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The newly introduced imaging techniques D4 and Dark-field Z-scan (DFZ-scan) are very much appropriate to measure the thirdorder nonlinear (NL) refractive index in the presence of high nonlinear absorption (NLA) in condensed matter. To demonstrate the large potential of both techniques we prepared and characterized porphyrins solutions in chlorobenzene and report here on the NL optical properties of 5,10,15,20-Tetraphenyl-21H,23H-porphyrin (TPP), 5,10,15,20-Tetraphenyl-21H,23H-zinc porphyrin (ZnTPP), 5,10,15,20-tetraphenyl-21H,23H-porphyrin cobalt(II) (CoTPP) and 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphyrin cobalt(II) (MCoTPP). The measurements were performed with a laser delivering low repetition rate linearly polarized single picosecond pulses at 1064 nm and 532 nm.

Introduction

Because of the large discrepancy found in the literature related to third-order optical nonlinear (NL) coefficients an unbiased comparison of different materials sometimes is very difficult. Hence, development of new NL techniques is still relevant and subject to active research [1,2,3] to find simple and sensitive ways to measure the optically induced NL refraction (NLR) despite of the presence of relatively high NL absorption (NLA). Therefore, the newly introduced imaging techniques: DFZ-scan [4] and D4σ-Zscan [5,6] are applied here to demonstrate their ability to measure the thirdorder NL refractive index, n 2 , in presence of large NLA coefficient, β, as it is often the case with organic materials. The experiments were performed by determining the transmitted laser beam waist relative variation (BWRV) using D4σ intensity profile measurements combined with the Z-scan method [7] in a 4f-system for different porphyrins (Pphs) dissolved in chlorobenzene. Using DFZ-scan we determined the sign and the magnitude of n 2 and β even at relatively high Pphs concentration. The experiments allowed to test all cases of positive and negative NLR and NLA coefficients. Although the synthesis and experimental NL optical characteristics of Pphs have been reported by several groups, the interest in these materials has been renewed due to their useful optical limiting properties (see for example [8,9,10,11,12] and references therein) here we provide accurate data for some Pphs thanks to the application of D4σ and DFZ-scan.

The unique electronic, optical and biochemical properties [13] as well as the high stability and architectural flexibility of Pph compounds provide a very good basis to finely tune their optical response. Moreover, the ability of Pph molecules to capture light allows their use in sensors based on optical waveguides, frequency converters, and devices for transmission and storage of information [14]. All Pphs have π-conjugated structures and, in general, they exhibit strong NLA and large NLR. In particular, due to the large NL response, the metalloporphyrins have been proposed for optical limiting and alloptical switching [15] in different optical regimes because, in addition to their highly conjugated structure, both metal-toligand and ligand-to-metal charge transfer, lead to intramolecular electron delocalization that enhances the molecule hyperpolarizability. The ability to present large NL response in fast and slow timescales (from the ns to the fs regimes) makes the Pphs particularly attractive for photonics. Therefore, characterizing their NL optical properties and identifying the variations in the NL response due to the change of the metal center is of large interest in order to optimize the materials for optical limiting and/or optical switching applications.

Experimental section

Commercially available (Sigma Aldrich Co.) Pphs powders were dissolved in chlorobenzene with concentrations varying from 10 4 to 10 3 M. The NL optical measurements were carried out using linearly polarized 17 ps pulses at 1064 nm and its second harmonic at 532 nm (12 ps), respectively, at 10 Hz repetition rate. The liquid suspensions were contained in 1 mm thick quartz cells.

As mentioned before two techniques were used: DFZ-scan and D4σ-Z-scan. With the D4σ-Z-scan method, the images of a circular aperture at the entry of the system (object plane) are recorded by a single-shot CCD camera located in the image plane of a 4f setup as a function of the sample position that is moved around the focal plane. The open-aperture Z-scan normalized transmittance was numerically processed from the acquired images allowing for simultaneous measurements of NLR and NLA coefficients. However, unlike the traditional closed-aperture Z-scan method, in the D4σ technique the n 2 value is extracted from the acquired CCD images by measuring the BWRV in the image plane. On the other hand, the β value is determined using the usual open-aperture Z-scan procedure. The determinations of n 2 and β are supported with simulations of image formation inside the 4f system [ 6 ]. The measurement procedure is built to consider the response of the material described by an effective cubic nonlinearity characterized by n 2 and β. The relatively short picosecond pulses at low-repetition rate ensure that the contributions of thermal effects due to optical absorption are negligible. In these conditions, the transmittance of the sample is described by:
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where The BWRV profile shown in Fig. 2(a), with the peak after the valley, indicates that the CoTPP and MCoTPP present a negative n 2 exhibiting self-defocusing at 532nm. Notice that the NLR for both Co-Pphs is relatively small when compared to those shown in Fig. 1 The second method used was the DFZ-scan which combines the principles of Dark-field microscopy and the Z-scan method. The use of an annular illumination focused on the tested material, as shown in Fig. 3, provides, through a circular aperture (C 2 ) at the center of an imaging-magnifying lens (L 2 ) (5.4x), a NL signal leading to a dark background image on which the observation of the induced NL phase-shift is highly contrasted. When compared to Z-scan, the images are spatially resolved and the sensitivity is much higher [4]. Particularly, in our specific experimental setup, it is 60 times larger than the sensitivity of Z-scan in its original version. The annular object has 0.73 mm for the inner disc radius and 1.58 mm for the outer one. The circular aperture C 2 has a radius equal to 0.25 mm. The numerical circular aperture C has a radius 0.454 mm (50 pixels) where the spatial integration allows to calculate the diffracted energy versus z. The sensitivity is highly dependent on these geometrical parameters therefore, the use of a reference material for calibration is recommended. The experimental calibration procedure is very simple and consists in measuring the change of the overall diffracted light in the image plane to allow the detection of a characteristic signal related to known nonlinearities. The diffracted NL signal versus the position of the sample is shown in Fig. 4 obtained at with 1 mm thick cell of TPP
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. For comparison a DF-Zscan trace is plotted with the same experimental conditions for pure CS 2 . The results of the fitting confirm the obtained values with the BWRV method at the same concentrations: 2 3.5 /  -18 2 n = 10 m W for TPP and 2 1.7 /  -18 2 n = 10 m W for ZnTPP. We emphasize that at this relatively high concentration, it is difficult to extract the NLR signal from the absorption when using classical Z-scan or BWRV configurations. What is important to notice here is the very good agreement shown between the experimental and the simulated profiles in both cases (negative and positive n 2 ) thus, validating the efficiency of DFZ-scan technique to characterize highly NL absorbing materials. In both cases, the final signal is almost completely due to the NLR. Moreover, the peak after the valley indicates that the TPP presents a negative n 2 exhibiting self-defocusing behavior while, in contrary, the DFZ-scan profile shows self-focusing for the ZnTPP (the valley after the peak). More detailed studies using the DFZ-scan configuration is underway using thin films where the interaction length with the light is very short generating very low NL signal. At very low concentration (α ~ 0), the positive values of n 2 and β in all the cases corresponds to the NL coefficients of pure chlorobenzene (within the experimental errors). Performing the measurements using the solvent alone we found   -18 2 2 n = 0.35 0.05 10 m / W  and β < 0.06 cm/GW. All these compounds were tested using both techniques at 1064 nm at the highest concentration showing no NL responses other than that of the solvent alone.

Conclusion

In summary, the solutions were exposed to optical beams at 1064 nm and 532 nm in the picosecond regime using two different methods based on the Z-scan technique. We obtained: i) no response at 1064 nm; ii) at 532 nm there is a change of the sign of n 2 and  depending on the metal incorporated in the free porphyrins. According to [16] this change in the behavior has to be attributed to the d shell of the metal (filled or unfilled) incorporated in the free Pphs where the metal with a complete d shell (such as zinc) acts as the free TPP for the NLA because its structure is stable. However, cobalt with an incomplete d shell acts differently in CoTPP because of the charge transfer between the cobalt d shell electrons and the  electrons of the Pphs.

  the effective intensity. As an illustration of our results, the NLR behavior of TPP and ZnTPP (10 -3 M) are shown in Figures1(a) and 1(b), respectively; the data were obtained at 532 nm with 2.1 GW/cm 2 . The BWRV profile with the peak after the valley indicates that the TPP presents a negative n 2 exhibiting self-defocusing at this wavelength. Notice that the BWRV trace has opposite symmetry in comparison with the Z-scan technique. The open-aperture Z-scan data, presented as insets of both figures, illustrate the NLA behavior. The effective two-photon absorption (2PA) model (Eq. (1)) shows very good agreement between the experimental results and the numerical calculated traces. In Fig.1(a) the blue lines represent the best fit corresponding to   -18 2 2 n = 2.7 0.5 10 m / W    and   = 5.5 0.8 cm / GW  for TPP. The same applies to Fig. 2(b) that shows the results corresponding to   -18 2 2 n = 1.7 0.3 10 m / W  and   = 7.8 1.0 cm / GW  for ZnTPP. These results illustrate clearly the influence of Zn on the NL response at 532 nm: (i) the sign of n 2 is positive for ZnTPP while it is negative for TPP; (ii) the 2PA coefficient of ZnTPP is larger than in TPP.

Fig. 1 .

 1 Fig. 1. (Color online): Beam waist relative variation versus z, the sample position at 532 nm. Sample thickness: 1 mm. Pph solution concentration:10 -3 M. (a) Sample: TPP (

  with the same experimental conditions and the same concentration. The normalized transmittances related to the open-aperture Z-scan of these solutions are shown in Fig. 2(b) for CoTPP. The different scans in the figure correspond to different intensities under the same experimental conditions. The transmittance profiles related to the two compounds indicate a saturated absorption behavior. The numerical simulation (in continuous lines) of the experimental data for the normalized transmittance is performed using the squared modulus of Eq. (1).

Fig. 2 .

 2 Fig. 2. 1 mm thick solution at C1=10 3 M at 532 nm (a) BWRV vs. z for =10 GW/cm 2 : CoTPP (α = 1126 m -1 ) red circles; MCoTPP (α = 670 m -1 ) blue squares. (b) NL transmittance vs. z for CoTPP at different intensities (green circles 4 GW/cm 2 , black triangles 9.6 GW/cm 2 and blue stars 12.5 GW/cm 2 ).

Fig. 3 .

 3 Fig. 3. (Color online): Dark-field Z-scan imaging system. The sample (NLM) is moved along the beam direction around the focal plane. The labels refer to: annular illumination (O), circular apertures (C2 and C), lenses (L1, L2 and L3), beam splitters (BS1 and BS2), CCD camera (CCD) and mirrors (M1 and M2).
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 4 Fig. 4. (color online): Comparison of the normalized diffracted energy versus the position of the sample z using 1 mm thick cell of CS2 (red) filled circles, TPP (blue) filled squares and ZnTPP (black) filled stars. The lines represent the corresponding simulation ( = 532 nm)

  Table 1 at 532 nm. One can check that the variation of n 2 and  are linear versus the concentration or versus . Linear and nonlinear parameters of different Pphs compositions (with different concentrations C), at 532 nm. α532 is the linear absorption coefficient, n2 is the effective NL refractive index,  is the NLA coefficient, I0 is the laser peak intensity.

	Chlorobenzene	C (10 -3 M)	α532 (cm -1 )	I0 (GW/cm 2 ) 2.0 -8.0	n2 (10 -18 m 2 /W) 0.35 ± 0.05	β (cm/GW) < 0.06
		1	11.2		-2.7 ± 0.5	5.5 ± 0.8
	TPP	0.48 0.24	5.45 2.7	2.1	-0.9 ± 0.3 -0.26 ± 0.4	2.8 ± 0.4 1.3 ± 0.3
		0.12	1.4		0.19 ± 0.1	0.7 ± 0.2
		0.94	10.4		1.7 ± 0.3	7.8 ± 0.1
	ZnTPP	0.47 0.23	5.3 2.7	2.1	0.9 ± 0.2 0.6 ± 0.1	4.0 ± 0.5 2.0 ± 0.3
		0.11	1.1		0.5 ± 0.1	1.0 ± 0.1
		0.92	11.2		-0.4 ± 0.07	-1.5 ± 0.3
	CoTPP	0.53	6.3	4.0	-0.1± 0.02	-0.9 ± 0.2
		0.25	3		0.2 ± 0.04	-0.5 ± 0.1
		1	6.7		-0.01 ± 0.002	-0.7 ± 0.1
	MCoTPP	0.7	5	4.0	-0.05 ± 0.01	-0.7 ± 0.1
		0.25	1.6		0.1 ± 0.02	-0.2 ± 0.04
	Tab. 1.					
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