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The Van der Waals energy of molecules interacting with metallic bubbles is determined from

spherical-tensor theory by using the response field susceptibility of the spherical bubble. The correlation and

exchange effects of the electron response inside the metal are included by using the local density

approximation (LDA). The dependence of the Van der Waals energy on the first Euler angle is manifestation

of the anisotropy of the interaction. In order to illustrate the non-locality and the correlation and exchange

effects as well as the importance of the spherical bubble curvature and anisotropy of the interaction on the

potential magnitudes, we present numerical results for typical systems (HF,HCI) molecules on (Ag,Al)

surfaces.
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1. INTRODUCTION

It has been shown, both theoretically [1-3] and
experimentally [4-6], that the vicinity of the surface
strongly modifies the dynamical properties of the
atomic or molecular system, giving rise to a wide
variety of 'surface effects', such as Van der Waals
interaction, desorption energy, alteration radiative
properties, etc.

In this paper, we present by taking into account
correlation and exchange effects of the electron
response inside the metal a formulation of the Van
der Waals energy of a molecule placed inside or
outside a metallic bubble. The theoretical approach
is based on formalism which uses generalized
susceptibilities [7] or electric-field propagators

'§"(F,F'@) ,connecting two points T, T' inside
or outside the metallic bubble. In this formalism,
the estimation of the Van der Waals energy requires
the knowledge of the dynamic polarizabilities of
admolecules and the dynamic response functions of
the substrate. However, the alterations of atomic or
molecular properties at the vicinity of special
importance when the surface presents a positive or
negative radius of curvature at an pm or nm scale.
For such systems as atoms confined in
microcavities [8,9], atomic diffraction by atomic
mirrors [10], molecule in porous materials [11] or
carbon nanotubes [12] or at the tip of a near-field
microscope, spectroscopic  properties are
dramatically changed. Nevertheless, the validity of
the present model is limited to intermediate
distances between the microsystem and the surface,
in the following sense: (i) the distance is small
enough to make negligible any retardation effect (
which forbids applying the model to account for
radiation and excitation of resonant modes in the

solid); (ii) the distance is large enough to ignore the
short-range repulsive forces due to the overlap of
the electronic orbitals of the two partners and to
consider the solid as a continuous medium. In the
case of a curved surface the radius of curvature is
also involved and to be considered when examining
the validity of the treatment at the short distance.
This point will be examined further in our case for
a spherical bubble.

The paper is organized as follows. Section 2, is
devoted to the response of the metal with
correlation and exchange effects. A general
formulation of the molecule-bubble dispersion and
induction energy is developed in section 3. In
section 4, we investigate numerically the variations
of the dipolar contribution to the van der Waals
energy with the orientation of the molecule, the
distance of approach, the radius of the metallic
bubble and the mean electronic density of the
metal, for molecules HF and HCI adsorbed on
metals (Ag, Al). Moreover, to describe the
dynamical properties of admolecules, we use the
Drude oscillator model.

Il. THE RESPONSE OF THE METAL

The molecule is described as a sum of
fluctuating electric moments. In the following for
sake of simplicity we shall restrict to a dipolar
moment but the method can be easily extended to
higher orders by using proper expansions of the
source potential. The validity of the method is
restricted to the intermediate distance range for the
following reasons : (i) because of the quasistatic
approximation, it does not take into account
retardation effects which become significant at
large distances (=100 au) ; (ii) at distances of a few
au, electronic orbitals of the atom and the solid
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overlap, giving rise to a repulsive interaction; (iii)

at such short distances the description of the solid

as a continuous medium becomes questionable.
Indeed, the fluctuating dipole located at point

T, inside or outside the metallic bubble (cf. Fig 1),
induces in the metal a fluctuation of the charge
density Sp(f,m) for a specific frequency. Let
(I)l(f,(o) be the potential, created by the dipole and
by Op, at a point T in the medium. In the quasi-
static approximation, @, obeys the Poisson

equation :

AD, (F,0)=—413p(F,0). (1)

AL

Figure 1 : Interaction between a molecule and a
spherical bubble of radii a, b, centred at point O.
(0,X, Y,Z) : absolute frame. (G,Xy, Ym,Zm) :
molecular frame.

2.1 Response potential with correlation and
exchange effects

After introduction of correlation and exchange

effects, the electric potential in the metal can be
seen as the sum of two terms [13,14] :

)= o)+ F.o) @)

where (I) (T,®) is the Coulomb potential of
1

existed chargeS'
o >2 EM% )[ﬂ]v_“)‘

and (I) (T,®) is the correlation and exchange
XC

3

-

potential given in the local density approximation
(LDA) by [15,16]

Dl 0)=C3p(F0). @

The symbol [£] means a contracted tensorial
product of order /. In LDA approximation,
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the correlation and exchange factor (aalgcj is

supposed independent on T .

In the random phase approximation (RPA), by
taking into account the correlation and exchange
effects, we can write the induced charge density, in
the (k, ®) representation, under the form :

PumK@) =" 7, (KK, 0)d, o (K, @),
kV
©)

where [}(ng(k, K'.@) is the electron gas
susceptibility of the metal.
Using Egs (2) and (4), Opnm becomes

(k) =Y 7 (KK, ){rAn oK)+~ X 5@ (K, w)}
kv
(©)

By use of the matrix

P.(k.k',@) =6, Ny

ZhkKL0) ()
the equation (6) can be written as
> Rk.K.0)p,n(K.0) =Y 7, (K D), (K, 0).
2 o z

Then, one gets the following relationship

5pn,m(k’a)) = Z /f[n(k, k"a))aln,m(k"a))a
T

)
where [;?ng(k kK',®) is defined by

"7, (kK w) = ZP (k.k",@) 7, (K".k',@).

(10)
. ot ,
We notice that the matrix ', (K,K',®)
symmetric. Consequently, the matrix P, (K,k',@)
expressed by the relationship (7) is also symmetric

oy f l
and commutes with “7,"(K,K',@). We can then

show that the matrix product 'f;?nf(k,k',a)) (cf.
Eq (10)) is symmetric. Then, P !(k,k',) can be

written under the form :

P-I(k K\ 0)= 14%;” T K, ) (11
Where [ is the matrix unity.

Using the Green's identity, a self-consistent
equation of the Coulomb potential can be written as
[17,18]

Y E (kKL o)d,,(K\w)=

=

Cin (0 (KD)G, (b, 0) -8 T, (ka)B ", (3, @), (12)
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where

E K.y =K' 477, (k)" (/ ‘kK.0f

, (13)
B (1.0) = { | dQYn*'“(mM} ,
' or

r=r,
r=ab. (14)
f, (kr) is a linear combination of regular and
irregular spherical Bessel functions j, and y, and
Cy.n1s normalization constant defined by

b 2
;= [rdf,kn]. (15)

k,n

The quantity KE, (K,K',®) can define the
dielectric constant of the metallic bubble. The off-
diagonal elements (k =k') represent the surface
effect. By neglecting these elements, we can define
a new constant composed of the Lindhard's constant
SRPA(k,(D) and another constant making intervene
the correlation and exchange effects :

E (ko) =K gpfk.c) - ”i’( 2ol ))2} Ketk.c)
(16)

with

eppn(K, @) = l—i—f”x,f (k@) (17)

Using an expansion over the spherical
harmonies, the Coulomb potential modified by
correlation and exchange effects can be written, in
(r, ®) representation, as

G(T.0) = X (F (1o, (0,0) -G, (1), ,(a.0) V(@)

(18)
w_ith
B (1,0)=b2Y CiaCrafa(kr)fa(k'b)Es'(k k')
k,k

(19)

Ga(r,0)=a2 CinCronfu(kr)fa(K'a) Es'(k, k')
k.k'

(20)

Using the continuity of the potential and its
derivative at the vicinity of the inner and the outer
surface, the response potential can be respectively
written as [16,17]

4.(F0) = YA, (a,b,w)#ﬁ,m(a))ﬂm Q)
, | @)

[o)}

2n+1

¢r (Faw) = ZZ? (aa ba a))w A],m (a))Ynm (Q)

(22)
The factors A, (®) are readily derived from the
Cartesian components of the fluctuating multipolar

‘ . :
moments M( )(@) , which describe the molecule,

by
A =Tl M (@)

The analytical expressions of first Tank tensors

T()

—n,m?

(23)

related to the fluctuating dipole located at
point T, inside or outside the metallic bubble, are

given for I, = (0,0,R), in the Cartesian basis, by

1/2 5 _5
(T(l)(r )) (n2(n+i)7z_j ( m,—lél_n m,l)
n+
n(n+1 VRS, + 80
eI
1/2
I T On
(), - 2”(2n+1] R
, (24)
1/2
S -8
Y R =
s X n+ +
nn+1) V' (S, +6.,)
- (3]
1/2
5
TOE)) = —2n(n+1)| — n.0
(rn ) = -2n( )(Znﬂ _

(25)

The reflection factors of order n: A (a,b,®) ,

which take into account the nonlocality and the
correlation and exchange effects of metallic bubble
electrons, are given respectively for the inner and
the outer surface of the bubble by

(P F @aGho +Hb++IFhola—+1GE)

& h F e = —
2(@ho) N+DF @GR b+n+)F hola+Gho)

’ (26) ) | !

Raho) - THEAGOAHaG@]-rEbo)

27

2.2. Multipolar propagators
Assuming a linear response of the bubble to
fluctuating  external  sources, the tensors

' S “(r, I,.,@®) relate the multipolar momentum
M “”(®) to the gradients of the response field

in the form [18]:

EV(Fo)='s" (..ol M"@). @

These propagators can be derived from the

nn+DF (a0G,bo -ja+nG@afb+n+)F o)
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response field gradients:
) ez €9] =
E (r’a)) = _ZF ¢r(raa)) >

where CDr(f,O)) is the response potential of the

(29)

bubble surface.

By use of the transformation matrix from
spherical to Cartesian coordinates, one gets the
expression of the multipolar propagators,
respectively, at the vicinity of the inner and the
outer surface, in the Cartesian basis, set:

'S'EE ,c)):—ZM)V(/){rnYm

a2n+1

o)

(30)
fSev(m,,@)=-Zb2n+1E(a,b,mﬁ§”){ﬂ}lﬁ’%( )
’ (31)

where 6(;/) is the gradient operator of order [Jin
the Cartesian basis. Note that the propagators
! S “(F, r.,o), called  'Electric-field

susceptibility', take into account only the intrinsic
properties of the surface.

also

I11. APPLICATION TO THE VAN DER
WAALS ENERGY OF A MOLECULE

The van der Waals energy V(R) of a molecule,
whose centre of mass G is located at point

£ =R with respect to the centre O of the spherical
bubble (see. Fig 1), is a sum of inductive ('V; (ﬁ) )

and dispersive ( V, (f{)) contributions [19]:

VR =V, R}V, (R) (32)
where
Vi(R)=- 3 4'S RRO+ L i S'(RR0)
:Q+$Q:z§](ﬁ,f{,w).ﬁ+... (33)
Vv, (R )—EZW jd; @ (1)1, +1,]"S" (RR,i&)
(34)
. . o
Iy 2G&)  is the molecular polarizability tensor

in the absolute frame (0,X,Y,Z) tied to the

spherical bubble. The symbol [ 1+ ;] means a
contracted tensorial product of order ;+ , is an
imaginary frequency. In the inductive contribution,

i, and O denote the permanent dipole and

quadrupole moments of the molecule.

From Eqgs (33) and (34) it is seen that the dipolar
contribution of the van der Waals energy

can be written as

V(l)(ﬁ):\/i(”(ﬁ)-%\fél)(ﬁ)

(35)
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with
VOR) = 'S RRO)A,
(36)
VP R=L[decl e[S R R &+ L [de ol (e3[R R.i®).
(37)

Using Eqgs (30) and (31) together with Eqgs (24)
and (25) , one can write the dipolar contributions of

the van der Waals energy Vi(l)(li) and V(gl)(f{),
for R=(0,0,R) , as
(i) a molecule inside a bubble
2n+1 n(n+1)
Vi“)(R)— ZZ' a,bO)( j ( > sirf @+n’ co§¢9}
(38)

Vél)(R)z_#z“n(%)zwrl Tdéﬂ'n(a,b,i&,)

X ‘02/,(i§)(n—-'—1 sitf @+ncos H}fzoil(i;')[n—-*—2 (I+co$ G)+nsirt (9]

ﬂﬁ {zd//(li)(—suf 6+ncod @ oé(ig)(%z (3cos 6-1)+3nsirt Oﬂ }

(39)
(i1) a molecule outside a bubble

o N nin+1)
VPR = ?Z%(@bo)( j ( 5

, (40)
ViN(R)=-

sitf @+ (n+1)° co§¢9)

2nhR 3 Z“: (n+1)(ft{7)7’"“ Id&ﬂ,(a,b,ig)

x{l (x},(iﬁ)(%sin26+(n+l)cosze)klodl(i&)(%( l+cos20)+(n+1 )sinze)

‘a 1//(I~§)( sin? @ + (n +1) cos? 9)
n+2

cosé@

zaj(icf)[T_(s cos? @ —1)+3(n+1)sin’ 9)

1)

The molecule is referred to the absolute frame
(0,X,Y,Z) by its Euler angles 6 and ¢ (cf. Figl).
Trough the above procedure, ¢ disappears in the
final expression implying a cylindrical symmetry of
the molecule-bubble system.

IV. NUMERICAL CALCULATIONS
4.1 Modelization of the interacting partners

The parallel and perpendicular polarizabilities of
la(ig), 'al(i&), *oi)(i€)and

can be evaluated from the three-

the molecule,

2ol (i5)

dimensional anisotropic oscillator model [20]
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10% L(O)mz//\ n

1yl _

a) (®)= 2 2 (42)
| © a L—H;
2y 2

20, ()= Ot//‘l(O)(J) L (43)
/L - 2 2
| ®, +8

Numerical values of the static polarizabilities
o), (0), 'al(0),%a,(0)and 20! (0) together

with the corresponding frequencies ®, and ®;
are given in Table 1.

The functions F (r,i&) and Gn(r,ié), which are
involved in the expression of the reflection factors
(Egs (26) and (27)), can be determined in principle
within the framework of RPA and LDA
approximations, by inverting the dielectric constant
matrix En(k,k',if_,). Nevertheless, neglecting the

off-diagonal terms, one gets a simple relationship
between the diagonal terms and the dielectric
constant taking into account the correlation and
exchange effects,

Ea(k.k'i€)=k? E(K,i&)dki (44)

By use of the hydrodynamical model [16,21,22]
for the spatial dispersion, one gets from Eqs (16)

and (17) the following expression for €(K,i&):
®3—k20%:(1)

E(k,l&)=l+w > (45)
with

é2+2oa% ONVie2OBHET 10,75924
{i15)= d 9 Ll’zm' &+ 1,4
(46)

®p is the free-electron plasma frequency ; J is a
parameter related to the Fermi velocity :

0~+/3/5v; and 1 =[3/4Tcp]l/3 is the mean
electronic density of the metal [14].

This model, describing the non-local behaviour and
the correlation and exchange effects of the electrons
within the metal, requires numerical parameters

®p, & and r, (see. Table 2). By replacing the

discrete sum in Eqs (19) and (20) by an integral
over k, one gets analytical expressions for

Ai(a,b,i€) and A%(a,b.i&):

ZIn(a, b,i&)= (b2n+1 _ a2n+1) X

n’g,(a,i&)+1 b
n(n+1)g, (a,i&)—-1

> 47)

An (a,b,w) = (b2n+1 _ a2n+l) X

NN+ 18, @06 =1 o |
(n+1)°gg, (a,i&) +1

{(n D' G (0.0 +1 s

N+ D,0.0) -1 | 4g)
n(n+1)g,(b,w)-1

n*g, (b, w) +1

[o)}

where
&i(rig)= n(n +1)Lm( a).fn(r,ié';)} (49)
with

onel ([ ron
fa(rit)= 5 nt(lg)k(ﬁ(r,iﬁ)

(50)

u(r,i&)=r /520)%—’2_%1@ (51)
and

em(1§)= 1+ &2 . (52)

In+12 and Kn+1/2 are modified Bessel functions.
In absence of correlation and exchange effects

( 8ch/ap:0 ) :

fa(r,i&)=fa(r,if)=(2n+1 )(61;(0;7??;)
. (53)

with
u(r,(o):% 3+E2 (54)
Note that the local limit can be readily obtained by

making In+1/2( )Kn+1/2(11)=0 then g, becomes
independent on r,

gn(r,i8)=gu(i i)_m 55)

j+5%c(i§) n1/2(W)Kn+12(00)

2
j Insi2(u)K ns1/2(u)

D) | oya.n.) | o(a.u) | oya.n.) | o (a.u 2 2
WD) | oy(au.) | wi(aw) | oyfan.) | o(au) I(XL(ELU 1(1L(a
HF | 1.73 | 1.561 0.375 5.2 3.84 2.193 0.319
6
HC | 1.08 | 0.737 0.898 14.08 427 12.408 2.015

1

Table 1: Molecular parameters, from Ref.[20]

oau) | &(au) *(a.u)
Al 0.562 0.697 2.07
Ag 0.845 1.031

Table2: Metallic parameters, from Refs.?[23], °[24]
4.2 Results

The van der Waals energies are calculated
using Eqs (38)-(55) together with the numerical
data of Tables 1 and 2, for (HF,HCI) molecules
adsorbed in (Al,Ag) spherical bubbles.

(i) Figs 2a and b illustrate the influence of the
orientation of the molecule on V" as well as the
difference between the local and no local response
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Figure 3a: Van der Waals energy V") for HF
molecule inside an Al bubble (a=30 au and b=40
au) as function of the distance d to the inner sphere.

Figure 2a: Van der Waals energy V" as functions
of the Euler angle 0 in the case of HF molecule at a
distance R=a-6 au from the center O of an Ag
bubble of radii a=30 au and b=40 au.

HFlAg HF/AI

(meV)

)
|

-20

— — — Local treatment
Nonlocal treatment
N n N

n . . L
0 1

2

Van der Waals energy V
X
AN
AN
\
y
§
/
/
/
/
L
(1)
Van der Waals energy V' ' (meV)

0 {rd) fr
Figure 2b: Van der Waals energy V' as functions
of the Euler angle 6 in the case of HF molecule at a : 1‘0 e 2'0 I o
distance R=b+6 au from the center O of an Ag

o - d (au)
bubble of radii a=30 au and b=40 au. Figure 3b: Van der Waals energy v for HF

molecule outside an Al bubble (a=30 au and b=40
au) as function of the distance d to the outer sphere.
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of the metal electrons. However, the anisotropy of
the interaction introduces a dependence of the van
der Waals energies V"' on the first Euler angle 6.

One sees from Figs 2a and b that ‘V(l)‘ is

maximum when 0=0 and 0=r, obtained in other
investigations [16,22,25]; in this calculation, the
configurations 6=0 and 6=n, are not equivalent.
This slight difference between the two
configurations comes owing to the fact that in our
calculation we held account also the third rank

S 2 1
polarizability tensors: ~ Ol

(i) In Figs 3a and b, V" is plotted, in the case of
6=0, as a function of d, the distance from the dipole
source to the inner or outer spheres of an Al bubble
(a=30 au, b=40 au), for a HF molecule. In this
calculation, we have introduced the correlation and
exchange effects of the electron response inside the
metal. Figs 3a and b show that the correlation and
exchange effects significantly reduce the Van der
Waals energies. Here, at a distance of approach
d=10 au and for radii (a=30 au, b=40 au), a
reduction by a factor of about 3 is observed.
Neglecting the correlation and exchange effects
may then results into a strong overestimate of van
der Waals energies.

(ii1) Finally, in Figs 4a and b, the HCI-Ag systems
are respectively studied for fixed values (a=30 au,
R=a-6 au) and (b=40 au, R=b+6 au). In Figs 4a, the
energy is plotted as a function of b (b>a). It is seen
that V" approaches its limiting value, i.e. the
energy corresponding to a spherical cavity in an
infinite medium at relatively low values of b, which
shows that the effect induced by the source in the
solid is actually restricted to a rather thin spherical
sheet. In Figs 4b, the energy is plotted as a function
of a (ais varied from 0 to b). For a=0, one recovers
the value of V" of a molecule outside a filled
spheroid. On the other hand, as expected, V("=0 for
a=b.

HCI/Ag

-20 -

1
Van der Waals energy v (meV)

30 ‘ ‘ ‘ I 40 l ‘ I 50 ‘ ' l * 60
b (au)

Figure 4a: V' as a function of the outer radius b;

a=30 au; R=24 au. The asymptotic value at large b

corresponds to a molecule inside a spherical cavity

in an infinite medium ( broken line).

[o)}

HCI/Ag

S
T

Van der Waals energy Vm (meV)
N
5]
T

30 — L A - P Y L
o 10 20 30 40

a(aw)
Figure 4b: V" as a function of the innezr radius a;

b=40 au; R=46 au. The value at a=0 corresponds to
a molecule outside a filled spheroid.

5. Conclusion

In this paper, we have presented the dipolar
contribution to induction and dispersion energy of
diatomic molecules adsorbed on metallic bubbles.
The calculation of this energy required the
determination of the electric field susceptibility of
the spherical bubble surface, based upon the
spherical-tensor theory and the RPA and LDA
approximations, as well as the determination of
second and third rank polarizability tensors of the
molecule. These tensors are directly related,
through the first Euler angle 0, to the influence of
the molecular orientation on the energy. This
investigation has been then completed by a
numerical study including correlation and exchange
effects of the electron response inside the metal.
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