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Photonics Groups

The purpose of the Photonics Group is to 
develop fundamental science and applied p pp
technology in Optics and Photonics

Some of the research areas

• Nonlinear optics
• Coherent control of light matter interaction
• fs-laser microfabrication and micromachining
• Optical spectroscopy
• Optical storagep g
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Introduction/Motivation

• Organic materials may present high nonlinear optical processes

• Flexibility to tune the nonlinearity by manipulating the molecular structurey y y p g

• Some biomaterials present, by nature, interesting optical and electrical 

properties

• ultrafast optical switchingultrafast optical switching 

• multi-photon absorption

• multi-photon fluorescence imagingmulti photon fluorescence imaging

• microfabrication of devices for photonics and opto-electronics 

• optical power limiting  p p g
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Experimental

We have been using three main techniques

fs-laser Z-scan with the optical parametric amplifier

white light continuum Z-scan

Z-scan with pulse trains



Z-scan (nonlinear absorption)

open aperture Z-scan
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150 fs laser system

Ti:Sapphire amplifier
775 nm775 nm
150 fs
800 μJ800 μJ



Nonlinear spectrum

Iβ
nonlinear absorption

intense laser (ultra short pulses)Iβαα += 0
intense laser (ultra short pulses)

discrete λ s
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Nonlinear absorption spectrum

Optical parametric amplifier

460 - 2600 nm
120 f≈ 120 fs

20-60 μJ



White light continuum Z-scan 

To get the spectral response of the nonlinearity

WLC chirp ~ 4 psp p



Z-scan with pulse trains

70 ps 13 ns

• Nd:YAG Q-switched/modelocked laser
• 532 nm and 1064 nm
• 70 ps



Pulse train Z-scan

Allows the discrimination between fast and accumulative contributions

Fast process Accumulative processes

70ps 13ns

D i f th liDynamic of the nonlinear response
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cytochrome c

• Photoactive protein that mediates biological process
• cell apoptosis
• cellular regeneration upon laser therapy g p py
• electron transfer in cells mitochondria



Linear absorption

Absorption bands associated with 
the heme groupg p

Soret-band

Q-band



Z-scan measurements

Saturable absorption

R t bl b tiReverse saturable absorption



Resonant nonlinear absorption spectrum

for λ> 570 nm

RSA SA + 2PA

SA



Nonlinear spectrum

three-level energy diagram

Transmitted intensity during the fs-pulse interaction



Nonlinear spectrum

three-level energy diagram

the Z-scan curves can be fitted allowing the 
excited state cross-section determination



Nonlinear spectrum

Solid circles (Solid circles (●●))
it d t t b tiexcited state abs. cross-section

Open circles (Open circles (○○))
2PA cross section2PA cross-section 
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all-trans retinal

• light transduction in nervous impulse
• optoelectronics devices: ultrafast isomerization in bacteriorhodopsin



Linear absorption

3S
4Sπ→π* transition

1Bu+
2S

3S

250 nm 300 nm

S

385 nm

0S



Z-scan measurements

solid line: theoretical fitting

determine the 2PA cross-section

 δ



Two-photon absorption spectrum

• peak at 790 nmpeak at 790 nm

• resonant  enhancement 
of NLO regiong



2PA: Sum-over-states model

for all-trans retinal there are several two-for all trans retinal there are several two
photon states (S2 , S3 and S4)

S1 : state allowed only by 2PA

2PA cross-section at the laser frequency ν



Quantum-chemical calculations

equilibrium geometry of all trans retinalequilibrium geometry of all trans retinal



Quantum-chemical calculations

1PA and 2PA states of all trans retinal1PA and 2PA states of all trans retinal

DFT – response function formalism



Two-photon absorption spectrum
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Two-photon absorption spectrum
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Two-photon absorption spectrum

Spectroscopic parameters used/determined in the SOS

parameters obtained from the linear absorption 



Two-photon absorption spectrum

The 2PA band is described by the S1 (70 %) and S2 (30 %) states 
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carotenoids derivatives

allall--trans trans ββ--carotenecarotene

trans trans ββ--apoapo--88´́carotenalcarotenal

• π-conjugated molecule with high electronic delocalization
• ultrafast dynamicsultrafast dynamics
• similar to all-trans retinal



Linear absorption

ATBCATBC

vibrational progression

155 meV

TBACTBAC



Two-photon absorption spectrum

CCATBCATBC

• peak at 635 nm

TBACTBAC

• peaks at 635 nm and 1000 nm



Two-photon absorption spectrum

ATBCATBCATBCATBC
~ 13000 GM

TBACTBAC
~ 10000 GM



Equilibrium molecular geometry

ATBCATBC

TBACTBAC

High 2PA cross-section related to the planar configuration of both moleculesHigh 2PA cross section related to the planar configuration  of both molecules



Quantum-chemical calculations

all-trans-β-
carotene

                                           1PA 2PA 
T iti 2PA

States Transition Nature Energy 
(cm-1) 

Oscillator 
Strength 

 Energy  
    (cm-1)

Transition 
probability 

(A.U.) 

2PA cross-
section 
(GM) 

S (ππ*) (HOMO -1 → LUMO +1)     3%   20919  
4 126 20970   S1(ππ*) (HOMO → LUMO)          47% (478 nm) 4.126                20970      
                           (477nm) 79 0.3

 
S2(ππ*) 

 
(HOMO -2 → LUMO +1)     3% 
(HOMO -1 → LUMO)        45% 

 
  29239 

(342 nm) 

  
  0.000 

 
29278 

(341nm) 

 
1.58E6 

 
1465 

2PA
 

S3(ππ*) (HOMO -1 → LUMO +2)     3% 
(HOMO → LUMO +1)       44% 

  31381 
(319 nm) 

     
  0.000 31456 

(318nm) 

 
2.93E6 

 
3403 

 
(HOMO -3 → LUMO)          2% 

2PA 
at 635 nm

S4(ππ*) 
(HOMO → LUMO+4)          1% 
(HOMO → LUMO +6)       11% 
(HOMO → LUMO +7)       25% 
(HOMO → LUMO +14)       3% 

  38758 
(258 nm)   0.000 38876 

(257nm) 3.22E6 6599 

Three two-photon states that are forbidden by one-photon

centrosymmetric molecules



Quantum-chemical calculations
 

trans-β-apo-8’-

                                           1PA 2PA 

Energy Oscillator Energy Transition 2PA cross-

trans-β-apo-8 -
carotenal 

S1(ππ*) (HOMO -1→ LUMO +1)      2% 
(HOMO → LUMO)         46%

  21212  
 (472 nm)   3.560  21293 

(470 nm) 9.74E4 56 

States Transition Nature Energy 
(cm-1) 

Oscillator 
Strength 

Energy  
    (cm-1) probability 

(A.U.) 
section 
(GM) 

( )
 

( ) ( )

S2(ππ*)

(HOMO -2 → LUMO)          1% 
(HOMO -2 → LUMO +1)     1% 
(HOMO 1 → LUMO) 44%

30407 0 081  30408 9 21E5 945S2(ππ ) 
 

(HOMO -1 → LUMO)      44%
(HOMO -4 → LUMO)        22% 
(HOMO -4 → LUMO+1)   15% 
(HOMO -4 → LUMO+2)     7% 

(329 nm)
 

 0.081 
 (329 nm)

 

    9.21E5              945        
 

2PA 
at 635 nm

 
S3(ππ*) (HOMO -1 → LUMO +2)     2% 

(HOMO → LUMO +1)       44% 
  31553  

   (317 nm) 

 
  0.091  31617 

(316 nm) 

 
1.68E6 

 
2066 

 
(HOMO 3 → LUMO) 3%

S4(ππ*) 

(HOMO -3 → LUMO)      3%
(HOMO -3 → LUMO +1)     1% 
(HOMO -2 → LUMO)        36% 
(HOMO -2 → LUMO +1)     1% 
(HOMO -1 → LUMO +1)  4%

  36620    
   (273 nm)   0.070  36620 

(273 nm) 4.04E5 721 

( )

Four two-photon states allowed by one-photon too



Two-photon absorption spectrum

ATBCATBC
Sum-over-states calculation usingg
the energy diagram based on the
experimental results and theoretical
calculations

solidsolid lineline:: fitting with the SOS model

TBACTBAC ⎧TBACTBAC
( ) ( )

( ) ( ) ( )
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Two-photon absorption spectrum

Spectroscopic 
Parameters 

All-trans  
β-carotene 

trans-β-apo-8’-
carotenal 

ν01 (cm-1) 21280 (470 ± 2 nm) 20000 (500 ± 2 nm) 
ν02 (cm-1) 29687 (337 ± 2 nm) 30020 (333 ± 2 nm) 
ν03 (cm-1) 31020 (322 ± 2 nm) 31020 (322 ± 2 nm)ν03 (cm ) 31020 (322 ± 2 nm) 31020 (322 ± 2 nm)
ν04 (cm-1) 35714 (280 ± 2 nm) 35700 (280 ± 2 nm) 
Γ01 (cm-1) 4000 (88 ± 3 nm) 3335 (83 ± 3 nm) 
Γ ( -1) 4200 (48 ± 5 ) 4000 (45 ± 5 )Γ02 (cm 1) 4200 (48 ± 5 nm) 4000 (45 ± 5 nm)
Γ03 (cm-1) 3870 (40 ± 5 nm) 3670 (38 ± 5 nm) 
Γ04 (cm-1) 3335 (26 ± 1 nm) 3335 (26 ± 1 nm) 
μ01 (Debye) 14.8 ± 1  14.0 ± 1  
μ12 (Debye) 12.5 ± 1  9.0 ± 1  
μ13 (Debye) 13.0 ± 1 11.0 ± 1μ13 ( y )
μ14 (Debye) 16.0 ± 1  14.0 ± 1  
∆μ01 (Debye) -- 13.0 ± 1 

parameters entered in the fitting 



Conclusions

We determined the nonlinear absorption spectrum;
reverse saturable absorption λ < 520 nm

cytochromecytochrome cc

reverse saturable absorption λ < 520 nm
saturable absorption 520 nm < λ < 570 nm
saturable absorption + two-photon absorption λ > 570 nm

allall--trans retinaltrans retinal
The 2PA peak at 790 nm is attributed to two distinct electronics states; a transition
to S2 (one-photon allowed) and to a S1 only allowed by two-photon absorption

carotenoidscarotenoids derivativesderivatives

to S2 (one photon allowed) and to a S1 only allowed by two photon absorption

all-trans-β-carotene and trans-beta-apo-8’carotenal present high two-photonall trans β carotene and trans beta apo 8 carotenal present high two photon
absorption cross-sections (10000 GM) around 570 nm. The noncentrosymmetry of
trans-beta-apo-8’carotenal lead to an extra 2PA band around 1000 nm.

using our experimental techniques we are able to characterize and understand theg p q
nonlinear optical properties of interesting biomaterials
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Final Remarks 

Besides the results presented here we have been working inBesides the results presented here, we have been working in

• resonant nonlinearities in porphyrins and phthalocyanine

• two-photon spectroscopy in other materials (organic/inorganic)

• multi-photon absorption in ZnO

• ultrafast laser micromachining of polymeric surfaces

• microfabrication of 3D doped microstructures (2PP)microfabrication of 3D doped microstructures (2PP)



Publications
1- Resonant Nonlinear Absorption in Zn-Phthalocyanines

L. DE BONI, E. PIOVESAN, L. GAFFO, C. R. MENDONCA 
J. Phys. Chem. A, 112, 6803-6807 (2008) 

2- Two-photon absorption of perylene derivatives: Interpreting the spectral structure 
E. PIOVESAN, D.L. SILVA, L. DE BONI, F.E.G. GUIMARAES, L. MISOGUTI, R. ZALESNY, W. BARTKOWIAK, C. R. MENDONCA 
Chemical Physics Letters, 479, 52–55 (2009) 

3- Degenerate two-photon absorption in all-trans retinal: nonlinear spectrum and theoretical calculations 
M G VIVAS D L SILVA L MISOGUTI R ZALESNY W BARTKOWIAK C R MENDONCAM. G. VIVAS, D. L. SILVA, L. MISOGUTI, R. ZALESNY, W. BARTKOWIAK, C. R. MENDONCA 
J. Phys. Chem. A, 114, 3466-3470 (2010) 

4- Laser microstructuring of azopolymers via surface relief gratings: controlling hydrophobicity
M. R. CARDOSO, V. TRIBUZI, D. T. BALOGH, L. MISOGUTI, C. R. MENDONCA
J. Optoelec. and Adv. Mat, 12, 745-748 (2010) 

5 N li t f Z O t bl t d th h t b ti5- Nonlinear spectra of ZnO: reverse saturable, two- and three-photon absorption
M.G. VIVAS, T. SHIH, T. VOSS, E. MAZUR, C. R. MENDONCA
Optics Express, 18, 9, 9628-9633 (2010)

6- Excited-state absorption spectroscopy in oxidized cytochrome c
L. DE BONI, A.A. ANDRADE, L. MISOGUTI, S.C. ZÍLIO, C.R. MENDONCA 
Opt. Mat, 32, 526-529 (2010) 

7- Excited atate absorption of doped and undoped polyanyline
D. S. CORREA, L. DE BONI, D. T. BALOGH, AND C. R. MENDONCA 
Mol. Cryst. Liq. Cryst., 523, 304 - 309 (2010)

8- Study of absorption spectrum and dynamics evaluation of the Indocyanine-Green first singlet excited state
L. DEBONI AND C.R. MENDONCA
J Ph O Ch i t (i )J. Phys. Org. Chemistry (in press)

9- Two-photon absorption cross-section spectra of carotenoids compounds: A theoretical-experimental study 
M. G. VIVAS, D. L. SILVA, l. DEBONI, R. ZALESNY, W. BARTKOWIAK AND C.R. MENDONCA
J. Chemical. Physics (submitted) 

10- Experimental and theoretical study of two-photon absorption in nitrofuran derivatives: promising compounds for photochemotherapy
L DEBONI D S CORREA S C ZILIO C R MENDONCA P J GONCALVEZ D L SILVA S CANUTO G G PARRA AND I E BORISSEVITCHL. DEBONI, D.S. CORREA, S.C. ZILIO, C.R.MENDONCA, P.J. GONCALVEZ, D.L. SILVA, S. CANUTO, G.G. PARRA AND I.E. BORISSEVITCH
J. Chemical. Physics (submitted) 

11- Nonlinear spectrum effect on the coherent control of molecular systems 
P. H. D.  FERREIRA, M. G. VIVAS, D. L. SILVA, L. MISOGUTI, K. FENG, X.R. BU AND C.R. MENDONCA
Opt. Communications (submitted)

12 Laser microstr ct ring for fabricating s perh drophobic pol meric s rfaces12- Laser microstructuring for fabricating superhydrophobic polymeric surfaces
M. R. CARDOSON,V. TRIBUZI D. T. BALOGH, L. MISOGUTI and C. R. MENDONCA
App. Surface Science (submitted)

13- Investigation of two and three photon absorption spectra of platinum acetylide complexes
E. PIOVESAN, D. L. SILVA, M. G. VIVAS, L. DE BONI, C. R. MENDONCA
Chemical Physicsl Letters (in preparation)



Acknowledgments

FAPESP, CNPq and CAPES from Brazil

The Air Force Office of Scientific Research (AFOSR)



Thank you !y

for a copy of this presentation

http://www.photonics.ifsc.usp.br
Presentations

for a copy of this presentation

Presentations


