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1. INTRODUCTION

Optical spectroscopy methods are of fundamental
importance in studying the structure and properties of
matter. However, due to the well-known Abbe diffrac-
tion limit, which is about 

 

λ

 

/2

 

n

 

 (

 

λ

 

 is the wavelength of
radiation and 

 

n

 

 is the refractive index), these methods
cannot be applied to study objects with a subwavelength
resolution. The existing methods for the improvement of
the spatial resolution in the visible range (for example,
frequency mixing, second-harmonic generation, etc.) do
not suffice to study nanostructures.

The occurrence of evanescent waves in the near-
field region (not farther than 100 nm from the interface
between two media) makes it possible to overcome the
diffraction limit and, therefore, to achieve ultrahigh res-
olution in optical spectroscopy [1–3]. It has become
possible to practically implement this approach by
combining two methods, optical spectroscopy and
scanning probe microscopy [1–5]. A key role in this
method is played by a nanosized probe placed near the
surface (at ~3 nm) of a sample under investigation.
Unlike traditional optical spectroscopy, the resolving
power is determined by the geometry of a probe rather
than by the aperture of optical elements. Therefore, for
this very reason, this method is often referred to as
apertureless near-field optical microscopy [1–5]. With
respect to the principle of formation of the optical
image, local scattering-based and local excitation-
based methods are commonly used [4]. In the first case,
the evanescent field near nanosized structures is scat-
tered by a probe and is measured in the far-field region
by “ordinary” optics. In the second case, a probe placed
in a tightly focused laser beam locally enhances the
electromagnetic field near its tip due to the resonance

excitation of localized surface plasmons. An additional
contribution to the field enhancement is made by a geo-
metric singularity of the tip apex and by the chemical
effect of adsorbed molecules [4–7]. The enhanced field
is scattered from nanosized structures and is detected in
the far-field region. In the general case, the optical
image in the far field is a result of the combined action
of the above effects (the interference of different contri-
butions); therefore, interpreting the measurement
results can be challenging.

In contrast to widely used methods of electron
microscopy, the approach considered makes it possible
not only to visualize the object of interest, but also to in
situ obtain information on its chemical structure, com-
position, and conformational state on the nanoscale. In
connection with this, the method of near-field Raman
spectroscopy is developing vigorously [4, 5, 8–14].

The objective of this study is to demonstrate a giant
enhancement of the electromagnetic field and an ultra-
high spatial resolution of the method of near-field
Raman spectroscopy using single-walled carbon nano-
tubes as an example. The choice of these objects is
determined by the fact that a nanotube is an ideal quasi-
one-dimensional tubular graphite structure 0.5–3.0 nm
in diameter and a few micrometers long. At the same
time, the Raman spectrum of carbon nanotubes is well
studied; it consists of strong spectral lines attributed to
the normal modes of the graphite lattice. It is important
to note that the observation of the Raman spectrum
from one single nanotube is possible because its density
of electronic states is very high, being close in magni-
tude to van Hove singularities [15–17]. Resonance
Raman scattering makes it possible to extract informa-
tion on the structure of a nanotube by identifying the
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atomic coordinates of the unit cell (

 

n,

 

 

 

m

 

). By studying
the parameters of spectral lines, we can determine such
parameters of nanostructures as their diameter, chiral-
ity, excitation energy, local defects, and so on [18, 19].

2. THEORY

The excitation of resonance plasmons in metal struc-
tures plays a fundamental role in near-field optical spec-
troscopy [1–5]. The problem of scattering of electromag-
netic radiation from spherical subwavelength particles
has been analytically solved by Mie [20]. In the quasis-
tatic limit, the solution of Maxwell’s equations for a
spherical metal probe in a uniform external field 

 

E

 

0

 

yields the following expressions for the electric fields
inside and outside the metal sphere, 

 

E

 

in

 

 and 

 

E

 

out

 

 [1]:

(1)

(2)

Here, 

 

e

 

z

 

, 

 

e

 

θ

 

, and 

 

e

 

r

 

 are the unit vectors; 

 

R

 

 is the radius
of the sphere; and 

 

ε

 

tip

 

 and 

 

ε

 

m

 

 are the permittivities of the
sphere and surrounding medium, respectively. The
scattered field is described by the second term in Eq. (2)
and is equivalent to the field of a dipole moment placed
at the center of the sphere,

(3)

where

(4)

is the polarizability of the sphere. It follows from
Eq. (4) that, if the resonance condition

(5)

is satisfied, the polarizability becomes singular, and the
field emitted by the dipole is enhanced. Based on
expression (4) for the polarizability, one can obtain the
following expressions for the scattering and absorption
cross sections in the far-field region [1]:

(6)

There is an additional component of the electric field
near the metal sphere, which does not propagate (its
Poynting vector is zero). By integrating the electric
field strength over the sphere surface, we obtain an
expression for the near-field scattering cross section [1]
as a function of the particle size,

Ein

2εm

εtip 2εm+
----------------------E0ez,=

Eout E0ez

εtip εm–
εtip 2εm+
----------------------+=

× R3

r3
-----E0 2er θcos eθ θsin+( ).

p αεmE0,=

α 4πR3 εtip εm–
εtip 2εm+
----------------------=

εtip 2εm–=

Csc
k4

6π
------ α 2 and Cabs kImα.= =

 

(7)

It follows from Eq. (5) that the permittivity of the
material of a probe plays a central role in implementing
the resonance condition in the dipole approximation.
There are two contributions in the permittivity of met-
als. One of them is related to free electrons, 

 

ε

 

e

 

(

 

ω

 

),
whereas the other contribution arises due to interband
transitions, 

 

ε

 

ib

 

(

 

ω

 

). Within the framework of the Drude
model of free electrons [1], the permittivity can be writ-
ten as a sum of two components,

(8)

where

is the plasma frequency, and 

 

Γ

 

bulk

 

 is the damping con-
stant.

If the size 

 

R

 

 of a metal particle is smaller than the
electron free path 

 

l

 

e

 

 (electrons predominantly collide
with particle boundaries), the particle permittivity
becomes the function of the particle size, and the
expression for this quantity differs from that given by
formula (8). To taken into account this effect, it is nec-
essary to change the damping constant as follows [1]:

(9)

where 

 

R

 

 is the linear particle size, 

 

v

 

F

 

 is the Fermi veloc-
ity, and 

 

A

 

 is a constant that takes into consideration the
particle shape. For example, for silver, Im

 

ε

 

(

 

ω

 

) = 0.23 +
2.64/

 

R

 

 (

 

λ

 

exc

 

 = 488 nm) [13].
The transitions 3

 

d

 

  4

 

sp

 

, 4

 

d

 

  5

 

sp

 

, and
5

 

d

 

  6

 

sp

 

 are the key transitions for copper, silver,
and gold; in this case, free electrons are in the 4

 

s

 

, 5

 

s

 

,
and 6

 

s states, respectively. The advantage of the use of
nanoprobes from these metals in optical measurements
is that the plasmon resonances of copper, silver, and
gold lie in the visible spectral range [1–5]. Further-
more, it is necessary to take into account that the per-
mittivity of a metal depends on the wavelength of exci-
tation radiation. For example, for gold, ε = –2.2 + 3.8i
(λexc = 488 nm), ε = –6.3 + 2.0i (λexc = 540 nm), and
ε = –25 + 1.5i (λexc = 800 nm) [4]. Therefore, the near-
IR range is optimal for the excitation of plasmons in
gold.

The basic characteristics of near-field optical spec-
troscopy are the enhancement factor of the electric field
and the spatial resolution. The latter parameter is deter-
mined by the radius of curvature of the apex of the
probe tip and can reach a few nanometers. At present,
there are several approaches to estimate the enhance-
ment effect of the electric field in the near-field region
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[2]. To identify the plasmon effect and to estimate the
enhancement that it causes, we propose to use the fol-
lowing relation:

(10)

where Inear , Bnear , Ifar , and Bfar are the intensities and
backgrounds in the near-field (the probe is brought
close to the sample) and in the far-field (the probe is
moved away from the sample) regions, respectively;
dspot is the size of the laser spot (~λ); and dtip is the size

of the near-field interaction zone (dtip = , h is the
distance between the probe and the sample [21]). It is
necessary to emphasize that estimate (10) is rough,
because it does not take into account many effects
(occurring in nanosized structures), which are con-
nected with the Landau damping, the geometric config-
uration of the probe, the excitation wavelength, and the
polarization.

3. EXPERIMENTAL SETUP

Figure 1 shows the optical layout of an NTEGRA
Spectra near-field optical nanoscope (NT-MDT, Rus-
sia), which was used in our experiments. A linearly

F
Inear Bnear–( ) Ifar Bfar–( )–

Ifar Bfar–
--------------------------------------------------------------

dspot
2

d tip
2

---------,=

2Rh

polarized laser beam (632.8 nm) passes through a
plasma filter and a beam expander, reflects off of a
broadband filter and is directed through a beam splitter
and a pinhole to an inverted optical microscope. A 100-
fold immersion objective with the numerical aperture
N.A. = 1.3 focuses the laser beam into a spot with a
diameter smaller than 300 nm. The probe is controlled
by a shear-force feedback mechanism and is main-
tained, on the average, at a height of 3 nm from the sam-
ple surface. A near-field image of the object under study
is formed by a raster scanning the object with an xy
stage, retaining fixed the position of the probe with
respect to the laser spot. The scattered and reflected
light is collected by the same objective and is directed
backward along the same optical path. The light passes
through the pinhole and beam splitter and is detected by
a photomultiplier. The remaining part of this light beam
passes through the broadband filters, the system of nar-
rowband filters, and a light filter and is detected with a
thermally cooled CCD matrix. All the Raman spectra
were measured in the range 150–3000 cm–1 with a spec-
tral resolution of about 15 cm–1. The signal acquisition
time was 500 ms per pixel; the power on the sample
amounted to 100 µV. With this experimental setup, it is
possible to measure (i) the topography, the phase con-
trast, etc., in the atomic-force and shear-force micros-
copy modes, (ii) the confocal optical image, (iii) the

Fig. 1. Optical layout of a scanning near-field nanoscope.
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Raman spectrum and the Raman image (including flu-
orescence), and (iv) the probe-enhanced Raman spec-
trum and the Raman image (fluorescence enhance-
ment/quenching).

4. RESULTS AND DISCUSSION

To demonstrate that it is possible to obtain a giant
enhancement of the electric field and a subwavelength
spatial resolution with a near-field optical nanoscope
(see Fig. 3 below), we used single-walled carbon nano-
tubes (HiPCo, Carbon Nanotechnology Inc.). These
tubes are quasi-one-dimensional structures, which
exhibit strong characteristic Raman lines. To prepare
the sample, 0.05 g of carbon nanotube powder was
mixed with 20 g of dichloromethane, and the mixture
was sonicated at 20 W within 60 min at 0°C. A thin film
was deposited on a coverslip by centrifuging the disper-
sion obtained at a rate of 300 rpm within 120 s.

Probes used in experiments were prepared by elec-
trochemical etching of a 99.999% pure gold wire in a
1 : 1 solution of HCl (37%) and C2H5OH at a constant
voltage of 2.4 V [22]. Figures 2a and 2b show the gen-
eral view of a probe tip and its apex, which were
obtained, respectively, with a JSM-840A (JEOL) scan-
ning electron microscope operated at 10 kV, and a Tec-
nai G2 20 transmission electron microscope operated at
200 kV. As is seen from Fig. 2, the radius of the apex of
the probe tip is approximately equal to 14 nm. The
occurrence of a uniform shell around the tip apex
results from carbon contamination in the chamber of
the scanning electron microscope. The effect of this
shell on the electromagnetic field enhancement has yet
to be studied.

To enhance the electric field with the help of the
plasmon effect, the laser light should be polarized par-
allel to the probe axis (the p-polarization). However, in
the inverted configuration (see Fig. 1), this condition
does not hold, because the direction of polarization is
perpendicular to the probe axis (the s-polarization).
Nevertheless, surface plasmons can be resonantly
excited due to the occurrence of a longitudinal compo-

nent of the electromagnetic field at the periphery of the
waist of the tightly focused laser beam (the Gaussian
TEM00 mode) [23, 24]. A confocal optical image of the
probe upon its scanning along the glass surface (see
Fig. 2c) demonstrates the occurrence of two minima
located along the direction of polarization, which cor-
respond to the resonance absorption of the energy of the
incident light wave. In this case, the charge density on
the probe surface, oscillating at the same frequency as
the excitation field, is distributed symmetrically with
respect to the tip apex; as a result, a constructive inter-
ference pattern of the electric field arises on this sur-
face. Therefore, for the plasmon effect to be maximal,
the metal probe should be placed at one of the two min-
ima located at the periphery of the laser spot. Because
the probe can be oriented at some angle to the optical
axis and/or be asymmetric in shape, the energy is
absorbed nonuniformly, and, therefore, the magnitude
of the enhancement created by the probe depends on the
choice of the minimum. In our case, the maximal
enhancement of the signal was achieved for the mini-
mum indicated by the arrow in Fig. 2c.

It is important to note that the intensity of the longi-
tudinal component of the field is approximately five
times lower than the intensity of the transverse compo-
nent at the center of the beam. To enhance the longitu-
dinal component, it is necessary to use higher-order
laser modes, for example, a Gauss–Hermite beam,
TEM10, [23]. It was shown in [23, 24] that, in the radi-
ally polarized laser light, the intensity of the longitudi-
nal component at the center of the beam is two times
higher compared to the transverse component.

The Raman spectrum of carbon nanotubes exhibits
five characteristic modes [18, 19]. The radial breathing
mode (RBM) lies in the range (100–300 cm–1); the D
line is peaked at ~1310 cm–1; its first overtone D* is
located at ~2606 cm–1; and the G+ and G– lines are
located near 1587 and 1559 cm–1, respectively. Based
on an analysis of the RBM mode, one can determine the
diameter of a nanotube (carbon atoms execute radial
vibrations), its structure (n, m), and, correspondingly,
its chirality. The G line yields information on whether a

(c)(b)(‡)
2.5 µm 10 nm 200 nm

Fig. 2. Images of (a) a probe and (b) the apex of its tip obtained, respectively, with a scanning electron microscope and a high-res-
olution transmission electron microscope and (c) confocal optical image of a probe upon its scanning along a glass surface.
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nanotube is of the metal or semimetal type. The differ-
ence G+–G– allows the nanotube diameter to be deter-
mined because the G– vibration is caused by tangent
motions of carbon atoms perpendicular to the nanotube
axis. Structural defects and irregularities determine the
parameters of the D line and its first overtone D*.

The Raman spectra of carbon nanotubes obtained
using the probe and recorded in the shear-force micros-
copy mode are shown in Fig. 3. The enhancement factor
estimated by formula (10) from these data for each of
the five modes considered above was found to be
~9750 (RBM), ~7500 (D line), ~9750 (D* line), ~9000
(G+ line), and ~10500 (G– line). Therefore, the signal
enhancement is nonuniform for different modes. A

slight background observed in the range 200–
2000 cm−1 is caused by the light reflected from the
probe.

Figure 4 shows the topographic pattern of the bundle
of carbon nanotubes deposited on a glass coverslip and
its cross section along the white solid line that were
obtained with the help of an atomic-force microscope.
As is seen from this figure, the lateral resolution, which
is determined by the convolution of the tip apex and the
structure of the bundle, is about 90 nm. Judging from
the height of the cross section, one can assume that this
bundle consists of at least two to three nanotubes. The
same follows from the complex structure of the RBM
line (~258 cm–1) (see Fig. 3), from which we unambig-
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Fig. 3. (a) Raman spectra of carbon nanotubes in the presence (the thin curve) and absence (the thick curve) of the interaction of
the probe with the sample; (b) spectral line intensity (∆ν = 1594 cm–1) in relation to the distance between the probe and the sample.
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Fig. 4. (a) Atomic-force image of the bundle of nanotubes and (b) its cross section along the white line.
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uously identify the number and the diameter of nano-
tubes, d = 0.9 ± 0.2 nm. Figure 5 presents the confocal
Raman images (the RBM mode, ∆ν = 258 cm–1) of the
bundle of nanotubes shown in Fig. 4a that were
obtained without (Fig. 5a) and with (Fig. 5b) using the
probe. As should be expected, the spatial resolution in
the first case is restricted by the diffraction limit, which
is approximately equal to 300 nm. In the second case,
the spatial resolution is estimated by the profile
FWHM, which yields about 50 nm (see Fig. 5c). There-
fore, near-field Raman spectroscopy improves fivefold
the spatial resolution compared to confocal optical
microscopy. Comparison of Figs. 4 and 5 shows that the
topographic and near-field Raman images strongly cor-
relate with each other. However, the intensity distribu-
tion along the bundle of nanotubes does not correlate
with the topographic pattern. This can be explained by
the fact that nanotubes are differently interlaced with
each other and form a bundle composed of nanotubes of
different diameters. At the same time, the resonance
condition for the excitation wavelength (λexc =
632.8 nm) can be violated along the nanotube length.
Hence, near-field Raman spectroscopy makes it possi-
ble to avoid the averaging of the Raman spectrum over
the entire bundle of nanotubes and ensures the possibil-
ity of local studying its structure with an ultrahigh res-
olution.

CONCLUSIONS

By achieving a spatial resolution of about 50 nm and
obtaining an enhancement of the Raman signal of the
order of 104, we demonstrated the potentialities of near-
field Raman spectroscopy, which is based on the giant
enhancement of the electric field near a nanosized
probe. Therefore, this method is an efficient tool for
local nondestructive chemical analysis of substance on
the nano and/or submicron scale. Despite that, pres-
ently, many researches have been capable of achieving

similar results, it is still too early to state that this
method can be used in routine analysis (for example, in
considering applied chemical or biological problems).
First of all, this is connected with the multiparametric
character of this method. The greatest difficulty is to
take into account the influence of the probe shape and
size on the enhancement of the Raman signal. There-
fore, an important problem of near-field Raman spec-
troscopy is to study the influence of the probe geometry
on plasmon effects in various media.
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