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(e analysis of the relation of fields generated at a tip and a contacting surface is performed in the Rayleigh approximation of
a simple dipole model for the standard configuration of tip-enhanced Raman scattering experiments with external excitation. A
comparison of the present results with the previous ones obtained for the case of tip-source reveals the role of tip-surface
configuration as the amplifier of the exciting field and the stronger influence of roughness on the field distribution at external
illumination, as roughness is directly excited by the external field producing second source of field in addition to the tip.

1. Introduction

A previous study [1] considered the ratio of fields at a tip and
a contacting surface calculated in the dipole approximation
in static limit (Rayleigh approximation) for the case of tip-
source. (e analysis revealed the influence of surface plas-
mons on the metallic surface, which makes the field at the
plane surface slightly higher than the field at the tip with
small tip-surface separation. It happens in spite of the fact,
that it is the tip, which is the primary and the only source of
the field in the considered system.

However, in spite of the fact that the use of a tip-source is
favorable for tip-enhanced Raman scattering (TERS) [2],
until now tetrahedral tip demonstrating excellent properties
in TERS [2, 3] is the only literal tip-source without external
illumination, which has simple construction. Another
proposed construction [4] is much more complex in the
preparation and practically exaggerates the list of tip-
sources. Onemore possible variant [5, 6] was not yet used for
TERS. Until now, the main TERS configuration is the ex-
ternal illumination of the tip apex by a focused light beam.

(us, this article is devoted to the analysis of the
standard case of the TERS configuration with external il-
lumination. (e aim is to reveal the angular dependency of
fields and the change of the external field at different dis-
tances to the surface due to interference of incident and

reflected light. As well as, in the previous article [1], the main
attention is devoted to the behavior of the ratio of fields at
the tip apex Et and at the surface Es, calculated on the basis
of the same simple dipole model. As it was noticed pre-
viously [1], the used simple approach is not appropriate for
modeling the whole field distribution and determining the
absolute field values but is rather robust just to analysis of the
ratio of fields. (e latter is enough to compare enhancement
conditions at the tip apex and at the contacting surface,
which is necessary for the application of functionalized tips
as Raman probe [7] and their use as an internal standard in
TERS [8].

2. Plane Surface

In contrast to the case of tip-source, which is the primary
source of the field, external illumination excites the tip and
contributes to the field at any point of the system. As in the
previous study, the tip is modeled as a spherical particle, the
polarizability of which in Rayleigh approximation is given by
a standard expression [9]:

αt � R
3
t
εt − εa
εt + 2εa

, (1)

which includes the radius of the particle R and dielectric
functions of the tip material εt and the ambient εa. In such an
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approach, the sphere is substituted by the dipole situated at
the center of the sphere with given isotropic polarizability. It
is well known that approaching a surface renormalizes
polarizability of a dipole due to its interaction with its own
image in the surface [9] to

α∗i �
α

1− viαK/8z3, (2)

what generates anisotropy with vi � 1 for the longitudinal
polarizability along the surface and vi � 2 for the transverse
polarizability perpendicular to the surface. z is the distance
from the center of the sphere to the surface, and K is the
static reflection coefficient:

K �
εa − εs
εa + εs

, (3)

where εa is the dielectric function of the ambient and εs the
dielectric function of the surface. It was underlined in [1]
that this coefficient is bigger than the unit for metallic
surfaces supporting surface plasmons, which makes the
dipole image larger than the source one and creates the
minimum close to the surface in the distance dependency of
the ratio of fields at the tip apex and at the surface.

With the external illumination, the field exciting the tip
is the sum of fields of the incident light and light reflected by
the surface. Besides the angle of incidence φ and Fresnel
reflection coefficients rp and rs for p- or s-polarization,
respectively, this field is also defined by the distance to the
surface z. If to define the phase of the field on the surface as
zero, the fields are:

Ex � Ep e
−ikz cosφ − rpe

ikz cosφ
 cos φ,

Ey � Es e
−ikz cosφ

+ rse
ikz cosφ

 ,

Ez � Ep e
−ikz cosφ

+ rpe
ikz cosφ

 sin φ,

(4)

where Ep and Es are fields of the incident p- and s-polarized
light and k is the wave vector in vacuum, which is equal to
2π/λ, where λ is the wavelength. (is field together with the
additional field of polarized surface excites the tip, which in
turn polarizes the surface producing noticed additional field,
which in the present approximation is the field of the dipole
image Pim i � ±KPi situated at the distance −z under the
surface as a mirror image of the source. “+” corresponds to the
transverse and “−” to longitudinal polarization as K is defined
by (3). Self-consistent account of thismutual polarization gives
the value of renormalized polarizability (2), and the dipole
generated on the tip is not Pi � αEi but Pi � α∗ Ei.

Finally, the total field at any point in the space is defined
as the sum of external incident and reflected fields and fields
generated by the dipole of the tip and its image in the surface.
In the previous case [1], the tip dipole was constant; in this
study, it depends on the illumination conditions and on the
tip-surface separation.

(e same parameters as in [1] were used for calculations,
namely, silver tip mimicked by a sphere with radius 30 nm in
front of gold surface, which is close to real experiment [8].
Now, the system is illuminated by the p- or s-polarized light
of unit intensity.(e angle of incidence is taken as 70°, which

is close as to conditions of maximal exciting field what is
proved later as to rather common experimental value. (e
ratio of fields at the tip and at the contacting surface, which
depends on tip-surface separation, is shown in Figure 1,
together with previous results for tip-source. As in the
previous study, intensities in the case of s-polarization are
very small, so results are shown for p-polarized light only.

Dielectric functions of metals at different wavelengths
were taken from [10], as for glass the refractive index was
fixed to be n � 1.5.

As it is visible, external illumination slightly decreases
the ratio of fields and shifts the minimum position from the
surface for all used wavelengths and surfaces. In contrary to
the tip-source case, we have additional free parameter in this
study, namely, the angle of incidence. Its influence in the
case of gold substrate and wavelength 632.8 nm is shown in
Figure 2. Decreasing the angle of incidence decreases the
calculated ratio of fields and shifts the minimum position
further from the surface.

Such a behavior can be understood if to analyze the
intensity of the external field at the surface and near it.
Incident and reflected waves create an interference pattern
perpendicularly to the surface. (e period of this pattern at
normal incidence is half of the wavelength and is inversely
proportional to the cosine of the angle of incidence diverging
at grazing incidence.

If the field has nodes at the surface of the ideal metal, as
any field inside such a metal would create infinite current, it
is not so strict for real metals with damping. (e field of s-
polarized light is rather low at the boundary, as the longi-
tudinal field is constant across it due to the boundary
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Figure 1: (e ratio of fields at the tip apex and at the contacting
surface for different substrate materials and wavelengths versus the
tip-surface separation. Solid lines represent results for the tip
source [1], and dashed lines represent results for the external
illumination.
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conditions, but it is not necessary for p-polarized light. In
this case not the �eld, but the displacement is constant across
the surface for transverse �eld what remarkably decreases
this �eld component inside metals with high value of di-
electric function. But outside the metal, it may be noticeable.
As a result, the low intensity of the longitudinal �eld has
small rises at some proximity to the surface, but the intensity
of the transverse �eld is higher at the surface and drops at
some proximity for rather wide range of angles of incidence.
�e latter is shown in Figure 3.

�e scenario of the interaction of the tip with the surface
and the generation of the �eld distribution is the same as in
the case of the tip-source considered earlier [1]. It is clear
that, besides illuminating light, we have again only one
source of the �eld, namely, excited tip. Also as in previous
studies, the longitudinal �eld generates in�nitesimal en-
hancement in the tip-surface gap for TERS con�guration in
comparison with the transverse �eld. �e intensity of the
incident p-polarized �eld in comparison with the highest
�eld intensity between the tip and the surface calculated in
the used simplest dipole model in Rayleigh approximation is
less than 2% and even smaller if multipoles are taken into
account. However, it is the incident �eld which excites the
tip while tip-surface con�guration serves only as an am-
pli�er for this �eld.�is scenario is supported by the angular
behavior of the intensity of p-polarized light at the surface
together with the intensity of the total �eld between the tip
and surface at this illumination, which are shown on dif-
ferent scales in Figure 4. �e maximum of those curves is
slightly bigger than 60°, and the angle of the maximal en-
hanced intensity is a bit bigger than the angle of the maximal
intensity of the �eld at the surface obtained from Fresnel
equations by (4). Such a behavior completely coincides with
the scenario proposed in [11] on the basis of exact calcu-
lations by the generalized �eld propagator technique.

However, approximation used in this study without
taking into account multipoles is too coarse to calculate
exact values of �elds, and detailed discussion of obstacles of

such an approach was given earlier [1], but it indicates
qualitative behavior, which is proven by exact calculations
[11]. Shown dependencies almost coincide being normalized
and will completely coincide if it is drawing the angular
dependency of the external �eld in the plane separated from
the surface by the radius of the sphere. It is because the
maximum of the total �eld shifts slightly to bigger angles
along with increasing of tip-surface separation as the in-
tensity of the external �eld at p-polarized illumination de-
creases with the distance to the surface faster at smaller angle
of incidence, as shown in Figure 3. Just this decreasing of
the p-polarized external �eld at tip retraction is exhibited in
the shift of the minimum of the ratio of �elds at the tip and
at the surface further from the surface in comparison to
the case of tip-source (Figure 1) and in the angular de-
pendence of the position of this minimum, as external �eld
decreases faster at smaller angles of incidence (Figure 2).
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Figure 3: Intensity of the transverse �eld component versus the
distance to a gold surface illuminated at di�erent angles by
p-polarized light with the wavelength of 632.8 nm.
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Figure 4: Angular dependencies of the intensity of the incident
p-polarized light at the gold surface and the �eld enhanced by the
touched sphere.
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Figure 2: �e in�uence of the angle of incidence on the ratio of
�elds at the tip apex and at the contacting surface.
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All these features support the conclusion that the tip-surface
system is only the ampli�er of the exciting �eld.

Moreover, this scenario is supported by numerical
values of minima obtained in the case of tip-source [1] and
external illumination in this study. For the shown case of
the wavelength 632.8 nm and the angle of incidence 70°,
values of minima di�er about 0.0004 and the minimum for
external illumination is about 0.75 nm as it is visible in
Figure 1. At the same time, Figure 3 indicates that the
transverse �eld at the angle of incidence 70° decreases with
the speed of about 1.4/200 nm−1 or about 0.007 nm−1;
hence, at the separation of 0.75 nm, the external �eld is
about 0.995 of the �eld at the surface. Considering that, in
the used approximation, the external �eld is about 8-9
times less than that of the enhanced one, as shown in
Figure 4, we can estimate the di�erence in the value of the
minima for the two cases of excitation to be about 0.0005,
which coincides with the presented modeling well.

It is clear that as the scenario of the �eld enhancement
by the considered system does not depend on the method
of the excitation, the account of multipoles as it was made
earlier [1] would give the same result, namely, shallowing
of the minimum and its shift to the origin. So, that modeling
was not repeated for this case. Moreover, as the depth and
the position of the minimum depend on the ratio of the tip
radius to the tip-surface separation, decreased radius gives
the described e�ect of the shallowing and shift of the
minimum [1]. Inclusion of multipoles which were modeled
by sequential account of images of the initial dipole at the
surface and the tip e�ectively moves the summed dipoles
generated at the tip to its apex [12]; thus, it works as e�ective
decreasing of the tip radius. Such a behavior qualitatively

describes what we can expect with more precise description
of the problem taking into account multipoles.

It is necessary to note that the angular dependency of the
�eld enhancement is de�ned purely by the angular de-
pendency of the external exciting �eld at the surface, as the
tip is considered close to the surface. Further tip-surface
interaction and the �nal �eld enhancement do not depend
on the angle of incidence. Di�erent periods of the in-
terference pattern would correct the angular dependence
only with large separation of the tip and the surface, which is
impractical in TERS.

3. Rough Surface

�e structure of hemispherical protrusion on the surface used
in the case of tip-source, as it has analytical solution for dipole
model in Rayleigh approximation [13], is intractable for the
case of external illumination due to complex expressions for
the polarizability of the hemisphere [14, 15].�us, for the case
of external illumination, a feature on the surface was modeled
by additional spherical particle on the surface. From the �rst
point of view, this model has principal di�erence from the
case of the tip-source, as incident light excites both spheres in
contrary to the one �eld source [1]. However, the dipole
moment of a particle is proportional to its volume, so for
small protrusions the �eld in the other space generated by
a small sphere on the surface would be small in comparison to
the �eld from the tip. However, its in�uence will be noticeable
at the top of such a protrusion due to scaling of �elds in
Rayleigh approximation. �e scaling can be easily demon-
strated if to take into account that the value of the dipole
generated on a sphere by the external �eld is proportional to
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Figure 5: Dependencies of the ratio of �elds at the tip apex and at the protrusion on the surface versus the distance between them for
di�erent sizes of the protrusion (a) and the comparison of the case of the external illumination with the case of tip-source [1] (b).

4 Journal of Nanotechnology



the volume of the sphere i.e. to the third power of its radius R3.
At the same time the strongest field component in Rayleigh
approximation decreases reversely proportional to the same
third power of the distance R−3. As a result, the field on the
surface of the sphere does not depend on its radius in Rayleigh
(static) approximation.

In the considered approach, we have two spherical
particles, which reproduce the tip and protrusion. Together
with their images in the surface, we obtain the system of four
dipoles with mutual interactions. In spite of this system
being nonlocal, that is, the field at any point depends on the
field at two centers of spheres, it is rather easy to obtain the
expression for the dipole moment of any sphere:

Pti � α∗ti
E0ti + α∗piGiE0pi

1− α∗piα∗tiG
2
i

, (5)

where E0 is the external field at the tip t or protrusion p for
i—longitudinal or transverse direction to the surface. Dipole
moment of the sphere modeling protrusion is obtained by
the exchange of indices t and p. Self-consistent polarizability
α∗ is given by expression (2).

(e propagator G in Rayleigh approximation is

Gi � zt − zp 
−3
± K zt + zp 

−3
, (6)

where “+” is used for transverse and “−” for longitudinal
fields. K is given by (3).

After obtaining dipole moments of the tip and pro-
trusion, the calculation of the field at any point of the system
is straightforward, that is, the sum of the external field
(incident and reflected ones) and fields of four dipoles (two
dipoles of spheres and their images in the surface).

Figure 5(a) demonstrates the ratio of fields at closest
points of both spheres situated one over another at one
vertical and illuminated at the angle of incidence of 70°. As in
the previous study, the radius of the silver tip is taken as
30 nm, as the surface and protrusion are considered as made
from gold and the radius of the spheremimicking protrusion
varies. Figure 5(b) gives the comparison of the external il-
lumination of the present case with the case of tip-source
obtained in [1].

(e dependencies shown in Figure 5 of the field ratios are
qualitatively the same as were obtained for the tip-source but
drop noticeably faster than for the case of hemispheres with
the radius equal to the diameter of the sphere on the surface.
It can be explained by two moments. In the first, the sphere
on the surface obtains its own dipole moment from the
illumination, which generates its own field and its value is
not small just on the surface of this sphere because of noticed
scaling. In the second, due to decreasing of the external field
at some distance from the surface shown in Figure 3, the tip
is excited by slightly weaker field than the protrusion. (e
latter reason is minor correction but should be noticed for
the sake of completeness. As a result, the field at the pro-
trusion is higher and the field at the tip is smaller with
external illumination than for the case of tip-source, and the
ratio of fields drops faster.

By increasing the size of the protrusion, one can obtain
remarkable difference from the case of tip-source. For instance,

if the diameter of the sphere on the surface is 100nm, the
dependency of the ratio demonstrates small maximum instead
of the minimum on the shown length scale. However, cal-
culations for big values cannot be considered as exact even for
the chosen formalism, as particle-particle interaction is cal-
culated without taking into account the phase change of fields
but the phase change of the external field is taken into account.
Figure 5 demonstrates ratios for the diameter of the sphere on
the surface not bigger than 30nm.

4. Conclusions

Simple dipole approximation was applied to the analysis of
the ratio of fields generated at the tip apex and the contacting
surface. Results were analyzed for the standard for TERS
configuration with external illumination. Comparison of the
obtained results with the distribution of the external field of
the illuminating light reveals the origin of the obtained
angular and distance dependencies. It demonstrates that the
tip-surface system is only the amplifier of the external field
given by the interference of the incident and reflected waves.
Comparison of the present results with the results obtained
earlier for the case of tip-source proves made conclusions
and demonstrates stronger field at the rough surface due to
its direct excitation by the external field which generates two
sources of fields polarizing the whole system in contrary to
the case of the only tip-source in previous consideration.
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