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Sign of the Casimir-Polder interaction between atoms and oil-water interfaces: Subtle

dependence on dielectric properties
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2Division of Theory and Modeling, Department of Physics,
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We demonstrate that Casimir-Polder energies between noble gas atoms (dissolved in water) and
oil-water interfaces are highly surface specific. Both repulsion (e.g. hexane) and attraction (e.g.
glycerine and cyclodecane) is found with different oils. For several intermediate oils (e.g. hexadecane,
decane, and cyclohexane) both attraction and repulsion can be found in the same system. Near these
oil-water interfaces the interaction is repulsive in the non-retarded limit and turns attractive at larger
distances as retardation becomes important. These highly surface specific interactions may have
a role to play in biological systems where the surface may be more or less accessible to dissolved
atoms.

PACS numbers: 82.70.Dd, 34.20.Cf, 03.70.+k

The Casimir–Polder interaction [1] between polarizable
particles and a wall has received intense attention in re-
cent decades. The theoretical framework for this interac-
tion was worked out a long time ago [1–5], yet it remains
a topic of great interest due to its many applications in
biological, chemical and atomic systems. For reviews, cf.,
e.g., [6–8].

An interesting aspect of the Casimir–Lifshitz and
Casimir–Polder forces is that according to theories these
forces can either be attractive or repulsive. Anderson and
Sabiski performed experiments on films of liquid helium
on calcium fluorite, and similar molecularly smooth sur-
faces [9]. The film thicknesses ranged from 10-200 Å [9].
In these measurements the repulsive van der Waals po-
tential opposed the gravitational potential [9]. A good
agreement was found [10] between experimental data and
Lifshitz theory [3]. In a set of experiments that inspired
the present work, Hauxwell and Ottewill [11] measured
the thickness of films of oil on water near the alkane
saturated vapor pressure, an asymmetric system (oil-
water-air) in which the surfaces are molecularly smooth.
For this system n-alkanes up to octane spread on wa-
ter. Higher alkanes do not spread. The phenomenon
depends on a balance of van der Waals forces against the
vapor pressure [11, 12]. The net force, as a function of
film thickness depends on the dielectric properties of the
oils [13]. As demonstrated [12] it involves an intricate
balance of repulsive and attractive components from dif-
ferent frequency regimes. When the ultraviolet compo-
nents are exponentially damped by retardation, the op-
posing (repulsive) infrared and visible components take
over [14, 15]. Other studies discussing the transition be-
tween attractive and repulsive interactions are found in
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Figure 1. (Color online) Geometry considered: an atom im-
mersed in water near an interface with an oil

Refs. [16–19].

Surfaces of interest in biology and biotechnology may
involve alkane molecules creating an oil-water inter-
face. In this Brief Report we will demonstrate that the
Casimir-Polder interaction between dissolved atoms and
different oil-water interfaces may be either repulsive or
attractive, or as we will se for some of the alkanes, it may
change from repulsion to attraction as the distance to the
interface increases. The relevant geometry is sketched in
Fig. 1. The net dispersion forceresults from a delicate bal-
ance of attractive and repulsive frequency contributions
and the net sign for a specific oil and specific distance
can change from one atom to another. In this manner
the interface selects which noble atoms will be able to
approach it, and which will not. A theoretical deter-
mination of whether a given atom will be attracted or
repelled by an interface to a given dielectric material can
thus only be made upon a careful study of the dielectric
properties of water, atom and dielectric in combination,
over the full frequency range.

In the following we briefly review the governing equa-
tions for dispersion interaction between an atom and
an interface and present a series of numerical exam-
ples which are discussed, whereupon our conclusions are
drawn and presented.
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a. Theoretical background. The calculation of the
Casimir–Polder energy for a polarizable particle (such
as an ion or atom) embedded in a dielectric medium is
standard [14, 15, 20, 21] if the dielectric functions and
excess polarizabilities for discrete imaginary Matsubara
frequencies,

iξn =
2πinkBT

~
(1)

are known (kB is Boltzmann’s constant and T is temper-
ature). The permittivity of water and a selection of or-
ganic oils is shown in Fig. 2 for data taken from Ref. [13].
The excess polarizabilities and atomic sizes for the four
lightest noble gas atoms were derived as in several papers
by Parsons and Ninham [22, 23], and are presented as
functions of iξ in Fig. 3. Dynamic polarizabilities of no-
ble gas atoms in vacuum were calculated using Molpro

[24] at a coupled cluster singles and double (CCSD) level
of theory. An aug-cc-pV6Z basis set [25, 26] was used
for He, Ne and Ar, and aug-cc-pV5Z was used for Kr
[27]. Polarizabilities α(iξ) in vacuum were transformed
to excess polarizabilities α∗(iξ) in water via the relation
for a dielectric sphere embedded in a dielectric medium
[28, 29],

α∗ = R3
εa − εw
εa + 2εw

. (2)

Here εw is the dielectric function of water and R is the
radius of the atom. εa is the effective dielectric function
of the atomic sphere, estimated from the atomic polar-
izability in vacuum as εa = 1 + 4πα/V , where V is the
volume of the atomic sphere.

The Casimir–Polder free energy acting on an dissolved
atom in water near the interface to a dielectric (oil) with
dielectric function ε(iξn) results from a summation over
imaginary–frequency terms [14, 15, 20]:

F =
∞
∑

n=0

′

α∗(iξn)g(iξn), (3)

where the prime on the summation mark means the n = 0
term is taken with half weight, and

g (iξ) = −kBT

∞
∫

0

dkk
[

rp

(2γw
εw

−
ξ2

c2γw

)

− rs
ξ2

c2γw

]

e−2γwz,

(4)

is the trace of the dyadic Green’s function with Fresnel
reflection coefficients for p (TM) and s (TE) modes, re-
spectively,

rp =
ε(iξ)γw − εw(iξ)γ

ε(iξ)γw + εw(iξ)γ
, rs =

γw − γ

γw + γ
, (5)

with

γ =
√

k2 + ε(iξ)ξ2/c2, γw =
√

k2 + εw(iξ)ξ2/c2. (6)
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Figure 2. (Color online) Dielectric functions of water [6],
hexane, decane, cyclohexane, cyclodecane, and glycerine [13]
for imaginary frequencies. Near the quasistatic limit the per-
mittivity of water rises to 77.9 whereas the same limit for
glycerine is substantially lower.
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Figure 3. (Color online) Excess polarizability of dissolved no-
ble gas atoms in water at imaginary frequencies. The static
excess polarizabilities do not fit neatly on the graph. Because
the static dielectric function of water is so large it gives nega-
tive values for the static excess polarizability. The results (in
Å3) for He, Ne, Ar, and Kr are: -0.1375, -0.2655, -1.0045, and
-1.7351, respectively.

In the current, nonmagnetic case, the TM mode (reflec-
tion coefficient rp) dominates over the TE mode at all
separations.

Inspection of Eqs. (3)-(6) reveals that the sign of the
free energy, and hence the force between atom and inter-
face, is governed by the sign of the reflection coefficients
rs and rp. In the non-retarded regime where retardation
is slight, the interaction is found by letting c → ∞,

Fnonret. ≈ −
kBT

2z3

∞
∑

n=0

′ α∗(iξn)

εw(iξn)

ε(iξn)− εw(iξn)

ε(iξn) + εw(iξn)
. (7)

The sign of the resulting free energy is hence determined
by the permittivities of the two media at all imaginary
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Figure 4. (Color online) Retarded Casimir-Polder energy
between noble gas atoms dissolved in water near a water-
hexadecane interface.

frequencies, the sum being cut off by the media and atom
becoming transparent at high frequency.

In the opposite limit, on the contrary, where z ≫√
εwξ1/c, the exponential factor ensures that the main

contribution comes from the term n = 0, and one ob-
tains an expression depending only on permittivities and
polarizability primarily in the quasistatic limit. Thus,
while α∗ and rp may take either sign at higher values of
iξ, they must both tend to negative values as iξ → 0,
since εw far exceeds ε of any oil in this limit.

Thus the possibility arises for the interaction free en-
ergy to change sign as retardation becomes of impor-
tance. Although in the extreme large separation limit
where only the zero Matsubara frequency enters, the
interaction is always attractive (the limiting expression
may be written out but is somewhat bulky [30]), this
may occur at very large separations where the Casimir–
Polder force is of little interest. As the separation in-
creases, however, the interaction can in principle change
sign more than once, as the relative permittivity of water
appears larger or smaller than that of oil and atom-cavity,
respectively, in the weighted frequency sum.

b. Numerical investigation. We show in Fig. 4 the
retarded Casimir–Polder energy acting on different noble
gas atoms dissolved in water near a water-hexadecane
interface. There is a short range repulsion that in the
retarded regime turns attractive. This mimics what was
observed for the Casimir–Lifshitz force between unequal
surfaces across a liquid [31–34]. The Casimir–Polder in-
teraction can in a similar way turn from repulsion to at-
traction depending on dielectric functions involved. The
distance where the Casimir–Polder energy turns attrac-
tive depends on the specific atom.

In Fig. 5 both the fully retarded Casimir–Polder ener-
gies and the non-retarded van der Waals energies of kryp-
ton atoms near different water-oil interfaces are shown.
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Figure 5. (Color online) Retarded and non-retarded Casimir-
Polder energy between krypton atoms dissolved in water near
different water-oil interfaces. We study in this figure the fol-
lowing oils: hexane, hexadecane, and glycerine.

Although the difference in permittivity between hexane
and glycerine is not great (see Fig. 2), the atom is repelled
from an interface to the former over the full separation
range whereas only attraction is seen for the latter. For
hexadecane the non-retarded interaction is repelled at
all distances but when retardation is included the inter-
action above a certain limiting distance turns attractive.

We study in Fig. 6 the retarded Casimir–Polder energy
of Krypton atoms near hexane, decane, cyclohexane, and
cyclodecane. Here we see the full spectrum from attrac-
tion (cyclodecane) to repulsion (hexane) via intermediate
oils that have both attractive and repulsive regions (de-
cane and cyclohexane). As can be seen in Fig. 2 the dif-
ference in dielectric functions of these oils are very small,
yet these differences are nevertheless sufficient to produce
the very different results observed.

c. Concluding remarks. We have seen that the
Casimir-Polder force acting on atoms near water-oil inter-
faces may act to enhance or deplete the amount of atoms
near the interface. Depending on the optical properties
of atoms, water and oil one can have attraction, repul-
sion or both acting between a specific atom and oil-water
interface. For many oils the effect of retardation is to
turn non-retarded van der Waals repulsion to retarded
Casimir-Polder attraction. The usefulness to industrial
applications of the results exemplified herein would ap-
pear to be immediate. One can envisage separation of
different species of particles dissolved in water, for ex-
ample, by carefully choosing an interface by which one
species is attracted, the other repelled, allowing selec-
tive adsorption. The same properties would be thought
to be useful in biological systems. From a wider point
of view it may be worthwhile to mention that the for-
mation of microsize gas bubbles near a planar surface
can be of large technological interest. One typical exam-
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Figure 6. (Color online) Retarded Casimir-Polder energy be-
tween krypton atoms dissolved in water near different water-
oil interfaces. We study in this figure the following oils: hex-
ane, decane, cyclohexane, and cyclodecane.

ple of this kind occurs in an aluminum plant, where in
the Hall-Heroult cells there are CO2 or CO bubbles near
the anode. Phenomenological descriptions of this process
under specified conditions can be given using methods
from electrodynamics and hydrodynamics, but a detailed
knowledge of this kind of phenomena is still lacking. It
may well be that when the anode-bubble separations are
very small, in the submicron region, the effects predicted
in the present paper may come into play. For a recent
review dealing with Hall-Heroult cells see, for instance,
the work by Einarsrud and Johansen [35].
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