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Abstract

Extinction spectra of chiral silver nanostructures are calculated by means of Discrete Dipole Approximation (DDA).
Dependence of Plasmonic peaks to both structural parameters of nanostructures and direction of the incident light
are obtained. This dependence is investigated on variation of chiral dimensions, chiral shape and direction of
incident light. We have observed a resonance peak of transverse mode (TM) for the extinction spectra of chiral
structure at normal incidence. However, for oblique angle incident light, in addition to the TM mode, a longitudinal
mode (LM) appears at longer wavelengths. The latter undergoes a shift to longer wavelengths with increasing the
diameter of chirl arm. When the cross-section of chiral is changed to an oval this resonance peak disappears, while
some other peaks appear at longer wavelengths that were not present for a chiral with circular cross-section.
Extinction spectra of chiral nanostructure with different structural parameters and different rise angles (slanted
chirals) showed dependence on the incident light direction.
1. Introduction
Surface plasmons are the results of reaction of light with
surface of metallic nano-particles that cause collective
motion (oscillation) of surface electrons. These oscilla-
tions in turn cause resonances in the extinction of light
at a certain frequency, which depends on the particle
characteristics and the incident light (extinction is the
result of absorption and scattering) [1-6].
Plasmon resonance strongly depends on composition

[7-9], morphology [10-17] and surrounding medium
[18-20] of nano-particle. Optical properties of gold and
silver because of their application in Plasmonic have
been under investigation by researchers for a long time.
Since these electronic oscillations are caused by the in-

crease of the local electric field, hence with changing the
size and shape of nano-particle and incident light character-
istics, the electric field distribution around the nano-particle
changes, which in turn results in the change of resonance
frequency [10-16]. An increase in the oscillation amplitude
decreases the resonance frequency and vice versa [21].
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These properties of nano-particles have many applications
in chemical and biological sensors [22-27].
Glancing angle deposition (GLAD) provides facilities for

production of oblique columnar structure and with
rotation of substrate it is possible to produce two and three
dimensional structures of different shapes. One of these
structures is the chiral nano-sculptured structure which is
obtained by rotation of substrate about its surface normal
in the GLAD. These structures are of interest due to optical
rotation and circular Bragg phenomenon. They have differ-
ent responses to right-handed and left-handed incident
lights. Left-handed chiral transmits right-handed light,
while right-handed chiral transmits left-handed light [28].
Owing to the high porosity of these sculptured structures
that can be controlled, they may be used in optical sensors
for fluids, biological and chemical media [29].
Discrete dipole approximation method is a useful tech-

nique for solving light scattering problems from objects
with arbitrary geometries. In this theory, the object is in
arbitrary shape but its size is of the order of wavelength or
smaller than the wavelength of the incident light [30,31]. In
DDA the object is replaced by an array of point dipoles and
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the interaction of these dipoles with the electric field of the
incident light is considered. The dipoles react with each
other too. Therefore, the applied/external electric field pro-
duces a local electric field at a position of each point dipole,
in addition the rest of dipoles also produce an electric field
at this point, hence each dipole is effectively consists of an
electrical dipole momentum due to the local electric field
of the process just mentioned. Therefore, calculation of this
dipole momentum will provide the appropriate facility for
obtaining answers to the scattering problems [32,33]. For
larger objects one should also consider the high-multipolar
excitations [2].
The distance between dipoles, d in the array can be

obtained as:

V ¼ Nd3

d ¼ V=Nð Þ13
ð1Þ

where, N is the number of point dipoles and V is the vol-
ume of the object.
In order to solve this problem by replacing the object

with an assembly of point dipoles both position of N
dipoles ( ri ; i ¼ 1; :::::;N ) and dipoles momentums Pi
must be determined. After determining this dipole momen-
tum one can calculate the absorption, scattering and extinc-
tion cross sections of light.
According to Clausius-Mossotti equation, polarizibility

of an electrical dipole i, at a position ri with a dielectric
constant of εi is given as [34]:

αCMi ¼ 3d3

4π
εi � 1
εi þ 2

ð2Þ

Since in Eq. (2) the radiation interaction effects are not
considered, Clausius-Mossotti equation does not satisfy
the energy conservation law. Hence, inclusion of radiation
interaction effects modifies Eq. (2) and the polarizibilty of
electrical dipole is [34]:

αi ¼ αCMi
1� 2=3ð Þik3αCMi

ð3Þ

In Eq. (3), αCMi is Clausius-Mossotti polarizibility, and
k is the wavenumber. Then electrical dipole momentum
is obtained as:

pi ¼ αi:Eloc rið Þ ð4Þ

In Eq. (4), Eloc rið Þ is the local electric field (i.e., the
electrical field at the position of ith dipole) which is the
sum of incident electric field and the electric field due to
the rest of point dipoles in the suggested array for the
object under examination [35]:

Eloc rið Þ ¼ Einc;i �
X

j6¼i

AijPj ð5Þ

where Einc is the incident electric field. If Einc is a plain
wave field with a wave number k, then by omitting its
time dependence, its dependence on the position is:

Einc rð Þ ¼ E0 exp ik:rð Þ ð6Þ
Pi is the electrical dipole momentum of ith dipole and

Aij is the vector potential that is given as:

Aij ¼
exp ikrij

� �
rij

� k2 r̂ ijr̂ ij � I3
� �þ ikrij � 1

r2ij
3r̂ ijr̂ ij � I3
� �" #

ð7Þ
where rij¼ ri�rj , r̂ ij ¼ ri�rj

ri�rjj j and I3 is a 3 x 3 identity

matrix.
Using the definition Aii ¼ α�1

i , the electrical dipole
momentum may be obtained as:

XN

j¼1

Aijpj ¼ Einc;i ð8Þ

Then one can calculate the absorption, scattering and
extinction cross sections as:

Cext ¼ 4πk

E2
0

�� ��X
N

i¼1

Im E∗
inc;i:Pi

� �
ð9Þ

Cabs ¼ 4πk

E2
0

�� ��X
N

i¼1

Im Pi: αi
�1

� �∗
P∗
i

h i
� 2
3
k3 Pij j2

� �

ð10Þ
Csca ¼ Cext � Cabs ð11Þ

Owing to the ability of DDA theory in solving the
scattering problem from complex objects of different
shapes it has attracted the attention of many researchers
during the last few years. Sosa et al. [2] in 2003 calculated
the extinction spectra for silver nano-particles in spherical,
ellipsoidal and cubic shapes. In 2006, Zhang and Zhao
[36] reported their results for extinction spectra of silver
rods of different shapes (i.e., needle, periodical nano-rod,
L shaped nano-rod and Y shaped nano-rod). They also
investigated the dependence of extinction spectra on the
nano-rod height and their results showed that extinction
spectra shifts towards long wavelengths with increasing
the height of the nano-rod [37,38]. Later Zhang and Zhao
[39] investigated the extinction spectrum of a U shaped
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silver structure with varying dimensions. Their results
showed that the extinction spectra are strongly dependent
on the dimensions (size) of this structure; for large scale U
shaped structure they obtained numerous resonance peaks
that increased with size. They concluded that, in addition
to electrical dipole effects one should also include many/
multiple dipole effects in the calculations [39]. They also
in another work [21] reported their findings for a silver
chiral structure with varying structural parameter and
azimuthal incident angle, while they compared these
results with those of a multi-ring.
In this work, as mentioned in Section 1 (Background)

we report our results on the influence of different
parameters, such as size, shape and incident light
direction (angle) on the extinction spectra of silver chiral
nanostructure, using DDA theory.
2. Results and discussion
In this study the chiral nanostructure was chosen with
the following dimensions: inner radius of 5 nm, outer
radius of 6 nm, structural period of 5 nm and a height
of 25 nm that is constructed with 124 point dipoles that
were in a distance of 1.89 nm from each other. The
extinction spectrum of this chiral nanostructure was
investigated for the p-polarized light. For p-polarized
light, the electric field is in the incident light plane and
chiral axis (Figure 1).
Figure 1 Schematic of chiral nanostructure and positions of p-
and s-polarization direction of incident light relative to the
chiral axes.
Extinction spectrum of chiral nanostructure for p-
polarized light and at 90° polar angle (θ) and 90° azimuthal
angle (ф) (i.e., electric field is along chiral axis) shows one
peak at 349 nm wavelength. This resonance peak is related
to the transverse mode (TM) (Figure 2-a).
At off normal incident angles, the electric field

decomposes to a component along the chiral axis and
a component normal to the chiral axis. Hence the
extinction spectrum consists of one more resonance
peak at longer wavelength, identified as longitudinal
mode (LM). In Figure 2-b, the extinction spectra of
chiral structure are given for 90° azimuthal angle and
different polar angles (i.e., θ = 30°, 70° and 90°). It can
be clearly distinguished that with decreasing the
incident angle, intensity of LM peak increases and the
intensity of TM peak decreases and there is a shift
towards longer wavelength due to increase in the
oscillation amplitude.
Figure 3 shows the influence of diameter of chiral arm

from 1 to 3 nm on the extinction spectrum of chiral
Figure 2 Extinction spectra of chiral nanostructure for incident
light at 90° azimutal angle and different polar angles; a) 90°,
b) 30°, 70° and 90°.



Figure 3 Extinction spectra of chiral nanostructure for incident
light at 90° azimutal angle and 30° polar angle for different
diameters of chiral nanostructure.

Figure 4 Extinction spectra of chiral nanostructure with
different oval cross-sections; a) b/a = 0.25, b) b/a = 0.25, 0.81, 1
and for incident light at 90° azimutal angle and 30° polar
angle.
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nanostructure. It can be seen that LM peak shifts towards
longer wavelengths which is due to increase of oscillation
amplitude. Results also show that the intensity of both LM
and TM peaks increases with diameter of chiral arm. This
is because of increased number of dipoles due to increase
of diameter of chiral arm which should contain higher
number of oscillating dipoles, hence peak intensity is
increased.
We next investigated the effect of change of chiral cross

section from circular to oval shape on the extinction
spectra. Figure 4-a shows that this change of cross section
causes a shift of the TM peak towards longer wavelengths
which is due to increase of oscillation amplitude and the
intensity of LM peak decreases considerably. Assuming that
a and b are the half of diameters of oval in the x and y axes,
respectively, then by decreasing the ratio of b/a while the
area of the cross section remains unchanged, reduction
ratio in the intensity of LM increases. We can also observe
a few more resonance peaks at long wavelengths that were
absent in the extinction spectra of chiral nanostructure with
circular cross section (Figure 4-b).
Effect of variation of structural period of chiral nanos-

tructure on the extinction spectrum as a function of polar
angle (θ) ranging from 0° to 90° is shown in Figures 5(a-e).
It can be seen that not only the extinction spectrum
changes with structural period but also the direction of
incident light influences the extinction spectrum. For
incident angles at polar angles less than 45° (Figures 5-a to
5-c) with increasing the structural period TM oscillation
shifts towards longer wavelengths and the LM peak shifts
towards shorter wavelengths. This means that two peaks
get closer to each other. Also due to increase in the dipole
numbers by increasing the structural period and because
the intensity of peaks is directly related to the number of
oscillating dipoles, the intensity of peaks varies
accordingly. For incident angles at polar angles more than
45° (Figures 5-d to 5-e) with increasing the structural
period both TM and LM oscillations shift towards shorter
wavelengths.
The other interesting parameter to be investigated is the

slanted chiral nanostructure. In Figure 6-a it can be
observed that for incident light at polar and azimuthal
angles of 0° (i.e., incident light is in the direction of the
axis of chiral), when the chiral is tilted to -α and+α angles
no change is occurred in the extinction spectra, even
when the tilt angle is changed. When the direction of
incident light is in the x-axis of chiral (i.e., incident light is
at polar angle of 90° and azimuthal angle of 0°), the
extinction spectra for both -α and+α angles are the same
(Figure 6-b), while they change by changing the tilt angle,
and by increasing the tilt angle the intensity of LM peak
increases and the intensity of TM peak decreases, while
the TM peak shifts towards longer wavelengths.



Figure 5 Variation of extinction spectrum of chiral nanostructure at different polar angles (θ); a) 0°, b) 30°, c) 45°, d) 70°, and e) 90°.
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Figure 6-c shows the extinction spectra of slanted chiral
for incident light at 90° polar angle and 90° azimuthal
angle. In this case, again the extinction spectra for the
same angles -α and+α are the same, while by increasing
the tilt angle of the chiral from the z-direction the inten-
sity of LM peak increases and that of TM peak decreases
and the TM peak shifts towards longer wavelengths.
Therefore it may be suggested that slanted chiral struc-
tures provide the facility for controlling the intensity of ex-
tinction spectra at chosen wavelengths.
It is worthwhile to point out that for the incident light

at polar angle of 90° and azimuthal angle of 90° (i.e.,
electric field in the direction of chiral axis) for the up-
right chiral (0° tilt) LM peak was not observed, while by
increasing the tilt angle the LM peak also appears in the
extinction spectrum. This is because the electric field
decomposes to two components in two normal direc-
tions as discussed before.
In Figures 6-d and 6-e the extinction spectra for the
incident light at two directions of (θ =30° and ф= 0°; in-
cident light in xz plane) and (θ =30° and ф= 90°; inci-
dent light in yz plane) are given, respectively. For the
former case, by increasing the chiral tilt angle, the inten-
sity of LM peak increases and that of TM peak
decreases. For the latter case, by increasing the chiral tilt
angle in the negative direction relative to the z-axis the
intensity of TM peak increases and shifts towards longer
wavelengths, while the intensity of LM peak decreases. If
the chiral is tilted towards positive direction relative to
the z-axis the intensity of TM peak decreases and shifts
towards longer wavelengths, while the intensity of LM
peak increases.
The extinction spectra of chiral structure slanted at −30°

and for the incident light at 90° polar angle (incident light
is in the y-axis direction) and for varying azimuthal angles
(ф) are given in Figure 7-a. It can be seen that variation of



Figure 6 Variation of extinction spectrum of slanted chiral nanostructure with its tilt angle relative to the z-axis; a) θ=0°, ф=0°, b)
θ=90°, ф=0°, c) θ=90°, ф=90°, d) θ=30°, ф=0°, e) θ=30°, ф=90°.
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azimuthal angle has no effect on the extinction spectra in
this case.
The extinction spectra of chiral structure slanted at −30°

relative to z-axis and for the incident light at 30° polar
angle and for varying azimuthal angles are given in
Figure 7-b. It can be seen that the extinction spectra show
strong dependence on the variation of azimuthal angle.
The intensity of TM peak increases with azimuthal angle
(ф=0° to 180°; light is incident on the chiral nanostruc-
ture from behind) and shifts towards shorter wavelengths
and the intensity of LM peak decreases. When the light
incidences on the chiral structure from front side of it
(180° to 360 azimuthal angle) the intensity of LM peak
increases with azimuthal angle and that of TM decreases
and shifts towards longer wavelengths.

3. Conclusions
We used the DDA theory to investigate the dependence of
the extinction spectrum of chiral nanostructure on chiral
nanostructural period, diameter of chiral arm, change of
circular cross section to oval cross section, incident light
polar angle, tilt angle of chiral structure relative to z-axis,
and azimuthal angle. It was found that extinction spectrum
for normal incident light consists of one resonance peak
that is related to the TM oscillation. When the incident
light is off normal direction another resonance peak at
longer wavelengths appears as the LM peak. The LM peak
shifts towards longer wavelengths with increasing the
diameter of the chiral arm, while this peak disappears when
the chiral cross section is changed to an oval shape.
However, with this change in the shape of chiral cross
section a few other resonance peaks appear at longer
wavelengths that do not exist in the spectra of chirals with
circular cross section. It was observed that for incident light
at polar angles below 45°, by increasing the structural
period TM peak shifts towards longer wavelength and LM
peak shifts towards shorter wavelengths, while for polar
angles above 45° both TM and LM peaks shift towards



Figure 7 Extinction spectrum of slanted chiral nanostructure
at −30 tilt angle and its variation with incident light azimuthal
angle at different polar angles; a) θ =90°, b) θ =30°.
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shorter wavelengths. The slanted chirals may be used to
control the intensity of TM and LM peaks. Results showed
that for a fixed polar angle, extinction spectrum of slanted
chiral structure depends on the incident light azimuthal
angle. It is also shown that for incident light in the forward
direction of chiral structure with increasing the azimuthal
angle the intensity of LM peak decreases and that of TM
peak increases while for light incidence at the opposite
direction LM and TM behavior are also opposite.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors read and approved the final manuscript.

Acknowledgements
This work was supported by the University of Tehran.

Received: 17 March 2012 Accepted: 17 June 2012
Published: 12 July 2012

References
1. Zheng, YB, Huang, TJ: JALA. 13, 215–226 (2008)
2. Sosa, IO, Noguez, C, Barrera, RG, Phys, J: Chem. B. 107, 6269–6275 (2003)
3. Kreibig, U, Vollmer, M: Optical Properties of Metal Clusters. Springer, Berlin (1995)
4. Vo-Dinh, T: TrAC, Trends Anal. Chem 17, 557 (1998)
5. Tian, ZQ, Ren, B., Wu, DY: J Phys Chem B 106, 9463 (2002)
6. Campion, A, Kambhampati, P: Chem Soc Rev 27, 241 (1998)
7. Su, KH, Wei, QH, Zhang, X: Appl Phys Lett 88, 063118 (2006)
8. Prodan, E, Nordlander, P, Halas, NJ: Nano Lett 3, 1411 (2003)
9. Mock, JJ, Oldenburg, SJ, Smith, DR, Schultz, DA, Schultz, S: Nano Lett 2, 465

(2002)
10. Payne, EK, Shuford, KL, Park, S, Schatz, GC, Mirkin, CA: J Phys Chem B 110,

2150 (2006)
11. Kim, F, Song, JH, Yang, P: J Am Chem Soc 124, 14316 (2002)
12. Chen, S, Fan, Z, Carroll, DL: J Phys Chem B 106, 10777 (2002)
13. Hao, E, Kelly, KL, Hupp, JT, Schatz, GC: J Am Chem Soc 124, 15182 (2002)
14. Jin, R, Cao, Y, Mirkin, CA, Kelly, KL, Schatz, GC, Zhang, JG: Science 294, 1901

(2001)
15. Wiley, BJ, Im, SH, Li, ZY, Mclellan, J, Siekkinen, A, Xia, Y: J Phys Chem B 110,

15666 (2006)
16. Alivisatos, AP: Science 271, 933 (1996)
17. Chen, SH, Webster, S, Czerw, R, Xu, JF, Carroll, DL: J Nanosci Nanotechnol 4,

254 (2004)
18. Orfanides, P, Buckner, TF, Buncick, MC, Meriaudeau, F, Ferrell, TL: Am J Phys

68, 936 (2000)
19. Xu, G, Tazawa, M, Jin, P, Nakao, S, Yoshimura, K: Appl Phys Lett 82, 3811

(2003)
20. Mock, JJ, Smith, DR, Schultz, S: Nano Lett 3, 485 (2003)
21. Zhang, ZY, Zhao, YP: J Appl Phys 104, 013517 (2008)
22. Khlebtsov, BN, Khanadeyev, VA, Ye, J, Mackowski, DW, Borghs, G, Khlebtsov,

NG: Phys Rev B 77, 035440 (2008)
23. Jain, PK, Lee, KS, El-Sayed, IH, El-Sayed, MA: J Phys Chem B 110, 39 (2006)
24. Riboh, JC, Haes, AJ, McFarland, AD, Ranjit, C, Van Duyne, RP: J Phys Chem B

107, 1772 (2003)
25. Shafer-Peltier, KE, Haynes, CL, Glucksberg, MR, Van Duyne, RP: J Am Chem

Soc 125, 588 (2003)
26. Storhoff, JJ, Elghanian, R, Mucic, RC, Mirkin, CA, Letsinger, RL: J Am Chem

Soc 120, 1959 (1998)
27. Rosi, NL, Mirkin, CA: Chem Rev 105, 1547 (2005)
28. Wang, F, Lakhtakia, A: Optics Communications 235, 107–132 (2004)
29. Lakhtakia, A: Sensors and Actuators B 52, 243–250 (1998)
30. Purcell, EM, Pennypacker, CR: J astrophys 186, 705–714 (1973)
31. Yang, WH, Schatz, GC, Van Duyne, RP: J Chem Phys 103, 869 (1995)
32. Draine, BT: J Astrophys 333, 848–872 (1988)
33. Yurkin, MA, Hoekstra, AG: J Quantitative Spectroscopy & Radiative Transfer

106, 558–589 (2007)
34. Draine, BT, Flatau, PJ: J Opt Soc Am A 11, 4 (1994)
35. Lazarides, AA, Lance Kelly, K, Jensen, TR, Schatz, GC: J Molecular Structure.

529, 59–63 (2000)
36. Zhang, ZY, Zhao, YP: J Appl Phys 89, 023110 (2006)
37. Zhang, ZY, Zhao, YP: J Appl Phys 102, 113308 (2007)
38. Zhao, YP, Chaney, SB, Zhang, ZY: J Appl Phys 100, 063527 (2006)
39. Zhang, ZY, Zhao, Y: J Phys Condens Matter 20, 345223 (2008)

doi:10.1186/2251-7235-6-11
Cite this article as: Abdi et al.: Investigation on the dependence of
optical spectra of silver chiral nanostructures on shape, dimensions and
incident light by discrete dipole approximation. Journal of Theoretical and
Applied Physics.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	1. Introduction
	2. Results and discussion 
	3. Conclusions
	References

