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Absence of 
mirror rotation 
axis 

In the last years a lot of effort was 

devoted to the study on chiral 

metamaterials

Both 3D- and 2D-chiral metamaterials 

were studied

2D chiral metamaterial

3D chiral metamaterial

3D and 2D Chirality
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Linear measurements
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polarized light 

P component 
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The measurements performed as a function of the incidence angle α
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Linear measurements

S   polarized light P polarized light
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(130fs pulses)
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As the electrons of chiral molecules are displaced 
from their equilibrium by the application of the 
electromagnetic field, they are forced to move along 
helical like paths



Nonlinear Optical Activity



Second-Order Nonlinear Optical Imaging of Chiral Crystals

David J. Kissick, DebbieWanapun, and Garth J. Simpson

Department of Chemistry, Purdue University,West Lafayette, Indiana 47907;

Annu. Rev. Anal. Chem. 2011. 4:419–37



SHG as chirality detector 

Verbiest, Second-order Nonlinear Optical Characterization Techniques, Taylor & Francis (2009)

It is possible to investigate chirality via second harmonic generation 

experiments 

Right-handed (or 

left-handed) circular 

polarized light 

S or P component 

FIRST HARMONIC SECOND  HARMONIC

One useful parameter is:

Second harmonic generation-circular 

dichroism  (SHG-CD)
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ORD 



Zhang 2007

Gansel et al., Science 325, 1513-1515 (2009)
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Intrinsic chirality

Multipolar Symmetries in SecondOrder 

Nonlinear Optics

– electric-dipole and higher-multipole 

nonlinearities –

-isotropic and centrosymmetric 

materials 
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Two beams

M.Kauranen et al 
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Second Harmonic Generation 

– Noncollinear case
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• At a fixed incidence angle, the generated 
signal is investigated by varying the 
polarization state of both fundamental 
beams.

• Example: GaN slab, ~300nm thick

M.C.Larciprete,F.A.Bovino, M.Giardina, A.Belardini, M.Centini, C.Sibilia, M.Bertolotti, A. Passaseo 
and V.Tasco, ”Mapping the nonlinear optical susceptibility by noncollinear second-harmonic 
generation”, Optics Letters, Vol. 34, pp.2189-2191 (2009) 

S-polarized SH signal P-polarized SH signal

Polarization chart

F.A.Bovino 

Selex-SI-

Genova



Polarization Chart in noncollinear SHG-BR

F.A Bovino et al- Selex-SI-Italy
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Extrinsic Chirality

E. Plum, PRL 102,113902 (2009)

S.N. Volkov, PRA 79, 043819 (2009)
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Extrinsic chirality:

A non-chiral 

element breaks the 

symmetry when is 

tilted with respect 

the incidence light.

The element thus 

assumes a chiral 

behavior  

no-chirality
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Ar+ ion flux

Step 2

GlassStep 1

Step 3

Gold flux

Test sample fabrication – Sample A

160 nm

Low cost self assembling procedure

500 nm

Sample A

Gold 70 nm
T
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%

)

Wavelength (nm)
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Reference sample fabrication – Sample B

Ar+ ion flux

Step 2

GlassStep 1

Step 3

Gold deposition

Low cost self assembling procedure
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500 nm

Sample B

Gold 20 nm
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Linear measurements on sample B  - P pol
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Linear measurements on sample A  - P pol
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SHG measurements – P pol

Right-handed (or 

left-handed) circular 

polarized light 

P component 

FIRST HARMONIC

λ= 800nm

(130fs pulses)

FIRST HARMONIC

λ= 400nm Second harmonic 

generation - circular 

dichroism  (SHG-CD)

α

The measurements were performed as a function of the incidence angle α
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SHG measurements on sample B – P pol
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SHG measurements on sample A – P pol
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SHG measurements on sample A – P pol
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SHG measurements – S pol

Right-handed (or 

left-handed) circular 

polarized light 

S component 

FIRST HARMONIC

λ= 800nm

(130fs pulses)

FIRST HARMONIC

λ= 400nm Second harmonic 

generation - circular 

dichroism  (SHG-CD)

α
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Chiral Metamaterials

Unlocking Nonlinear Optical Activity

Intensity dependent effects

AOS News Volume 25 Number 1 2011

by David A. Powell, Ilya V. Shadrivov, Vassili A.

Fedotov, Nikolay I. Zheludev and Yuri S. 

Kivshar

Optical diode for 

cicular polarized 

ligth





• 3D, 2D-chirality, Extrinsic chirality

• SHG as chirality detection method

• Nonlinear measurements

•Intensity dependence
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Absence of 
mirror rotation 
axis 

In the last years a lot of effort was 

devoted to the study on chiral 

metamaterials

Both 3D- and 2D-chiral metamaterials 

were studied

2D chiral metamaterial

3D chiral metamaterial

3D and 2D Chirality
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Linear measurements

Right-handed (or 

left-handed) circular 

polarized light 

P component 

FIRST HARMONIC

λ= 800nm

(130fs pulses)

FIRST HARMONIC

λ= 800nm

circular dichroism  (CD)

α

The measurements performed as a function of the incidence angle α
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Linear measurements

S   polarized light P polarized light

FIRST HARMONIC

λ= 800nm

(130fs pulses)

FIRST HARMONIC

λ= 800nm
ORD   - Rotation 

dispersion

α

The measurements performed as a function of the incidence angle α
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As the electrons of chiral molecules are displaced 
from their equilibrium by the application of the 
electromagnetic field, they are forced to move along 
helical like paths



Nonlinear Optical Activity



Second-Order Nonlinear Optical Imaging of Chiral Crystals

David J. Kissick, DebbieWanapun, and Garth J. Simpson

Department of Chemistry, Purdue University,West Lafayette, Indiana 47907;

Annu. Rev. Anal. Chem. 2011. 4:419–37



SHG as chirality detector 

Verbiest, Second-order Nonlinear Optical Characterization Techniques, Taylor & Francis (2009)

It is possible to investigate chirality via second harmonic generation 

experiments 

Right-handed (or 

left-handed) circular 

polarized light 

S or P component 

FIRST HARMONIC SECOND  HARMONIC

One useful parameter is:

Second harmonic generation-circular 

dichroism  (SHG-CD)
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ORD 



Zhang 2007

Gansel et al., Science 325, 1513-1515 (2009)

10

Intrinsic chirality

Multipolar Symmetries in SecondOrder 

Nonlinear Optics

– electric-dipole and higher-multipole 

nonlinearities –

-isotropic and centrosymmetric 

materials 



(2) (2)

,

(2 ) ( ) ( ) ( ) ( )
eee eem

D ijk j k ijk j k

j k

P E E E Bω χ ω ω χ ω ω= +∑
�

(2)

,

(2 ) ( ) ( )
mee

ijk j k

j k

M E Eω χ ω ω=∑
�

1
(2 ) (2 ) (2 )

eff D
P P k xMω ω ω

ω
= −

�� � �

( ) ( ) ( ) ( )
...

321 +++= EEEE χχχχ

( ) ( ) ( ) ( )( )EEEEP ...
2321

0 +++= χχχε

Dipole dipole sourceDipole dipole source Magnetic dipole sourceMagnetic dipole source

Nonlinear magnetization

Nonlinear susceptibility expansion

,mee , eme





( )

( ) 







∆∝= kLc

P

LP

2

1
sin

)0(

)( 2

2

ω

ω

η 0=∆k
ωω
eo nn <2

bulkbulkbulkbulk

Thin  filmsThin  films

Phase matching ==

equal  PHASE velocity

χ(2) Nonlinear Interaction

For nonhogenous mediaFor nonhogenous media-- Phc Phc 

P.M.  (equal  PHASE velocity), 

For SH   2K1  =  K2   ---- n(w) = n(2 w) ---if there is geometrical dispersion

No P.M. Interference between bound and free components ( sourface and bulk) 

At the  nanoscale At the  nanoscale 

No P.M.                         Field localization and overlap 



materials



materials



0

0.05

0.10

0.15

0.20

0.25

-40 -30 -20 -10 0 10 20 30 40

Incidence Angle [deg]

S
.H

.G
. 

In
te

n
s
it
y
 [

a
.u

.]

0

0.05

0.10

0.15

0.20

0.25

-40 -30 -20 -10 0 10 20 30 40

0°     P
45°   P
90°   P
135° P

Incidence Angle [deg]

S
.H

.G
. 

In
te

n
s
it
y
 [

a
.u

.]

0

0.025

0.050

0.075

-40 -30 -20 -10 0 10 20 30 40

Incidence Angle [deg]

S
.H

.G
. 

In
te

n
s
it
y
 [

a
.u

.]

d
15

= d
24

= 2.02 pm/V , d
31

= d
32

= 2.44 pm/V , d
33

= 4.70 pm/V, as well as the chiral coefficients d
25

= - d
14

= 0.34 pm/V.

M.Larciprete et al. APL  2009

Maker Fringes on BR 



Two beams
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Second Harmonic Generation 

– Noncollinear case
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• At a fixed incidence angle, the generated 
signal is investigated by varying the 
polarization state of both fundamental 
beams.

• Example: GaN slab, ~300nm thick

M.C.Larciprete,F.A.Bovino, M.Giardina, A.Belardini, M.Centini, C.Sibilia, M.Bertolotti, A. Passaseo 
and V.Tasco, ”Mapping the nonlinear optical susceptibility by noncollinear second-harmonic 
generation”, Optics Letters, Vol. 34, pp.2189-2191 (2009) 

S-polarized SH signal P-polarized SH signal

Polarization chart

F.A.Bovino 

Selex-SI-

Genova



Polarization Chart in noncollinear SHG-BR

F.A Bovino et al- Selex-SI-Italy
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Extrinsic Chirality

E. Plum, PRL 102,113902 (2009)

S.N. Volkov, PRA 79, 043819 (2009)
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Extrinsic chirality:

A non-chiral 

element breaks the 

symmetry when is 

tilted with respect 

the incidence light.

The element thus 

assumes a chiral 

behavior  

no-chirality
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Step 3
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Reference sample fabrication – Sample B
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Linear measurements on sample B  - P pol
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Linear measurements on sample A  - P pol
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SHG measurements – P pol

Right-handed (or 

left-handed) circular 

polarized light 

P component 

FIRST HARMONIC

λ= 800nm

(130fs pulses)

FIRST HARMONIC

λ= 400nm Second harmonic 

generation - circular 

dichroism  (SHG-CD)

α

The measurements were performed as a function of the incidence angle α

28
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SHG measurements on sample A – P pol
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SHG measurements on sample A – P pol

-2

-1

0

1

2

-40 -20 0 20 40

b08 400nm H delta sx
b08 400nm delta H dx

S
H

G
-C

D

α (deg)

31



SHG measurements – S pol
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polarized light 

S component 
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SHG measurements on sample A – S pol
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• 3D, 2D-chirality, Extrinsic chirality

• SHG as chirality detection method

• Nonlinear measurements

•Intensity dependence
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