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Combine QM and MM

Multiple Length
Scales

'Y _— QM part
. . \ T tr | e 2T J ~ 100 atoms
full atomistic by _ LSO SIIL VS - 400 electrons
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OMMM: overview
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OMMM: overview

0.11 million atoms
5 QM regions: effects of O implantation into Si
adaptive QM regions
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OMMM: overview

. 0 M ;- VLIV (=
Eom/mm = / d"‘PS)t () Ve w(r)

Computing V¥ (7) on the same

cell on which is defined pﬁi"’(ﬂ

MM region

T. Laino et al, J. Chem. Theory Comput., 1, 2005, pp. 1176-1184
T. Laino et al, J. Chem. Theory Comput., 2, 2006, pp. 1370-1378
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Available QM /MM
Electrostatic Schemes

Cost = Ny * P!
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Available QM /MM
Electrostatic Schemes

Spherical Cutoff
Cost = Noy ~ P?




QMMM Schemes

Available QM /MM
Electrostatic Schemes

Multi-pole p
Expansion o
MM box &

A. Laio, J. VandeVondele, U. Rothlisberger, J. Chem. Phys., 116, 2002, pp. 6941
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Gaussian charge distribution
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GEEP

15 2 25

G vectors Distance

T. Laino, F. Mohamed, A. Laio and M. Parrinello, J. Chem. Th. Comp., 1, 2005, pp. 1176-1184



GEEP

Multigrid Framework

_° —ZA exp (7, )2—|—Rzow(r)

interpolate \<\”L +1 = 8 ]V/ restrict

interpolate \ / restrict

interpolate \ / restrict

Cubic Splines

T. Laino, F. Mohamed, A. Laio and M. Parrinello, J. Chem. Th. Comp., 1, 2005, pp. 1176-1184



Collocation in the QM Box

Eqn/viv (Rou, Rav) = /n(raRQM)VQM/MM(raRMM>dr

potential on the finest QM grid

OM box

A6 T — > vian (T, Rarm)
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optimal
grid levels

60-80% of time
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Scaling ~ Nc?



fine fine—1

real space
interpolation from
coarsest to finest
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Electrostatic Potential

interpolation

20-40% of time



8&QMMM

&CELL
ABC6.06.06.0
&END CELL
USE_GEEP_LIB 9
ECOUPL GAUSS

&MM_KIND H
RADIUS 0.44

&END MM_KIND

&MM_KIND O
RADIUS 0.78
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Extension to PBC

How to handle the electrostatic potential in
presence of periodic boundary conditions (PBC)?

Ewald Summation scheme:
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QM /MM fully periodic

QM QM QM



Total ES Energy

n(r) = nQM (r) + nMM(r) 1B

background charge

ETOT s 1//drdr/n(r)n(r/)
2 Ir — 1’|
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MM /MM fully periodic
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QM /MM ftully periodic
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GEEP with PBC
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QM /MM real space term
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QM /MM reciprocal space term

74 0 R g Z Riow(k)e™ ™




8&QMMM

&CELL
ABC 17.320500 17.320500 17.320500
&END CELL

ECOUPL GAUSS
USE_GEEP_LIB 6

&MM_KIND NA
RADIUS 1.6875316:249000
&END MM_KIND
&MM_KIND CL
RADIUS 1.5875316249000
&END MM_KIND
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GEEP Summary

GEEP is a technique to speed up the evaluation of a
function on a grid

The speed up factor is ~ (Nf/Nc)3=23(Ngrid-1)
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GEEP Summary

® Since the residual function is different from zero only for
few k vectors, the sum in reciprocal space is restrained to
few points.
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GEEP

Sources of Errors

® Cutoff of grid level appropriate to the
cutoff of the mapped Gaussian (~ 20-25
points per linear direction)

® Error in Cubic Spline interpolation

® Cutoff of the coarse grid level
comparable to the cutoff of the long
range function.
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QM tully periodic
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QM tully periodic
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De-coupling and re-coupling

QM QM
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Bloechl Scheme

® Density fitting in g-space of the total density

Aa(r,Rou) = Y _ gqugqm(r, Row)
QM

® Reproduce the correct Long-Range electrostatics
AAQZ == dI‘I‘ yl (n(r RQl\/[) T n(r RQM))
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Application: cOVD

Charged OV

Migration of charged oxygen vacancy defects in silica

Si(1p% ' Sif2) e
o | 2
g)‘- Fsgo.

/Zﬁo

By 1 Eq

T. Laino, D. Donadio, I-Feng W. Kuo, Phys. Rev. B, 2007



Application: cOVD
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NEB: Minimum Energy Path
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Image Charge & QMMM

QM molecule + EAM metal

nitrobenzene/Au(111) pic(r) = Z Clue, €xp [—alr — Ry, |?]
I

met

(r') + prc(r’)
v —r'|

Vi (r) 4+ Vie(r) :/’0 dr’ =V}

IC induce polarization, solved selfconsistently

Siepmann Sprik., JCP (1995) 102
Golze Iannuzzi Passerone Hutter, JCTC (2013)
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execution time [s]

10000F

IC distribution
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| aa QM/MM

== |C-QM/MM
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1st layer
[ o
-0.008 0.0 0.016
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number of CPUs

/(VH(I‘) + Vie(r) — Vo) g1(r) =

/(VH() Vo) g1(r +ZC //gJ]r—r’| drdr’

linear set of eq. (CG iterative scheme)

2nd layer
. .
-0.002 0.0 0.001
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H20 cluster on Pt(111)

H20 QM, Pt EAM, H20-Pt Siepmann-Sprik + IC

1 H,0 2H,0 12H,0
kJ/ m0|| Eint Eads Eint Eads EH—bond Eint Eads EH—bond
QM/MM —41.6 -373 —-409 -492 -—-106 -364 —-619 —-26.0
IC-QOM/MM —442 —-43.6 —-437 -529 —-10.5 —-428 —-66.6 —-244
full DFT —449 —435 —-50.6 —56.8 —7.0 —442 —63.0 —19.7
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Liqu
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d Water at Pt(111)
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Probability
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