JOURNAL OF CHEMICAL PHYSICS

VOLUME 111, NUMBER 7 15 AUGUST 1999

Ewald summatio n for system s with slab geometry

In-Chul Yeh and Max L. Berkowitz®
Departmei of Chemistry CB# 329Q University of North Carolina, Chapé Hill, North Carolina 27599

(Receivel 25 March 1999 acceptd 21 May 1999

We propo® amodificatian in the three-dimensioriegEwald summatio technique for calculatiors of
long-rang Coulombt forces for systens with aslab geomety tha are periodic in two dimensions
ard hawe afinite lengt in the third dimension The propose methal adds acorrectio temm to the
standad Ewald summatiom formula To ted the currert method molecula dynamic simulatiors on
wate betwea Pt(111) walls hawe been carried out For amore dired test the calculation of the pair
forces betwea two point charge has been alo performed An excellert agreemenwith the results
from simulatiors using the rigorous two dimensiond Ewald summatio techniqwe were obtained.
We observe tha a significart reduction in computirg time can be achievel when the proposed

modificatin isused © 199 American Institute of Physics [S0021-960629)70331-4

I. INTRODUCTION

An accurag treatmei of long-rang Coulombt interac-
tions in compute simulatiors of charge particlesis of great
importance For a typicd three-dimensionall periodic sys-
tem, the Ewald summatim techniqué? is the mog widely
usel and acceptd methal for this purpose Extensiwe opti-
mization technique sud as the smooh particle mes Ewald
(PME) method** have been develope to perfom fas and
reliable simulatiors of large systens using Ewald summa-
tion.

For a slab geomety which occuss frequenty in surface
ard interfacid systemsthe conventionh Ewald summation
technique cannd be useal directly since there is no periodic-
ity in the one of three dimensiors (let us say alorg the z
direction. For this type of two-dimensionall periodic (2DP)
systens which hawe afinite lengh alorg the third dimension,
variols method hawe been propose for the treatmen of
long-rang forces®™'’ Recently sone of the method have
been compare to ead othe in terms of computationbspeed
and accuracy®'’ A two-dimensionh Ewald summation
(EW2D) technique first introducel by Parry ard later inde-
pendenty rederivel by Heyes Barber and Clarke® ard by de
Leeuv and Perrand is found to be the mog accurateBut the
dired use of EW2D formulais known to be computationally
very expensivé:1®17 A simple solution to this problem is to
use a precalculatd table® The EW2D methal with a precal-
culated table has been successfull applied in our recent
simulation studies of wate next to metd surfaces®° An-
othe widely usal approab is to apply the conventional
three-dimensiordeEwald summatio (EW3D) techniqe to a
simulation cell elongate in z direction so tha a sufficiently
large empt spa@ betweea periodi replicas in z direction is
createc?! The inclusion of empy spae into the unit cel is
dore to avoid an artificial influence from the periodc images
in z direction This methal was applied to simulatiors of
variows interfacid systems?24

Shellgy and Patey* studiad the effea of bounday con-
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ditions for wate confinal betwea plana walls. They com-
paral various bounday conditiors such as minimum image,
sphericé and cylindricd cutoffs with the Ewald summation
method The Ewald summatio was found to be the safest
choie in the calculation Systens considerd in their study
were symmetrc and therefore the possibe effed of asym-
metty ard net polarization of the systen on the Ewald sum-
mation was not considered Spohf compare the results
from the simulatiors tha usel EW3D methal with those
from the EW2D method He conclude tha resuls for

EW3D converg to those for EW2D when the lengh of the
simulatian cell in z direction (L,) usel in simulatiors with

EW3D was large At the sare time he noticed tha even
when L, was five times large than the lengh of the simula-
tion cel in x or y directiors (L, or L,, respectively, the
convergene was not satisfactory.

Recently there has bean arenewael interes in the treat-
mert of long-rang forces in polar systens or systens carry-
ing a net charge”®?° A bette understandig of conditions
unde which Ewald summatia is performel followed from
this work. Still one isswe tha may be importart even for
some systens tha are chargel neutra) but hawe atotd dipole
moment remairs not clear The isste is the use of the sur-
face term in the EW3D formula, the term that depend on the
shap of the system its totd dipole momen and the dielec-
tric constan of the surroundig medium!®-3 The surface
tem is due to the fact tha the electrostatt energy of the
ionic crystd is composd of two parts First pat is shape-
independenbut depend on the structue of the crystd lattice
concernd and the distribution of ions within a unit cell.
Seconl part depend on the shae of the piece of the crystal
ard the dipole momert of a unit cell. The expressia for the
shape-independépatt of energy has the same mathematical
form as in the regula EW3D formula Smith*? derived an
expressia for the shape-dependépait suitabk for the slab
geometry which is of particula intere$ here.

In this study we propo® tha an EW3D methal which
includes the shape-dependérorrection term introducel by
Smith*? can be usal for the calculation of the long-range
electrostat forces in simulatiors of 2DP systemsTo distin-
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guish it from the regula EW3D method it will be abbrevi-
ated as EW3DC (the three-dimensiodaEwald summation
with the correction term). This term is similar to the surface
tem in the standad EW3D formula but has a different pro-
portionality factar ard involves only the z componenof the
totd dipole moment As far as we know, the only attemg to
include this correction term was dore in a simulatian on
wate betwea two ided classica walls performel by Haut-
man et al.’® No detailel comparisa with the rigorous
EW2D has bean mack in that work.

To ted the EW3DC methal we performal simulations
on wate nex to the chargel Pt(111) walls. Recently we
usel this systen to calculate the dielectric constam of water
at high electr fields® The long-range forces were treated
using the EW2D methal in thes simulations Below we
compae the resuls from the simulatiors performel with the
EW3DC methal to thos obtainal with the EW2D method.
For more detailel comparison ted calculatiors involving
only two point charge also hawe been carriad out By adding
the extra correctio term in the EW3D formula, both accu-
ragy and speel of the calculation are shown to be greatly
improved.

II. ELECTROSTATIC INTERACTIONS

Conside a systen of N point charge q; at positiors r;
which satisk the charge neutraliy condition EiNqi=O ina
rectangula simulatian cel with lengths in x, y, ard z direc-
tionsof Ly, Ly, and L,, respectively.

The electrostatt energy can be written as

=133

where the sum ove n is the sum ove all lattice points n

=(nLx,nLy,n,L;) with n,,ny,n, integers The primed
sum indicates the omission of thei=j term when n=0. The
factar 1/(4meg) is omitted for simplicity (eq is the vacuum
permittivity). This sun is conditionaly convergent which

mears tha the resut depend on the orde or the summation
geomety in which we add up the terms The outcone is also
dependenon the dielectric constam of the surroundig me-
dium (eg). The electrostat energy calculatel by the Ewald
sum is given by!%32
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J(M,P) is a shape-dependéeterm ard depend on the
summatio geomety (P).3> M is the totd dipole momert of
the unit simulation cel and is given by 3N ,q;r;. V is the
volume of the unit simulatian cel given by L, <L, XL, and
k is a reciprocal lattice vector given by
((277nx)/LX,(27-rny)/L ,(2mn})/L,) with nj n ,n; inte-

I.-C. Yeh and M. L. Berkowitz

gers In the calculationse and number of andk vectors are
adjustabé parametes and are typically chosa for the opti-
mum computationbefficiency.

When the spherica geomety is usal for summatiaon (P
=9), J(M,9) is given by the following relation?2°32

J(M,S)= IM[2. )

2
(2es+1)V

If the surroundilg mediun has an infinite dielectrc con-
start (e;=, meta), J(M,S) vanishes This bounday con-
dition is commony called conductirg (“tinfoil” ) boundary
condition If e has afinite value this term canna be simply
ignored In particular if there is no surroundiy medium
(es=1, vacuun), this term becomes

a
J(M,S)=W|M|2. (4)

The contributian to the force from this tem is

__q'M (5)

F|=—V|J(|\/I,S) 3V

Clearly, thistemrm is not necessanl zero especialy when
there is a net polarization in the simulatian cel (M #0). It
can beignore if the systen isisotropig M = 0. Ignoring this
tem is equivalen to adoptirg the tinfoil bounday condition.
Implicatiors of adoptirg tinfoil bounday condition in place
of vacuun bounday condition for polar systens hawe been
discussd by Robers and Schnitker?%:3!

The totd Coulonb energy for a systen periodic in two
dimensiors and finite in the third dimensiam accordirg to the
EW2D methdl is
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where m is a lattice vecta for the 2DP systen and is given
by (m,L,,myL,,0) with m,,m, integers h is areciprocal
lattice vecta for the 2DP systen anmd is given by
((2mmy)/Ly,(2mmy)/L,,0) with m,,m/ integers A is the
area of the unit cell in x and y directiors given by L, XL, .
The primed sun agah indicates the omissio of the i=]
term when m=0.

If two particles with charge q; and q; are sufficiently
apat in z direction and are periodicaly repeatd in x and y
directions the electric field acting on the particle i due to
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particle | can be considerd as tha due to the uniformly
chargel she¢ with a surfa@ charge density o=q;/(LL,)
and is given by?3

E.:i: L (7)
J 260 2€0Lx|—y

The x, y, ard z componerg of the force are given by the
following expressior?:

Fy=F,=0, (8)
_Gig;
FZ_ZeoLxLy' ©

By using the EW2D formula Spohf found tha the
abowe “parallel plate capacitor’ approximatim can be used
with a sufficiert accurag (relative errar less than 0.00)) if
the z separatia distane betwee particles i and j (|z;]) is
larger than L, or L. The importart featue of this approxi-
mation is tha no [z;| distane dependeng appeas in the
formulas Thereforgif there is an empt spae in the EW3D
simulation cel along the z direction with alengh of at least
L, or Ly, contributiors to the forces from the image cells in
z direction shoutl be negligible due to the neutraliy of the
systen (3'E;=(1/2¢0L,L,)3'q;=0). Nevertheless the
comparisa betwea the resuls from simulatiors using
EW3D and EW2D method shows tha the EW3D method
produce unsatisfactor resuls even when the lengh of the
emply spae in z direction is significanty large than L, or
Ly.8 This appareh contradictin suggest tha the Ewald
summatio using tinfoil bounday condition and spherical
summatio geomety which is commony usel in the Ewald
summatio may not be suitabk for the calculatian in the slab
geometry.

Smith*? showel tha if a geomety of a rectangulaplate
(P=R) or disk which are infinitely thin in z direction are
usel as asummatia geomety in the Ewald summationthen
the shape-dependéterm J(M,R) is given by

2 )

J(M,R)vaZ, (10
where M, is the z componehof the totd dipole momer of
the simulatian cell. This is equivalen to adoptirg a plane-
wise sum method* (summirg x and y directiors first then
progressig in z direction. The contributin to the force
from this tem is

Fxi=Fyi=0, (11)
_ AMR) 4w,
zi— &Zi - v z (12)

Note tha Eqs (5) and (12) differ by a facta of 3 and
tha only the z componen of the dipole momert appeas in
Eqg. (12). The planewig sun combinal with a sufficient
emply spae in z direction enable us effectively utilize the
paralld plate capacito approximatio to eliminat contribu-
tions from image cells in z direction which are unwantel in
2DP systems Therefore we can use the regula EW3D
methal but with the correctio tem given by the Eq. (12) to
calculat long-range Coulombt forces for systens which are
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periodcc in two dimensios and are finite in the third. This
constituts the EW3DC methal which as we show in what
follows is indeal capabé of reproduciig the EW2D results.

. METHODOLOGY

For simulatiors of wate betweea Pt(111) walls, we use
the sanre interaction potentias tha we usel in our previous
studiest®1°3 namely the extende simple point charge
(SPC/B modd of watef® and wate—Pt(111) surface
potential®’

A rectangula prism is chosa for the unit cel of the
simulationsL, and L, of 22.15 and 19.204 A, respectively,
hawe been usel to satisly the periodicity requiremen of
Pt(111) surface Simulatiors are performeal for 512 water
molecule in the unit simulatin cell. Wate molecule are
confinal in z direction by Pt(111) walls ard the densiy of
wate at the cente of the simulatian cel is 1.0 g/cc Thisiis
achievel by changimg the value of a parametez,, in wate—
Pt(111) potential®’ Externa electrt fields (E,) of 0—4 V/A
are applied alorg the z direction.

For the calculation of long-range Coulombt interactions
we hawe usel EW2D, EW3D, and EW3DC methods For
EW3D and EW3DC calculationsthree-dimensiodgeriodic
bounday conditiors were applied L, was chosa to be 90 A
which is approximateg} four times large than L,. Ewald
parametere of 0.3 A™! was used As customay in the
EW3D method only minimum image (|n|=0) was consid-
erad with the red spae cut-off radius of 9.5 A. The recip-
rocd spae cut-off radits of 1.75 A~ has been used.

Since the reciprocéd spae term in the EW2D is compu-
tationaly very expensive it is advantageasito hawe less
terms for the reciprocd spae pat and more terms for the
red spae part Therefore for the EW2D calculation the
parameterr was chosen to be 0.104 A ard the red space
terms which satis§/ the condition m2+mZ<4 and the recip-
rocd spae terms which satisy m,*+m/*<9 hawe been
consideredThe dired use of the EW2D formula is so time
consumiry that a precalculatd table of potentid energy,
forces and secoml derivatives on a three-dimensioriagrid
with the size of 0.2x0.2<0.2A% has been constructd as
suggestd by Spohr® The EW2D calculatiors have been per-
formed by interpolation of the table For smalle distances
(rij<3.3A), the exadc EW2D formula has been used For
|zij|>L,, the paralld plate capacito approximatia given in
Eqgs (8) and (9) has been utilized.

The Verlet algorithm has been usal to propagat the
trajectories with atime step of 2.5 fsand SHAKE routine has
been usal to presere the rigidity of the wate molecules:
The coordinats were savel at evely 10 time steys for further
analysis The temperatue of the run was kept at 300 K by
coupling the systen to the heatbat using the algorithm of
Berendsa et al.3® 200 psrun after at leag 50 ps equilibration
has bean usal for the analysis.

In our previows work!® where we determine the dielec-
tric constam of wate as afunction of the electrc field we
performal simulatiors on wate lamina embeddd between
two surfacesTo find the value of the dielectric constah we
neede to calculae the totd electrc field inside the lamina.
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FIG. 1. Comparisa of simulatian resuls for wate betweea Pt(111) walls at
zew externa electr field obtainal by using different method to trea the
long-rang forces Top: Oxygen densiy distributions Middle: Charge den-
sity distributions Bottom Electrostait potential.

This totd electric field [E(z)] was obtainal using the fol-
lowing relation:

E(z2)=Eo+Ey(2), 13

where E,(2) is the electrc field due to orientation& polar-
ization of wate sampé and is given by the following
expressior 40

fZ—Lzlzpq(Z')dZ'
p(2)= 6—0,

E (14
wherepy(z) is a charg densiy distribution.

The relative permitivity (dielectrc constante) of water
in the externa electrc field E, and the totd electric field E
can be obtainal from the following equation:

Eo
€= (15
To find the permittivity we calculatel the totd field in
the vicinity of the cente of the slah In previows simulation
studies on wata—Pt interfae it was found tha the influence
of the walls on the orientation& distributiors of wate is
almog absen for wate abou 10 A away from the closest
approab of the wate molecuk to the Pt wall.13*° Therefore,
it is expecte tha wate—wall interaction has no influence on
the estimaé of E when using the currert method To estimate
the totd electri field E arourd the cente of the sampe cell,
10 A intervd averags hawe bee taken acros the sample
cel in the z direction Then to eliminate ary locd fluctuation
of the electrc field arourd the center further 5 A interval
averags were taken The resultirg avera@ electric field at

I.-C. Yeh and M. L. Berkowitz
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FIG. 2. Comparisa of simulation resuls for wate betwea Pt111) walls at
E, of 1.0 V/A calculatel by differert Ewald methods Top: Oxygen density
distributions Middle: Charge densiy distributions Bottom Electric field E,,
calculatel by Eq. (14).

z=0 (the cente of the simulatio cell) is taken to be the total
electric field E tha entes the equation determinirg the di-
electric constant.

The electrostati potentid (¢) has been calculated by the
following equation:

EW2D -
EW3D
EW3DC

p/pbulk

p(2) (107e/A’)

o

E (z) (V/IA)

P
|
[+
T
.

-20 -10 0 10 20
z(A)

FIG. 3. Comparisa of simulation resuls for wate betwea Pt(111) walls at
E, of 2.0 V/A calculatel by differert Ewald methods Top: Oxygen density
distributions Middle: Charge densiy distributions Bottom Electric field E,,
calculatel by Eq. (14).
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TABLE I. The “effective’” externd electrc field Ej ard totd electric field E for wate betwea Pt(111) walls
calculatel by the EW3D method Units of (E,) and (4m(M,))/V are V/A. Errors in parentheseare estimated
from standad deviatiors of the resuls of four consecutie 50 ps runs.

E, VIA) L, (R) (Ep) (Am{M IV Ep=Eo+(4m(M))IV  E=E{+(E,)
1 180 —1.206@+0.0006  0.2257+0.0004 1.2257+0.0004 0.020+0.00))
1 90 —1.5535+0.0054  0.586(+0.0009 1.586@+0.0009 0.032+0.006
2 90 —2.7025+0.0032  1.0511+0.0005 3.0511+0.0005 0.349+0.009
3 90 —2.9429+0.0008* 1.153%+0.0005 4.153%+0.0005 1.211(+0.001)

@The avera@ is taken over the 106 A intervd to take into accoun the periodic structue in z direction

introducel by the pha® transition.

1 (z
qS(z):—:Of_lepq(z’)(z—z’)dz’, (16)

wherep, is the charg density.

IV. RESULTS AND DISCUSSION
A. Water—Pt(111) interface

Oxygen densiy profiles charge densiy distributions,
and electrostati potentia profiles for wate betweea P{(111)
walls at zemo externd electrc field calculatel with different
method to trea the long-rangel Coulombt forces (EW2D,
EW3D, EW3DC, ard the spherica cutoff) are comparé in
Fig. 1. For the sphericé cutoff method all the interactions
with the distane large than the cutoff radius of 95 A are
ignored Oxygen densit/ profiles and charge densiy distribu-
tions are almog identicd regardles of methodologyBut the
value of the electrostati potentia at the cente of the lamina
calculatel with sphericé cutoff is significanty large than
when othe method are used This is consisteh with the
resuls from previoss simulatin studies®?* This result
shows that the spherich cutoff shoul be avoideal even for a
symmetrc system Therefoe the sphericé cutoff resuls are
not considerd arny longe in the following comparisonsThe
electrostati potentid profiles calculatel with EW2D is in
goad agreemenwith thos obtainal by EW3D and EW3DC.
The correction term has vety littl e influence on the calcula-
tion resuls since the systen is symmetrc in z direction and
there is no net dipole momert in z direction (M,=0). From
Fig. 1 we also notice that for the value of L,=90A an empty
spacig with alengh in z direction of at leas 56 A exists in
the system which is abou 25 L,.

Figure 2 shows oxygen densiy profiles charge density
distributions electric field profiles for wate betwea P{(111)
walls a Eq=1V/A when we use EW2D, EW3D, and
EW3DC methods For the EW3D calculationstwo different
values of L, (90 and 180 A) hawe been usel to see the effect
of the value of L,. Oxygen densiy profiles shav very little
difference The charg densiy distribution in the water
lamina obtainal from simulatiors with the EW3D method
are significantly differert from thos obtainel by EW2D and
EW3DC methods A goad agreemenbetwea the resuls by
EW2D ard EW3DC method has been found Due to the
difference in the charge densiy distributiors obtainel from
simulatiors tha use EW2D and EW3D methods the corre-
spondirg E(2z) distributiors are also different From the fig-
ure we notice tha arourd bulk region (—5A <z<5A), the

field E’, which is the sum of two componert E'=E,
+Eg, has anegatie value when EW3D methal is used.
While in simulatiors of the lamina using EW2D methal E’
would be the totd field, since it is negatie in simulations
with EW3D it indicates tha overcompensatioof the exter-
nd field E, occurral in this case This type of overcompen-
satim of the electrc field in thermodynamicajl stabk sys-
tem is highly unlikely and it is aconsequereof an improper
treatmen of electrostati forces using the EW3D method
without considerig the slab geometry Imposirg tinfoil
bounday condition ard thus neglectirg the correctian term
seen to introdue an extra extern4 electric field contribution
in addition to the initially assignd value of E,. As a matter
of fact, using Eq. (12) the externafield E; tha molecules of
watea experiene in simulatiors which employ the EW3D
methal can be estimate by the following relation:

4m(M,)
! — +
EO E0 vV ’

(17

where (M,) is the averag of the zcomponenof the dipole
momern of the sample The secom term in this equatio is
the contributian due to images of the lamina from the central
cell. Figure 3 shows resuls similar to the one from Fig. 2,
but for Eq of 2 V/A. Again, the resut from EW3D without
the correction tem deviates significanty from tha of
EW2D, while the resut from EW3DC agrees well with that
from EW2D.

Simulatiors at E, of 3 ard 4 V/A have been also carried
out In our recen simulatiors on wate—P1t(111) interface a
pha® transitian to proton ordera cubic ice was observed
when E, was somewheg betwea 3 and 4 V/A with the
EW2D method®*°ard betwee 2 ard 3 V/A with the EW3D
method® In this study, a pha transitian to a proton ordered
cubic ice has been observe in aregion betwea 3 ard 4 V/A
with EW3DC. This agah confirms that wate feels stronger
“effective’’ extern& electrc field when EW3D is used re-
sulting in alower critical E, for a pha® transition Table |
present a summay of the resuls for the calculatiors done
on wate lamina in the externa electric field when EW3D is
used This table shows tha the dai are consisteh with the
previousy obtaina results Thus for example in calcula-
tions with EW3D when the extern field E, is 3 V/A the
effective externa field E; is actualy ~4.15 V/A and the
totd field E is 1.21 V/A. As our previows simulations
showed'® for wate to under@ the transition the totd field
is supposd to be somewhasmalle than 1 V/A. Thisis why
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TABLE II. The dielectrc constante and (cosé,g ) for wate between
PY(11D walls. 8, g, is the angle betwea awate dipole » and the direction

of the externa electrc field E,. Errors in parenthesgeare estimate from
standad deviatiors of the resuls of four consecutie 50 ps runs.

I.-C. Yeh and M. L. Berkowitz

Eo (VIA) Method € (cosb,g)
1 EW2D 59.9+11 0.330+0.00)
1 EW3DC 67.5+7.0) 0.329+0.00D
2 EW2D 38.1(*1.3 0.664+0.002
2 EW3DC 37.4+1.7) 0.664+0.002
3 EW2D 9.2(+0.1) 0.905+0.00)
3 EW3DC 9.3(+0.1) 0.907+0.002

the pha® transition was observe in afield with Ey below 3
V/A when the EW3D methal was used.

We alo calculated € by Eq. (15 and average
cosb,, g ((cosb, g )) whered, g istheangke betwea awa-

ter dipole x and the direction of the external electric field

Eo. Values for € and(cosé,, g ) obtainel by using EW2D

and EW3DC hawe been compare in Table II. An excellent
agreemenhas bean observed.

B. Forces between two particles

Calculation of the pair forces is the mod dired and ac-
curae measue to compae different method for the treat-
mert of long-rang forces®%1” Spohf compare the pair
forces calculatel by EW2D and EW3D. He attributed the
deviatiors of the EW3D resuls from the EW2D resuls to
the coupling betwea the periodic replicas of the interface.

The same geomety of the simulation cel usal in
Spohrs work has been usel her (L,= Ly=18A and L,
=3XL, or 5XL,). a of 0.45 A! and the reciproc# space
cut off radits of 5.0 A~ hawe been used The parameters
hawe been chose for bette accurag becaus we warnt to
eliminake ary unwantel erra due to numerica artifacts
when we compae the resuls for the EW2D and EW3D. The
choice of parametes could be relaxal for bette computa-
tiond efficiency. For the EW2D calculation the parameter
was chos@ to be 0.111 A~* ard the red spae terms which

10° @ . ‘ :
—— EW2D
OEWS3D L=3L,
. +EW3D L,=5L,
~ 10 OEW3DC L=3L, E
o< x EW3DC L,=5L,
-~
J10* t
=
107 ¢+
0

FIG. 4. Compariso of the zcomponehof the force acting on the unit point
charge at (0,0z) by anothe oppositey chargel unit point charge fixed at
(0,0,0 in two-dimensionall periodic systens calculatel by differert Ewald
methods The logarithmi scak is usel for bette comparisa with the result
in Spohrs work (Ref. 8).
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FIG. 5. Comparisa of the zcomponenhof the force acting on the unit point
chargat (45 A, 45 A, 2) by anothe oppositey chargel unit point charge
fixed at (0,0,0 in two-dimensionaif periodic systens calculate by differ-
ert Ewald methods.

satisfy the condition m§+ m2<4 ard the reciproca space
terms which satisf m.?+ m,“<9 hawe bee considered.

We calculatel the pair forces betwea two oppositely
charge unit point charges a (0,0,0 ard (0,0z) using
EW2D, EW3D, ard EW3DC methods z changs from 0 to
abou L,/2 in our tests This type of arrangemenof charges
is also use in Spohrs work® and creats a dipole momert in
zdirection The resuls are shown in Fig. 4. The deviatiors of
the EW3D resuls without the correction term from the
EW2D resuls reportel in Spohrs work® have been repro-
duced At the sane time the resuls from the EW3DC are
almog identicd to the EW2D results It is to be notel that
there are emply space with lengths of at leag 1.5XL, and
2.5XL, in z direction for L, of 3XL, and 5XL,, respec-
tively, for the resuls shown in Fig. 4. This clearly shows that
to use EW3D in 2DP systemsthe emply spae neel not be
huge but the correction term shoutl be included.

Figure 5 shows the pair forces experiencd by two op-
positey chargel unit point chargs at (0,0,0 and (45 A, 4.5
A, 2). For EW3D and EW3DC calculationsL, of 5X L, (90
A) has been used z again change from 0 to L,/2. This type
of arrangemeinof charge creats a dipole momert not only
in z direction but also in x and y directions The z compo-
nens of forces are shown ard an excellen agreemenbe-
tween EW2D and EW3DC resuls is evident Note tha even
for the case when M, and M, are nat zerq the correction
tem [Eq. (12)] which involves only M, is sufficient.

Figure 6 consides arathe extrene ca® when therisa

2 —— EW2D
°§ """""" EW3D /|
[=) ---- EW3DC /i
§ ................... ’ II
5 0 E T /l

= i
i f
-100 ‘ | | |
-40 -20 00 " -
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FIG. 6. Comparisa of the zcomponehof the force acting on the unit point
charge at (0,0z) by anothe oppositey charge unit point charge fixed at
(0,0—44 A) in two-dimensionalf periodic systens calculate by different
Ewald methods.
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TABLE Ill. Comparisa of computirg times per time st calculatel by
EW2D ard EW3DC methods.

Method Time (s)
EW2D 59.9
EW2D (optimized 18.1
EW2D (table 7.52
EW3DC 0.71

vely little emply spae betweea periodi replicas in z direc-
tion. Forces betwea two oppositey charge unit point
chargs at (0,044 A) ard (0,07) are calculated z is
change from —43 to 44 A. L, usel in EW3D and EW3DC
is90 A, which mears that one of the charges is fixed nea the
end of the simulatian cell in z direction at (0,0,—44 A). Fig-
ure 6 shows tha the resut from EW3D without the correc-
tion tem deviates from the EW2D resut in almog the entire
range of z values The resut from EW3DC agrea well with
EW2D resut for z values up to ~28 A wher interaction
with the adjacem charge in periodic replicas in z direction
are beginnirg to dominat the interaction force At z
=28A, an empy spae with alengh of L, in z direction is
presen in the box. This shows tha to get good numerical
results there shout be an empy spae at leag with alength
of Ly or L, even when EW3DC is used.

C. Speed and accuracy

Computationh speed of the dired use of the EW2D
formula, the EW2D methal with a precalculatd table and
the EW3DC calculatiors hawe been checkel for wate—
Pt(111) system Only interactiors betwe@ watea molecules
hawe bee considerd for more dired comparisonsCalcula-
tions hawe been carried out on a Silicon Graphis Origin
2000 workstation The geomety of the simulatian cel and
the Ewald parametes are the sane as the ones usdl in this
work for wate—P1t(111) systemsSince the actud computing
time may strongy depenl on the numbe of particles the
choice of Ewald parametersthe machire used ard the de-
gree of the optimization the numbes given here shout be
interpretel with caution.

Computationhtime per time stg has been estimate for
eah Ewald metha ard is summarizd in Table Ill. Since
the value of « is small, a reciprocal space term wikth# 0
[the secoml term in Eq. (6)] could be neglecte with very
littl e error as suggestd by the previots studies®*® This op-
timization of the EW2D methal resuls in a significarn re-
duction of the computirg time in the dired use of EW2D
formula as shown in Table IIl, but does not redue the com-
puting time significanty in the EW2D calculation with the
table The inclusion of the correction term into the EW3D
formula (EW3DC) hardl introduces ary difference in the
computirg time compare with EW3D. The computirg time
for the EW3DC is ~10 times faste than the time for EW2D
with the table.

We also compare the accurayg of the calculations The
componer of forces acting on randomy selecte atons cal-
culated by EW2D, EW2D with the table and EW3DC from
a given configuration of 512 watea molecules hawe been

Ewald summation for a slab 3161

compared We found tha EW3DC shows bette accuracy
than the EW2D with the precalculatd table compare with
the dired EW2D calculation We think that an accumulation
of erroisintroducel by the interpolation of the table and the
parallé plate capacito approximation resuls in a loss of
accurag when the EW2D methal with the precalculated
table is used.

V. CONCLUSION

In this study, Ewald summatim techniqus for systems
periodic in two dimensios with a finite lengh in the third
dimensia hawe bee tested In terms of spe@ and accuracy,
the usua three-dimensioraEwald methal with a correction
tem for the slab geomety (EW3DC) seens to be the best
choice The inclusion of the correction term does not intro-
duce ary significart computationhdifficulty and can be eas-
ily incorporaté in the standad EW3D program Various op-
timization technique availabk for the EW3D technique
could be readily applicabé to the EW3DC3*

Recently there hawe bee consideral# interess in the
applicatian of the first-principles simulatiors using the Car—
Parrinelb schemé' to the interfacid systens suc as wata—
metd interfaces? This very promisirg approab may play
an importart role in the future simulatiors of various inter-
facid systemsThe corred treatmet of long-range forces in
this approab is requirel to come to ary reliable conclusions
from the first-principles simulations especialy on charged
systemsThe EW3D with the correction term can be conve-
niently usel for the calculation of long-rang forces in the
first-principles simulations.

In this study, we clearly demonstratet how simulations
of interfacid systens using the EW3D metha without the
correction term cen lead to erroneos results Numerous
simulation studies on interfacid systens in the literature
hawe been carried out by using the EW3D methal without
considerig the correction term We do not know how seri-
ous the errors are for ead studied systen and which prop-
erties are mog likely to be affected by the negligene of the
correction term More carefd studies neal to be dore to
resole this matte and we plan to carly out further simula-
tion studies in this direction The safe$ and economical
choiae for the calculation of the long-range forces in mog of
simulatiors of interfacid systens seens to be the EW3D
with the correction term.
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