



RMS error of tonic force

0.1

001 p

0.001

0.0001

1e-05

1e-06

1e.07

1e.08

1e.09

1€.10

1e.]1 -

| Energy correct to machine precision

: . 2 Lonvergen i
- used in ests
o

ke

_ Forces correct to machine precision

+ Standard convergence 7

= loLLLtB I BOMD

64 H20, 330 K, 1gr/cm3
TZV2P, PBE, GTH, 280 Ry
0.5fs step

Reference: 1ps, SCF 10-1°
Unbiased initial guess

1€.12
1e.14

Lo A 1 A 1 A 1 A 1 M L
1e.12 1e-10 1e.08 1e.06 0.0001 0.01

Largest element of electronic gradient

Error in Forces <= MD Stability

esce MAE Egs MAE f Drift

Hartree Hartree/Bohr Kelvin/ns
10-98 12.10 " 51.1079° 0.0
10797 95.1010 56-10798 0.1
10-% g.9.1008 4.8-10797 0.4
10795 7.4.10°06 5.6-10796 2.3
1094 3.3.10 % 59.1079 ~ 50

Energy mlbin EKS[{w}]
Forces dEKs[{w}]/dR

error 2nd order in o

error 1st order in (w
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ExtmpoLatiow Methods

Integration of electronic DOF has to be
accurate: good wavefunction guess gives improved efficiency
stable: do not destroy time-reversibility of nuclear trajectory

Z  Unbiased guess
Cinit = Co

%A\g Combinations of previous wavefunctions: unstable

%@ Extrapolation of the density matrix: PS methods, O(MN?)

C(tn) — Z(_1>m+1 [é(] C<tn—m)CT(tn—m)s(tn—m)c(tn—l)

%‘\% Always stable predictor corrector (ASPC) based on OT minimisation,

Kolafa J., J. Comput. Chem. 25, 335 (2004)



ASEC

> Projection onto the occupied subspace

CP(t,) = > ()™ 'm (flg_”;) Ctmm)C (tn—m)S(tn—m)C(tn_1)

1 (K—l)

Reversibility
O(At*-1)
% The corrector step minimises the error and reduces the
O deviation from ground state
C _ p p K
(t,) = wMIN[CP(t,)] + (1 — w)CP(t,) W= oy

Preconditioned OT minimisation step: large move

Kolafa J., J. Comput. Chem. 25, 335 (2004),
VandeVondele et al, JCP, 118, 4365 (2003)

5=



E—f-ﬁciewag and Byrft

64 H20, 330K, 1gr/cm?

| [ ' [ |
o ket DT - .
Method esce Iterations  Drift (uHartree/ns)
Guess 1079 14.38 253
PS4 10710 14.95 - SO0 y
PS4 10708 8.05 -195 .
PS4 10797 6.47 -3441 eosl S PS4-6 |
PS4 10706 5.22 -7186 —— ASPC-6
PS4 1079 4.60 52771 [ — GUESS-4
ASPC 10706 5.01 -115 1.5e-05 - >
ASPC 1079 3.02 -2758
ASPC 10704 1.62 -1059843 e o
ASPC 1079 1.03 -13219651 0 200 o 600 500 1000
1me [fs]
Gear not time reversible
Method  escrp Iterations  Drift (Kelvin/ns) Method esce lterations  Drift (Kelvin/ns)
—06
Asi‘;‘;’ 18_06 1:'?13 g‘: ASPC(4) 1004 1.62 1742.4
ASPC(3) 10-%5 3'02 4'5 ASPC(5) 10~ 1.63 1094.0
Gear(d) 10-07 647 5 7 ASPC(6) 1094 1.79 397.4
Gear(d) 100 £ 2o 18 ASPC(7) 109 1.97 445.8
Gear(d) 10 4.60 86.8 ASPC(8) 1094 2.06 24.1




Fovces Lia Approximated BEoOMD

exact FBO (R) — FHF (R) + FPulay(R) + Fnsc(R)
approximated F(R) = Fyp (R) -+ Fpulay(R)
Now assume F(R) + F.(R) = Fgo(R) — 7pR friction

Langevin dynamics to correct the error (dissipative drift)
M]R[ — F]I'D)O — (")/D + ’)/L)R[ + E? + E%

Gaussian random noise fluctuation dissipation theorem

guarantees accurate _ _ _ B
Boltzmann sampling (EF(0) +Z7(0)(EF (1) + EF (1)) = 6(yp + 1) MrkpT6t

1 3

. 2
given <§MIRI> =5ksl"  this determines the friction

T. Kuehne et al, PRL , 98(6), 066401 (2007)



valvdatiomw

liquid silica, 24 SiO2 at 3500 K
Time step: At =1 fs

Yo 104 fs!, K=4
| ' | ' | ] ! i
— BOMD relerenos

— -BRdB|- — 1 comacior slap |
ﬂ ! ——- 2 coracior slaps
E. 865 |4 ! \ '
z. f 1
ﬁ' -BE5.2 |- —
= -
LLI

Mean force deviation [a.u. ]

Timea [fs]

Bonds are swiftly broken and formed
Worst case scenario for P propagation, as the electronic density is rapidly varying
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Logurd Watey,

PBE, TZV2P, 320 Ry

300 K, At=0.5fs, 25+250 ps trajectories
Yo 8.6510° fs!', K=7 => 1 PC step, deviation 10~ au

Statistical error estimation:
fluctuations of PCF over 25 ps
relative 1o all within 2 x std

r [A]

4 6

(o0}

0-0

llllllllllllll]l

.

| . | '

~— ALS (T. Head-Gordon, 2000)

- - Soper (A. K. Soper, 2000)
~—  BOMD Reference
- = Density Matrix Propagation

lllllllllll

Ll 1 1

- : | . | ’ | N | | | 1 1
3 H-H —— Soper (A. K. Soper, 2000) O-H ——  Soper (A. K. Soper, 2000) |—
: ~— BOMD Reference ~— BOMD Reference )
L - — Density Matrix Propagation | _ - — Density Matrix Propagation | _|
— 2 e — —
:/ - B e
o [ 1 7
1 - ————
Sl o F 5 d o 7 | | i | : -
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T. Kuehne et al, J. Chem Theory Compt, 5(2), 235 (2008)
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