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Plasmonic circular dichroism
of tailed spatial cross-shaped nanostructure
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Artificial chiral plasmonic nanostructure with strong circular dichroism (CD) has wide applications in
biological monitoring, analytic chemistry, and optical property researching. In this paper, a tail is introduced
to break the symmetry of metal spatial cross-shaped nanostructure to create chiral property. Finite element
method calculating results show that dipole of upper tailed nanorod and that of bottom nanorod form Born—
Kuhn model. CD effect depends strongly on the length and the orientation of introduced nanorod. This work
provides novel way to generate tunable CD effect and provides potential application for further optimization.
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HckyccTBeHHbIe XUpaJdbHBbIE INJIA3MOHHBbIE HAHOCTPYKTYPHI € BBIPAasKeHHBIM IUPKYJISIPHBIM JUXPOU3MOM
IIMPOKO IIPUMEHAKTCA B 6HOJIOFH‘IeCl€0M MOHHUTOPHUHTE, aHaJII/[TH‘leCROﬁ XM M HCCJIeJ0BAHHUHU OIITHYE-
CKHX CBOICTB MaTepuajoB. B HacTrosdmeil padore Qg NPUIAHUA XMPAJBHBIX CBOMCTB METAJIMYECKHUM KPeCcTo-
00pa3HBIM HAHOCTPYKTYPAM K IOCJIEIHUM IIPHCOEIUHSJICI XBOCT. BHIUMCIEHNST METOIOM KOHEUYHBIX Pa3HOCTEN
MOKAa3aJIid, YTO AUIIOJIM C BEPXHHMM M HUKHHUM 3aKpeIIeHHEM XBOCTAa-HAHOCTEPIKHS COOTBETCTBYIOT MO EJIH
Bopua—Kyna. 9dg¢exT BpaueHus II0CKOCTH MOJAPU3AMUU CHIHHO 3aBHCUT OT PA3MePOB U OPHEHTAI[UH IPHCO-
eIMHEHHOI'0 HAHOCTEeP:KHA. Pe3yIbTaThl JaHHOH PaGoThI OTKPHIBAIOT HOBBIE IIYTH JJId IOJIYyYEeHUS YIIPABIIEMOT0
3¢ deKTa HUPKYIAPHOrO TUXPOU3MA C BO3SMOKHOCTIMM JaJbHEN el ONTUMHU3AIUH.

KnrodeBbie cnoBa: UMpKyNsSpHbIN UXPONU3M, M1a3MOH, 3/1IEKTPUHECKUI Anrosb, Mogess bopHa—-KyHa.

INTRODUCTION

Chiral structure cannot be made to coincide with its
mirror image. Chiral structure and its image are
called chiral enantiomer [1-5]. Circular dichroism
(CD), defined by the distinction of transmittance
between left-handed circular polarized (LCP) and
right-handed circular polarized (RCP) light, is widely-
used spectroscopic technique to detect chirality prop-
erty and study the conformation of structure [6, 7].
Most natural CD is intrinsic weak. Chiral plasmonic
nanostructure shows stronger CD because of surface

plasmon resonance, which possesses wide applications
in biological monitoring [8, 9], analytic chemistry
[10], and negative refractive index media [11].

There are many researches and widely-using
methods introduced about the induction of CD effect.
Either chiral structures or oblique incident direction
can create asymmetric property. For instance, the
sample of natural chiral structure leads to the CD
signal, such as spiral and helix [12, 13]. Another
typically type of chiral structure is bilayer twisted



nanostructures, where there magnetic and electric
resonances arise at the same time, which have giant
CD [14, 15]. Furthermore, plane chiral asymmetric
structures, such as swastika [16, 17], asymmetric
slit [18] and other chiral structures that have per-
ceived vision of “twist” [19]. Compared with chiral
structure, using the oblique incident beam [20, 21] to
illuminate the symmetric sample is another method
to create asymmetry and produce CD effect.

In this paper, one nanorod is adhered to the tail of
original spatial cross-shaped nanostructure (SCN),
which is achiral, to break the symmetry of SCN
and generate CD effect. The effects of the length
and the orientation of tail on CD signals of tailed
spatial cross-shaped nanostructure (TSCN) are also
studied. This study not only provides novel way to
generate tunable CD effect but also provide potential
applications in detection field based on CD signals.

STRUCTURE
AND COMPUTATIONAL METHOD
The schematic of gold TSCN array is shown in fig. 1a.
The TSCN array rests in the air environment.
Figure 1b shows the orientation of tail with respect to
upper nanorod and the illustration of geometric pa-
rameters. The lengths, widths, and heights of upper
and bottom nanorods are denoted as [; = I, = 100 nm,
wy; = wy = 20 nm, and ~; = hy = 20 nm. The sepa-
ration between upper and bottom nanorod is fixed
at 30 nm. The additional tail has the same cross sec-
tion as those of two perpendicular nanorods. Spheri-
cal coordinate system is used to describe the orienta-
tion of tail. Radial distance r is defined by the effec-
tive distance as the tail start to rotating. Azimuth
angle ¢ at xy plane and polar angle 0 at xz plane are
defined. The tail of TSCN is showed in fig. 1a with
r=>50nm, ¢ = 0° and 6 = 90°.

The transmission properties of TSCN array were
numerically simulated by the finite element method
software of COMSOL Multiphysics. The excitation

Fig. 1. (a) Schematic diagram of gold TSCN array with
r=>50nm, ¢ = 0° and 6 = 90° and (b) the position of sphe-
rical coordinate and the illustration of geometric para-
meters.
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sources of incident beam are RCP light and LCP
light traveling along the z-direction. The refractive
index of Au is taken from Ref. [22]. In this study, the
periods of the TSCN array are both fixed at 200 nm in
the x and y directions. T is transmittance of incident
polarized light, which is defined by the rate of output
power P_ . to input power P; . The polarized states of
RCP light and LCP light are represented as + and —.
T, (T__) means that RCP (LCP) light simulating and
receiving. The circular dichroism of circularly polar-
ized light is definedasCD =T, , — T__.

RESULTS AND DISCUSSION

Figure 2a shows the circular polarized transmit-
tance spectra of TSCN with r = 50 nm, ¢ = 0°, and
6 = 90° under RCP and LCP light illuminations.
Four obvious resonant valleys appear at around 900,
770, 620 and 470 nm, respectively. For simplicity,
these modes are marked as modes I, II, III and IV.
Figure 2b shows the CD spectrum of TSCN (blue line
added solid circle symbols) with » = 50 nm, ¢ = 0°,
and 6 = 90°. It can be clearly observed that strong
CD signals occur around resonant wavelengths.
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Fig. 2. (a) RCP light and LCP light transmittance spectra
of TSCN with r = 50 nm, ¢ = 0° and 6 = 90°, and (b) circu-
lar dichroism (CD) spectra of TSCN (blue line added solid
circle symbols) with r =50 nm, ¢ = 0° and 6 = 90° and SCN
(cyan line added solid square symbols) with » = 10 nm,
¢ =0°and 6 =90°.
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The CD spectrum of SCN (cyan line added solid
square symbols) with r = 10 nm, ¢ = 0°, and 6 = 90°
is also plotted in fig. 2b. Due to the symmetry
of SCN, there is no CD signal appeared. The tail of
upper nanorod breaks the symmetry of SCN and
strong CD effect generated for TSCN.

To study the mechanism of these modes, the dis-
tributions of surface electric charge density of TSCN
at corresponding resonant modes are calculated, as
shown in fig. 3. The dipole of upper nanorod and di-
pole of tail are marked by the pink arrow, and the
vector sum of upper dipoles is marked by the pink
dash arrow. The dipole of bottom nanorod is marked
by the blue arrow. At A; = 900 nm (mode I), a great
number of positive charges distribute at the tail
shown in fig. 8a, which forms a tilt strong dipole Py
of upper nanorod, the equivalent dipole is depicted
in fig. 3b. On the contrary, skimp charge appears
at bottom nanorod, which forms a weak dipole Pg.
Dipoles at upper tailed nanorod and bottom nanorod
form a bonding mode. At A;; = 770 nm (mode II), mi-
nor charges appear at upper tailed nanorod as shown
in fig. 3c. Positive charges mainly distribute at
one part of the end of upper nanorod, and negative
charges distribute at the tail but coming close to
upper nanorod, which forms a weak tilt dipole Pyyy;.
The electric oscillation length of Py is shorter than
Py, asaresult, mode Il occurs at shorter wavelength.
For bottom nanorod, large charges appear at the
end of bottom nanorod and a strong dipole Py is
formed. Py and Py form a bonding mode as shown
in fig. 3d. The electron oscillation of Mode I mainly
distribute at the upper tailed nanorod, and that of
Mode II mainly distribute at the bottom nanorod.
At ;= 620 nm (mode III), negative charges appear
at two ends of the tailed nanorod and positive charges
appear at its middle part shown in fig. 3e, and these
crossing dipoles of tailed nanorod composed a tilted
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Fig. 3. (a), (c), (¢) and (g) show that the surface charge dis-
tributions of mode I, mode II, mode III and mode IV in RCP
spectra, and (b), (d), (f) and (h) show that the illustration
of dipole at each corresponding resonant wavelength.

dipole Pyypy. And positive charges appear at the end
of bottom nanorod, which form a dipole Pyyg. Dipoles
Py and Py form an anti-bonding mode as given
in fig. 3f. The resonant wavelength of Mode III
creates due to the electron oscillation on the tailed
nanorod. As shown in fig. 3g and fig. 3h, negative
charges appear at two ends of the tailed nanorod and
positive charges appear at its middle part so that the
crossing dipoles at upper tailed nanorod compose
a weak tilted dipole Py at Ay = 470 nm (mode IV).
Large charges appear at the end of bottom nanorod,
which forms a strong dipole Py . The dipole Py
tilts to comes close to y-axial and the oscillating
length decreases so that the magnitude of Pyyy
is less than Pp;p. This is the reason why mode IV
occurs at shorter wavelength than mode ITI. Mode IV
is an anti-bonding mode formed by composed dipole
of tailed nanorod Py and P;yg. The oscillating
intensity at A;y = 470 nm is weak than that at A =
620 nm, so the CD magnitude of mode IV is tiny. This
investigation corresponds to the regulation that
anti-bonding mode occurs at shorter wavelength,
and the bonding mode occurs at longer wavelength.
Figure 3 shows the analytic modes by using the
Born—Kuhn model [23] and explained by plasmonic
coupling mechanism [24-29]. The original electric
dipoles of upper nanorod and bottom nanorod are
perpendicular special crossing. However, when tailed
nanorod is added, the electric dipoles of upper tailed
nanorod and bottom nanorod are tilted crossing.
Tilt of the composed dipole leads to asymmetric
property of composed structure and the induction
of CD effect. These kinds of resonant mode with the
positions of different wavelengths are distinct and
lead to different CD effects.

Figure 4 shows the CD spectra of TSCN at ¢ = 0°
and 6 = 90° with different . There are four modes
appeared in the spectra. When r increased by step
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Fig. 4. Circular dichroism (CD) spectra of TSCN with

different r increased by step of 4 nm from 18 nm to 34 nm
at ¢ =0°and 6 = 90°.



of 4 nm from 18 nm to 34 nm, the magnitudes of CD
effects at four modes increased and the resonance
wavelength of mode I shifts from 700 nm to 740 nm
stepped by 10 nm. The tail can make the composed
dipole of upper tailed nanorod tilted. The longer the
tail is, the smaller tilted angle of two spatial-crossing
dipole modes will be. The tilt angle can influence the
effective length of dipole of upper tailed nanorod
to lead to red or blue shift of resonant wavelength.
So r can influence the resonant wavelength of
mode I that the resonant wavelength red shifts as r
increasing. The longer electron oscillation length of
mode I leads to longer interacting distance of Py,
hence red shift occurs.

To investigate effect of the orientation of tail,
the CD spectra of TSCN by changing azimuth
angle ¢ with fixed parameters of »r = 50 nm and
0 = 90° is showed in fig. 5. The changing of ¢
influences the magnitude of CD effect. As ¢ chang-
ing by step of 30° from 0° to 180° the resonant
wavelengths keep constant except for the resonant
wavelength of mode I. As ¢ increasing at the range
of 0° to 90°, the resonant wavelength of mode I shifts
from 890 nm to short position, and magnitude of CD
signal gradually decreases from about 0.087 to zero
by adding angle size. As ¢ increasing at the range
of 90° to 180°, the resonant wavelength of mode I red
shifted to 890 nm, and the magnitude of CD signal
gradually is also increased from zero to about 0.087.
The CD signal is approach to zero as the magnitude
of ¢ is 90° due to the symmetric composed structure
like SCN. From fig. 5, it obviously shows these CD
signal curves at ranges of 0° to 90° and 90° to 180°
are symmetric about CD = 0 line. As ¢ changing
from 90° to 180° the situation is opposite with
that of 0° to 90°. Comparing with the situation at
180° — ¢, symbol of CD signal at angle ¢ is opposite,
and the magnitude of CD signal at angle ¢ is same
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Fig. 5. Circular dichroism (CD) spectra of TSCN with

different ¢ increased by step of 30° from 0° to 180°
at r=50 nm and 6 = 90°.
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Fig. 6. Circular dichroism (CD) spectra of TSCN with

different 0 increased by step of 30° from 90° to 150°

at r=50nm and ¢ = 0°.

as the condition of 180° — ¢. This effect is same as
the situation of chiral molecule and its enantiomer.
The angle ¢ changes the tilt degree of composed
dipole and changes the interacting distance of upper
composed dipole so that the resonant wavelength
blue shifts or red shifts at mode I. It is satisfied the
explained mechanism about BK model.

The CD spectra of TSCN with different polar
angle 0 and fixed parameters of »r = 50 nm and
¢ = 0° is calculated to gain further insight of CD
mechanism. It can be clearly identified in fig. 6
that the changing of 6 can also influence CD effect.
As 0 increasing at step of 30° from 90° to 150°,
the wavelengths of modes I and II both shift to
longer positions. The wavelengths of modes I shift
from 870 nm to 900 nm. This is due to the distance
between tailed nanorod and bottom nanorod incre-
ases as 0 increasing. The coupling between tailed
nanorod and bottom nanorod enhances with more
charges coming close to the end of tail and the
interacting distance lengthening. So the wavelengths
of mode I and mode II shift to longer position
as 0 increasing.

CONCLUSIONS

A tail has been utilized to break the symmetry of
spatial cross-shaped nanostructure and induce
remarkable CD effect. Simulation results indicate
that the CD effect is strongly depending upon the
length and the rotating angles of tail. Mechanism
based on chiral plasmonic Born—-Kuhn model has
utilized to explain the CD effect. With the advantage
of tail controlled sign and magnitude of CD signal
potential applications such as chiral sensing may be
achieved. This study provides a convenient method
for further optimization and tuning of plasmonic
chirality.
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