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Large local optical activity in fractal aggregates of silver nanoparticles has been observed by means of photon
scanning tunneling microscopy. The effect occurs because resonant plasmon modes in random fractals can
have handedness in spatial distribution of their amplitudes. In agreement with experimental observations,
numerical simulations show dramatic difference in dipole-moment distributions for right- and left-circularly
polarized incident light when the cluster size is comparable with or larger than the wavelength. Variations in
the local parameter describing the circular intensity difference of scattered light show that fractal aggregates
are characterized by broad and random distributions of chiral plasmon modes. © 2001 Optical Society of
America
OCIS codes: 240.6680, 290.5880.

1. INTRODUCTION
Recently a number of intriguing optical phenomena, including localization of optical excitations and dramatically enhanced optical nonlinearities, have been predicted
and observed for fractal objects.1–6 The localization in
fractals results from their scale-invariant morphology,
which does not support the propagating waves typical for
translationally invariant systems. The localization is inhomogeneous in the sense that eigenmodes with different
coherence lengths can coexist at the same frequency.7
Optical excitations in fractals are not uniformly distributed but rather concentrated in hot spots much smaller in
size than the size of the fractal cluster and often the
wavelength as well. The strong electromagnetic fields in
these hot spots can result in large enhancement of optical
nonlinearities and other effects that require intense
fields. In fractal aggregates composed of metal nanoparticles, the optical excitations are associated with plasmon
modes, which can have high resonance quality factors and
thus provide particularly strong enhancement in the hot
spots.2–4,6
The localized optical modes of fractals have been studied by use of photon scanning tunneling microscopy
(PSTM) with subwavelength spatial resolution.8–10 The
technique is effective for linear and nonlinear optical imaging of a variety of smooth and rough surfaces.11,12 It
has been shown that hot-spot locations are very sensitive
to even small changes in linear polarization plane and frequency of the applied field (⬃1% in the latter case).8–10
The observed linear polarization dependence, in particular, illustrates strong local anisotropy of plasmon
modes in fractals. However, an important question,
whether the fractal optical modes exhibit handedness, to
our knowledge has not been addressed so far. It is
known, for example, that two coupled anisotropic oscillators lying in different planes represent a simple model of
a chiral system. Fractal aggregates are formed by chains
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of particles with almost all possible local configurations.
These local structures have typically neither center nor
plane of symmetry and thus may have handedness so that
a fractal mode localized on such a structure exhibits
chirality. Thus one may anticipate that the fractal
modes can be chiral active and manifest locally the property of optical activity. Studies of chiral properties of
plasmon modes are additionally motivated by recent observation of nonlinear gyrotropy in macroscopic samples
of silver nanocomposites.13
Optical activity is characterized by different responses
to right- and left-circularly polarized light. Optical activity phenomena include differences in attenuation (circular dichroism), refraction (circular birefringence), and
scattering for right- and left-circularly polarized light.
Scattering optical activity is denoted as circular intensity
differential scattering (CIDS).14 In previous studies,
only macroscopic optical activity was considered.14 However, macroscopic effects are significantly reduced for a
racemic mixing of chiral elements (approximately equal
amounts of elements with opposite handedness). Therefore the local optical activity detected with PSTM may be
much stronger than typically observed macroscopic effects and provides important information on chirality of
local structures and their statistical properties.
In this paper we report experimental observation and
theoretical simulation of giant local CIDS in fractal aggregates of silver colloidal particles, thereby providing the
first evidence that plasmon excitations in fractals are optically active. With the aid of PSTM one can study the
local chirality of small nanostructures, provided there is
strong enhancement of optical responses, which occurs in
fractals and possibly in other structures.

2. EXPERIMENTS
Preparation of fractal aggregates and details of our PSTM
apparatus are published elsewhere.6,15 Here, we outline
© 2001 Optical Society of America
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only the most important steps. Solutions of silver colloid
particles of ⬃10 nm in size were prepared by a citrate reduction method.16 The addition of organic adsorbate promoted aggregation of colloidal particles into fractal clusters. Roughly 2l of the fractal aggregate solution was
deposited onto a glass substrate, resulting in a thin layer
of fractal material; atomic force microscopy measurements showed that the thickness of this layer was ⬃100
nm. The density of the deposited fractals was roughly
5 ⫻ 106 per cm2. A transmission electron microscopy image of a sample prepared in this way (Fig. 1) clearly indicated the fractal structure of the aggregates, which have
fractal dimension D ⬇ 1.75. The fractal dimension was
determined by use of the relation N ⬃ (R/R 0 ) D , where N
is the number of monomers in the aggregate of gyration
radius R, and R 0 is the monomer size. Fractal aggregates, typically consisting of several thousand monomers,
have sizes of 1 to 3 m. The resonance spectra of individual silver particles and their aggregates, and the
deposition-caused transformation of self-similar aggregates into self-affine structures, with similar optical properties, are described in detail elsewhere.6,9,10
Fractal colloidal aggregates were placed, with indexmatching fluid, on the hypotenuse face of a 90° prism and
illuminated by an evanescent field in the total internal reflection geometry (see Fig. 2). The illumination source
was either a helium–neon laser operating at a wavelength of 633 nm or a tunable diode laser (Newport 2010)
operating between 790 and 820 nm. The polarization of
the beam was controlled with a Glan–Thompson polarizer
(New Focus 5524) and a variable wave plate (New Focus
5540). The local optical signal was collected through an
uncoated optical fiber, sharpened to approximately 50-nm
radius at its tip by a fiber puller (Sutter Instruments
P-2000). The separation between the probe tip and the
sample was regulated with nonoptical shear-force feedback when the PSTM was operating in the constantheight mode. Alternatively, the sample was scanned in a
constant plane above the sample without active feedback
for the probe height.
Figures 3(a) and 3(b), which were obtained with the microscope operated in the constant height mode, show the
local optical images of the fractal sample for right- and
left-circularly polarized incident light, respectively. Both
images exhibit large variations of light intensity and
many hot spots. Visual examination of the two images
reveals different spatial distributions of hot spots for the
two polarizations, indicating circular differential response in certain regions. The topographic images recorded simultaneously with the optical images are shown
in Figs. 3(c) and 3(d). The topographic images ensure
that the optical images with different circular polarizations were recorded at the same area.
In order to reduce tip wear and sample damage over
the long experiment and to prevent a random bent of the
fiber tip in the shear-force contact with the surface, the
microscope was operated under the constant-plane mode
in our detailed studies of polarization and wavelength dependence. Comparison of the PSTM images obtained in
the two modes demonstrated the absence of topographically induced artifacts that were described in previous
publications.17,18 It should be noted that the scanning
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TEM image of silver fractal aggregates.

Fig. 2.

Experimental setup.

Fig. 3. PSTM images of silver fractal aggregates with (a) rightand (b) left-circularly polarized incident light at 633 nm. The
microscope was operated in the constant-height mode with the
shear-force feedback, and the topographic images recorded simultaneously are shown in (c) and (d), with depth ranging from 1
to 90 nm. Each image is 4  m ⫻ 4  m in size.
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plane in our apparatus was tilted by approximately 14°
with respect to the sample surface, and consequently the
tip height changed from ⬃100 nm to ⬃2400 nm during a
10  m ⫻ 10  m scan in the constant-plane mode. The
experimental images recorded in the constant-plane
mode, shown in Fig. 4, exhibit quite uniform lateral size
and contrast of hot spots (i.e., spatial regions of very high
intensity shown in white) over the whole imaging area despite the fact that the images were recorded with varying
tip heights. In addition, the images obtained in the
constant-plane mode show approximately the same spot
sizes and contrast as in the constant-height mode [Figs.
3(a) and 3(b)]. These observations indicate that the size
of hot spots is preserved when the tip–sample distance
varies from tens of nanometers to a few micrometers;
there is also no strong dependence of the optical signal on
the tip height, in agreement with PSTM studies by other
authors.19,20
The weak distance dependence is likely a result of the
use of an uncoated fiber tip, where the light enters the fiber from both the tip end itself and the side wall near the
tip end. We estimated that only the light incident on the
side wall within an acceptance distance of 2–4 m from
the tip end and within an acceptance angle of approximately 3° (the same as the numerical aperture of a singlemode fiber) was collected by the fiber. Our numerical
simulations with this collection geometry showed preservation of subwavelength hot-spot size at tip heights up to
several micrometers and a relatively weak dependence of
the average optical signal on the tip height. The observed weak tip–sample dependence means that the light
scattered by our sample contributes mainly to the collected signal. The average size of hot spots determined
from autocorrelation function (Fig. 5) is of the order of 400
nm. It gives the upper limit for lateral resolution of our
measurements.
Figures 4(a) and 4(b) show the local optical images of
the fractal sample for right- and left-circularly polarized
incident light, respectively, with the microscope operated
in the constant-plane mode. These images exhibit qualitatively similar results as those recorded in the constantheight mode. The weak correlation of the two images is
confirmed by a correlation analysis as illustrated in
Fig. 5, where the cross-correlation function g c (R)
⫽ C 1 关 具 I L (r)I R (r ⫹ R) 典 ⫺ 具 I L (r) 典具 I R (r) 典 兴 and autocorrelation
function
g ac (R) ⫽ C 2 关 具 I L,R (r)I L,R (r ⫹ R) 典
⫺ 具 I L,R (r) 典 2 兴 for the two images are shown. The normalization constants C 1 and C 2 are chosen so that
g ac (0) ⫽ 1, and, if the intensities of scattered light had
been equal for the two circular polarization inputs, g c (0)
⫽ 1. The autocorrelation functions for the right- and
left-circularly polarizations (solid curves in Fig. 5) are essentially the same, indicating that, on average, the field
distributions are almost identical for the two circular polarizations. The autocorrelation functions are, however,
very different from the cross-correlation function of the
two images (squares in Fig. 5), which is close to zero even
at small distances R, indicating nearly no correlation in
the intensity distribution for the two circular polarizations.
Control PSTM measurements on samples of nonaggregated particles reveal no hot spots, showing instead a uni-
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Fig. 4. PSTM images of silver fractal aggregates with (a) rightand (b) left-circularly polarized incident light at 633 nm. The
microscope was operated in the constant-plane mode without the
shear-force feedback. (c) Local CIDS signal computed from the
optical images (see the text for details). Each image is 10  m
⫻ 10  m in size.

form field distribution. This observation indicates that
the effect described above is related to the fractal sample
itself.
It is instructive to consider scattering of an incident
evanescent wave by surface fractal structures in terms of
the Mueller scattering matrix S ␣␤ ( ␣ , ␤ ⫽ 1, 2, 3, 4),
which relates the Stokes vectors of the scattered wave,
W ␣ , and the incident wave, W ␤ , as W ␣ ⫽ S ␣␤ W ␤ . 21 Let
E s and E p be s- and p-polarized components of the wave
(electric field perpendicular and parallel to the plane of
incidence). Its four Stokes parameters are I ⫽ E s E *
s

Fig. 5. Cross-correlation (squares) and autocorrelation (solid
curves) functions computed from the two images shown in Figs.
4(a) and 4(b).
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⫹ EpEp* , Q ⫽ E s E s* ⫺ E p E p* , U ⫽ E s E p* ⫹ E p E *
s , and
The first Stokes parameter I
V ⫽ i(E s E p* ⫺ E p E *
s ).
gives the light intensity. For equal intensities in the sand p-polarized components, i.e., for 兩 E s 兩 ⫽ 兩 E p 兩 , the
Stokes vector becomes I(1; 0; cos ␦; sin ␦), where I
⫽ 兩 E s 兩 2 ⫹ 兩 E p 兩 2 and ␦ ⫽ ␦ p ⫺ ␦ s is the phase difference
between the two components.
Note that I(1; 0;
⫾ 1; 0) (␦ ⫽ 0 or ) corresponds to linear polarization
and I(1; 0; 0; ⫾ 1) ( ␦ ⫽ ⫾ /2) corresponds to right- and
left-circular polarizations, respectively.
It should be emphasized that the incident waves used
in our experiments are evanescent waves created near the
hypotenuse face of the prism by the total internal reflection. The wave amplitude decays exponentially in the ẑ
direction that is normal to the hypotenuse face,
Eev ⫽

1

冑2

E 0 exp共 ⫺␥ z 兲关 ŷ cos共 k x x ⫺  t 兲

⫹ ẑ cos共 k x x ⫺  t ⫺ ␦ 兲兴 ,

Fig. 6.

(1)

where ␥ ⫽ (  /c) 冑n 2 sin2  ⫺ 1 and k x ⫽ (  /c)n sin  depend on the prism’s refractive index n and angle of incidence . Note that the phase difference ␦ has two
sources: an initial value ␦ 0 due to the incident plane
wave (controlled by the variable wave plate) and an additional contribution ␦ f because of the total internal reflection at the hypotenuse face of the prism, ␦ ⫽ ␦ 0 ⫹ ␦ f . If
we denote E s and E p as the amplitudes of evanescent
waves in the s and p directions, respectively, and E s, i and
E p, i as the corresponding amplitudes of incident plane
waves, these quantities are related by E s /E p
⫽ ␣ exp(i␦f)(Es,i /Ep, i). The expressions for ␦ f and ␣ are
determined from the Fresnel formulas:
tan ␦ f ⫽

␣⫽

cos  冑n 2 sin2  ⫺ 1
n sin2 

,

冑n 2 sin4  ⫹ cos2  共 n 2 sin2  ⫺ 1 兲 .

Histogram for local CIDS parameter.

plate. We have also taken into account the phase shift
due to the total internal reflection.
Two methods were used to obtain the CIDS parameter
S 14(r). While the CIDS parameter can be computed by
use of only two images with ␦ ⫽  /2 and 3/2 [Figs. 4(a)
and 4(b)], the entire phase dependence at each point from
all 17 images was used in computation of the CIDS parameter with the least-squares fit to Eq. (4), which provides higher statistical credibility for the data analysis.
Both methods give nearly the same results.
Figure 4(c) shows distribution for the local CIDS parameter (I R ⫺ I L )/(I R ⫹ I L ) computed from 17 optical
images. The white and black spots in Fig. 4(c) represent
areas of preferential scattering for right- and leftcircularly polarized incident light, respectively. The
variations in the parameter CIDS demonstrate that fractal aggregates are characterized by a broad and random

(2)
(3)

For a refractive index of n ⫽ 1.52 and an incident angle
of  ⫽ 49°, as used in our experiments, ␦ f ⬇  /8 and
␣ 2 ⬇ 0.9. The intensities of the incident plane wave
along the s and p two directions were adjusted to achieve
equal intensity in the evanescent wave.
The intensity of the scattered wave, under the condition 兩 E s 兩 ⫽ 兩 E p 兩 for the incident evanescent wave, is given
by
I 共 r, ␦ 兲 ⫽ I 0 exp共 ⫺2 ␥ z 兲
⫻ 关 S 11共 r兲 ⫹ S 13共 r兲 cos ␦ ⫹ S 14共 r兲 sin ␦ 兴 .
(4)
Parameters S 13 and S 14 characterize anisotropy and optical activity, respectively. The scattered intensities for
right- and left-circularly polarized incident light are given
by I R,L ⫽ I 0 exp(⫺2␥z)(S11 ⫾ S 14). The dimensionless
parameter that describes CIDS is S 14 /S 11 ⫽ (I R
⫺ I L )/(I R ⫹ I L ). 14,21
Seventeen optical images with ␦ ⫽ n  /8 and n
⫽ 0, 1, 2 ,..., 16 were recorded for each (He–Ne or diode
laser) wavelength to study optical activity and anisotropy.
The phase difference ␦ was controlled by a variable wave

Fig. 7. Wavelength dependence of (a) local (at three different
spatial positions) and (b) average CIDS parameters for silver
fractal aggregates.
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distribution of chiral elements associated with the plasmon modes. The randomness is characterized by a histogram for the number of pixels sorted in accordance with
the CIDS sign and value, as shown in Fig. 6. The distribution is broad, with the half-width at the half-maximum
being ⬃0.45. Despite weak asymmetry, the histogram
shows approximately equal numbers of chiral areas with
opposite handedness.
Figure 7(a) exhibits wavelength dependence of the local
CIDS parameter at three different spatial positions, each
of which is a location of a hot spot at a wavelength for at
least one of the two circular polarizations. The local optical activity is large (兩 (I R ⫺ I L )/(I R ⫹ I L ) 兩 up to 0.6) and
varies strongly with wavelength. The sign of (I R
⫺ I L )/(I R ⫹ I L ) can change, even for very small changes
of wavelength, ⬃10 nm. In sharp contrast the value of
the CIDS parameter averaged over the whole 10
⫻ 10  m sample shown in Fig. 7(b) is much smaller:
兩 (I R ⫺ I L )/(I R ⫹ I L ) 兩 ⫽ 0.026 ⫾ 0.045. The macroscopic
absorption spectra of our samples have a flat wavelength
dependence in this range, with no spectral structures.
All these results clearly show that, while locally there exist areas of strong preference for scattering of one circular
polarization or the other, this preference is effectively absent when averaged over a macroscopic sample. This result opens new avenues in optical activity studies where
local gyrotropy effects may be investigated with photon
scanning tunneling microscopy.

3. NUMERICAL SIMULATIONS AND
DISCUSSIONS
We simulated our observations numerically by use of a
model that realistically describes a fractal aggregate deposited on a surface.9,10 The system is described by the
coupled-dipole equations (CDEs), whose numerical solution permits the determination of dipoles di located at ri
and field distribution E(r). Elementary dipoles associated with nongyrotropic particles in a fractal aggregate
interact with the incident evanescent field and with each
other through the dipolar fields, which are established
self-consistently.
Higher-multipole contributions are
taken into account by introducing the effective intersecting spheres.22–24
Solution to the CDEs can be represented in terms of an
expansion over the eigenvectors 兩n) of the dipolar operator: V 兩 n) ⫽ v n 兩 n); 23,25 the operator V includes the near-,
intermediate-, and far-zone terms for the dipole field (see
also Ref. 6). The dipoles induced by the circularly polarized incident field

ŷ cos共 k x x ⫺  t 兲 ⫾ ẑ sin共 k x x ⫺  t 兲

冑2

are expanded over the eigenmodes as

兺 共 i ␣ 兩 n 兲关共 n̄ 兩 n 兲兴

⫺1

exp共 ⫺␥ z j 兲关共 n̄ 兩 jy 兲 cos共 k x x j ⫺  t 兲

j

⫾ 共 n̄ 兩 jz 兲 sin共 k x x j ⫺  t 兲兴 / 冑2
represents the projection of the mode vector on the
circular-polarization vector of the inhomogeneous wave
and an orthogonal basis 兩 i ␣ ) is defined in 3N-dimensional
complex vector space. Vector (n̄ 兩 is a row vector with the
same entries as a column vector 兩n), as opposed to (n兩,
which is a row vector with the complex-conjugated
elements.25 Note that for a given mode, the polarization
dependence is contained in the projection of the mode on
the incident field (n̄ 兩  R,L ).
The difference in optical responses to different circular
polarizations occurs because the fractal modes may have
different projections (n̄ 兩  R,L ) on the helical configuration
of the incident field with opposite signs of helicity. In
other words, the spatial distribution of a fractal eigenmode can have handedness, and in that sense they possess chirality. As mentioned, this mode chirality is possible because local structures in a fractal typically have
neither center nor plane of symmetry. This leads to different distributions for dipole moments and, as a consequence, to different optical responses for right- and leftcircular polarizations.
The absorption cross section per ith particle can be expressed through the dipole moment as25
共  a 兲 iR,L ⫽

4k
兩 E 0兩 2

ya

兺 兩d
␣

2
i ␣ 兩 R,L ,

共 ␣ 0⫺1 ⫹ v n 兲 ⫺1 共 n̄ 兩  R,L 兲 E 0 ,

n

(6)

(7)

where constant y a ⫽ ⫺Im(␣0⫺1) ⫺ 2k3/3 is nonnegatively
defined for any physically reasonable ␣ 0 , and it characterizes the absorption by a single isolated particle. The
dipole-moment distribution is given by
2
兩 d i ␣ 兩 R,L
⫽

兺n

n,m

*
i ␣ m i*␣ C n C m

兺

*
exp关 ⫺␥ 共 z j ⫹ z l 兲兴关共 n jy m ly

j,l

* 兲 cos k x 共 x j ⫺ x l 兲 ⫾ 共 n jz m ly
*
⫹ n jz m lz
* 兲 sin k x 共 x j ⫺ x l 兲兴共 E 02 /4兲 ,
⫺ n jy m lz

(8)

where n, m ⫽ 1 ,..., 3N numerate the modes, and j, l, i
⫽ 1 ,..., N numerate the particles; for simplicity the
mode amplitudes (i ␣ 兩 n) are denoted as n i ␣ and the resonance constant of the nth mode as C n ⬅ 关 (n̄ 兩 n) 兴 ⫺1 ( ␣ 0⫺1
⫹ v n ) ⫺1 . The circular difference can be characterized by

兺n

n,m

*
i ␣ m i*␣ C n C m

兺

exp关 ⫺␥ 共 z j ⫹ z l 兲兴

j,l

* ⫺ n jy m lz
*兲
⫻ 共 n jz m ly
⫻ sin k x 共 x j ⫺ x l 兲共 E 02 /2兲 ,

(5)

共 d i ␣ 兲 R,L ⫽

兺

共 n̄ 兩  R,L 兲 ⫽

2
⌬ 兩 d i ␣ 兩 R,L
⫽

ER,L ⫽ E 0 
ˆ R,L
⫽ E 0 exp共 ⫺␥ z 兲

where ␣ denotes the Cartesian components and ␣ 0 is the
polarizability of individual particles. In this expansion,

(9)

and it increases with increasing the anisotropy factor
* ⫺ n jy m lz
* ) and cluster size through a geometrical
(n jz m ly
factor sin kx(xj⫺xl).
Equation (9), as well as the numerical simulations, suggest that the local optical activity in fractals, as in any
other systems, is directly related to spatial-dispersion ef-
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fects in particle–particle interactions. Figure 8 shows
the dipole distribution for a model fractal cluster containing 5000 particles of 20-nm size. This distribution was
computed by numerically solving the CDEs. We can see
a dramatic difference between the optical responses to
left- and right-circular polarized light, i.e., strong optical
activity. In accordance with Eq. (9) this implies both a
large anisotropy factor and large sizes (comparable with
/4) occupied by some plasmon modes.
To investigate the role of cluster size in optical activity
we purposely decreased the size of the simulated fractal
used in Fig. 8 by 100 times. The dipole-moment distribution for the compressed fractal is shown in Fig. 9. As
expected, the elimination of the spatial-dispersion effects
(by taking the size of the system to be much smaller than
the wavelength) removes the circular difference in the dipole distribution.
We should emphasize that the cluster-size effect manifests itself only in nonlocal phenomena, such as optical
activity. Indeed, studies of anisotropy properties of plasmon modes,8–10 performed with different linear polarizations, do not show a dependence on the cluster size. One
can find that the difference between p- and s-polarized incident light is given by
2
⌬ 兩 d i ␣ 兩 p,s

⫽

兺n

n,m

*
i ␣ m i*␣ C n C m

兺

Fig. 9. Same as Fig. 8 except that the fractal cluster size is reduced by 100 times. Each simulated image is 30 nm ⫻ 20 nm in
size. The incident light wavelength remains at  ⫽ 800 nm.

exp关 ⫺␥ 共 z j ⫹ z l 兲兴

j,l

* ⫺ n jy m lz
*兲
⫻ 共 n jz m ly
⫻ cos k x 共 x j ⫺

x l 兲共 E 02 /2兲 .

(10)

In this case the difference in dipole distribution depends
on cos kx(xj ⫺ xl) so that a strong polarization dependence
can and does occur even if the cluster size is much less

than . This conclusion is in agreement with numerical
simulations,6–8 where a high sensitivity of the dipole distribution to a change in linear polarization was shown
even for the case when the cluster size R c was much less
than the wavelength.
The field-intensity distributions above a sample for
right- and left-circular polarized incident waves were
simulated for comparison with our experiments. The
field at an arbitrary point r created by a set of dipoles in
Eq. (6) can be written as
E ␣ ,R,L 共 r兲 ⫽

兺f
n

n ␣ 共 r 兲共 n̄ 兩

 R,L 兲 E 0 .

(11)

The mode weight distribution f n ␣ (r) is given by
f n ␣ 共 r兲 ⫽

兺G
i

␣␤ 共 r

⫺ ri 兲共 i ␤ 兩 n 兲 C n ,

(12)

where G ␣␤ (r ⫺ ri ) is the regular part of the free-space dyadic Green’s function.
The differential scattered intensity is given by ⌬I R,L
⫽ 兩 E R (r) 兩 2 ⫺ 兩 E L (r) 兩 2 . It can be shown that
I R,L ⫽ 共 E 02 /4兲

兺

m,n

再

*␣
f n␣f m

兺 关共 n

*
jy m ly

*兲
⫹ n jz m lz

j,l

*
⫻ cos k x 共 x j ⫺ x l 兲 ⫾ 共 n jz m ly
* 兲 sin k x 共 x j ⫺ x l 兲兴
⫺ n jy m lz
Fig. 8. Numerical simulations for the dipole-moment distribution (arbitrary units) for model fractal cluster of N ⫽ 5000 particles, for (a) right- and (b) left-circular polarizations of the incident light ( ⫽ 800 nm).
Each simulated image is 3  m
⫻ 2  m in size.

冎

⫻ exp关 ⫺␥ 共 z j ⫹ z l 兲兴 .

(13)

Because k x ⫽ k sin , CIDS depends on the angle of incidence . Thus the difference I R ⫺ I L is proportional to
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sin kx(xj ⫺ xl) so that the main contributions to CIDS
come from the mode amplitudes separated by distances
comparable with the wavelength. It means that the local
CIDS is sensitive to a long-range distribution of resonant
and anisotropic modes (with the anisotropy characterized
* ⫺ n jy m lz
* ) factor).
by the (n jz m ly
Figure 10 plots PSTM images calculated by numerically solving the CDEs, with the formalism described
above. The finite acceptance distance and acceptance
angle of the fiber tip were taken into account in these
simulations. In agreement with experimental observations, the hot-spot locations are different for different circular polarizations. The distribution for the local CIDS
parameter, S 14 /S 11 ⫽ (I R ⫺ I L )/(I R ⫹ I L ), is shown at
the bottom; it clearly exhibits large local optical activity.
Thus experiment and theory both provide evidence that
hot spots in fractals may be optically active, with 兩 (I R
⫺ I L )/(I R ⫹ I L ) 兩 ⬇ 0.5. The difference in optical response to different circular polarizations occurs because
the fractal modes may have different projections (n̄ 兩  R,L )
on the helical configuration of the incident field with opposite signs of helicity. In other words, spatial distribution of a fractal eigenmode can have certain handedness
and, in that sense, it possesses chirality. As mentioned,
the mode chirality occurs because local structures in a
fractal typically have neither center nor plane of symmetry. The observed difference between I R (r) and I L (r)
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means that different (and spatially separated) modes
with opposite signs of handedness may be in resonance
with the field of the same frequency. The set of resonating modes is defined by the condition Re关1/␣ 0 ⫹ v n 兴
⭐ ␥ n , where ␥ n is the resonance width. A change in the
wavelength leads to another set of resonant modes excited by the incident field. If the new set contains eigenmodes with different projections (n̄ 兩 E), it may result in a
change in the magnitude (and even the sign) of the differential optical response, in accord with Fig. 7(a).
We note that the macroscopic optical activity of conventional chiral objects is usually much less than one due to
the Boltzmann–Kuhn factor, which is the ratio of molecular size to the light wavelength. In contrast, the local
CIDS in fractals is of the order of one, which is the theoretical maximum. Furthermore, the local CIDS occurs in
hot spots, where the local fields exceed the applied field by
large factors.

4. CONCLUSION
In conclusion, giant local optical activity in scattering has
been observed in fractals formed by nongyrotropic particles, while these fractals have very small or zero macroscopic gyrotropy. We note that the observed effect is
probably not limited to fractals; e.g., it can occur in random media, where electromagnetic excitations may experience Anderson localization on different local structures,
many of which can have handedness. Thus local gyrotropy is anticipated to be a generic phenomenon in random
media.
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