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When the probe tip of a near-field optical microscope illuminates nanoparticles with marked
absorption bands, a large number of photons are absorbed before reaching the detector. These energy
losses enhance the dark contrast usually observed in the vicinity of metallic nanoparticles. We
demonstrate theoretically that this phenomenon can be exploited to image, in the optical frequency
range, dissipative domains with a nanometer scale resolution. Simulations performed with
noble-metal particles indicate that the detected signal significantly drops down when the excitation
frequency is approaching the plasmon resonance of the particles. © 2005 American Institute of

Physics. [DOI: 10.1063/1.2101567]

I. INTRODUCTION

Over the two last decades the extensive exploitation of
all different kinds of near fields existing spontaneously or
artificially at the immediate proximity of the surface of ma-
terials has generated a considerable amount of new exciting
developments. Behind the average properties of these near
fields (usually generated or detected by a local probe tech-
nique), it is important to emphasize that the associated par-
ticles (photons or electrons) are randomly exchanged through
the gap lying between the probe tip and the surface of the
material. Consequently, it becomes possible to both trigger
and analyze, with a nanometer scale resolution, a large class
of dissipative phenomena by controlling these different near
fields.

We can first mention the scanning tunneling microscope
(STM), where the introduction of some material in the gap
between the source and the detector leads to well-identified
dissipative phenomena. For example, tunneling electrons can
be coupled to some vibration modes of the material confined
inside the tunnel barrier. This gives the opportunity to per-
form inelastic electron tunneling spectroscopy (IETS).! In
such experiments, the insulator embedded in the planar junc-
tion contains specified molecules. The transferred electrons
are inelastically coupled to the vibration levels of these
molecules.” We had to wait several years before the first
actual experimental evidence of this effect was observed at a
single molecule scale. Such observations were reported very
recently2 with C,H, and C,D, molecules and with CO
molecules.’

In van der Waals force microscopy, the discrete ex-
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change of virtual photons cannot be directly observed.* Al-
though, their role could be very important in determining the
noise level in the van der Waals dispersion force measure-
ments, the virtual nature of the particles exchanged precludes
a direct measure in the very near-field zone.

In near-field optics, the transfer process involves indi-
vidual photonic particles as well. However, when working
with standard light sources (laser) the pure quantum aspect
of photon is masked by the fact that the observable electro-
magnetic field is an average on many photon states. With
such classical waves a local density of photonic states (pho-
tonic LDOS) can be defined from Maxwell’s equations.5 In
strong analogy with STM that maps the electronic LDOS of
dense metallic surfaces, the scanning near-field optical mi-
croscopy (SNOM) can reveal the photonic LDOS variation
sculpted by the nanostructures themselves.®™® Because pho-
tonic LDOS is an important parameter for the interpretation
of light-matter interaction, SNOM images measuring this
quantity were recorded near several systems, including
semiconductor, ! photonic crystals,11 designed structures
for light localization,”™'* and plasmonic nanostructures.
Plasmonic nanostructures present resonant effects at visible
Wavelengthsm_16 generally accompanied by a significant
amount of energy dissipated by Joule effect. As analyzed in
the following sections, these losses can affect the imaging
process in near-field optics.

Although the evanescent electromagnetic field displays
imaginary wave-vector components, it may be considered as
a classical quantity that will enter the coupling Hamiltonian
(between electric near field and nanostructures) with the sta-
tus of a parameter. Consequently, in near-field optics, a real-
istic description of dissipation effects is directly related to a
proper description of the imaginary parts of either the dy-
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DETECTION

FIG. 1. Schematic representation of a SNOM setup. The active part of the
probe is represented by an ideal pointlike dipolar light source p, that illu-
minates nano-objects supported by a transparent surface. The signal trans-
mitted below the surface is recorded in far field when the probe tip is
scanned over the sample. r( indicates the tip position.

namical response functions of the nanostructures or the dy-
namical polarizabilities of molecules adsorbed on the surface
sample.

In this article, we demonstrate theoretically that the
SNOM can provide a unique opportunity to image, in the
optical frequency range, dissipative regions with a nanom-
eter scale resolution. In particular, in the vicinity of nanopar-
ticles with marked absorption bands, we will show that the
detected signal can reveal the dissipation properties of the
sample at the nanometer scale. Simulations and experiments
performed with noble-metal particles indicate dramatic
change of the SNOM images when working near the plas-
mon resonance of the particles while we observe the photon-
unoccupied states maps tailored by the nanostructures when
working far from these resonances.'® As an alternative to the
photothermal imaging method'” or confocal microscopy,18
we show how these features can be recorded with a SNOM
working with a pointlike dipolar tip design.

Il. SNOM SIGNAL AND ENERGY LOSSES

Figure 1 represents schematically the transmission
SNOM setup considered throughout this article. A probe tip
illuminates in the near-field nanostructures lithographied on
a glass substrate and the energy transmitted below the sur-
face is detected in the far-field zone with a high numerical
aperture objective. Several other configurations exist. They
are generally classified in two families: illuminating and col-
lecting mode devices. The setup described in Fig. 1 belongs
to the first family but, with the help of the reciprocity theo-
rem, a strict equivalence between these two families has been
demonstrated. " Actually, as we will see below, the main
point is the high numerical aperture of the system. Therefore,
SNOMs working either in collecting or emitting configura-
tion, in which a specific direction for detection or injection is
used, are not considered in this paper. Nevertheless, our for-
malism can be generalized to these conﬁgurations.ls’l(’

In SNOM instrumentation, the optimization of local
probe design can lead to efficient tips that behave like ideal
emitting dipoles.g’mf23 The signal recorded by a SNOM
setup (Fig. 1) below the sample can be computed by using
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the Green dyadic tensor formalism.>* ¢ Nevertheless, in this
section, we have adopted a more pedagogical method that
will enlighten on the elementary mechanisms of the energy
transfer in near-field optics.27 Furthermore, to simplify the
discussion, we will assume that the intensity scattered in the
whole space approximates the experimental signal usually
recorded after a large detection angle below the surface.

The detected signal is then obtained in two independent
steps:

(1) First, we determine the amount of light that can be
emitted by the source dipole when it interacts with the
sample.

(i)  In a second stage, we analyze what portion of this
emitted light can really reach a far-field detector after
absorption and scattering by the sample.

In the Appendix, we give a direct derivation of the signal
for a simplified configuration. This leads to an original inter-
pretation in strong analogy with the optical theorem.

A. Light emission by the probe tip

The flux of radiation emitted by a small dipolar light
source is significantly modified when the dipole is brought
close to an object. To introduce this basic issue, we apply the
laws of electrodynamics to the geometry of Fig. 1. By apply-
ing Poynting’s theorem, the power that can be delivered by
the dipole source is a linear function of the current density
j(r,7) associated with the fluctuating dipole (cgs units):*®

Iemilled =- f drj(l',t) : E(r’t) ) (1)
Vi

0

where E(r, 1) defines the local electric field and Vj, is a small
volume including the emitting dipole.29 In addition, we as-
sume that the probing dipole of magnitude p, oscillates ac-
cording to the simple cosinusoidal law py(z)=np, cos(wgt)
along a direction n located in the surface plane. The associ-
ated current density is therefore proportional to a Dirac &
function centered on the dipole position r:

apo(t)

T 5(1‘ - ro) =—Npyw, Sin(wot) 5(1' - 1’0) . (2)

i(r,n)=
At this point of the demonstration, we introduce the relation-
ship between the local electric field and its local source. That
leads to a simple constitutive relation

400

E(r,r) = dr'S(r,rg,t—t") - po(t’), (3)

—o0

which introduces the so-called field-susceptibility S(r,r,t
—t') of the optical surroundings seen by the source dipole.
This dyadic tensor describes how an electric field appears in
r when a dipole is placed in r,. This scattering contribution
to the detected signal turns out to be proportional to the
imaginary part Im S(r,r,, w) of the Fourier transform of the
various components of S. Indeed, with « and 3 labeling the
Cartesian components x, y, and z of vectors, elementary al-
gebra based on substituting relations (2) and (3) into Eq. (1)
leads to”°
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Iemitted == < f
V,

drj(r,z) - E(r,t)>
0
2
= wOTpOE ngiglIm Sa,,g(ro,l'mwo), 4)
a.B

where we defined the Fourier transform by (7=r—1")
+00
S(r7r0’ (.00) = f dTS(r7r07 T)ginT' (5)

Now, to enhance the physical meaning of relation (4), it is
worthwhile to introduce the concept of photonic LDOS
p(rg,wp). This scalar function represents the probability to
detect a photon of angular frequency wy at a given position
ro. From the scattering theory of scalar waves, it is well
known that any LDOS can be formulated as a function of the
imaginary part of the Fourier transform of the field
susceptibility.s’30 Here, due to the vector character of light
fields, this function appears as the sum of three partial LDOS
palry, wy), each of them being related to each Cartesian di-
rection

p(ro,w) = X palro,wp), (6)
a=x,y,z
where
() = —5— T S, (0. T0, ) ™)
r), =——1ImS,,(rgryw).
Pa\Xo, @Wo 2772000 0,T0> W

At this point, it is instructive to fix a specific orientation « of
the dipolar source p, along anyone of the Cartesian axis. In
this case, it is possible to establish a relation between the
scattered signal and one of the partial LDOS

Iemitted = w(2)ﬂ2p(2)pa(r0v wO) . (8)

B. Energy dissipation into the sample

Some part of the light delivered by the source dipole is
absorbed by the sample. This dissipative term” represents
the power dissipated by the system by Joule effect. It is
proportional to the imaginary part Im[ e(r, w)] of the dielec-
tric permittivity of the nanostructures:

w
QdiSS = 8—Of Im[é(r, wO)]|E(r, w0)|2dr, (9)
T object

where E(r, w,) defines the local electric field inside the ma-
terials. This local field, that is directly produced by the tip,
can be expressed with the field-susceptibility tensor S [see
Eq. (3) and below].

C. Light scattered by the nanostructures

Another part of the light emitted by the dipole source is
scattered by the sample. This contribution is proportional to
the square modulus of the dipolar polarization P(r,w,) in-
side the volume of the nanostructure. Indeed, each elemen-
tary volume dr scatters an energy:
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4
(0]
203 [P(r o) dr (10)

per time unit, and the total power scattered by the nanostruc-
ture is given by
4
Yo

Lo = _3f |P(l‘, w0)|2dl'. (1 1)
3¢ object

In this last expression, the dipolar polarization P(r,w,) is
induced by the SNOM tip. Consequently, it is directly pro-
portional to the local field E(r, )

P(r.an) = Yoo Blr.00 = L B0y (12
Let us note that expression (10) has been established from
the formula of the radiative power of a dipole in vacuum. In
the vicinity of a plane surface of low optical index this ap-
proximation is justified by the weakness of the LDOS varia-
tion. Furthermore, due to its induced character, contribution
(11) is expected to be much weaker than the two other con-
tributions (8) and (9) and generally appears as a small cor-
rection to the total signal.

D. Far-field detection

An expression of SNOM signal including radiative and
nonradiative losses can be deduced from the previous sub-
sections. That leads to

](rm wO) = Iemitled + Iscatt - Qdiss’ ( 1 3)

where, with Egs. (8), (9), and (11), we have gathered all the
ingredients needed to investigate SNOM signal behavior in
the presence of dissipative materials. In the following, we
will discuss this problem with a single spherical nanoparticle
lying at the location r; on the substrate, and the emitting
source dipole will be aligned along the x axis. In this case,
the linear response of the nanoparticle is completely charac-
terized by its polarizability a:

x(r,w) = a(w)d(r-r,) with a(w) =a'(w) +id"(w).
(14)

This particle modifies the field-susceptibility Sy(r,r’, w,) as-
sociated with the bare sample. At the first Born approxima-
tion, we can write
S(r,r", wp) = Sy(r, 1", wp)
+8(r,ry, @) - al@p) - Sop(ry,r’,@p).  (15)

Finally, after straightforward algebra, the various contribu-
tions to the signal simplify to (for the sake of clarity, we have
introduced the notation Sy(r,,ry, wy)=S;+iS;

Ck4 2 |p |2 _ -
I(r07w0) = ﬂ 1+ _52 + Apx(rO’ wO) - Qdiss(rO’wO) ’
3 pol
(16)
with
Ps = a(@y)Sy(r,, T, @) - Po, (17)
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Ap(rg, @) = (p(rg, o) — p2Arg, o))/ I (18)

k301 "(w)) E SOBXSOﬁx

B=x.y,z
3 172
+ - 3a "(wo) E (S(),Bx ()B’x)s (19)
2k B=X-) -
and
Quiss(To, w0) = ~—3 a”(wo) > (Stpat S (20)
2ky p=x.y,z

The overline indicates that the parameter is normalized with
respect to the free-space signal Iy=ckgp3/3 (ky=wy/c). The
physical meaning of expression (16) appears clearly:

(1) the first two terms represent the scattering of both
source P, and induced dipoles pg, respectively.

(ii))  the x-LDOS Ap, variation describes how the nanopar-
ticle modifies the emission process of the source di-
pole.

(iii)  the last term accounts for the energy dissipation inside
the nanoparticle.

Let us remember that this expression is not rigorously exact
because the induced dipole scattering term includes an ap-
proximation [cf. previous remark concerning Eq. (11)]. How-
ever, it compares rigorously with the direct calculation ex-
posed in the Appendix where we have removed the bearing
surface. For more complex geometry, the emitted and the
dissipative contributions to the signal are treated exactly in
Eq. (16). Finally, a detailed comparison between the different
terms of expressions (19) and (20) shows that a part of pho-
tons emitted by the tip dipole is then immediately reabsorbed
by the particle (term 3/ ZkSa"(wO)ES(’)%J). After combining
the different relations [(16)-(20)], the SNOM signal reduces
to

ckgpz "
I(rg, wp) = 3 o 1 +]a(wp)|? E SO%,x
B=x.y.z

3 ’ "
+ E[a,(ﬂ)o) E SOB,XSOB,X
0

B=x.y,z

— ey S s;;g,x] . 1)
B=x.y,2

This last expression is reminiscent from the inelastic tunnel-
ing current measured and described in Ref. 31. It shows
precisely the balance between scattering and dissipation
when the nanoparticle is locally excited [see also relation
(A6) in the Appendix]. Apart from the scattered part (term in
|af?), the major contribution of the signal depends on the
third power of the particle radius a. It is of great interest for
optical characterization of very small particles. Similar ex-
pression has been derivated for confocal microscopy.18

lll. NUMERICAL RESULTS

From the dielectric data of Ref. 32, we have applied our
formalism to a single silver particle (cf. Fig. 2). In the vicin-
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Polarizability (arb. units)
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FIG. 2. Numerical simulation performed with a single silver particle [in-
cluding the surface coupling (Ref. 24)]. Plot of the spectral variation of the
dipolar polarizability (solid line: real part, dashed line: imaginary part).

ity of wy=w,=3.2 eV, the dipolar polarizability is greatly
enhanced revealing the excitation of a localized plasmon
mode. As expected, this resonance corresponds to a sign
change of the real part of the polarizability. Far away from
this resonance, we have plotted in Fig. 3(a) the individual
variations of the LDOS [Eq. (19)], dissipative [Eq. (20)], and
induced dipole scattering [Eq. (17)] contributions to the total
signal. In this off-resonance regime, we note that the main
contribution to the signal is produced by the lateral variation
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FIG. 3. Numerical simulation of the contributions to the total signal de-
tected when a dipole is scanned over a single silver nanoparticle supported
by a transparent surface. (a) Off-resonant wavelength (w,=2 eV). (b) Reso-
nant wavelength (wy=3.2 eV). All the signals are normalized with respect to
their value without the silver particle.
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FIG. 4. Direct numerical integration of the signal transmitted below the
surface (dashed curve) and signal obtained from the approximated expres-
sion (21) (solid curve) at wy=2 eV (c) and wy=3.2 eV (d). All the signals
are normalized with respect to their value without the silver particle.

of the x-LDOS. Both induced scattering and dissipative con-
tributions remain weak. Recently, SNOM experimental sig-
nals have been recorded near both metal particles8 and me-
tallic patterned structures! by working far from any
localized resonances. These data display similar contrast re-
versal when the tip scans above the structures.

Let us see what happens when the excitation frequency
comes closer and closer to ), [see Figs. 3(b) and 4(b)]. Ac-
cording to the polarizability variations, we observe a neat
enhancement of the so-called dissipative signal. As discussed
above, a large amount of photons does not reach the detector
because of the absorption process (Qgis). Consequently, this
effect tends to reinforce and enlarge the depression of the
scan line around the metal particle. In conclusion, an increas-
ing of the dark contrast areas is associated with some absorp-
tion phenomena [Fig. 4(b)]."**

We have also computed the SNOM signal by applying a
numerical integration of the electric intensity transmitted be-
low the surface (see Ref. 26 for details). Far from the reso-
nance, the analytical expression (21) reproduces satisfacto-
rily the exact calculation [Fig. 4(a)]. These two numerical
simulations reveal that the small difference is not related to
the evaluation of the scattered contribution in (21), but it
rather originates from the 4 sr solid angle integration used
to obtain the analytical expression (21).>* At the plasmon
resonance, the divergence between analytical and numerical

J. Chem. Phys. 123, 174709 (2005)

a) o
14

FIG. 5. SNOM images computed in the vicinity of nanometer-sized metal
particles among dielectric scatterers. The tip dipole is oriented along the x
axis and scans the sample at a constant distance Z;=80 nm from the surface.
(1) is a 20-nm-radius silver nanoparticle, while (2) and (3) designate, re-
spectively, two 20-nm-radius and 25-nm-radius dielectric particles (optical
index of 2.2). (a) frequency wy=2 eV and (b) wy,=3.2 eV. The calculated
signal is obtained by the numerical integration of the signal transmitted
below the surface.

approaches increases [Fig. 4(b)]. Nevertheless, even in this
particular case, our analytical expression remains precious
for the understanding of elementary mechanisms of the en-
ergy transport from probe tips towards detectors.

To get more insight on the transition between scattering
and dissipation regimes, we have simulated in Fig. 5 two
SNOM images with a single nanometer scale Ag particle
located among two other optically inactive particles of dif-
ferent sizes. Far away from the plasmon resonance, the Ag
particle [labeled (1)] behaves like the two other ones with the
usual image shape that is associated with a polarized
x-LDOS change.g’26 Near the resonance frequency of the sil-
ver particle, the image displays profound changes. The dark
contrast observed around the silver particle increases dra-
matically and tends to weaken the visibility of the other non-
dissipative particles. In this case, the SNOM maps look dif-
ferent from the usual partial LDOS maps observed in the
off-resonance regime.

IV. CONCLUSION

To conclude, we have presented calculations of the in-
fluence of dissipation effects on the SNOM image formation.
We have shown that the position of the excitation frequency
with respect to the resonance frequencies of the object can
lead to drastic changes of the expected contrast. The results
are in overall good agreement with previous experiments
performed in the off-resonant regime in the vicinity of me-
tallic posts and could be a useful guide to extract the dissi-

0Z:1G:1L G20z Isnbny 1
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FIG. 6. Configuration used for a direct calculation of the SNOM signal. An
ideal pointlike dipolar light source illuminates a nanoparticle. The scattered
light is collected in the whole space.

pation map from SNOM signal near the resonance. This
could also be an interesting alternative to the photothermal
imaging method described recently.”’35
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APPENDIX: DIRECT CALCULATION OF THE SNOM
SIGNAL

When considering the simple configuration of Fig. 6,
from the first principles of electrodynamics, one can elabo-
rate a rigorous analytical expression of the scattered signal
without splitting the total power in three parts (emitted, scat-
tered, and absorbed). This second approach will be used to
compare with the results obtained in Sec. II.

The dipole source is moved in front of a spherical nano-
particle of radius a, located at r;=(0,0,0). For simplicity, we
restrict our demonstration to a dipole source aligned along
the x axis po=pge, and moving vertically [r,=(0,0,z,)]. The
complete demonstration can easily be generalized to arbi-
trary configuration.

The w-Fourier transform of the fluctuating dipole p,(w)
induced in the particle by the source dipole py(w) is propor-
tional to the dipolar polarizability a(w) of the particle. One
has then

ky ko 1| .
p,(w) = a(w)E(r, ) = a(w,) _+l_2—_3 e"0%pe,.
20 0 2o
(A1)

The electric field emitted by these two dipoles at a point
located in the far-field zone is given by

J. Chem. Phys. 123, 174709 (2005)

E(robs’ (1)) = Sw(robs’ro’ (1)) “Pot Soc(robs’rs’ (1)) * Py (A2)

where

gikOrobs .
ezkoz,- cos 6

2
ST opes Tjp @) - €, = kg
Tobs

X[ 1-sin® @cos® p)e,
—sin? @ cos ¢ sin de,
—sin @ cos O cos ¢e.] (A3)

is the field radiated by a unit dipole oriented along the x axis.
Fops, 0, and ¢ are the three spherical coordinates used to
locate the observation point. If one assumes an energy col-
lection over a solid angle of 41 sr, the recorded signal is

T 2
c .
1(z9) = —f dﬁf dr?, JE(r s, )]? sin 6. (A4)
87T 0 0

After introducing expression (A2) in this equation, we can
distinguish several contributions to the signal:

Ck4 2 rm 21
I(zg) = 8°p° J dof del1 + | w)|’ls;
™ Jo 0

+2a' (wp)Re(s e 00 %)
— 2 (wp)Im(s "0 < 9)](1 = sin® 6 cos” ¢)
(AS5)

with s, =[(k3/z0) +i(ko/z5)—(1/23)]e 0%, After evaluation of
the angular integrals, we obtain

ckip? 1 K K
I(Z0)= §p0|:1+|a(0)0)|2<_6—_2+_2
20

20
k_ 3 +L)
kzg kozd

3
+ 2 a' (w)sin(2kyzo) ‘;

2 0
2
3
0

)
3
+ 2 "(wg)cos(2kpzp) (

2
2
kozg
3 2 2
— —d"(wy)sin(2kyz )
9 0 0 0 2(3) (2)
3 3
— —a" (wg)cos(2kyzg) - )
i
3 1 1 ko
- —d"(w, )(— —+t ):| . (A6)
2 0 kS kezp 7

The physical meaning of the first and last lines of this ex-
pression is straightforward using relation (A1).

* The first term is the signal scattered by the dipole
source.

* The second term can be rewritten in the form
|awg)P(1/z5~ko/ zg+ki/ z) =|o*/ Ipol* 50 that it
clearly represents the induced dipole scattering.

. Similarly, the last term is rewritten as 3/2a” (wg)
X (111325~ 1 Koz ko! 23)1=312K30 (o) |E(r,) P/ po 2
which is the energy dissipated 1n51de the nanoparticle
[see Eq. (9)].
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The other terms describe an interferential term between
the light emitted by the source and induced dipole. Finally,
after introducing the vacuum field-susceptibility expression
in relation (21), we recover the result (A6) of this Appendix.
In strong analogy with the optical theorem,”>° the interfer-
ences between the light emitted directly by the dipole source
and the light scattered by the nanoparticle are responsible for
the source emission modification described by the LDOS

[see Eq. (8)].
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