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van der Waals interaction between a molecule and a spherical cavity in a metal:
Nonlocality and anisotropy effects
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The electric response field of a small spherical metallic cavity to a molecule characterized by fluctuating
dipolar and quadrupolar moments is built from spherical tensor theory. The electric susceptibility of the field
gradient between the two points inside the metallic cavity is formulated by a general expression of the van der
Waals energy between the two partners. The induction contribution is introduced by using the field gradient
susceptibilities of the cavity at zero frequency. In order to illustrate the nonlocal effects as well as the
importance of the curvature of the metallic cavity on the magnitude of the physisorption energy, we present
numerical results for typical systenidF, HCI on Ag, Al, and Cl. [S0163-18207)03407-3

[. INTRODUCTION of the van der Waals energy. Indeed, in this case, this energy
is calculated by integrating the dielectric function with an
Intrinsic dynamical properties of microscopic systems argmaginary argumenité, over the rang€=0 to infinity. This

significantly altered by the proximity of a surfaté The  makes an average of the electronic response, and does not
theory of atom- or molecule-surface interactions and physimply any detailed knowledge of the response, especially
isorption mechanisms has already received a great deal gfowledge of possible resonance effects which have been
attention, allowing the interpretation of various experiments{@ken into account in previous workIn Sec. II, expres-
such as the measurement of desorption heats, work-functicHons for the dispersion and induction energies of the system
changes, and alteration of spectroscopic propeitid Al (molecule-spherical ca‘}/lbaie given. In Secs. lll and IV the
these alterations of atomic or molecular properties at the vidispersion coefficientS,, C,, (respectively parallel and per-
cinity of a surface are of special importance when the surfacBendicular to the principal symmetry axis of the molegule

presents a positive or negative radius of curvature@aneor are calputlatetjt: In thIStﬁeCtIOT thel depgndters_ces of dthe Iczﬂg-
nm scale. For such confined systems as atoms if@Nge Interaction on the mojecular orientation and on the

microcavitiest>~®molecule in porous materiat§ or carbon radius of the metallic cavityAl, Cu, Ag) are also given, for

nanotubesd! or at the tip of a near-field microscope, spectro—mOIeCl’"eS with a permanent dipolar mometE, HC).

scopic properties are dramatically changépontaneous
emission and level shift of atont§ enhancement of molecu- II. van der WAALS ENERGY

lar Raman scatteriny,and molecular fluorescerfée At large distances, the van der Waals energy is a sum of

In spite of the great complexity of the problem, most of the dispersive and inductive contributihs
the dispersion and induction effects which occur when a mi-

croscopic system interacts with a solid limited by a surface V(R)=V,;(R)+V4(R) 1)
can be calculated by means of a very concise formalism us-
ing the generalized susceptibilities of both partfés2The ~ Where
main advantage of such a treatment comes from the fact that 1 1 )
the calculation of van der Waals energy reduces to that of the Vi(R)=—zp- VSY(RR0) ut 34VS?(RR,0):0
susceptibility tensor™S™(ry,r5,w) of the field gradient +1 @:@8V(R,R,0) pt - ©)
associated with the surface. This latter quantity, also called
the “propagator,” connects two different points andr,  and
outside of the surface. In recent publicatit?fs the response
field of a small metallic sphere to fluctuating dipolar and V(R _ﬁz 1 +
guadrupolar moments has been constructed using spherical- do(R)= 2w S (2m=1)1(2m’ = 1)
tensor theory. '

The main goal of the present study is to apply this theory X E[m+ m’]<m)s(m')R,R,(i &) ©)
to determine the van der Waals interaction between a hollow
spherical cavity in a metal and an anisotropic molecule!™a™(i¢) and (WS™(R,R,®), respectively, are the mul-
placed inside the cavity. In order to give a treatment beyondipolar polarizability of the molecule at frequenay=i¢,
the local approximatiof* spatial dispersion effects are de- and the susceptibility tensor of the field gradient of the
duced from the diagonal dielectric functierfk,»), assum-  spherical cavity. The symbdim+m’] stands for the con-
ing a homogeneous response of the metal electoibis  traction of these two tensors, the order of which i® (
latter approximation is sufficient to obtain a good estimation+m’). In the inductive contributionpg and®, respectively,

wdg(m)a(m’)

0
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d(i§)=Wal [ig), o' (ie)=MaD (8. (®

The quantities\ ,(a,i &) are the reflection coefficients of the
cavity walls. Their expressions are given in the Appendix. It
is worthwhile noting that if the discrete aspect of the metallic
surface is taken into account, then the axis symmetry is bro-
ken and the propagatdP’S‘™(R,R,i¢) no longer ha<C.,,

symmetry.
I1l. METHOD OF CALCULATION
— . In order to show the influence of the surface curvature on

the physisorption energy of linear molecules, numerical cal-
culations have been performed for the systems HF, HCI/AI,
Ag, and Cu. To carry out these calculations, several func-
tions involved in the molecular-cavity interaction need to be

FIG. 1. A linear molecular interacts with a hollow cavity in a
metal. (X,Y,Z) is the fixed frame, X;,,Ym.Zy) is the body-fixed
frame.

are the permanent dipolar and quadrupolar moments of thlénown.

molecule, the center of which is located at the position vector
R(0,0R) (Fig. 1). A. Characterization of the physisorbed molecule

The model of the tridimensional harmonic oscillator al-
. DIPOLAR CONTRIBUTION lows us to obtain the parallel and perpendicular dynamic

olarizabilities of the physisorbed molecife:
Using previous results dealing with the dynamical re-p Py

sponse of a metallic spherical cavifycf. the Appendiy, the & (0)wy;, 2
dipolar contribution to the van der Waals energy takes the 't (i§)=
following form:

©)

27
&ty

where w;, are the effective frequencies of the harmonic

(R):Vi(l (R)‘Lle)(R)’ (4) oscillator for the parallel and perpendicular directions.
where
B. Hollow cavity in a metal
V(l)(R —iu iE A.(a,0) _) ez If the off-diagonal elements of the dielectric matrix
2B g3 =" a E.(k,k',w) are neglected in the analytical expression of
termsA(a,w) [cf. the Appendix, Eq(A7)], then a relation-
y n(n+1) SirPo+ n2co2d ®) ship between the diagonal terms of this matrix and the
2 Lindhard dielectric functiors(k,w) can be derived®
and En(kK',0)=K2e(K,0) ¢ 0 (10)
1 an-2 n(n+1) By replacing the discrete sum in E@\7) by an integral over
V{P(R)= ;nzl 3 [Cn(—z sin’ 6+ n’cos’¢ the wave numbek, one obtains
n(in+1 n .
+Cﬁ((T)(1+cos7-0)+nzsin20 ] (6) aFn(a,lg)—l
a is the radius of the cavityg, ¢, x are Euler angles of the —F.(ai&)+1
a

molecular frame(X,,, Ym, and Z,) in the fixed frame
(XY 2 (Fig. 1) (6 and ¢ are the polar angles of tl&, axis,

andy is a rotation angle around this axi§Vhile expressions where

(5) and(6) can be generalized to polyatomic molecules, only 2(2n+1) (+=  j.AKa)

molecules with axial symmetry will be considered further. In Fo(a,ié)= AL (12
me e(k,i)

this instance, the molecule-cavity interaction presents a cy-
lindrical symmetry and is only dependent. The dispersion
coefficientsCH andCL which include the nonlocal behavior
of the metal and the anisotropy of molecule, parallel anqn
perpendicular to the internuclear axis, can be written as:

jn is a spherical Bessel function.

The dispersive spatial effect can be described by express-
g the Lindhard function in the hydrodynamical mod&f°
using the following expressions for the functiofg(a,i £):

B[+ ] )
CWL:ZJ'O dé Ap(a,if)a™(i§), @) Fn(a,i)=

2
i (@nt ”(ma)

1
e(ié)

where o'+ (i¢) are the parallel and perpendicular polaris-
abilities of the molecule, ><In+<1/2>(u(if))Kn+<1/2)(U(i§)))} (13
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where Indeed under such conditions |¢|"!—=0 and
I+ 12U(0))K 4 12(u(0)) behaves like a i Therefore

(i&)=1+ w_;za (14) F,(a,0) [Eq. (13)] takes a finite value, and theXx,(a,0)—
€ &2 —1 asa—x. For sake of simplicity let us assume that
and 0=/2. The electrostatic limit of the inductive energy is then
. 2 ® R 2n—2 1 2
u(ié)=a(wi+ )Y 6. (15 W1 — i | 2 R _t K
P [Vi7 ]stat Jf‘w 4a3; n(n+1) a 2 2d)%

oy, is the metal plasmon frequency in a free-electron model,
and & is a parameter the value of which is very close toyhich is the electrostatic energy of the dipole in front of its
(Y2, where vg is the Fermi velocity;l,,q, and image.
K112 are the modified Bessel functions.

The zero-frequency contribution to the inductive part
VY of the energy[Eq. (5)] must coincide with the electro-
static energy of a permanent dipole inside the cavity. This
point is easily verified in the special case where the distance By substituting Eqs(11) and (13) into Eg. (7), one ob-
of approachd=a—R is finite, whereas tends to infinity.  tains the following expression for the dispersion coefficients:

IV. DISPERSION COEFFICIENTS:
NUMERICAL CALCULATIONS

1 :
m+fn(a,|§)_l

(n+1)

TN 27
Co =g (0)y, 2 [ e , 1)

+n

LH [
8(|§) n(a:|§)

(E+wy,?

where the functions
oyt

aw 2
fn(a,|§)=(2n+1)(mip§)) Lo+ (2 (U(E))Kn+ 12 (U(TE)  where any dependence on the radius has disappeared. In
(17) Figs. 3a) and 3b) the van der Waals energies are shown as
functions of the radiug, at a fixed value ofl (=6 a.u), the
are related to the nonlocal behavior of the metal. molecule being oriented parallel to the surfdée/2).

Using these expressions and the numerical data shown jn (P) The anisotropy of the molecule makes the van der
Tables | and Il it is now possible to evaluate the dispersior}Naals(le)n_ergﬁ—d_ependent. It is seen in Figs(a#and 4b)
coefficients and the corresponding physisorption energy. Thihat|V'"| is maximum at9=0, m, i.e., when the molecule is
results are presented in Figga2-2(c) and 3-5. Several re- Perpendicular to the surface. The general behavior of the
marks are worth noting about these results. anisotropy effect is similar to that obtained in the electro-

(a) For all the systems investigated here, the dispersioftatic approximation. It is, however, quantitatively different.
coefficients depend on the radiasof the cavity, which is a At higher multipolar orders the symmetry with respect to
signature of the nonlocality of the electronic respofigg. =72 disappears. L _ _

(16)]. This dependence on the radius becomes more and (¢) The behavior o™ as a function of the distance of
more visible with increasing values of[Figs. 2a)—2(c)]. In ~ @pproachd=a—R is similar for the three metaltAg, Al,
a local description the functiorf,(a,i¢) are equal to zero, and Cu and the two moleculesHF and HC). Only the

and the dispersion coefficients take the simpler form magnitude of V()| depends on the system. In order to em-
phasize the comparison with a pure van der Waals interac-

tion with a planar surface, in Figs(® and 5b) we plotted
v(d)d® as a function ofd, for a fixed value ofa (=60
a.u). By an extrapolation of these results &0, one can
estimate the van der Waals constants for the systems HF/Ag,

TABLE I. Molecular patterns used in the calculation of disper-

1/2
2n+1 pr' (18

1/2
L
a' (O)wuuwp

clit (loca)=—~

2n+1

sive and inductive energies. TABLE |l. Parametersw,, 6 of the metalgsee text

n (D) «(0) (au) @, (0) (a.u) w(0) (a.u) w, (0) (a.u) Ald C# Ag?
HF?* 1.736 5.20 3.84 1.561 0.375 wp (a.u) 0.562 0.735 0.845
HCI? 1.08 14.08 4.27 0.737 0.898 S (a.u) 0.697 0.911 1.031

%Reference 23. 8Reference 28.
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FIG. 3. van der Waals energy as a function of the radiufor
! d=6 a.u. andd==/2. (a) HF/Ag (full line), Al (dotted ling, and Cu
] N ;' — s T T | (dashed ling (b) HCI/Ag (full line), Al (dotted ling, and Cu
< -7 C3 (dashed ling
é 20000 ¢ »
% metal has been presented. The spatial dispersive effect has
= been introduced by means of the hydrodynamical model for
the metal electrons, and treated within a nonlocal approxima-
cé r tion. Evidence of the influence of the surface curvature and
___________________________________ of the molecular anisotropy has been shown. The present
B method can be extended to the case of low-symmetry poly-
- . atomic molecules physisorbed on substrates of various ge-
) 20 30 ometries, by introducing higher-order multipolar effects.
a(a.u.)

FIG. 2. Dispersion coefficient§,"" as functions of the radius APPENDIX: SUSCEPTIBILITY TENSOR OO (rr,,w)
a of the cavity. The calculation is made for the system HF/(A).
n=1.(b) n=2. (c) n=3. The susceptibility tensofYSY(r,r;,w) of the dipolar
field can be derived from the linear response of a small
Al, and Cu to be 0.126, 0.105, and 0.120 a.u., respectivelgpherical cavity to a fluctuating dipoje(w),
and, for the systems HCI/Ag, Al, and Cu, 0.208, 0.166, and
0.193 a.u., respectively. It may be also observed that the
deviation from a simplel~2 dependence becomes very im- E(r,0)="SXr,r, o) uw(w), (A1)
portant wherd is comparable to radius of the sphere.

whereE(r,w) is the response field of the cavity.
Using the boundary conditions at the surface and the
A general method to calculate long-range van der Waalspherical tensor formalism, one obtains the susceptibility
energies for a diatomic molecule inside a hollow cavity in atensor in the form

V. CONCLUSION
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1Sh(r,ry,0)=M(0,0)> [An(a,w)r" /a2 1 0WYM(9,0) T4, n(ry), (A2)

whereY['(6,¢) is a spherical harmonic, and (6,¢) is the P Bn .
matrix of the transformation of spherical coordinates into  (Thm)y= 5m2{C(1n,N+1,11-m)Y"(61,¢1)
Cartesian coordinates:

+C(1n,n+1,-1,—1-m)Y™(6;,0,)},

sind cosp cos¥ cosp —Sing (A5)

M(6,p)=]| Sind sinp cosdsing cosp |. (A3)
cosd sing 0 (T8 2= B{C(LN,N+1,0,-m)YN(61,01)},
The tensor©O™ and T¢ (r,) in Eq. (A2) are given by where
d im n+1 \ 12
(1) — o _ —(n+2)
o) N+l Sm), (A4) Bo=Am| 5—=]| 11 . (AB)
§ Bn o1 SymbolsC are Clebsh-Gordan coefficients.
(Tohmh=512{C(1n,n+1,1,1=m) Y5 (61, ¢1) The reflection factors\,(a,»), which contain the dy-

namical properties of the metallic cavity are given by
—C(1n,n+1,—1,-1-m)YT(6,,¢1)},
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FIG. 4. van der Waals energy as a function of the polar angle FIG. 5. Product of the van der Waals energydiyas a function
O, for d=6 a.u. anda=60 a.u.(a) HF/Ag (full line), Al (dotted  of the distance of approach=a—R, for §==/2 anda=60 a.u.(a)
line), and Cu(dashed ling (b) HCI/Ag (full line), Al (dotted ling, HF/Ag (full line), Al (dotted ling, and Cu (dashed ling (b)
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4750 B. LABANI, M. BOUSTIMI, AND J. BAUDON 55

nay, By nBy ndn(ka)Jn(k’a)E,~Y(k,k',w)—1

Kk’
Ap(a,0)= , (A7)
(n+1)a>, By By ndn(ka)dn(k'@)E, Y(k,k',w)+1
Kk’
where
Bin=V2{[jn(ka) —jn-1(ka)jn:1(ka)]a®} 2 (A8)
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