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Molecular Dynamics of Yukawa System (Dust Plasma)
with Deformable Periodic Boundary Conditions: Formulation
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Molecular dynamics of the Yukawa system, the system of parti-
cles interacting via the Yukawa or the screened Coulomb potential, are
formulated for various statistical ensembles and external conditions.
The Yukawa potential smoothly interpolates the long-range Coulomb
and the short-range interactions by adjusting a single parameter, the
screening length. In order to reduce the effect of boundaries, the pe-
riodic boundary conditions are imposed and the deformations of the
fundamental vectors of periodicity are taken into account. Ewald-type
expressions for interaction energy, force, and kinematic pressure are
given explicitly.

1 Introduction

The statistical mechanics of particles interacting via the Yukawa potential has long been
studied as models of simple but non trivial system.[1] The potential has two parameters,
the charge and the screening length, and the latter gives a well-defined range of force: The
long-range (Coulomb) and the short-range forces can be interpolated by changing it. The
simplicity of its expression allows us to take advantage of mathematical transformations in
evaluating various statistical quantities.

As real systems where interactions are given by the Yukawa potential, we have classical
and quantum plasmas and charge stabilized colloidal suspensions. Recent addition to this
class is the dust plasma, the system of macroscopic charged particles suspended in plasmas,
which appears in plasma processes of semiconductor engineering.[2, 3] In order to transfer
minute patterns of integrated circuit onto the surface of substrates, we employ the method
of lithography and we have dust plasmas in etching process in reactive plasmas excited by
radio-frequency electromagnetic waves. One can take images of particles (dust) in these dust
plasmas easily by optical method and formation of lattices has been observed recently.
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Molecular dynamics is a powerful method to analyze dynamic and also static properties
of particle systems to microscopic scales. The finiteness of the simulated system, however, is
still the main difficulty in interpreting the results and the statistical ensemble and boundary
conditions have to be carefully examined.

The purpose of this paper is to describe some mathematical expressions which are in-
dispensable for analyses of Yukawa system by molecular dynamics. They are obtained by
straightforward but tedious manipulations and will be useful for related numerical analy-
ses. We first review application of various statistical ensembles and then derive expressions
specified to Yukawa system.

As external conditions, we consider both (1) the case of bulk system with constant volume
or under constant pressure and (2) that of the system confined in one direction with constant
volume or under constant pressure in remaining two directions. In the first case, we impose
periodic boundary conditions in three directions and in the second, in two directions. In
order to reduce the effect of boundary conditions on dynamics of the system, we include the
deformation of fundamental vectors of periodicity in our formulation.[4, 5]

2 Formulation of Molecular Dynamics for Microcanonical Ensem-
ble '

We here summarize molecular dynamics for the microcanonical ensemble. In what follows,
the dot denotes the time derivative p

. = -C—I-Z.
In order to impose the periodic boundary conditions, we express the coordinates of a particle

(2.1)

as
r=h-Xx (2.2)

in the case of periodic boundary conditions in three dimensions. Here h is a tensor composed
of fundamental (column) vectors a, b, c;

h = (a,b,c). (2.3)

For Yukawa system with two-dimensional periodicity {P} in the zy plane, we define h as
2 x 2 tensor and express the coordinate

r=(R,z2) (24)
" r=R+22 ‘ (2.5)
- R=h-X. | (26)

2.1 Dynamics with fixed periodic boundaries

We first consider the simplest case where the vectors representing the periodicity are fixed.
The Lagrangian is given by the standard form as

L{rit}) = 3 k- 1= U({r}), (2.7)

N m
=1 2
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where U({r;}) is the potential energy, and we have naturally

Equations of motion are given by

d (0L oL
dt (B_rz) Ton 29
or P 5
miwr,‘ = —E;U (210)
The momentum is defined by
’ Pi= m,-l"i (2.11)
and the Hamiltonian is given by
1
H =5 5pi- i+ U({ri)). (212)
We have the conservation of total energy in the form
d
—H=0. (2.13)

2.2 Dynamics with deformable periodic boundaries

2.2.1 Periodicity in three dimensions

A method to take the deformation of fundamental vectors of periodicity is to rewrite the
Lagrangian into the form

. . N m; .t . W T
L({x;,%:},h,h) = 5 X G-x; — U, {x:}) + —2—Tr W -], (2.14)
i=1 .
where
G=h"-h. (2.15)

The positive parameter W corresponds to the mass of the frame of coordinates. The value of
W is arbitrary in principle but to be optimized in practice. In this case, velocities are defined
by

v;i=h-x;. (2.16)

The equations of motion are given by
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d (0L oL
o (aT) -5 =0 (2.17)
and d{oc\ oc
or
d d
miaG . Exi = —GXi (219)
and
d2
Weh=n"o0. (2.20)

dt?
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Tensors N and o are given respectively by

Vb Z m; (h % ) (h %. ) _;_ g: zp: (ru p) (rij - P) Ov (Irij - pl) + Mg, (2.21)

i=1 ij=1 |r:; — p| O|ri; — p|
i
N —,ppdv(p)
n ! :
T TW% p O (222)
and
o=V (W) (2.23)
Here V} is the volume of the unit cell and v(r) is the interaction potential.
The momenta are defined by ‘
' Pi = MG - X; (2.24)
and
| - p=Wh (2.25)
and the Hamiltonian is given by
- 1
H = Z (67 pi) - pi Ulh, {xi}) + 555 Te(u’ - ). (2.26)
The conservation of Hamiltonian is written as
Ly—o. (2.27)

dt

2.2.2 Periodicity in two dimensions
In this case, h, G, and o are 2 X 2 tensors defined similarly to the case of three-dimensional

periodicity. The Lagrangian is given by

. ’ .« N . . ’
L({Xi, 2, Xi, 23}, h,h) = 30 '§‘Xt G- X;+ Z zzzz Uh,{Xi, z}) + %’I‘r [R*-h] . (2.28)
i=1 |

Velocities in two dimensions are defined by

R;=h-X,  (2.29)
Equations of motion are given by
ocC oL :
5 ( X ) ax =0 (2.30)
d (0L oc '
and d(ac\ oc
dt (ahaﬁ) Oy 23
or '
d d d



Molecular Dynamics of Yukawa System ( Dust Plasma )

L 0
zdt2zz_ 82,- ’
and
i h=1n
W@ = - J.

Here N is defined by

(2.34)

(2.35)

(2.36)

_ 11X , N (R -P)(R;-P) a8
n= Vo{,-zzlm’(h X;) (h-X;) - 2%; fr; — P 8Ir,-,~~P|"(|r”_PD + o
and N PP 9
My = —2_%127;0 —Ig‘ﬁv(P)

(2.37)

3 Dynamics with Deformable Periodic Boundaries under External

Pressure

The external pressure p.;(t) is taken into account by adding

(3.1)

(3.2)

(3.3)
(3.4)
(3.5)

(3.6)

(3.7)

— pez‘t(t) det h
to the Lagrangian. Here deth is the volume of our unit cell. The Lagrangian is then written
as
. 3 N mi . ¢ . W ¢ .
E({x,-,x,-}, h, h, t) = Z —2-Xi -G-X; — U(h, {x,-}) + 7'1‘1‘ [h . h] - pezt(t) det h.
i=1
Equations of motion are given by
' d (ac) ocr
—[=)-===0
dt \Ox; X i
and
d (oL oL _ 0
dt ailaﬁ ahaﬂ -
or
d 0
m,-EG . zi—t-x,- = —ain
and
d2
Wd—tz-h = [ﬂ - pezt(t)l] . 0'
The momenta are defined by
pPi = m,-G . }'(i
and

p=Wh,

and the Hamiltonian is given by

1 _ _ 1
H=3 %(G Lop) pi+ U, {xi}) + == Tr(pt - 1) + Pezi(t) det h.

2W
In this case, the conservation of Hamiltonian is written as

d - d
a"H =deth gt-pext(t).

- (3.8)

(3.9)

(3.10)
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4 Dynamics at Constant Temperature with Deformable Periodic
Boundaries under External Pressure

In order to simulate the canonical ensemble, we define the virtual time ¢ by

! dtl
t= — .
. (41)
> o dt

and consider the dynamics of a virtual system[6, 7] whose Lagrangian £’ is given by

. . N . ‘
£l({xli7xli}7 hl) hl’ Sla é’atl) = Z T;LT 12 G XI + %S'QTI‘ [h,t . h']
=1

+ %5’2 - U, {x;}) - pext‘(t') deth’ — gkgTln's'. (4.3)

Here @ is the mass related to the heat reservoir. Though the value of ) does not affect the
results so far as one follows the dynamics for a sufficiently long time, it needs to be optimized
for practical purposes. According to whether the time average is taken over the virtual time
or the real time, we set the parameter g to be equal to 3N + 9+ 1 or 3N + 9, N being the
number of particles in the unit cell.

5 Ewald-Type Formulae for Yukawa Lattice Sum

In this section, we summarize some Ewald-type expressions for lattice sums[8] in the
Yukawa system. In order to take the deformaton of fundamental vectors, we calculate the
pressure tensor in addition to interaction energy and force.

5.1 Interaction energy

5.1.1 Periodicity in three dimensions
We rewrite the Yukawa potential into

K

2 : _ 9
C ool = 22 ([ 4 [ 2
; exp(—kr) = ﬁq (/o +/G )dpexp( r°p 4p2)’ (5.1)

and Fourier-transform the long-range part of the lattice sum:

2L op(-rlp- )

e
= 3 5 {exo (o = et (Glp -1 4 75) |
1 il

ar +r2
+ exp (—kl|p — r|) erfc (G|p —r| - ZG)} + vﬂ% mexp (_94G2 +ig - r) .(5.2)
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Here {g} is the reciprocal lattice.

The interaction energy between a particle and its own
image or the Madelung energy of lattice {p} is given by

f— lim [Z — exp (—k|p —r|) - %exp (—'“‘)]

p {e‘(P (kp)erfc (Gp + 2G) + exp (—kp) erfc (Gp - —2%>}

24 .2 2
_g K ( ) _r
zg:g Ty 2 p( yTed )+f~zerfc 5C ﬁGexp( 402). (5.3)
The interaction energy U is thus given by

U N
exp{—K|rij — + —

e #Z] E Ir” P| P( | ¥ pD 9 ¢0

——ZE {exp Klri; — p erfc(Gr, + )
225 2|rl] Pl (klrs; |) erfc |ri; — pl 2G
+exp (~lry; = pl) exte (Gl = pl - 52 }

1 4dr 9>+ K?
o R P (‘ ez )Zexp(zg rs)

4HJ

gl el ) scrtmee(on- )
2 () - oem (2]

5.1.2 Periodicity in two dimensions

(5.4)

For Yukawa system with two-dimensional periodicity {P}, we have |

S Iexp( sIP - x)

= ; 2|P o {exp (k|P = r|) erfc (GIP —r|+ 2G)

+ exp (—«&|P — r|) erfc (G|P —-r|- 2G)}
‘ +S_0 %: \/RT2+—2 exp(iK - R)
(exp(\/mk])erfc( K*+ o + G|z|)
’+ exp(— mp})erfc( K Cj_ K G]z|)) | (5.5)
Here {K} is the two d1mens1onal reciprocal lattice and S is the area of the unit cell in two

dimensions. The interaction energy between a particle and its own image or the Madelung
energy of two-dimensional lattice {P} is given by

& =In(E e (<P -1~ Jew(-)}
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= EP:'LP {e\p(nP)erfc (GP + -2%) + exp(—«kP)erfc (GP - —)}
. ,

2G
> 27 ¢ K? 4 k2
erfc
So % VEK? + k2

The interaction energy Uis given by

U
e? ,%%: rij P

EZ
z#] 2|P - l]l

+ exp (—&|P — r;;]) erfc <G[P —r;j| — %)}

2

N
| exp(—k«lry; — P|) + %

K
{exp (K|P —ry5]) erfc (G]P — ;| + ﬁ)

250 sz:%: W eXp(’LK ) Rij)

R
X (exp(\/K2 + K2|z;5|)erfc (KTJE— + G]z,ﬂ)

+ exp(—V K? +;s2|z,]|)erfc( 112;'6 - GIZijI))

+ Z 5P {exp(nP)erfc (GP + ) + exp(—«P)erfc (GP -

2G 2G

+];7 [nerfc (2G) ﬁGexp (—fég)] .

5.2 Force

5.2.1 Periodicity in three dimensions

We first note that 5 5
R
8XiU =h Br,- U

The second factor is calculated as

ovu (ri—1;—p)
ari 32 ](X;L:,) ZP: |I',] pl3

1
x| 3 (1 = Klrs; = pI) exp (slry; — Pl erte (GIry; — I + 5]

B =

+

2 9 g  K?
+ﬁGlrij — plexp (—G |ri; — pI° — 4_632)]
1 8t . g+ K%\ [X X
e (-G [Seste )

5.2.2 Periodicity in two dimensions

For Yukawa system with two-dimensional periodicity {P = h- N}, we have

o . _ . 0
X =" RV

n).

5 )+nerfc<2G) ﬁGexp (—Zc—ﬁ

o))

(14 lrs; = pI) exp (=rlri — pl) exfe (Gl — bl - 5]

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)
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_8E '(r,'——rj—P)
OR;e?* iz F Irij— PP

1
x5 (1 — k|rij — P|) exp (k|r;; — P|) erfc (G|ru P|+ 2G)

1
+3 (1 + k|r;; — P|) exp (—&|r;; — P|) erfc (G’[r,J P| - 2G)

2 Glr;; ~ P G? 2
+T [rij = Plexp { ~Gri; =PI —
Z WzKZexp(zK R;;)
(exp(\/K2 + K2|z;])erfc(——— A + K + G|zj])
\/K
-+ exp(—VEK? + K%z erfe(——F— + K G|z,-j|)) ) (5.11)

and

ou
= 2 X T—pn
azl j(#) P Irl] PI

1
|5 (1 = lrij = Pl) exp (s]ri; — P|) erfc (G|r,, P|+ 2G)

1
+5 (1+ Klry = P exp (=xlr; = P|) exte (Glry; = P| - o)
S P i 4G?
1 N
——=>.my sign(z;) exp(iK - R;;)
S G
\/K
(exp(\/ K? + K2|z;|)erfe(———=— + K + G|zij|)
\/K |
— exp(—VK? + k2|z;|)erfc( 2(;_ K GIZijl)) : ' (5.12)

5.3 Pressure Tensors

5.3.1 Periodicity in three dimensions

We here give Ewald-type expressions for tensors related to the deformation of unit cell:

(r-p)(r-p)[ 3 1 —klp —
P e e

=-% (r flrpz(glg p){ (1 - &|r — p|) exp (k|r — p|) erfc (G[r -pl+ 2G)
+% (1+ &lr — p|) exp (—xlr — pl) erfe (Glr —pl- 2G>

2

2 o e 2__”_}
+=Glr — plexp (-Gl - pf - 1)
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1 8x g2 + K? gtk
+—2_88 )2( +t1)exp|~ym—+ig-r

1 4n 24 k2
—l=> ———=exp (—u—+ig-r) , (5.13)
g

1 D (— AT R (22 K
+ (1 + kp) exp (—kp) erfc (G 2G) + ﬁGpexp (—G - 4G2)}
87.‘. g2 +I§2 : 92+l‘52 )
rsrar (e ) (e

1 47 g2+/-c2
—1=3 ——exp |- T—F—]. .
VR e‘p( e ) (514

The tensor N is thus given by

N
%I‘I:Zmi(h-}i;)(h-i;)

(v = P) (v = P) & (I = p)

—= +Von

é:l%: |rij — Pl ori—pl "

1#]
N
= 3 mi(h-%) (%)
i=1 :

1 r;; rii—p : ”

D e (1 =i = ) sl — )t (e — 1 + 22}

1
21+ i — pl) exp (<xls; — pD e (Gl — pl - o)

2 0 s  K?
+ﬁGlrij — plexp (—G s — p|* - @)}

N PP {1 B ( )
+ 2 xgé:O p3 9 (1 ﬁp) exp (K,p) erfc Gp + T
K

1
+3 (1 + kp) exp (—kp) erfc (G’p - -2-—6-;,—) 7
2 Gpexp (-G — 2 }
+\/_Gpexp( G 4G2>
87r g2+ K,2 ] g2+ Ii2 .
ey ey (f ) e (-G pew e

A g2 + K 2
-HE—VTOZg: mexp (— 1G2 ) gexp (Zg l',]) (515)
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5.3.2 Periodicity in two dimensions

For Yukawa system with two-dimensional periodicity {P} we have
(r—P)(r-P) { 2, 1 }
: exp(—klr-P
T T T e T A
P)(r

=— %‘ (r —| = PI; P){ (1 — k|r — P|) exp (x|r — P|) erfc (G|r -Pl+ 2G>

2

1
+3 (1 4+ k|r — P|) exp (—k|r — P|) erfc <G|r ~-P|- QG)
2 2 K
+-\/—%G|r — Plexp (—G [r — P[ - @)}
1 1 ;o 8 92 + K2 _ g2 + K2 ]
—— [ dg, - .
+50§ /_ ggg(2 n2)2( YTer +1)exp( et
2 .2
g +K" .
2ﬂ_/ dg,—— o exp (— PTeD +ig -.r) , (5.16)
where
g=K+g.2 (517)
and
gg = KK + Kg.2 + g.5K + ¢%35. (5.18)

The equation of motion for h is related to the 2 x 2 part of the above tensors:

R-P)R-P){ & 1 . .
e {mr4Mr p] =P (=l PW

Z (R IP) (If){l's P){ (1 — kfr = P]) exp (x|r — P|) erfc (G|r —P|+ %)

K
+-2— (1 + k|r — P|)exp (—&jr — P|) erfc (G|r -P|- -2—(—;;)

2 G- G- z-f_}
+ﬁG|r Plexp( G*r — P| 4G2)

11 o 8r P+ g +Kr
+S_o§ﬁ/—oodgzKK(g2+n2)2( TeD +1) exp( ITeD +ig-r
24 g2

1 1 feo 47 g .
=3 — - - ‘rl. 5.19
ISO K 27 / 4. g2 + K2 xp ( 4G? tig r) ( )

The integrations with respect to g, give

1 4 g2+fc2 .

exp(iK - R) x [ekp(\/K2 + k2|z|)erfe(———=— K + s + G|z])
= - ch),

Z«Fﬁfﬁ

+ exp(—V K? + k2|z|)erfc( (5.20)
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and

24 .2 24 .2
8w g+ kK [ gtk .
27r/ ( ) ( el +1)ekp( YYez +18 r)

= %%mexp(ﬂ{ ‘R) [( ~ VE? + k2|z]) exp(VE? + I€2—|z|)erfc(v +G| )

+(1 4+ VE? + r2)z|) exp(—VEZ + £2|z|)erfe( Xm0 KoF e Glz)

2G
+% K2G+ G exp(—Kzg:;c - G2z2)] . | (5.21)
‘The tensor related to the Madelung energy is similarly calculated as
PZ¢:0 %3%% exp(—«&P)
=— = l;—f{%(l — kP) exp(kP)erfc (G’P + %)
+-;—(1 + kP) exp(—«rP)erfc ( P - -2—5)
+%GP exp ( G*P? — :—(;)} |
+5l0 %{: % /—O:O dg. KK (g? -8|-7r1~’~2)2 (9242';2 + 1) exp (_92422’92)
2 2 :
_|Slo§ 217r /oo dgz;%—z— exp (—94-2: ) . (5.22)

6 Conclusion

We have summarized mathematical expressions which are necessary for molecular dynam-
ics of Yukawa system with deformable periodic boundary conditions in three or two dimen-
sions. As statistical ensemble, both microcanonical and canonical ensembles are considered
with constant volume or under constant pressure. Simulations of bulk system[9] and those of
finite system in external potential are in progress.
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