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Abstract. Electrostatic image force energy W was calculated for a finite-size (extended) dipole located
in vacuum near a plane surface of a condensed-matter substrate using the HF molecule over graphite
as an example. The spatial dispersion of substrate static dielectric permittivity was taken into account,
with the contributions of both free and bound charge carriers being considered in various realistic models.
The dependences of W on the distance z between the dipole and the substrate were shown to be finite
at all z’s, contrary to the classical point-dipole case. An existence of a crossover between the preferable
normal and planar orientations of extended dipole with respect to the surface was found. The applicability
of point-dipole approximation for the calculation of W (z) was discussed. Numerical quantum chemical
calculations were carried out for the HF molecule near two graphite layers. The results obtained confirm
the validity of non-local electrostatic approach beyond the region of Pauli repulsion (in the closest vicinity
to the interface). On the other hand, at large distances z, the quantum chemical consideration becomes
less reliable owing to the computational restrictions, whereas the electrostatics preserves its capabilities
and demonstrates, in particular, the subtle orientation crossover.

1 Introduction

Adsorbed entities are located at certain distances from a
substrate surface that are determined by an equilibrium
between repulsion dominating at short distances and long-
range Coulomb-driven attraction that is more pronounced
at large ones [1]. The interaction between a permanent
charge or dipole moment of adatom or admolecule and
the corresponding polarization charge induced in the sub-
strate [2,3], which is conventionally referred to as “image
force interaction”, and interaction between a polarizable
adatom or admolecule and the substrate, which occurs
due to the charge fluctuation mechanism and is referred
to as “van der Waals interaction” [4], constitute major
contributions to the attractive branch of the adsorption
energy profile near the interface. Additionally, dipole im-
age forces, along with quadrupole-quadrupole and van der
Waals dipole-dipole ones, determine, to a great extent, in-
teractions between adsorbates mediated by the polarized
substrate [5–11].

Unfortunately, contrary to short-range forces analyzed
making use of sophisticated methods [1], long-range dipole
image forces were most often treated classically [2,3,12,13].
The reason seems to be evident: since adsorbed molecules
and atoms do not feel microscopic details of the substrate
at large distances, the dipole interaction with a solid or
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liquid substrate may be considered as a classical one [14].
Nevertheless, no quantitative calculations were made in
support of this viewpoint. It makes the whole theoreti-
cal approach to adsorption unsatisfactory. Indeed, what-
ever is the accuracy of quantum chemical calculations [15],
the oversimplified classical treatment of the long-range
potential-energy branch casts serious doubt on the overall
results.

At the same time, decades ago an attempt was made to
go beyond the classical approach, while considering dipole
image forces, and call into play some relevant material-
specific parameters of the substrate; the consideration be-
ing confined to the simplest possible Tomas-Fermi approx-
imation for metallic half-space [16]. This single attempt
was not successful in the sense that no general scheme
had been built to describe various kinds of substrates on
the same footing. Hence, our goal is to fill this lacuna and
construct a required scheme based on the dielectric formal-
ism. The first step on this way involved point dipoles [17].
Here, we will treat extended dipoles; it improves the ac-
curacy of the model and allows us, in principle, to avoid
remaining unphysical divergences as immanent features
of the classical approach. The treatment is based on the
well elaborated theory of charge image forces [8,10,18–28].
However, the non-local dielectric approach adopted in the
references indicated above was never applied to the dipole
adsorption problem. It is the more so strange that, as men-
tioned above, the classical dipole picture is widely used in
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Fig. 1. (Color online) Charge Ze (a) and dipole moment p = Zed (b) together with their images near a plane interface between
dispersionless medium 1 (the upper half-space, ε1 = const.) and plasma-like medium 2 with the spatial dispersion of its dielectric
permittivity (the lower half-space, ε2(k)). Here, k is the wave vector, and e > 0 is the elementary charge. In panel (a), z is the
distance of the charge from the interface. In panel (b), z is the distance of the dipole negative charge from the interface, d is
the dipole arm, and β is the dipole orientation angle.

surface science including the theory of adsorption and the
physics of interfaces.

It is valuable to augment considerations based on the
dielectric formalism, which are transparent and descrip-
tive, by direct well-developed quantum chemical meth-
ods. The positive feature of the latter approach is the in-
herent ab initio or similar sophisticated methods as the
density-functional theory (DFT) [29]. On the other hand,
the quantum chemistry calculations are less intuitive than
their macroscopic analogue. A direct comparison between
various computational techniques (and the corresponding
results) used to study the interactions of atoms, molecules,
and ions with solids (or between solid particles) is of in-
terest from both theoretical and practical points of view.
Practical aspects are clear because similar interactions are
of importance in plenty of interfacial phenomena, effects,
equipment, etc. Theoretical aspects are also important be-
cause the conceptual boundary between quantum mechan-
ical objects and macroscopic systems gets narrower due to
stormy progress in nanoscience.

As for quantum chemical methods [30], they can pro-
vide reliable information on interactions in small systems:
hundreds of atoms (ab initio or DFT calculations) or sev-
eral thousands of atoms (semi-empirical methods, e.g., the
PM6 one [31] utilized here). The use of periodical condi-
tions can improve the results obtained if appropriate mod-
els of interactions can be applied. However, this method
turns out less flexible while studying interfacial phenom-
ena. Therefore, the cluster approach as more suitable will
be used here.

2 Dipole image force energy

Consider a two-media system consisting of two semi-
infinite media separated by a plane interface z = 0 (see

Fig. 1). Let dispersionless medium 1 (z > 0) be charac-
terized by a dielectric constant ε1 = const. (for instance,
it may be a large-gap insulator). The term “dispersion-
less” means that a probe charge Z1e (here, e > 0 is the
elementary charge and Z1 is assumed positive for definite-
ness sake) embedded into such an infinite medium induces
polarization charges that arise only in an infinitesimally
small vicinity of the probe charge (the screening local-
ity), effectively reducing its apparent magnitude down to
1
ε1

Z1e = const.. At the same time, let the polarization in
medium 2 (z < 0) have a non-local character owing to the
availability of charge carriers with that or another mobil-
ity degree. It results in that a nonuniform distribution of
induced polarization charge appears around it, and the
apparent magnitude of the screened probe charge is no
more constant but depends on a distance to the observa-
tion point. This situation can be described by introducing
the dielectric permittivity function ε2(r) or, in the Fourier-
conjugate momentum space, ε2(k), i.e. the ε2-dependence
on the transferred wave vector k (see below). Such a non-
local response is inherent to both free and bound charges
in medium 2 having different k-dependences in those two
cases [19,21,32,33]. In what follows, we assume medium 2
to be grounded.

Now, let a point charge Z1e be embedded into
medium 1 at a distance z1 from the medium 1/medium 2
interface at the point (x = 0, y = 0, z1) (see Fig. 1a). Be-
low, we consider the interface as a steep and smooth
boundary with the specular reflection of charge carriers
from it. An advantage of this model is that the depen-
dences sought for an inhomogeneous system (two adjacent
semi-infinite media) can be derived analytically in terms of
ε1,2(k)-functions obtained for the corresponding uniform
spatially unbounded media.

If medium 2 were also dispersionless (i.e. ε2 = const.),
all induced polarization charges in it would be confined in
an infinitesimally thin layer coinciding with the interface.
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Their distribution over this layer would produce the same
potential distribution in medium 1, as would be induced
by an imaginary point charge of the magnitude − ε2−ε1

ε2+ε1
Z1e

located at the point (0, 0,−z1). The latter is a specular re-
flection of the probe-charge position with respect to the
interface (the point image charge) [14]. This potential can
be either attractive or repulsive for the probe charge, de-
pending of the relation ε1 ≷ ε2 between the dielectric
constants.

However, if the dielectric properties in medium 2 are
characterized by a certain spatial dispersion, the picture
is not so simple. In particular, the polarization charge is
no more distributed over the interface only but spreads
into the bulk of medium 2. The potential created by the
polarization charge in medium 1 cannot be characterized
now as that induced by a single point charge, whatever
its magnitude and position. Nevertheless, the term image
charge was preserved for the description of the extended
nonhomogeneous charge distribution near the interface
induced by an external charge even if the latter is not
point-like. To calculate the potential caused by this im-
age charge (the image-charge potential), one should solve
an involved electrostatic problem using an approach re-
ferred to as non-local electrostatics [32]. The solution of
the problem for a given geometry (see Fig. 1a) is as fol-
lows [8,10,21–23,25,26]. The point charge Z1e, which is lo-
cated in medium 1 at the point (0, 0, z1 > 0), induces such
a distributed polarization image charge in medium 2 that
the potential created in medium 1 at the point (ρ,z2 > 0)
in cylindrical co-ordinates looks like:

Vi1(z1; ρ, z2) =
Z1e

ε1

∞∫

0

dksJ0(|ρ| ks) exp (−ks |z1 + z2|)

×εs2(ks) − ε1

εs2(ks) + ε1
. (1)

Here, J0(x) is the Bessel function of the first kind. In equa-
tion (1) one finds the surface dielectric function

εs2(ks) =

⎧⎨
⎩

ks

π

∞∫

−∞

dkz

(k2
s + k2

z) ε2

(√
k2

s + k2
z

)
⎫⎬
⎭

−1

, (2)

which was introduced by Heinrichs [25] and which is a
quantity typical of a good many problems in the surface
science solved on the basis of the specular reflection ap-
proximation and infinite surface barrier model for con-
stituent charge carriers [34]

By definition, the image force energy W 11(z1) for the
charge Z1e is the quantity Vi1(z1; ρ → 0, z2 → z1) times
Z1e
2

W 11(z1) =
(Z1e)

2

2ε1

∞∫

0

dks exp (−2ks |z1|) εs2(ks) − ε1

εs2(ks) + ε1
.

(3)
Now, let us put another test charge Z2e at an arbitrary
point (ρ, z2 > 0) which inevitably interacts with the po-

larization cloud induced by the first test charge. The cor-
responding interaction energy is

W 12(z1; ρ, z2) =
Z2e

2
Vi1(z1; ρ, z2)

=
Z1Z2e

2

2ε1

∞∫

0

dksJ0(|ρ| ks)
εs2(ks) − ε1

εs2(ks) + ε1

× exp (−ks |z1 + z2|) , (4)

and one can easily see that the same formula describes
the interaction energy between the charge Z1e and the
polarization charge Vi2 induced by the charge Z2e,

W 21(z2;−ρ, z1) = Z1e × Vi2(z2;−ρ, z1) = W 12(z1; ρ, z2).
(5)

At the same time, the image force energy W 22(z2) for the
charge Z2e is (cf. formula (3))

W 22(z2) = W 22(z1 → z2; ρ → 0, z2)

=
(Z2e)

2

2ε1

∞∫

0

dks exp (−2ks |z2|) εs2(ks)−ε1

εs2(ks)+ε1
. (6)

An extended dipole consists of two closely positioned
charges of the same magnitude but opposite signs, Z1 =
−Z2 = Z (see Fig. 1b). In this case, equations (3)–(6)
should be rewritten as follows:

W 11(z) = − (Ze)2

2ε1

∞∫

0

dks exp (−2ksz)
εs2(ks) − ε1

εs2(ks) + ε1
, (7)

W 22(z, β) = − (Ze)2

2ε1

∞∫

0

dks exp (−2ks (z + d cosβ))

×εs2(ks) − ε1

εs2(ks) + ε1
, (8)

W 12(z, β) = W 21(z, β)

= +
(Ze)2

2ε1

∞∫

0

dksJ0(ksd sin β)

× exp (−ks (2z + d cosβ))
εs2(ks) − ε1

εs2(ks) + ε1
. (9)

Here, d and β are the dipole arm and its inclination to
the interface normal. The total image force energy of the
dipole W ed(z) near the interface is given by the sum of
terms (7)–(9)

W ed(z, β) = W 11(z) + W 22(z, β) + 2W 12(z, β). (10)

It is of interest to make a transition in equation (10) to
the point-dipole limit [17]. Namely, by putting d → 0 and
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Z → ∞, provided that the dipole moment p = Zed is con-
stant, making a series expansion in the small parameter
d/z � 1, and taking only the leading term of expansion
into account, we arrive at the formula

W pd(z, β) = −p2
(
1 + cos2 β

)
4ε1

×
∞∫

0

dksk
2
s

εs2(ks) − ε1

εs2(ks) + ε1
exp (−2ksz)

≡ W pd
coord(z, p)

(
1 + cos2 β

)
. (11)

If the dielectric function ε2(k) of medium 2 is also
dispersionless, the classical electrostatic equation is ob-
tained [14],

W pd
cl (z, p) = −p2

(
1 + cos2 β

)
16ε1z3

(
ε2 − ε1

ε2 + ε1

)
. (12)

It is noteworthy that rather a complicated angular depen-
dence in W ed(z, β) is reduced to a universal multiplier in
the point-dipole limit W pd(z, β). However, this universal-
ity evidences a restricted applicability of the point-dipole
model. Really, formula (11) testifies that the dipole orien-
tation in vacuum normally (β = 0) to the metal (ε2 > ε1)
surface is always beneficial. At the same time, it is obvious
that, for an extended dipole near the metal surface, it is
more beneficial to be oriented in parallel to it, at least for a
large dipole arm d because the energy of attraction of two
dipole charges located near the surface (the parallel orien-
tation) by this surface is stronger than the corresponding
energy obtained when one charge is near the surface and
the other is at the distance d (the normal orientation).
Hence, formula (11) has an approximation character valid
at large distances z. It is impossible to know a priori,
which distances turn out small or large from this view-
point, bearing also in mind that the close vicinity of the
interface is inaccessible to an atom, a molecule or a radi-
cal due to the Pauli and Coulomb repulsion between their
outer electron shells and the substrate atoms [1]. Specific
calculations should be made for every ε2(k) dependence
describing the screening properties of the substrate. More-
over, the character of the short-z divergence of W ed(z, β)
and its derivative (the image force field) should depend on
the form of ε2(k) as well.

3 Dielectric permittivity with spatial
dispersion

A proper selection of ε2(k) function for the electrode is of
value because this dependence affects not only surface ad-
sorption but – indirectly – interaction between adsorbed
entities. Generally speaking, one can classify possible con-
densed media into two large groups with different screen-
ing properties at large distances from a test charge, i.e. at
small |k|’s. The indicated difference between the polariza-
tion behavior in those two groups is associated with the

distinctions between localized and extended quasiparticle
wave functions in solids of two types [35].

Media with free charge carriers possess such ε(k)’s that
tend to infinity, when |k| → 0, which implies a complete
screening of the external charge. Metals and electrolyte
solutions are among such materials, their strong screening
ability being directly connected to the itinerant character
of relevant charge carriers and, hence, the intrinsic zero-T
electric conductivity. The pivotal feature of the electron
gas in metals, which is important within the considered
context, is its degeneracy when the Pauli principle gov-
erns the Fermi-Dirac statistics [36]. Then, the quasiclas-
sical Thomas-Fermi-Dirac theory leads to a much simpler
expression for εTF (k) than the full quantum-mechanical
one [37,38]. Namely, one arrives at

εTF (k) = 1 +
κ2

TF

k2
, (13)

where κTF =
(
6πnce

2/EF

)1/2 is the inverse Thomas-
Fermi screening length, nc the free charge carrier concen-
tration, and EF the Fermi energy.

On the other hand, if a crystalline medium has an en-
ergy bandgap in its quasiparticle spectrum, free charge
carriers are absent at low enough temperatures so that the
existing bound electrons provide only incomplete screen-
ing of a charge or dipole Coulomb field, weakening it at
large distances, but preserving its long-range character
r−1 or r−3, respectively [39,40]. Hence, the dielectric func-
tion for such a medium must obey the relation

lim
|k|→0

ε(k) = ε0 + O(k−2). (14)

Pure semiconductors at very low temperatures and insula-
tors are examples of such media. Another example is one-
layer graphene [41], which is characterized by a point-like
Fermi sphere, hence balancing on the verge between bad
and good screening ability. The case ε(k → ∞) for those
objects deserves special discussion. Strictly speaking, this
limit should be equal to unity, since it corresponds to very
short distances, when the screening charge influence be-
comes irrelevant [33]. However, in a good many cases, the
analysis of the experimental data testifies that they are
better approximated by the effective fitting value

lim
|k|→∞

ε(k) = ε∗ (15)

with ε∗ > 1 [42]. The conventional dispersionless constant
dielectric function ε(k) = ε0 = const. is the most illustra-
tive example of the inequality ε∗ �= 1, when ε∗ = ε0 > 1.
The simplest interpolation formula for a non-local static
dielectric function, which provided a smooth transition be-
tween small- (Eq. (14)) and large-k (Eq. (15)) limits, was
suggested by Inkson [40]

εI (k) = ε∗ +
(ε0 − ε∗)

1 + (ε0 − ε∗)
k2

κ2
s

, (16)

where κs the inverse Thomas-Fermi screening length of
bound electrons treated as free ones.
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However, semiconductors may possess not only bound
but also free charges. In pure crystalline semiconductors,
free charges are induced by thermal excitation, being al-
ways non-degenerate. Natural or intentional doping cre-
ates additional charge carriers, which may be either degen-
erate or not depending on T . Whatever the origin of free
carriers, their very existence leads to an interplay between
two indicated screening factors (bound and free charge
carriers) in such media [43]. Remaining in the framework
of the linear polarization response approximation [35],
which is true for condensed matter systems with small
non-linear effects, one can simply sum up the polariza-
tion contributions, α = ε−1

4π , from bound charge carriers
and free ones [19,21]. Such an approach will be used below.

We confine the consideration of non-local screening
functions to the models given above for the following rea-
son. We intend to determine the profile of the test charge
energy W (z) near the interface in dispersionless medium 1
(z > 0) only. The calculations are carried out in the frame-
work of specular reflection approach so that the functional
expression for W (z > 0) always includes the dielectric
function ε2(k) for medium 2 with the spatial dispersion in
terms of the block

εs2(ks) − ε1

εs2(ks) + ε1
(17)

(see Eqs. (7)–(9) and (2)). The quantum-mechanical con-
sideration of the screening properties of free electron gas
or electron liquid [37,38] gives rise to the high-k asymp-
totics ∼ k−4 instead of dependence (14). However, it is
clear that, owing to the structure of block (17), W (z → 0)
diverges in any case if ε2(|k| → ∞) �= ε1. The finite
W (z = 0) values for the extended dipole can be obtained
only if ε2(|k| → ∞) = ε1, irrespective of the specific high-
k asymptotics. Therefore, quantum-mechanical and qua-
siclassical dependences are qualitatively similar. That is
why the calculations will be carried out without going be-
yond the much simpler quasiclassical models (13) for the
free electron gas and (16) for the crystalline background.
Note that the choice ε(k) = ε0 = const. is a particular
case of dependence (16) if ε0 = ε∗.

It should be borne in mind that there are phenomena
in adsorption when the Thomas-Fermi is insufficient. In
particular, it concerns the so-called Friedel oscillations of
the Coulomb interaction between adsorbates [7–9,44–46].
These oscillations stem from the quantum-mechanical
diffraction of the electron waves in the degenerate elec-
tron gas (liquid) [37,38,47] on the abrupt edges of its Fermi
surface.

4 HF adsorption on graphite

We are going to apply our knowledge of dielectric permit-
tivities to calculate image force energies of a test molecule,
HF, interacting with a representative model substrate,
semimetallic C (graphite). The dipole moment for the
molecule HF is p = 1.767 D with Z = ±0.4e and d =
0.92 Å. Graphite is a very peculiar substrate, because its

electronic properties depend on the number of layers n, so
that the very character of electron spectrum changes dras-
tically for small n (monolayer, bilayer and few-layer sam-
ples) [48,49]. In particular, one-layer graphite is a famous
zero-gap graphene with a Dirac spectrum of quasiparti-
cles [41]. Our image force calculations using the macro-
scopic dielectric approach described above will be carried
out for (formally) bulk graphite substrates, whereas the-
oretical studies of electrostatic adsorbate interaction with
graphene needs an account of the electron spectrum quan-
tization influence on the substrate ε(k) [10], which makes
calculations cumbersome. Therefore, they will be left for
a separate publication.

On the other hand, we shall perform quantum chemi-
cal calculations for a two-layer graphite that can be re-
garded as numerical experiments including all relevant
forces without any explicit separation into components.
The comparison of the results allows us to confirm the
validity of theoretical approach based on non-local elec-
trostatics.

As is well known, graphite is a layered semimetal with
a small overlap of valence and conduction bands, the low
concentration of free charge carriers nc = 2.5×1018 cm−3,
and the Fermi temperature TF = 255 K [50]. Its static
dielectric constant is a tensor with in-plane εa0 = 2.8
and normal εc0 = 3.4 components [51]. Therefore, we
can approximately assume an isotropic dielectric constant
ε0 to equal 3 (ε0 = 3), in accordance with other exper-
imental data as well [52]. The unknown core dielectric
constant ε∗ is suggested to equal unity as stems from
general considerations presented above. Then, it is easy
to find other parameters of the free electron gas: kF =(
3π2nc

)1/3 ≈ 4.20 × 106 cm−1, EF = kBTF ≈ 22 meV,
and κTF ≈ 1.76 × 107 cm−1.

The screening properties of graphite are governed not
only by free carriers but also by bound ones, which con-
stitute bonding and antibonding orbitals [51]. Using the
data for the graphite lattice unit cell [53], we obtained
the following values for relevant quantities: kFs ≈ 2.38 ×
108 cm−1 and κs ≈ 2.39×108 cm−1. These values were cal-
culated assuming all carriers to be bound. However, there
is no need to subtract free carrier concentration from the
total one to obtain the true concentration of bound elec-
trons, since the fraction of free carriers constitute only
5.52 × 10−6 of the total number.

4.1 Calculation of dipole image force energies
in various models

Since in the linear response regime the polarization con-
tributions of all components are summed up, we selected
the following three models for the effective dielectric func-
tion of medium 2 (graphite) to be used in the calculation
of the dipole image force energy: the dispersionless insu-
lator, denoted by the subscript “cl”,

εcl(k) = ε0 = const. = 3; (18)

the dispersionless crystal-lattice background combined
with the quasiclassical non-local screening by the electron
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(a) (b)

Fig. 2. (Color online) (a) Dependences of the dipole image force energy W in the vacuum with ε1 = 1 on the dipole distance
z from the graphite substrate. The subscripts “cl” and “I + TF” correspond to the classical and combined Inkson + Thomas-
Fermi models, respectively (see the discussion of relevant parameters in the text), whereas the superscripts “ed” and “pd” to
the extended and point dipole, respectively. (b) The ratios W ed/W pd for classical (dashed) and Inkson + Thomas-Fermi (solid)
models. In both panels, the dipole is perpendicular to the substrate plane (β = 0◦).

(a) (b)

Fig. 3. (Color online) The same as in Figure 2 but for the dipole parallel to the vacuum/substrate interface (β = 90◦).

gas (the Thomas-Fermi model – Eq. (13)), denoted by the
subscript “cl + TF”,

εcl+TF(k) = ε0 +
κ2

TF

k2
; (19)

and the combination of the non-local screening by both the
bound electrons (the Inkson model [40] – Eq. (16)) and
the electron gas (the Thomas-Fermi model – Eq. (13)),
denoted by the subscript “I + TF”,

εI + TF = 1 +
(ε0 − 1)

1 + (ε0 − 1)
k2

κ2
s

+
κ2

TF

k2
. (20)

The dependences of four energies for the perpendicular
dipole orientation (β = 0◦) are shown in Figure 2a. One

sees that, in the neighborhood of the interface, an account
of all relevant factors is needed to obtain finite W (z) val-
ues, because only in this case the model can ensure the
equality of the limit ε2(|k| → ∞) → 1 to the value ε1 = 1
(vacuum).

It is natural that, in the case of graphite, the results
obtained for the classical and combined Inkson + Thomas-
Fermi models do not coincide at large distances. However,
it is interesting to know how the curves for extended and
point dipoles approach each other at r 	 d, which can be
inferred from Figure 2b. It comes about that the conver-
gence is rather slow in both cases. The same conclusions
can be obtained for the β = 90◦ orientation, as can be
seen from Figure 3.

Since the extended dipoles can be considered at z �
d as a combination of separate charges, planar dipole
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Fig. 4. (Color online) Crossovers between the β = 0◦ and
β = 90◦ branches of the image force energy for the extended
dipole in the classical and Inkson + Thomas-Fermi models.

orientation, as was marked above, is energetically more
favorable than its normal counterpart (twice as large in
the limiting case d → ∞). At the same time, if z 	 d,
a dipole can be considered as point-like, with the nor-
mal orientation being more preferable (twice as large in
the limiting case d → 0). It can be easily seen, e.g., from
equation (12). It means that, when z and d become compa-
rable, it should be a crossover between two extreme cases.
The results of relevant calculations are demonstrated in
Figure 4.

In the dispersionless case (ε1 = const. and ε2 = const.,
with ε1 �= ε2), the problem of orientational crossover can
be solved, i.e. the crossover coordinate zc can be deter-
mined analytically. Indeed, in this case, the calculations
by formula (10) give rise to the formula

W ed(z, β) = − (Ze)2

2ε1

ε2 − ε1

ε2 + ε1

×
[

1
2z

+
1

2(z + d cosβ)

− 2√
4z2 + d2 + 4zd cosβ

]
. (21)

The expression in the brackets is an algebraic sum of
tree terms, each being either independent of or mono-
tonically dependent on cosβ, so that W ed(z, β) is a
monotonous function of β at a fixed z. Hence, for every
z, there exists a preferential orientation of the dipole with
respect to the surface. It is determined by which of the
values W ed(z, β = 0) or W ed(z, β = π

2 ) is minimal. The
crossover point zc can be found from the equation

W ed(zc, β = 0) = W ed
(
zc, β =

π

2

)
. (22)

It is of interest that, in the dispersionless case, all the
medium-specific parameters (ε1 and ε2) and dipole con-
stituent charges (±Ze) form an expression that can be
factorized, so that the dipole arm d remains the only ef-
fective parameter of the problem. Simple transformations
result in the following algebraic equation for the reduced
crossover coordinate z = zc/d

16z4 − 32z2 − 12z − 1 = 0. (23)

Fig. 5. (Color online) d-dependences of the normalized
crossover coordinate zc/d for various models of graphite sub-
strate. The classical dependence is a dashed straight line. The
classical + Thomas-Fermi and Inkson + Thomas-Fermi models
are described by short-dashed and solid curves, respectively.

Its explicit solution is too cumbersome. We confine the
discussion to a remark that the only positive root is z∗ ≈
1.581.

Therefore, in the dispersionless model, we obtain a uni-
versal ratio zc/d = z∗ so that, if ε2 > ε1 (it is our case
of vacuum/condensed matter interface), the orientation
p ‖ n is preferable at z > zc, whereas the orientation
p ⊥ n is expected at z < zc. If ε2 < ε1, the situation
is the opposite. The obtained relation gives some insight
why there is no crossover phenomenon in the point-dipole
case (d = 0) [17].

For other models, which take the medium dispersion
into account, the problem of finding zc can be solved only
numerically. The ratio zc/d becomes dependent on the
other parameters as well. In Figure 5, we demonstrate
examples of the dependences zc/d versus d calculated for
a molecule over the graphite surface using various ε2(k)-
models. Here, we varied the dipole arm d but assumed
the dipole moment p to be fixed and equal to the exper-
imental value of the dipole moment for the HF molecule,
p = 1.767 D. One can see that the dependences, which take
into account the spatial dispersion of dielectric permittiv-
ity, differ from the z∗-value (the dashed line in Fig. 5).
If we assume that the dielectric function is described by
equation (19) rather than equation (20), i.e. the screen-
ing non-locality is made allowace for the free-electron
subsystem only, the dependence zc/d versus d becomes
non-monotonic (the short-dashed curve in Fig. 5) and ap-
proaches the constant z∗ at d → 0. On the other hand, if
we make allowance (correctly!) for the bound-charge dis-
persion as well (e.g., according to Eq. (20) obtained in the
combined Inkson-Thomas-Fermi model), the crossover-to-
arm ratio sharply decreases at d → 0 (the solid curve in
Fig. 5). For a specific HF molecule, the model-dependent
zc/d-values correspond to the ordinates of the points in
the relevant plots in Figure 5 with the abscissa d = 0.92 Å
(the vertical dashed straight line).

To summarize, we have shown that, in order to ade-
quately describe adsorbate-substrate interaction, one has
to include dipole image forces into consideration. More-
over, to be numerically successful, it is obligatory to take
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Fig. 6. (Color online) Mulliken atomic charges induced by
an HF molecule on bilayer-graphite planes at the distance of
4 Å between planes calculated by DFT and ab initio methods
(B3LYP) with 6-31G(d, p) basis function.

into account the spatial dispersion of the substrate dielec-
tric function and the finite size of adsorbate dipole. We
note that our approach can be generalized [26] to investi-
gate dynamic and frequency-dependent phenomena such
as van der Waals forces [54] or electron-energy-loss spec-
troscopy [53,55].

4.2 Numerical experiment (quantum chemical
simulation)

To justify our calculations based on the macroscopic ap-
proach using non-local electrostatics, we carried out quan-
tum chemical studies of HF adsorption on a two-layered
graphite cluster. One of our goals was to show how the
electric images are formed in the specific system and what
is the magnitude of those effects. The calculations were
made using Gaussian 03 packages [56] with ab initio and
DFT (B3LYP) methods and the 6-31G(d, p) basis set.
Larger 5-layered models of graphite were considered by
applying the PM6 method [31]. To remove broken bond
effects, the hydrogen atoms were added to the sheet edges.

There are several aspects of comparison of the ab ini-
tio and DFT results with their electrostatic counterparts:
(i) is the dipole-image complex a real charged structure or
only a useful method for calculations? (ii) What are the
interaction energy values? And (iii) which are the effects
of dipole orientation?

Calculation results summarized in Figures 6 to 8 show
that Mulliken atomic charge changes are indeed induced

Fig. 7. (Color online) Mulliken atomic charges induced in
bilayer-graphite planes by an HF molecule. The planes are sep-
arated by a distance of 4 Å. The HF molecule is perpendicular
to the substrate planes, and its H+ ion is located at a distance
of 2.5 Å from the substrate (the minimal interaction energy is
ΔEt = −0.1019 eV in this configuration).

Fig. 8. (Color online) The same as in Figure 7, but for an
HF dipole, oriented in parallel to the substrate and located at
a distance of 3 Å from it (the minimal interaction energy is
ΔEt = −0.0561 eV).

by HF molecules in the substrate and that they occur
mainly in the first layer. By the way, it testifies that ad-
sorption on graphene can be approximately treated in the
same manner as that on the multi-layered graphite [11].

Changes in the atomic charges are not very conspic-
uous. The initial qC ≈ 0.03e (Fig. 6) in the central ring
and qC = −0.059e for the C atom interacting with H in
the perpendicular complex (Fig. 7). In the second layer,
the charges in the central ring remained practically the
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https://www.researchgate.net/publication/216225148_Intermolecular_And_Surface_Forces?el=1_x_8&enrichId=rgreq-829b58e1-51a7-40df-ac72-fd6e49672323&enrichSource=Y292ZXJQYWdlOzIzMDY4NzU2MjtBUzo5OTY3ODgzNDEzNTA0OUAxNDAwNzc2Njk0NTE5


Eur. Phys. J. B (2012) 85: 284 Page 9 of 11

Fig. 9. (Color online) z-dependences of the interaction energy
between the HF molecule and the substrate calculated for dif-
ferent dipole orientations by B3LYP/6-31G(d, p) methods.

Fig. 10. (Color online) Calculated charges for the single F−

interaction complex with the bilayer graphite with F− located
at the distance 2.2 Å from the upper carbon plane.

same, qC ≈ 0.03e. In the case of plane complex (Fig. 8),
the C atom charges changed differently in the central
ring because of interaction with both F and H. How-
ever, this increases the interaction energy by the absolute
value (Fig. 9). The differences between charges of H+ and
F− ions are very small. Hence, the adopted above simple
electrostatic picture of dipoles with equal ±Ze is proved
to be a good approximation.

These peculiarities are more pronounced for interac-
tions of separate F− and H+ ions with the clusters within
the same approach. Changes in the charges of C atoms in
the central ring are much larger (Figs. 10 and 11) than
those in the case of HF complexes (Figs. 6 to 8). Cer-
tain changes (10–15%) in the charges are observed for the
central ring of the second layer (Figs. 10 and 11). These

Fig. 11. (Color online) The same as in Figure 10 but for the

ion H+ at the distance 1.7 Å from the upper carbon plane.

Fig. 12. (Color online) z-dependences of the ion F− and H+

interaction energies with the bilayer graphite calculated by
B3LYP/6-31G(d, p) methods.

changes (for both layers) are more pronounced in the case
of the F− complex than those for the H+ one. The inter-
action energy in the case of ions is much higher (Fig. 12)
than that for the molecule (Fig. 9), and interaction of H+

is stronger than that of F−.
Calculations of larger models (Fig. 13a) using the PM6

method give practically the same result in respect to
changes in the atomic charges in the second and sub-
sequent carbon layers with adsorbed HF molecule (see
Fig. 13b). These changes occur only in the first layer as
in the case of DFT calculations. The interaction energy of
the perpendicular complex is small according to the PM6
calculations.

One should note that numerical results presented in
Figure 9 show the energy advantage of the planar dipole
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(a) (b)

Fig. 13. (Color online) (a) Optimized geometry of complexes involving an HF molecule and a five-layer graphite stack without
H atoms at the periphery of the sheets and (b) z-dependences of the interaction energy between the HF molecule and the
graphite substrate for this configuration calculated by the PM6 method.

orientation not only at small molecule-substrate distances,
which is in agreement with Figure 4 found for the dipole-
image interaction only, but also at large distances where
the normal orientation is preferable, whatever the model.

Since the dipole component should be dominant for
z 	 d, the numerical results seem unsatisfactory in this
point. The finite substrate area used in these calculations
(we selected the largest one of those allowed by our com-
putational capabilities) is the most likely explanation of
this failure. Indeed, the larger is the ratio z/d, the larger
should be the substrate region to form true image forces
appropriate to the infinite plane. Hence, the electrostatic
approach provides us with a useful benchmark describing
a proper limiting behavior. At the same time, the classi-
cal approximation (εi = const.) is unsatisfactory and one
should properly take into account the non-locality of the
dipole-field screening by the substrate.

5 Conclusions

The results obtained demonstrate that the non-local elec-
trostatic approach involving charge and dipole images can
be successfully applied to study adsorption in such sub-
strates as graphite; our quantum chemical calculations
support this conclusion. Namely, even in a close vicinity
of the interface where quantum-mechanical effects play a
decisive role, the attractive part of the total energy pro-
file is qualitatively well reproduced by pure electrostatic
calculations. At larger distances, where the short-range

repulsion dies out, the discrete nature of the substrate
can be neglected, and quantum-mechanical effects are less
significant, the non-local electrostatics becomes an even
more successful tool, whereas quantum chemical calcula-
tions become less reliable. It is so, although the quantum
chemical approach is believed to make allowance for, in
principle, all electrostatic components. But in practice,
we are always restricted by a finiteness of the system to
study (owing to the restrictions of computational facili-
ties), uncertainties in the correlation effects, and so forth.
At the same time, electrostatics can not describe “every-
thing”. However, at large enough distances the non-local
electrostatic calculations can serve as a proper reference
point. In particular, we showed in this work that, at large
distances from the interface, the electrostatic theory pre-
dicts such results (e.g., the energy difference between the
planar and normal orientations of dipole moment) that
can be overlooked by more sophisticated methods.

For all distances, interaction of an adsorbed molecule
with its dipole image makes a substantial contribution
to the total energy. To make this contribution finite and
avoid any non-physical divergences at the surface, as well
as to obtain not only proper asymptotics in the interface
vicinity but the behavior at intermediate distances from
the surface as well, the spatial dispersion of the dielec-
tric permittivity should necessarily be made allowance for.
The totality of our considerations shows that a combina-
tion of quantum chemical and non-local electrostatic ap-
proaches is necessary to successfully study the adsorption
peculiarities of polar molecules.
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