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Abstract: Broadband reverse saturable absorption is systematically investigated via Z-scan, transient 

absorption spectrum (TAS). The excited state absorption and negative refraction of Orange IV are observed in 

the Z-scan experiment at 532 nm. Meanwhile, two-photon induced excited-state absorption and pure two-

photon absorption are observed at 600 nm and 700 nm with the pulse width of 190 fs, respectively. An ultrafast 

broadband absorption in visible wavelength region is observed via TAS. The different nonlinear absorption 

mechanism at multiple wavelengths is discussed and interpreted from the results of TAS. In addition, the 

ultrafast dynamics of negative refraction in the excited state of Orange IV is investigated via degenerate phase 

object pump probe, from which the weak long-lived excited state is extracted. All studies indicate that Orange 

IV has the potential to be further optimized into a superior broadband reverse saturable absorption material 

and also has certain reference significance for the study of optical nonlinearity in organic molecules containing 

azobenzene groups. 
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1. Introduction 

The decades of progress in nonlinear optics research have been accompanied by the 

development of applications such as harmonic generation [1], broadband reverse saturation 

absorption [2-3], and all-optical switching [4]. For the realization of these unique applications, 

nonlinear optical materials are indispensable. Among them, broadband reverse saturable absorption 

materials are considered to have important application potential in the protection of ultrashort pulse 

laser. Thus, organic nonlinear materials are widely concerned because of their large optical 

nonlinearity, broad spectral response and easy modification. The optical nonlinear response of 

organic materials is decisively related to the off-domain π-electrons within the π-conjugated system 

of the molecule. The azobenzene group has a fast nonlinear optical response and a large nonlinear 

optical (NLO) coefficient due to its large π-conjugated system [5-8]. The NLO properties of the 

azobenzene group have broad application prospects in photorefractive, optical communication and 

magnetic memories materials [9-11]. Meanwhile, azobenzene and its derivatives, due to their trans 

and cis isomerization, thus constitute a series of important photonic switches [12-15]. The cis-trans 

structural isomerization further may have induced changes in the third-order NLO behavior of the 

molecule [16-17]. A previous report showed an enhanced NLO response at 1064 nm for some 

azobenzene derivative molecules associated with the cis-isomer [18]. Other reports have investigated 

the ability of polymer films and complexes of some azobenzene derivatives to induce two-photon 

absorption based on a nonlinear optical-photo isomerization cycle model [19-20]. These results 

demonstrate the value of azobenzene-containing organic molecules for applications in nonlinear 

optics research. However, most of the studies focus on the photoisomerization process of azobenzene 
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and its derivatives, with little attention paid to the broadband nonlinear absorption and transient 

refraction of molecules containing azobenzene groups. 

Here in this work, the broadband nonlinear optical absorption of an azobenzene containing 

molecule (Orange IV) at multiple wavelengths are investigated by femtosecond Z-scan, and results 

indicate that the sample exhibits reverse saturation absorption (RSA) at 532 nm, and two-photon 

induced excited state absorption (TP-ESA) is observed at 600 nm, while two-photon absorption (TPA) 

is observed at 700 nm. The different nonlinear absorption mechanisms at various wavelengths are 

successfully verified and explained by TAS, which is in good agreement with the results of 

femtosecond Z-scans at multiple wavelengths. Besides, RSA and negative refraction of the excited 

state is observed at 532 nm with various pulse width lasers (including 190 fs, 13 ps, 4 ns). The ultrafast 

dynamics of negative refraction in the excited state of Orange IV is investigated via degenerate phase 

object pump probe, from which the weak long-lived excited state is extracted. These results provide 

some reference to the research of the optical nonlinearity of some organic molecules containing 

azobenzene. 

2. Results and Discussion 

2.1 UV-vis absorption and fluorescence 

 

Figure 1. UV-vis absorption (blue) and fluorescence (red) spectra of Orange IV. The concentrations of 

Orange IV are 2.66×10−5 M in dimethyl sulfoxide（DMSO）solution. 

We monitored the UV-vis absorption and fluorescence spectrum of Orange IV at room 

temperature. As shown in Figure 1, the strong visible absorption band arises at the 

wavelength of 436 nm. At the same time, the fluorescence emission peak corresponding to 

the absorption peak appears at the 591 nm wavelength in the detection window. Comparing 

the UV-vis and fluorescence spectrum, we can find that the absorption and emission peaks 

agree with the mirror image rule, indicating that the absorption signal may originate from 

the first singlet state [21-23]. 

In order to obtain more linear absorption information, DFT calculations are conducted 

as shown in Figure 2. It can be found that there is a visible charge transfer in the left benzene 

ring under excitation. The calculated energy gap between HOMO and LUMO is 2.921eV, 

which corresponds to a wavelength of 425 nm, very close to the absorption peak of Orange 

IV solution at 436 nm. These results indicate that the sample has a visible intramolecular 

charge transfer (ICT) feature. 
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Figure 2. Electron distribution and energy of frontier molecular orbitals in Orange IV. 

2.2 The third-order NLO research 

To evaluate the third-order optical nonlinearity of Orange IV, Z-scan measurements are 

conducted under various pulse widths. The calibration of the extracted data can be significantly 

improved by using 3 mm thickness zinc selenide as a standard sample. The Z-scan with open aperture 

(OA) reflects the nonlinear absorption of the sample, while the closed aperture (CA) Z-scan reflects 

the non-linear refraction of the sample. Femtosecond Z-scan experiments were conducted at 532nm, 

600nm and 700nm, respectively. When excited with 532 nm laser pulses (incident laser intensity of 

21.4 GW/cm2), the OA Z-scan (Figure3(a)) of Orange IV displays a single valley at zero position (focal 

point), indicating the lower transmittance under higher laser intensity, which is a typical feature of 

reverse saturable absorption. In addition, the CA Z-scan curve (Figure3(b)) of the sample after the 

removal of the solvent background (as shown in FigureS1) displays the shape of a peak followed by 

a valley, suggesting a negative change of the nonlinear refractive index as the sample moves from the 

-z to +z position, referred to as the self-defocusing effect. Considering that 532 nm is located within 

the edge of the linear absorption band and the linear transmittance of the sample is 0.35 (excluding 

the reflection of cuvette), both the RSA and the negative nonlinear refraction (NLR) under resonant 

excitation could be attributed to the excited state optical nonlinear response. 

 

Figure 3. Femtosecond Z-scan measurement curve of Orange IV. (a) Open aperture curve at 532 nm. 

(b) Closed aperture curve at 532 nm. (c) and (d) Open aperture curve at 600 nm and 700 nm. Solid 

line represents the results of numerical fitting. 

When tuning the laser incident wavelength to a non-resonant absorption band, 

Orange IV exhibits an extremely high linear transmittance of 0.93 at 600 nm and 700 nm 

(almost identical to linear transmittance of the pure solvent DMSO). The OA Z-scan curves 
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of Orange IV at both 600 nm and 700 nm similarly record a single valley, as shown in 

Figure3(c) and (d). Unlike the case of 532 nm, as the 600 nm and 700 nm wavelengths are 

away from the resonant absorption band, the nonlinear absorption (NLA) at both 

wavelengths cannot originate from single photon induced excited state absorption, so we 

assign the NLA to multi-photon absorption. It should also be noted that after eliminating 

the effect of positive refraction from the solvent background, NLR was not observed in 

Orange IV solution at both wavelengths, which is different from the negative refraction at 

532 nm. 

Numerical simulations based on Sheik Bahae's theory are used to fit the results from 

the Z-scan experiment, where the nonlinear absorption coefficient and refractive index of 

the sample are expressed as: 

2
0= ( )I I      (1) 

0 2n n n I   (2) 

where α0 is linear absorption coefficient, β and γ are effective nonlinear absorption 

coefficients for third-order and fifth-order, respectively. If only third-order nonlinear 

absorption exists in the sample, γ is zero. Similarly, n0 and n2 represents the linear refractive 

index and third-order nonlinear refractive index, respectively. The numerical simulation 

curve is the solid black line in Figure3. 

As discussed above, the optical NLA and NLR at 532 nm wavelength are mainly 

determined by excited state absorption and refraction. As for the 600 nm case, at different 

peak intensities including 21.7 GW/cm2, 27.6 GW/cm2, and 34.4 GW/cm2, the corresponding 

third-order nonlinear coefficients β are 1.3×10-13 m/W, 1.6×10-13 m/W and 2.0×10-13 m/W, 

respectively, which are almost proportional to the incident intensity. This suggests that 

there may be a higher order NLA at 600 nm. The γ(I2) term is then additionally taken into 

account in our absorption coefficients, giving third- and fifth-order nonlinear absorption 

coefficients β and γ independent of the incident intensity (listed in Table 1), which matched 

the experimental data well. It is noted that the 600 nm wavelength is in the non-resonant 

absorption band, but it is unlikely to absorb three photons at this wavelength at the same 

time. Therefore, the RSA is more likely to originate from TP-ESA. However, the NLA was 

observed at an incident intensity of 41.8 GW/cm2 when the sample was excited at 700 nm, 

and effective NLA signals cannot be extracted from the noisy background at lower 

intensities. Noting that the energy of two 700 nm photons is equivalent to the energy of a 

single photon at 350 nm, and yet the linear absorption at 350 nm is weaker as seen in 

Figure1, thus the NLA here can be considered to be purely dominated by TPA. The 

nonlinear parameters for the different wavelengths in the femtosecond Z-scan are listed in 

Table 1. 

Table 1. Nonlinear parameters of femtosecond Z-scan experiment. 

 532 nm, T=0.35 600 nm, T=0.93 700 nm, T=0.93 

Orange IV β= 2.2×10-12 m/W β= 4.4×10-14 m/W β= 2.5×10-14 m/W 

 n2= -6.5×10-20 m2/W γ= 6.3×10-28 m3/W2 – 

Furthermore, as shown in Figure4, picosecond and nanosecond Z-scans are also 

implemented at 532 nm with incident laser intensities of 2.7 GW/cm2 and 38.2 MW/cm2, 

corresponding to β of 1.6×10-11 m/W and 3.8×10-10 m/W, and n2 of -2.5×10-18 m2/W and -6.3×10-

17 m2/W, respectively. Similar to the femtosecond Z-scan at 532 nm, the Orange IV molecules 

also exhibit single photon induced RSA and negative refraction. 
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Figure 4. The open and closed aperture picosecond (a, b) and nanosecond (c, d) Z-scan curves of 

Orange IV under 532 nm. The solid line represents the theoretical fitting. 

2.3. Transient absorption spectrum 

The results of the Z-scan indicate that different absorption mechanisms play a key role in the 

optical nonlinearity of Orange IV. To further distinguish and explain the differences of the NLA at 

various incident laser wavelengths, transient absorption spectrum is conducted in the visible region. 

The TAS is recorded and displayed in Figure5(a) with the probe window ranging from 505-750 

nm. It is clear that the broadband RSA of the sample covers the entire detection wavelength region. 

In addition, for more details, we extract spectral curves at different delay times, which are shown in 

Figure5(b). The recorded ultrafast broadband excited state absorption builds up within a pulse width. 

Moreover, the excited state absorption (ESA) signal increases in the range of approximately 505-630 

nm and decreases in the range of 630-750 nm as the absorption spectrum with a time delay of 0.2 ps 

evolves to that of 0.4 ps. After that, the spectral curve decays in a similar shape with a very short time. 

Considering the spectrum curve with a lifetime of 0.2 ps (about one pulse width) and femtosecond 

Z-scan, the excited state absorption is found at 532 nm and 600 nm, which explains the existence of 

single photon induced excited state absorption and TP-ESA at 532 nm and 600 nm, respectively, while 

the ESA signal at 532 nm is stronger than that at 600 nm, which is consistent with the results of 

femtosecond Z-scan. Furthermore, the excited state absorption found at 700 nm is comparatively 

little, which may be the reason that TPA at 700 nm could not trigger the subsequent excited state 

absorption as at 600 nm. 

The global analysis [24] is used to numerically reconstruct the TAS. The TAS could be divided 

into different components for a reasonable fit, and each component has a featured absorption 

spectrum (An(λ)) and a corresponding decay lifetime. Thus, the entire TAS could be expressed as: 

( , ) ( ) ( )n nn
F t N t A    

(3)

Where F (t, λ) stands for the reconstructed TAS and Nn(t) represents for the population density of the 

excited states that change with time. Each excited state energy level corresponds to a spectral 

component An(λ), which is expressed as a single e-exponential function with lifetime τ. The lifetimes 

of a total of two components are used to reasonably fit the TAS. The spectral components extracted 

from the global analysis are shown in Figure5(c). The lifetimes of the two components extracted from 

the simulations are 0.3 ps, 4.1 ps, respectively. The numerical simulation results of the dynamics for 

the corresponding wavelengths used in the Z-scan are plotted in Figure5(d). Ultrafast locally excited 

state absorption is established at femtosecond laser incidence and then departure from the local 

excited state (LE) [19, 25] with a lifetime of 0.3 ps, accompanied by relaxation to the charge transfer 
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state (CT). The slower component with a lifetime of 4.1 ps is attributed to the relaxation of the CT 

state, and the slower decay lifetime may be related to the photoisomerization process in terms of 

previous reports [26-27]. 

 

Figure 5. Results of transient absorption spectra of Orange IV solutions. (a) A 2D color map of 

transient absorption experiment. (b) TAS under different delay times. (c) Spectral components 

extracted from global analysis. (d) Numerically fitted kinetic curves at various wavelengths. 

2.4. Ultrafast excited state refraction 

It is also interesting to note that Orange IV still exhibits negative NLR from the excited 

state in the Z-scan results under 532 nm. Since negative nonlinear optical refraction could 

be applied to all-optical switching [28-29]. The dynamics of NLA and NLR are investigated 

via a degenerate phase-object pump-probe (POPP) technique. POPP technology enables 

simultaneous measurement of NLA and refraction by transforming nonlinear refractive 

index changes into transmittance changes via phase objects, and can detect transmittance 

changes with an accuracy of 0.02. The sample solution is pumped and probed at 515 nm. 

The POPP results are shown in Figure6. 

The NLA dynamics in Figure 6(a) shows a strong RSA at zero time followed by a 

decrease with the lifetime of 0.3 ps and 4.1 ps, which is in good agreement with the kinetic 

results in the TAS. Moreover, the long-lived weakly excited state absorption (Normalized 

transmittance of about 0.98) is extracted in Figure 6(c), which indicates that the absorption 

cross section of the excited state is slightly larger than that of the ground state (S0). This 

long-lived relaxation process of excited states may originate from vibration cooling of the 

ground state. The excited state energy level slightly larger than the ground state absorption 

cross section is defined as Svib, and the relaxation lifetime of this excited state is more than 

4 ns. This explains the OA nanosecond Z-scan results. Correspondingly, the dynamics of 

the NLR (Figure 6(b, d)) begins with an ultrafast rise in positive refraction near zero time, 

which originates from the Kerr refraction of the solvent background. After that, the 

dynamics of NLR display an ultrafast drop, which indicate the strong negative excited-state 

NLR in Orange IV solution. This is immediately followed by an ultrafast recovery process 

with nonlinear negative refraction, in which there are two decay lifetimes of 0.3 ps and 4.1 

ps, corresponding to the relaxation of the local excited state and charge-transfer state in 

transient absorption dynamics, respectively. Finally, the transient refraction profile of 

Orange IV exhibits weak negative refraction and is maintained for a long time, 
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corresponding to the long-lived weakly excited state energy level (Svib). These results are 

consistent with the above discussion of Z-scan with multiple pulse widths. 

 

Figure 6. The transient ((a), (c)) NLA and ((b), (d)) NLR of Orange IV probed at 515 nm, measured 

with degenerate POPP. Solid lines represent the results of the numerical simulation. 

Generally, after excitation by the pump pulses, the excited state electrons decay to each 

excited state in turn and finally relax to the ground state. Simplified rate equations based 

on the energy model are used to numerically fitting the results. the modulation of the 

intensity (Ip) and phase (φp) of the probe beam can be expressed as: 

1

( 2 )
p

p n n e
n

dI
I N I

dz
 



    (4)

2
1

( 2 )p

n n e
n

d
k N n I

dz






    (5)

Where Ip and Ie represent the light intensity of the probe beam and the pump beam, and n2 

is the Kerr refractive index related to the incident intensity, which is set to n2=6.5×10-19 m2/W 

based on the experiment. And z represents the propagation length of the laser in the sample, 

σn stands for the absorption cross section of the excited state, Δηn is the change of refractive 

volume between the effective energy state and the ground state. As discussed above, the 

equivalent energy level model as shown in Figure 7 is built up to fit the data. Following 

numerical simulations, a series of parameters including excited state absorption cross 

sections, refractive volumes and lifetimes are fitted and listed in Table 2. It is worth noting 

that the lifetimes of Svib state larger than 4 ns cannot be determined accurately due to the 

limited delay time. 

 
Figure 7. Simplified energy level of the excited state of Orange IV. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 April 2023                   doi:10.20944/preprints202304.0890.v1

https://doi.org/10.20944/preprints202304.0890.v1


 

 

Table 2. Parameters of excited states extracted from the numerical simulation. 

State σn (m2) Δηn (m3) τn (ps) 

LE 8.8×10-21 -3.1×10-21 0.3 

CT 4.7×10-21 -1.1×10-21 4.1 

Svib 1.4×10-21 -7.2×10-22 >4000 

S0 1.2×10-21 0 - 

3. Materials and Methods 

3.1. Characterization of Orange IV 

As a general biological stain and acid-base indicator, Orange IV can be purchased from many 

chemical companies. The structure of Orange IV is shown in Figure1. 1H NMR (400 MHz, DMSO-d6) 

δ 8.89 (s, 1H), 7.82 (d, J = 8.9 Hz, 2H), 7.74 (s, 4H), 7.37 – 7.29 (m, 2H), 7.22 (d, J = 7.3 Hz, 2H), 7.17 (d, 

J = 9.0 Hz, 2H), 6.99 (t, J = 7.3 Hz, 1H). 

3.2. Z-scan experiment 

The open and closed aperture Z-scan were conducted to measure the nonlinear absorption and 

refractive response of Orange IV [30]. The laser source included a mode-locked Yb: KGW based fiber 

laser (1030 nm, Orpheus, Light Conversion.) with an output pulse width of 190 fs, a Q-switched and 

mode locked Nd: YAG laser (PW-1064-1B) working at 532 nm with 13 ps pulse width (FWHM) and 

4 ns (FWHM) pulse of 532 nm were extracted from a Q-switched Nd: YAG laser (Surelite II, 

Continuum). The low repetition rate is set to 20 Hz in femtosecond and picosecond pulses and 10 Hz 

in nanosecond pulse to avoid thermal lens effect caused by heat accumulation of the sample [31-32]. 

The Orange IV is dissolved in DMSO with the concentration of 2.66×10-3 M and contained in a 2 mm 

quartz cuvette. The sample solution is placed on an electric translation platform, which is controlled 

by the set program and moves along the z-axis. During the movement, the experimental data is 

recorded by the energy detectors.  

3.3. Femtosecond transient absorption spectroscopy 

The transient absorption spectrum can record the ultrafast absorption and kinetic relaxation 

processes at different wavelengths after excitation. A detailed description of the experimental system 

can be seen elsewhere [33]. The femtosecond fiber laser used in the experiment is the same as in the 

Z-scan above, the pump pulse is tuned to 400 nm (14 mW), and the probe beam is a supercontinuum 

light generated from the fundamental frequency (1030 nm) via the sapphire crystal. The repetition 

rate of laser pulse is 6 kHz. The probe window of the grating spectrometer is adjusted to 505-750 nm.  

3.4. Phase object pump-probe 

The dynamic traces of ultrafast nonlinear absorption and refraction are conducted by the pump-

probe technology with phase object [34]. The phase object pump-probe (POPP) technology is a 

combination of conventional pump-probe and 4f phase object imaging system [35], which be able to 

simultaneously measure the evolution of transient nonlinear absorption and refraction. The laser 

source used in the experiment is the same as in the TAS. The repetition frequency of laser pulse is 20 

Hz. The wavelengths of pump and probe light of degenerate POPP are both 515 nm. The sample 

dissolved in DMSO with a concentration of 6.65×10-4 M is prepared in a 2 mm quartz cuvette for 

measurement.  
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3.5. Quantum chemical calculations 

Quantum chemical calculations are performed on Orange IV at the level of B3LYP/6-31G (d,p) 

via the Gaussian 09 program package to obtain optimized structures and frontier molecular orbitals. 

4. Conclusions 

The broadband optical nonlinear absorption of Orange IV is investigated systematically. The 

strong ESA and nonlinear negative refraction at 532 nm, the TP-ESA at 600 nm, and the TPA at 700 

nm are observed via the femtosecond Z-scan. Moreover, picosecond and nanosecond Z-scan also 

reveal that the molecules have excited state absorption and negative refraction. Ultrafast broadband 

excited state absorption is observed in the TAS, and the NLA mechanism of different wavelengths 

are verified and characterized. Besides, the long-lived weak excited state of nanosecond scale is 

observed, and the negative refraction dynamics of excited state response are extracted in POPP 

experiments, which is consistent with the results of Z-scan with multiple pulse widths. These studies 

suggest that Orange IV has the potential to further optimize into superior broadband reverse 

saturated absorption materials, and it has certain reference significance for the study of optical 

nonlinearity in organic molecules containing azobenzene. 

Supplementary Materials: Figure S1: Closed Aperture Z-scan results of solvent DMSO and Orange IV solution 

at 532 nm; Figure S2: 1H NMR spectrum of Orange IV in DMSO. 
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