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Abstract.  It is shown theoretically that the use of the spectral reg-
istration of the dipole local plasmon resonance (DLPR) displace-
ment in a single spherical gold nanoantenna, placed near the sur-
face of a homogeneous dielectric medium, allows the mapping of 
extremely small variations (to 5 ́  10–4) of the refractive index (RI) 
of this medium. Using the quasi-static approximation, we have 
developed an analytic model that allows evaluation of the spectral 
displacement of the nanoantenna DLPR depending on the variation 
in the medium refractive index. The point probe based on a fibre 
microaxicon with a gold spherical nanoantenna attached to its top 
is proposed that allows practical implementation of the developed 
RI scanning method. Numerical calculations of the probe charac-
teristics using the time-domain finite-difference method are pre-
sented, and it is shown that for the case of a gold spherical nanoan-
tenna of small size, comparable with the skin layer thickness in 
gold, the relative spectral shift value is in good agreement with the 
results obtained by using the developed analytic model.

Keywords: metallic spherical nanoantenna, local dipole plasmon 
resonance, refractive index mapping, spectral detection.

1. Introduction

At present the development and creation of various types of 
nanodevices  and  functional  elements  require  high-quality 
methods for microscopic analysis of their critical dimensions, 
elemental composition, topographic and local optical proper-
ties [1]. Whereas the problem of studying the structural and 
topographic properties of the objects can be efficiently solved 
using  the methods  of  atomic  force microscopy  (AFM)  and 
electron microscopy,  the methods  of  detecting  small  varia-
tions in the refractive index (RI) that characterise the chemi-
cal  composition  and  local  optical  properties  of  the  studied 
object  are  usually  based  on  the  interaction  of  the  studied 
object  surface  with  light  fields  possessing  sub-wavelength 
localisation [2 – 5].

An obstacle for attaining a high degree of localisation in 
light radiation interacting with the studied object by means of 
far-field optical methods is the existence of the fundamental 
diffraction limit [6]. Essentially higher efficiency in solving the 
problems of nanoscale optical field concentration and control 
is demonstrated by nanoantennas [7, 8], making it possible to 
implement  such  practical  applications  as  optical manipula-
tion of nanoobjects  [8],  nanolithography  [9],  excitation and 
detection of fluorescence from single molecules with the spa-
tial resolution to 20 nm [10], as well as the super-resolution 
microscopy of RI variation [11]. In the latter case, in order to 
provide the possibility of high-precision nanoantenna move-
ment near the surface of the object and the local RI variation 
mapping, the nanoantenna should the placed at the tip of a 
scanning probe. In the apertureless near-field scanning opti-
cal  microscopy  (NSOM),  the  role  of  the  nanoantenna  is 
played by a metallic tip of the AFM cantilever, concentrating 
the radiation due to the lightning arrester effect [3, 4, 12]. The 
radiation,  concentrated  near  the  tip  of  the  nanoantenna 
probe, is scattered from the surface of the studied object. The 
intensity  of  the  scattered  signal  varies  depending  on  the 
change in the topographic and local optical properties of the 
surface  [12]  or  even  the  subsurface  layer  of  the  object  [13], 
providing the possibility of determining its chemical composi-
tion by means of the apertuless NSOM method. However, the 
focal spot exposing the nanotip is rather large, giving rise to 
the  appearance  of  the  background  that  essentially  compli-
cates the useful signal detection. This problem can be solved 
by detecting the nonlinear response [14] or using the modula-
tion  technique  of  signal  selection  [15],  which  significantly 
complicates  the  practical  implementation  of  apertuless-
NSOM-based high-resolution refractometers. Besides that, in 
many  problems  the  presence  of  a  large  exposure  region  is 
extremely undesirable [16].

The problem of background illumination can be avoided 
by  using  NSOM  probes  of  the  aperture-type  NSOM  that 
implement  the  idea of a point nanoantenna  [17]. As a  rule, 
such a nanoantenna is a localised light source, implemented 
as a nanodimensional aperture at the exit of an optical fibre 
coated with a nontransparent metallic film [18]. However, the 
small  transmission  of  the  nanodimensional  hole  essentially 
restricts both the  lateral resolution (to 50 – 100 nm) and the 
sensitivity of the apertured NSOM method in the recording of 
the local RI variations. The use of resonance apertures (but-
terfly aperture [19], C-aperture [20], apertures surrounded by 
concentric  grooves  [21]) with  enhanced  transmission  allows 
the  improvement  of  the  lateral  resolution  of  the  apertured 
NSOM methods (to 20 nm). However, it provides rather low 
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sensitivity when recording small RI variations (12 % intensity 
change at extremely high variation of the RI by Dn ~ 2 [21].

It is known that the use of spectral principles of registra-
tion  in NSOM profilometers  instead of  the  amplitude ones 
allows  an  increase  in  the  sensitivity  and  the  signal-to-noise 
ratio  in these systems [22, 23]. It  is expected that the  imple-
mentation of the analogous approach, based on detecting the 
spectral  response  of  a  point  nanoantenna  rather  than  the 
amplitude one, will allow increasing the sensitivity of NSOM 
methods  to  small  variations  of  RI.  This  approach  can  be 
based on the pronounced dependence of the position of the 
dipole  local  plasmon  resonance  (DLPR)  spectral  peak  in 
metallic nanoparticles of different shape on the change in the 
surrounding medium RI [24]. Therefore, a metallic nanopar-
ticle, placed at the tip of the scanning probe, can play the role 
of  a  point  nanoantenna,  whose  spectral  response  detection 
will allow high-precision mapping of the RI variations at the 
surface of the studied object. 

In the present paper we demonstrate theoretically for the 
first time the possibility of detecting extremely small local RI 
variations (to 5 ́  10–4) by recording the spectral response of 
the simplest point nanoantenna, a spherical gold nanoparticle 
placed  at  the  tip  of  a  transparent  dielectric  probe,  imple-
mented as a fibre microaxicon (FMA). We have shown that 
the use of a fibre axicon as the probe base can provide effi-
cient excitation of DLPR in the nanoantenna being exposed 
to focused radiation with the focal spot size approaching the 
diffraction limit. We have also demonstrated the shift of the 
DLPR spectral position  in a  spherical nanoantenna, placed 
near the surface of the studied object. The estimates carried 
out on the basis of the time-domain finite-difference method 
for the case when the nanoantenna diameter does not exceed 
the doubled thickness of the gold nanoantenna skin layer, are 
in good agreement with the analytic model developed in the 
present paper on the basis of the quasi-static theory.

2. Theoretical model

To substantiate the possibility of detecting the DLPR spectral 
position shift in a nanoantenna, placed near the surface of the 

studied object, we used  the quasi-static  theory.  It  is known 
that the effect of an electromagnetic wave having the electric 
field  strength  E  on  a  gold  spherical  nanoparticle  with  the 
radius  a  and  the  dielectric  constant  eAu,  surrounded  by  a 
transparent homogeneous dielectric with e = 1,  leads to the 
polarisation of the particle giving rise to the dipole moment 
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where e0  is  the  electric  constant. Below we assume  that  the 
nanoparticle  centre  is  separated  by  the  distance  z0 = d + a 
from the planar boundary of a semi-infinite medium having 
the permittivity em, and that the electric field of the incident 
radiation  is  polarised  in  the  direction,  perpendicular  to  the 
surface of the medium (s-polarisation, Fig. 1a). In this case; 
the polarised nanoantenna will induce surface charges in the 
medium, the field of which can be presented as the field of the 
equivalent  reflected dipole  [12,  25] with  the dipole moment  
pekv = ap, a = (em – 1)/ (em + 1), located inside the medium at 
the  distance  2z0  from  the  nanoparticle  centre  (Fig.  1a).  In 
turn,  this  field  affects  the  nanoantenna,  its  dipole moment 
being affected only by the longitudinal (directed along the z 
axis, Fig. 1a) component of the electric field, created by the 
reflected dipole. This component can be expressed in the fol-
lowing form:
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The quantity Eekv  can be also  expressed  in  terms of  the 
field  of  bound  charges  in  the  equivalent  dielectric medium, 
surrounding the nanoantenna (Fig. 1b) and polarised under 
the action of the field E [26]:
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where  eekv  is  the  permittivity  of  the  equivalent  medium. 
Equating expressions (2) and (3), one can find that the permit-
tivity of the equivalent medium eekv is related to the permittiv-
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Figure 1. (a) Gold spherical nanoantenna illuminated by a plane s-polarised wave and its reflection from the semi-infinite homogeneous medium 
with the permittivity em, placed at the distance d; (b) polarisation of the equivalent dielectric medium under the action of the uniform electric field; 
and (c) fibre microaxicon with the gold nanoantenna attached to its top. Dcore, ncore, and Dclad, nclad are the diameter and the refractive index of the 
optical core and the cladding, respectively.
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ity em of  the  semi-infinite medium placed at  the distance z0 
from the nanoparticle as follows:
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We  assume  that  the  spectral  dependence  of  the  gold  nano-
particle permittivity is described by the Drude – Lorentz rela-
tion [25]
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where e∞ is the permittivity in the high-frequency region; lр is 
the plasma wavelength of metal; and gр is the damping param-
eter. Neglecting the dispersion of the quantity eekv and using 
the  known  condition  for  the  DLPR  in  a  small  spherical 
nanoparticle [18]

Re(2eekv + eAu) = 0  (6)

for the case when (em – 1) << 1, one can transform Eqn (4) into 
the  expression  describing  the  relation  between  the  DLPR 
wavelength lsp of the gold spherical nanoantenna and the per-
mittivity of the semi-infinite medium
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where  ; and andnm m sp
media

sp
vace l l=   are  the  DLPR  wave-

length values for the gold spherical nanoparticle in the homo-
geneous dielectric medium with em and  in  the vacuum. The 
values of the latter parameters can be obtained from Eqn (5) 
with condition (6) taken into account. It should be noted that 
the  values  of  andsp

media
sp
vacl l   found  in  this  way  are  rather 

approximate, which, in turn, leads to overestimation of lsp. In 
this  connection,  for  the  estimation  of  the  parameters 

andsp
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model [27], according to which
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where  the  first  two  terms  correspond  to  the  standard 
Drude – Lorentz model, and the next two terms allow for the 
interband transitions in gold in the visible and near-IR spec-
tral regions (lj is the interband transition wavelength; gj is the 
parameter allowing for the interband transition broadening; 
and Аj and jj are the dimensionless amplitude and phase of 
the critical points  [27], respectively). Relation (8) allows the 
description of the gold permittivity spectral dependence in a 
way, providing the best correspondence to the experimentally 
measured values for the bulk substance [28], thus giving more 
accurate estimates for   andsp

media
sp
vacl l . 

Repeating the performed calculations for the case, when 
the exciting field is polarised parallel to the medium surface 
(p-polarisation), we obtain
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Figure 2 presents the dependence of the relative change in 
the spherical nanoparticle DLPR wavelength  lsp/lspvac on the 
RI of the semi-infinite medium [curves ( 1 – 5 )], calculated at 
different  distances  d  between  the  nanoparticle  and  the 
medium using expressions (7) and (9), as well as the depen-
dence lsp/lspvac(nm) for the case, when the nanoparticle is com-
pletely  surrounded  by  the  homogeneous  dielectric  medium 
[curve ( 6 )]. The latter curve is obtained using expression (8) 
and  the  condition  of  local  dipole  plasmon  resonance  in  a 
small spherical nanoparticle Re(2em+eAu) = 0. As seen from 
the Figure, the increase in the medium RI leads to a consider-
able  shift  of  the  spherical  nanoantenna  DLPR  wavelength 
towards the red region of the spectrum, as compared to lspvac; 
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Figure 2. Dependence of the relative change in the DLPR wavelength 
lsp/lspvac for the gold spherical nanoantenna exposed to (a) s- and (b) p-
polarised external fields on the refractive index nm of the object for d = 
( 1 ) 0, ( 2 ) 10, ( 3 ) 20, ( 4 ) 30 and ( 5 ) 50 nm; curve ( 6 ) corresponds to the 
case, when the nanoparticle is completely surrounded by the homoge-
neous dielectric medium. 
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the  value  of  this  shift  being  essentially  dependent  on  the 
polarisation of the incident light and the distance d. It is seen 
that if the nanoantenna is near the surface of the semi-infinite 
medium [curves ( 1, 2 )], the expected spectral shift appears to 
be essentially smaller than when the particle is completely sur-
rounded by the dielectric [curve ( 6 )]. 

Figure 3a presents  the  slope Sl = dlsp/dnm of  the  linear 
part of the curve lsp(nm), calculated near the value nm = 1.35, 
versus the distance d [curves ( 1, 2 )]. It is seen that, as expected, 
the maximal spectral sensitivity Sl ~ 19 nm is attained in the 
case of the s-polarised exciting field and d = 0, which is obvi-
ously explained by the character of the distribution of energy 
density maxima in the near-field zone of the dipole nanoan-
tenna radiation [29, 30]. Note that Sl is only 4 times smaller 
than  the  sensitivity  of  the  nanoantenna,  completely  sur-
rounded by the dielectric. With the resolution of up-to-date 
optical spectrum analysers, evaluated in correspondence with 
the Rayleigh criterion (no worse than 0.02 nm) [31] taken into 
account, the proposed method can provide the possibility to 
detect the RI changes of ~10–3. However, keeping in mind the 
existing methods of optical spectrum processing, based on the 
detection of the ‘centre of gravity’ of a spectral peak [32], one 
can expect an increase in the limiting resolution of the devel-
oped method at least by an order of magnitude (to ~10–4). 

3. Numerical modelling

As mentioned above,  to provide  the possibility of mapping 
the small variations in the studied object RI under real exper-
imental conditions, the nanoantenna should be placed at the 
tip of the scanning probe, be able to focus the optical radia-
tion  efficiently  on  the  nanoantenna  surface  with  minimal 
background exposure of the studied object and also be incor-
porated  in  the  feedback  system of a  standard probe micro-
scope, thereby providing the possibility of precise movement 
of the nanoantenna near the surface of the studied object. Let 
us assume  that  the nanoantenna  is placed at  the  top of  the 
fibre microaxicon (FMA) (see Fig. 1c), formed at the face of 

an optical fibre. The nanoantenna is separated by the distance 
d  from  the boundary of  the  semi-infinite  dielectric medium 
with the refractive index nm, varying from 1 to 1.7. The pres-
ence of the axicon causes a certain difference of the consid-
ered  geometry  from  the  conditions,  underlying  the  analytic 
model. It  is also worth noting that the quasi-static approxi-
mation described above can be considered valid only  in  the 
case of  a  spherical  nanoantenna having  the  relatively  small 
radius a (i.e., for а < s, where s is the skin layer thickness for 
gold). To take the delay of electron density field oscillations 
inside  the nanoantenna  [30] with а > s  into account and  to 
estimate the possible influence of the microaxicon, to which 
the nanosphere is attached, on the spectral sensitivity of the 
method, we perform the numerical modelling using the time-
domain finite-difference method [33]. It is also assumed that 
the FMA has the convergence angle q = 90°, the base diame-
ter, equal to that of the core of the optical fibre, and possesses 
axial symmetry with respect to the optical axis of the fibre (the 
z axis in Fig. 1c). In correspondence with the data of Ref. [34], 
such geometric parameters of the axicon provide focusing of 
the laser radiation launched into the fibre, into a diffraction-
limited  spot  with  the  lateral  size  ~l/2  and  the  focal  length 
~0.3l, which can provide high efficiency of the DLPR excita-
tion in the nanoantenna with minimal background exposure. 
For modelling the optical properties of the fibre, the follow-
ing parameters are used: the core diameter Dcore = 4.5 mm, the 
cladding diameter Dclad = 125 mm, and the numerical aperture 
NA = 0.14. The FMA is excited with the broadband p-polar-
ised  Gaussian  radiation  source  (its  position  is  shown  in 
Fig.  1c) with the centre wavelength lс = 532 nm and the spec-
tral half-width DlFWHM = 100 nm. With the parameters indi-
cated  above  in  the  considered  spectral  range  a  single-mode 
regime of the optical radiation propagation is implemented in 
the fibre [35]. Perfectly matched layers are used as the bound-
aries for the calculation domain. The mesh of the calculation 
grid has the dimensions 1 ́  1 ́  1 nm. Besides, to increase the 
accuracy of calculations in the nanoantenna region the addi-
tional grid is used with the mesh size 0.2 ́  0.2 ́  0.2 nm. 
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Figure 3. (a) Slope Sl of the curve lsp(nm) (calculated near nm = 1.35) vs. distance d, (b) relative DLPR wavelength for the spherical nanoantenna  
lsp/lspvac vs. refractive index nm of the semi-infinite medium and (c) DLPR wavelength lspvac of the gold nanoantenna vs. its radius a, as well as the re-
sults of calculations for the electromagnetic field strength spectrum in the near-field zone of the nanoantenna with the radius (d) 50 nm and (e) 2.5 
nm; (a) curves ( 1 ) and ( 2 ) are calculated using analytic expressions (7) and (9), respectively; ( 3 – 7 ) are the results of numerical calculations at a = 
( 3 ) 2.5, ( 4 ) 6, ( 5 ) 12.5, ( 6 ) 25 and ( 7 ) 50 nm; (b) calculation at d = 0 and a = ( 1 ) 50, ( 2 ) 25, ( 3 ) 12.5, ( 4 ) 6 and ( 5 ) 2.5 nm. Curves ( 6 ) and ( 7 ) are 
calculated using expressions (6) and (7), respectively; curve ( 8 ) corresponds to the case when the nanoantenna is completely surrounded by a homo-
geneous dielectric medium. The source of radiation initially placed in the axicon, produces only the p-polarised field component; however, in the 
focal spot at the output of the axicon the calculations carried out reveal the appearance of the s-polarised component as well. 
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Figure 3b presents the dependences of the relative DLPR 
wavelength of the spherical nanoantenna lsp/lspvac on the RI nm 
of the semi-infinite medium, calculated for different a and d = 
0 [curves ( 1 – 3 )]. As shown by the results of calculations, for 
small (a < 25 nm) radii the quantity lspvac is not constant and 
linearly  grows  with  the  growth  of  the  nanoantenna  radius 
(Fig.  3c),  which  also  agrees with  the  data  of Refs  [29,  30]. 
Therefore, for the convenience of presenting the dependences 
calculated  numerically  and  analytically,  the  quantity  lsp  in 
each case is normalised to the DLPR wavelength lspvac, corre-
sponding to the particular radius of the nanoantenna, a. For 
comparison Fig. 3b  shows  the  results of  calculations of  the 
dependence lsp/lspvac(nm), obtained using the analytic model for 
s- and p-polarised radiation [curves ( 6 ) and ( 7 ), respectively], 
and also the analytic dependence  lsp/lspvac(nm), corresponding 
to the case, when the nanoparticle is completely surrounded 
by the homogeneous dielectric medium [curve ( 8 )]. 

It  is  seen  that  for  small-radius  nanoantennas  [curves 
( 3 – 5 )]  the value of  the relative spectral shift lsp/lspvac, evalu-
ated using  the numerical  calculations,  is  in good agreement 
with the results, obtained on the basis of the analytic model 
[curves ( 6, 7 )]. In the region of small refractive indices (1 < nm 
<  1.3)  the  curves,  calculated  both  numerically  and  analyti-
cally,  demonstrate  a  virtually  linear  growth  of  lsp/lspvac with 
increasing nm. However,  the value of lsp/lspvac  for all numeri-
cally calculated curves appears to be somewhat greater than 
that evaluated using expression (7) for the case of the nanoan-
tenna  illumination with p-polarised radiation. This  fact can 
be partially explained by the presence of a longitudinal field 
component, directed along the z axis, in the focal spot of the 
FMA. Moreover, the analysis of the data presented in Fig. 3b 
shows  a  tendency  towards  the  slope  Sl  increase  with  the 
growth of nm, mutual  for  all  numerically  calculated  curves, 
whereas  the  slope  of  the  dependence  lsp/lspvac(nm),  obtained 
using  the  analytic  expressions  (7)  and  (9),  decreases  with 
increasing  nm.  The  disagreement  of  the  results  obtained 
numerically and analytically is explained by the fact that the 
assumption (em – 1) << 1 made in the analytic model becomes 
invalid  in  the  considered  range  of  nm  values.  Besides,  for 
obtaining  a more  precise  analytic model  it  seems  necessary 
also  to allow for  the  influence of multiple reflections of  the 
equivalent  dipole  and  nanoantenna,  the  contribution  of 
which increases with increasing medium RI.

Figure  3a  presents  the  results  of  the  numerical  calcula-
tions of the dependence of Sl on the distance d [curves ( 3 – 7 )]. 
It  is  seen  that  in  spite of a certain disagreement  in  the esti-
mates of the maximal values of Sl for d = 0, the behaviour of 
the curves demonstrates good correspondence with the results 
of the analytic model [curves ( 1, 2 )]. It should be also noted 
that the dependences Sl(d ) for nanoantennas with the radius 
exceeding  the  skin  layer  thickness  [curves  ( 6, 7 )  in Fig.  3a] 
almost coincide both with the results of the numerical calcula-
tions  for  the  nanoantenna  radius а < s  [curves  ( 3 – 5 )]  and 
with the analytically calculated curves ( 1 ) and ( 2 ). However, 
with an increase in a [curves ( 1, 2 ) in Fig. 3b], the slope of the 
dependence lsp/lspvac(nm) increases, and for a > 25 nm the value 
of  Sl  exceeds  the  one,  obtained  using  expression  (9),  and 
attains the maximal value ~21 nm at a = 50 nm. Such a growth 
of  the  slope  of  the  curves  with  increasing  a  is,  apparently, 
explained by the effect of delay of the electron density oscilla-
tions in the nanoantenna, which was also reported in Ref.  [31]. 
Besides that, with the growth of the nanoantenna radius a, the 
spectral  half-width  of  the DLPR  (Figs  3d  and  3e)  strongly 
increases, which is potentially able to hamper the detection of 

the spectral shift (the analogous results were demonstrated in 
Ref. [29]). The lateral resolution in the process of the RI dis-
tribution profile scanning becomes worse with the growth of 
the nanoantenna size. Apparently, this can reduce the positive 
effect  of  using  the  nanoantennas with  large  radius.  In  our 
opinion, the use of nanoantennas with a < 50 nm is optimal 
from the point of view of the balance between the lateral reso-
lution and the sensitivity of the RI registration (no worse than 
5 ́  10–4).

4. Conclusions

Thus,  within  the  framework  of  the  present  paper  we  have 
theoretically shown that the use of the spectral response of a 
single  spherical  gold  nanoantenna  allows  detection  of 
extremely small (to 5 ́  10–4) variations in the refractive index 
of the studied object surface. Using the quasi-static approxi-
mation we have developed the analytic model that allows the 
spectral shift of the nanoantenna DLPR to be estimated. The 
point probe on the basis of a fibre microaxicon with a gold 
spherical  nanoantenna  attached  to  its  top  is  proposed  that 
allows implementation of the developed RI scanning method. 
The results of numerical calculations of the probe characteris-
tics using the time-domain finite-difference method are pre-
sented, and it is shown that for a nanoantenna having small 
size comparable with the gold skin layer thickness the value of 
the relative DLPR spectral shift is in good agreement with the 
results obtained from the analytic model developed. The tech-
nology  of  fibre  microaxicon  fabrication  is  developed  suffi-
ciently well. The nanoantenna at the top of the microaxicon 
can be fabricated using several experimental techniques, such 
as  ion  beam  lithography,  direct  transfer  of  nanoparticles 
under the action of femtosecond laser pulses [36], or scanning 
single gold particles [37]. The excitation and recording of the 
nanoantenna DLPR spectral shift using the proposed point 
probe on the basis of FMA with a nanoantenna attached to 
its top can be implemented both in the regime of lateral illu-
mination and with the illumination directly through the probe 
that potentially allows essential simplification of the optical 
radiation  collection  system.  The  experimental  implementa-
tion of  the described probe for mapping small variations  in 
the RI of the studied object surface, as well as the numerical 
and experimental  estimates of  the  lateral  resolution, will be 
demonstrated in our next paper.
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