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Mechanical forces exerted by an emitting dipole on the interface between two media with different dielectric susceptibilities are ana-
lyzed for different distances between the dipole and the interface. Estimations of the force values are given based on known molec-
ular polarizabilities for inelastic processes such as Raman scattering and fluorescence including those that occur near metal struc-
tures. [DOI: 10.2971/jeos.2010.10028]
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The conventional way to characterize fluorescence and Raman
processes is through the analysis of a spectrum of light re-
flected from a scatterer. However, one can consider a different
physical perspective where the fluorescence and Raman scat-
tering result in a change of the total momentum of the scatter-
ing field due to the emission of the photons. Any changes of
the total scattering field by a given incident field induces me-
chanical forces that are exerted on the scatterer [1]. Hence, the
inelastic processes contain a momentum exchange between
the incident and scattered photons and the scatterer; there-
fore a measure of the radiation forces acting on the scatterer
is equivalent to the measurement of its recoil that is exerted
by the emitted photons.

Recent experiments [2, 3] demonstrated that the sensitivity of
existing techniques is sufficient to detect mechanical effects re-
lated with a transfer of momentum by emission of Raman or
fluorescence photons. A photonic force microscope [4, 5] cou-
pled with a spectroscopic system measured simultaneously
the radiation forces exerted on, and the emission from a mi-
cron sized scatterer (a dielectric bead partially covered by
metal colloids) optically trapped by a focused beam in a liq-
uid with dye molecules. The metal nanosized colloids increase
the efficiency of the inelastic processes due to surface plasmon
resonances as well as to changes of molecular polarizabilities
caused by the adsorption of the molecules onto the metal sur-
face [6].

However, physical mechanisms involved in the momentum
transfer from emitting molecules to a scatterer of the photonic
force microscope and the sensitivity of the technique have not
been discussed yet in details. Here we propose a simple model
that may be as the starting point for more exact calculations.
It is well known that phenomenological theories of Raman
and fluorescence emission explain radiation processes start-
ing from the radiation emitted by an oscillating dipole [6, 7].
The dipole is highly localized and its moment is defined by
local excitation fields and local values of the molecular polar-
izabilities for a given emission process. The model proposed

does not include details of all physical effects accompanied
the experiments, but it captures the key element - the radia-
tion pressure of a dipole on an interface. A didactic model of
the radiation mechanical effect - the radiation pressure of a
plane wave on a flat surface - can not describe, for example,
the gradient force produced by the dipole, as we show in this
work. Any other more developed approach may be included
in our model by changing the polarizability of the emitting
dipole and its orientation. Although we consider that the sur-
face that accepts the dipole radiation pressure as an infinite
and flat one, the pressure on the surface of limited sizes may
be calculated.

In the experiments [2, 3] the emission sources are localized
near those parts of metal structures at the surface of the scat-
terer where the maximal enhancement of the incident and
emitted radiations occurs (see Figure 1(a)). We assume that the
recoil effect observed experimentally is due to the radiation
force exerted by the localized dipole emitters on the surface of
the scatterer. The goal of the present study is to estimate this
radiation force.

The proposed model, obviously, is too simple in order to be
used by direct comparison with known experimental results.
The surface emission enhancement are generally related to
more complex geometries, such as strong curvatures or two
nearby interfaces, as shown in Figure 1(a). However, although
this enhancement can be only near curvatured surfaces, we
consider that the emitted field exerts the pressure at the flat
surface due to the following reasons. In experiments [2, 3] the
irregular metal strusctures with characteristic sizes of several
tens of nanometers are at the surface of the dielectic bead of
2 µm in diameter. Keeping in mind this difference in the sizes
of the metal structures and the interface where these nano-
structures are located one can treat a surface that accepts the
radiation pressure of the emitted fields as a flat one. It also
permits one to neglect the radiation pressure on the metal ir-
regular structures because their total surface is much smaller
that the surface of the sphere.
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FIG. 1 (a) Strong fields between two metal colloids where an emitting molecule is

located; (b) A geometry of the problem: (φ, ρ, z) are the cylindrical coordinates of the

observation point z and the dipole with vertical moment is at (0, 0, h).

The interaction of a dipole with interfaces has been very well
studied in relation with various aspects, for example, the near-
field spectroscopy [8] or lifetime of an emitting dipole near
a surface [9], but mechanical effects have not been discussed
yet. In the following we start with known expressions for
the fields of a dipole near the interface between two media
with different dielectric susceptibilities [10] in order to find the
Maxwell stress tensor. Then by integrating the Maxwell tensor
component normal to the interface over the whole interface,
we find the radiation force exerted on the surface. Finally, us-
ing known values of molecular polarizability we estimate the
mechanical force including also the cases when the inelastic
processes occur near metal structures. The model proposed
here neglects the momentum recoil of the emitting dipole it-
self [11, 12] considering the dipole just as a source of electro-
magnetic field located at a given distance from the interface.

We suppose that a vertical dipole with (induced) dipole mo-
ment p0 is located in a medium (z > 0) with relative dielectric
susceptibility ε1 = n2

1 (without losses Im[n1] = 0) at a dis-
tance h from the interface with a medium (z < 0) with rela-
tive dielectric susceptibility ε2 = N2, where ε0 is the vacuum
dielectric susceptibility, and N is the complex refractive index
(see Figure 1(b)). The choice of the vertical polarization simpli-
fies calculations, but in the experiments the orientation of the
dipole includes both the vertical and horizontal components
and is dictated by the specific of the electromagnetic field in
the gap between the metal structures and by the polarization
of the incident field. Nevertheless the model with this polar-

ization captures the main crucial difference from the didactic
example of the radiation pressure of a plane wave on a plane
interface: the presence both the gradient force and the scatter-
ing force exert on the interface due to the specific properties
of the dipole emission.

The dipole moment p0 = αEloc, where α is the molecular po-
larizability for the Raman scattering (or fluorescence) and Eloc
is the local electrical field that excites the dipole and its value
is defined by the intensity of the incident field and may be
modified by the enhancement of the field due to the plasmonic
effects in the metal structures. The value of α may also af-
fected by the interaction of the molecule with the metal and
also depends on the number of the molecules in this local hot
spot. We chose the cylindrical coordinate system with the co-
ordinates (ρ, φ) in the plane of the interface and the dipole
is located at the point with coordinates (0, 0, h). The
force that the dipole exerts on the interface is given by [10]:
Fz =

∫
S dS 〈Tzz · nz〉 where the interface S is supposed to be

infinite in extend and thus accounts for the total momentum
of the dipole field flowing through it. Here T is the Maxwell
stress tensor

〈Tαβ〉 =
1
2

ε1ε0 Re

[
E∗αEβ +

1
µ0ε1ε0

B∗α Bβ

− 1
2
(E∗ ·E +

1
µ0ε1ε0

B∗ ·B) δαβ

]
, (1)

and 〈〉 denotes the time averaging. E and B are the electric
and magnetic fields of the dipole. The fields are expressed
through the Hertz vector Π that for the vertical dipole has
only z−component. We need the field at the interface (z = 0)
therefore we use the Hertz vector for the space between z = 0
and z = h, that is given by [10]

Πz =
p0

4πε0ε1

∫ ∞

0
dkρ J0(kρρ)X(kρ), (2)

with

X(kρ) = i
kρ

kz

[
exp(−ikzz) + r(p) exp(ikzz)

]
exp(ikzh), (3)

where kz = (k2
0n2

1 − k2
ρ)1/2. k0 = ω/c is the wavenumber in

vacuum and Im[kz] > 0 to provide the convergence of the
fields, rp is the Fresnel reflection coefficient for p-polarized
plane waves [10] r(p) = (a(kρ)− b(kρ))/(a(kρ) + b(kρ)) with

a(kρ) =

√
(Re[N]2 + Im[N]2)k2

0 − k2
ρ + i

2 Re[N] Im[N]k2
ρ

Re[N]2 + Im[N]2
(4)

and

b(kρ) =
√

Re[N]2 + Im[N]2(Re[N] + i Im[N])
n2

1

√
k2

0n2
1 − k2

ρ.

(5)
The Hertz vector includes both propagating fields (when 0 <

kρ < k1) and evanescent fields (when k1 < kρ).

There are three nonzero components of the electric E and mag-
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netic H fields

Hφ(z, ρ) = iω
p0

4π

∫ ∞

0
dkρ kρ J1(kρρ)X(kρ, z), (6)

Ez(z, ρ) =
p0

4πε0ε1

∫ ∞

0
dkρ J0(kρρ)

∂2

∂z2 X(kρ, z), (7)

Eρ(z, ρ) = − p0

4πε0ε1

∫ ∞

0
dkρ kρ J1(kρρ)

∂

∂z
X(kρ, z). (8)

Using these fields in the Maxwell tensor at z = 0 and integrat-
ing it over the whole interface we found the radiation force
exerted on the interface

Fz = Fzz + Fρρ + Fφ, (9)

where

Fzz =
1
4

ε0ε1 Re
[ ∫ ∞

0
dρ ρ

∫ 2π

0
dφ Ez(z, ρ)E∗z (z, ρ)

]
=

p2
0

32πε0ε1
Re
[ ∫ k1

0
dkρ |kz|2 kρ

{
1+r(p)+r(p)∗+|rp|2

}
+
∫ ∞

k1

dkρ |γ|2 kρ

{
1+r(p)+r(p)∗+|rp|2

}
exp(−2γh)

]
(10a)

Fρρ = −1
4

ε0ε1 Re
[ ∫ ∞

0
dρ ρ

∫ 2π

0
dφ Eρ(z, ρ)E∗ρ(z, ρ)

]
= −

p2
0

32πε0ε1
Re
[ ∫ k1

0
dkρ k3

ρ

{
1−rp−r(p)∗+|r(p)|2

}
+
∫ ∞

k1

dkρ k3
ρ

{
1−rp−r(p)∗+|r(p)|2

}
exp(−2γh)

]
(10b)

Fφ =
1
4

µ0 Re
[ ∫ ∞

0
dρ ρ

∫ 2π

0
dφ Hφ(z, ρ)H∗φ(z, ρ)

]
= −

p2
0k2

0
32πε0

Re
[ ∫ k1

0
dkρ

k3
ρ

|kz|2
{

1+r(p)+r(p)∗+|rp|2
}

+
∫ ∞

k1

dkρ

k3
ρ

|kz|2
{

1+r(p)+r(p)∗+|rp|2
}

exp(2γh)
]

(10c)

with k1 = k0n1, γ =
√

k2
ρ − k2

1.

Below we illustrate our calculations showing the dependence
of the partial contributions Fzz, Fρρ, Fφ, and the total radia-
tion force Fz versus the distance between the dipole and the
interface between a dielectric medium (N = 1.55) and vac-
uum, and between the gold (N = −54 + 5.9i) and vacuum at
the wavelength of 0.63 nm. In order to estimate the absolute
value of the force one have to know the induced dipole mo-
ment p0. If we suppose that the incident intensity is equal to
1 mW and a Gaussian beam is focussed to 1 µm in diameter
(as in the experiments [2]) the incident local field is equal to
Eloc = 106 V/m. We suppose that a molecule has the induced
polarizability around 5 A3 (or 5× 10−40 Cm2/V) [7], then the
dipole moment is p0 = 5× 10−34 Cm.

The calculations showed that the main contribution to the to-
tal force is due to the tangential Eρ component of the dipole
field both for the dielectric and metal interface (see Figure 2).
The force Fρρ is negative which corresponds to the repulsive
interaction between the dipole and the interface. The force
components Fφ and Fzz are much smaller, except the force Fzz

FIG. 2 Contributions of different components of the electromagnetic field of the dipole

to the radiation force: Fρρ (red lines), Fφ (blue lines) and Fzz (green lines) when

the medium at z < 0 is the metal (solid lines) or the dielectric (dot lines). The inset

shows the directions of the different contributions to the total force for the interface

with the metal (solid lines) and with the dielectric (dashed lines).

for the dielectric interface which is negative. The component
Fφ caused by the tangential component of the dipole field Eφ

is positive both for the metal and dielectric interfaces, as well
as the Fzz for the metal interface. Notice, that the forces de-
creases several orders of magnitude when the dipole is moved
from the interface at the distance of 2–3 nm. The components
of the force with positive sign are very small compared with
the components with negative sign, however their presence is
interesting. It means that there is also an attractive interaction
between the dipole and the interface. Its origin may be due to
the gradient of the dipole field that has the direction towards
the dipole. The well known radiation pressure of a plane wave
on a plane interface the force is always negative for any type
of interface [10] however unlike our case there are no field gra-
dients. This observation needs an additional study.

As follow from the expressions for the contributions of the
force the grows of the force by approaching the dipole to the
interface is due to the evanescent components of the dipole
field (integration over k1 < kρ < ∞).

Figure 3 shows the dependence of the total force that the
dipole exerted on the interface. As seen, with parameters
used in the calculations the maximal force is still too low
(10−3 fN) in order to explain the experimental observations.
However, in the calculations of the resulting force we used the
value of the bare molecular polarizability without the surface
enhancement effects modifying the molecular response and
mentioned above as a key element in the experiments [2, 3]. In
order to include the enhancement in the description we may
multiply the maximal force in Figure 3 on an enhancement
factor. The reasonable value for this factor is accepted in re-
cent publications is of order of 107 [13]–[16]. With this factor
in mind we arrive to the theoretical values of several hundreds
fN closed to those claimed in the experiments. Therefore, the
model proposed here for the analysis of the radiation forces
exerted by the emitting dipole on the interface may be consid-
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FIG. 3 Total force exerted by a dipole with unit dipole moment exerted on the dielectric

(dot line) and metal (solid line) interfaces.

ered as consistent enough in order to be as the starting point
for more detailed calculations.
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