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Abstract:



In this work, using large-sized single crystals of high optical quality, the optical properties of Ba2TiSi2O8 were systematically investigated, including transmission spectra, refractive indices and nonlinear absorption properties. The crystal exhibits a high transmittance (>84%) over a wide wavelength range from 340 to 2500 nm. The refractive indices in the range from 0.31256 to 1.01398 μm were measured, and Sellmeier’s equations were fitted by the least squares method. The nonlinear absorption properties were studied by using the open-aperture Z-scan technique, with a nonlinear absorption coefficient measured to be on the order of 0.257 cm/GW at the peak power density of 16.4 GW/cm2. Such high transmittance and wide transparency indicate that optical devices using the Ba2TiSi2O8crystal can be applied over a wide wavelength range. Furthermore, the small nonlinear absorption observed in Ba2TiSi2O8 will effectively increase the optical conversion efficiency, decreasing the generation of laser damage of the optical device.
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1. Introduction


Fresnoite Ba2TiSi2O8 (BTS) is tetragonal and belongs to the space group P4bm. The structure of BTS is characterized by TiO5 square pyramids, which are the source of the strong spontaneous polarization in this crystal [1,2]. Benefiting from its polarizability, the BTS crystal exhibits excellent piezoelectric properties with large piezoelectric coefficients and electromechanical coupling factors [3,4], as well as high thermal stability up to the melting point of about 1445 °C. This behavior is in contrast to the homologous compound Ba2TiGe2O8, which exhibits two phase transitions at −50 °C and 850 °C, respectively [5,6,7,8]. Therefore, BTS has been considered to be a good candidate for applications for surface acoustic wave, ultrasonic and sensor devices that can be used at high temperatures.



In addition to the piezoelectric properties, nonlinear optical, electro-optical, and elastic-optical properties as well as UV luminescence in BTS have been investigated. Takahashi found that BTS exhibits very large second-order optical nonlinearities (d33 = 13 ± 2 pm/V), comparable to those of LiNbO3, and has potential applications in the fabrication of optical devices which can be used to generate frequency doubling in laser systems [9]. Based on its second-order optical nonlinearity, another feature of the BTS crystal is the electro-optic effect. Haussühl reported that BTS possesses a large electro-optical coefficient, which is of the same order of magnitude as that of KH2PO4, and so BTS is highly desirable for fabricating devices such as high-speed electro-optic modulators, optical shutters, and laser Q-switches which are used in the fields of laser modulation, optical communications and optoelectronics [10,11,12,13,14]. Furthermore, BTS has proved to be a novel stimulated Raman scattering active crystal, where the Raman gain is slightly greater than that of Ba(NO3)2, and hence the crystal is suitable for solid-state Raman laser applications [15].



For the practical applications of frequency doubling, electro-optic and solid-state Raman laser devices, optical absorption can be induced by laser radiation. In particular, the existence of nonlinear absorption may decrease the frequency conversion efficiency, and may even result in internal damage when optical devices are used in a high-power laser system. Therefore, a better understanding of optical properties of crystalline material [16,17,18], especially the nonlinear absorption properties of the BTS crystal, is essential to realize its optical applications.



To our best knowledge, however, little attention has been paid to the nonlinear absorption properties of BTS crystals [19]. Studies reporting on the transmittance and refractive indices in BTS over a series of wavelength ranges are also very scarce, except for data at limited specific wavelengths [10,20,21]. All of these data are very important for the design and application of BTS optical devices. In this work, using large-sized single crystals of high optical quality grown by the Czochralski method, the optical properties of Ba2TiSi2O8, including transmission spectra, refractive indices and nonlinear absorption properties, were systematically investigated. The transmittance and refractive indices were measured over a broad wavelength range, and the nonlinear absorption coefficients were studied by using the open-aperture Z-scan technique. These measurements were carried out for the purpose of obtaining a complete data set on the optical properties of BTS for future use in the design of optical applications.




2. Experimental Details


Large-sized Ba2TiSi2O8 single crystals with high optical quality were successfully grown from the melt at 1445 °C by the Czochralski method [15,22]. The transmission spectrum, which reflects the linear transmittance and absorbance of the BTS crystal at different wavelengths of light, was measured by an IR-VIS-UV spectrophotometer (Hitachi U-3500, Jasco), using two polished X-cut and Z-cut square wafers with dimensions of 4 × 4 × 1 mm3. One finely polished prism was used to measure the refractive index by using a high precision measuring instrument (UV VIS SWIR IR 3-12, Trioptics, Germany).



The nonlinear absorption parameters of the BTS crystal were investigated by the open-aperture Z-scan technique, using polished Z-cut plates with dimensions of 8 × 8 × 2 mm3. A schematic diagram of the Z-scan technique is shown in Figure 1. A mode-locked Nd:YAG laser with a wavelength of 1064 nm and a repetition rate of 10 Hz was applied as the laser source. The nonlinear optical parameters were investigated in detail at the second harmonic generation (SHG) wavelength of 532 nm, where the pulse width and the focal length of the lens were about 30 ps and 30 cm, respectively. The average power could be directly controlled by using an optical attenuator. The basis of the Z-scan mechanism is that a focused Gaussian light beam is usually applied and approximately equally split into two beams by a beam splitter (BS). One beam is applied as a reference beam, while the other is used as the incident light beam to monitor the fluctuation of the laser density. The laser beam is focused by an objective lens. The incident laser peak power density gradually varies as the specimen moves nearer to the focal point of the lens [23]. The detectors D1 and D2 were used to measure the nominal optical power and the actual optical power, respectively. Thus, the normalized transmittance D2/D1 at different real-time position of BTS specimen could be simultaneously collected by a computer, which was collected to detectors D1 and D2.


Figure 1. The schematic diagram of Z-scan technique.
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Under the irradiation of a high power laser, the absorption coefficient cannot be ignored and is determined according to the following formula:
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(1)




where α and β are the linear and nonlinear absorption coefficients, respectively, and I is the instantaneous intensity of the laser pulse. When the specimen moves along the ±Z direction, the normalized light transmittance T can be calculated using the following formula [24,25]:
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(2)







Based on the two following Equations (3) and (4), the normalized light transmittance T can be reduced to a summation form more suitable for numerical evaluation [26]:
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(3)
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(4)






T(z,s=1)=∫−∞+∞−∑n=1∞[−q0(z,0)·e−(t/τp)2]nnd(t/τp)π·q0(z,0)=−∑n=1∞[−q0(z,0)]nπ·q0(z,0)·n·πn=∑m=0∞[−q0(z,0)]m(m+1)3/2, m=(n−1)∈N



(5)







The quantity [image: there is no content] and the corresponding value of β are calculated directly from the following equation [24,25]:
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(6)




where [image: there is no content], [image: there is no content], ω0 is the waist radius, λ is the laser wavelength, l is the thickness of the specimen, and s is the aperture size.




3. Results and Discussion


3.1. Transmission Spectrum


The transmission spectra of BTS at room temperature are given in Figure 2. Clearly, the divergence of the transmittance along the X- and Y-axes was very small. The short cutoff wavelength extends into the ultraviolet region and no apparent absorption peaks appear, which indicates that the influence of anomalous dispersion can be ignored in subsequent measurements of the refractive index. The transmittance over the wide wavelength range of 340–2500 nm approached 84%. Such high transmittance and wide transparency indicate that BTS optical devices can be applied over a wide wavelength range. In addition, the absorption coefficient, which is related to the transmittance but is independent of the sample size and is plotted over the wavelength range of 340–2500 nm, is shown in the inset of Figure 2.


Figure 2. The transmission spectra of Ba2TiSi2O8 at room temperature.
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3.2. Refractive Index


Ba2TiSi2O8 belongs to the tetragonal system, which is optically uniaxial and possesses only an ordinary refractive index (no) and an extraordinary refractive index (ne). The refractive indices measured by the least deflection angle method with birefringence (Δn) are listed in Table 1, and the fitted dispersion curves in the wavelength range of 0.31256–1.01398 μm are presented in Figure 3.


Figure 3. The measured refractive indices of Ba2TiSi2O8 prism.
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Table 1. The refractive indices of BTS crystal measured at different wavelengths.







	
Wavelength (μm)

	
no

	
ne

	
Δn






	
0.31256

	
1.86109

	
1.84596

	
0.01513




	
0.36502

	
1.82291

	
1.81381

	
0.00910




	
0.43584

	
1.79722

	
1.79166

	
0.00556




	
0.47999

	
1.78742

	
1.78304

	
0.00438




	
0.54608

	
1.78304

	
1.77736

	
0.00568




	
0.58756

	
1.77281

	
1.77008

	
0.00273




	
0.64385

	
1.76803

	
1.76582

	
0.00221




	
0.70652

	
1.76399

	
1.76223

	
0.00176




	
0.76819

	
1.76091

	
1.75949

	
0.00142




	
0.85211

	
1.75767

	
1.75664

	
0.00103




	
1.01398

	
1.75553

	
1.7430248

	
0.01251










From Table 1, BTS is found to be a negative uniaxial crystal (no > ne) with a relatively small birefringence, where the refractive indices decrease with the increasing wavelength. The inset of Figure 3 shows a finely polished BTS prism used for the measurement of the refractive indices. The parameters of Sellmeier’s equations that were fitted by the least squares method are listed in Table 2.



Table 2. The simulated parameters of Sellmeier’s equations.







	

	
A

	
B

	
C

	
D






	
no

	
3.0492 ± 0.0045

	
0.0294 ± 0.0010

	
0.0266 ± 0.0018

	
−0.013 ± 0.0045




	
ne

	
3.1024 ± 0.0119

	
0.0183 ± 0.0023

	
0.0393 ± 0.0057

	
0.0734 ± 0.0128










Sellmeier’s equations fitted by the least squares method can be expressed as:
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(7)
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(8)







Using a fit to Sellmeier’s equations, the refractive indices of BTS at different wavelengths can be calculated, which is very important information to use in the design for optical applications. For example, the refractive indices at a wavelength of 0.40466 μm can be calculated and are found to be no = 1.8066, ne = 1.7993. These values are in good agreement with the measured values of no = 1.8065, ne = 1.7998.




3.3. Z-Scan Performance


Figure 4 illustrates the normalized transmittance curves of BTS, where the dotted lines represent the experimental data, and the solid lines correspond to the theoretical results fitted to Equation (5). The “valley” characteristic especially clearly demonstrates the existence of nonlinear absorption, and the “valley” depth indicates its magnitude. Furthermore, from Reference [27] and our experimental data, the fitting curves are in good agreement with two-photon absorption but not with three-photon absorption. So, most likely, the nonlinear absorption in our experiment is due to the former.


Figure 4. Normalized transmittance as a function of distance Z.
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From an analysis of the fitting data, we obtained the corresponding value of [image: there is no content]. The nonlinear absorption coefficient β was then calculated using Equation (6) and the data was found to be 0.257 cm/GW. Referring to Table 3 and other literature sources, the nonlinear absorption coefficient of BTS was seen to be smaller than those of commercialized optical crystals, such as KTiOPO4 (25 cm/GW) [28], LiNbO3 (0.56 cm/GW) [29], and carboxylic acid–doped KH2PO4 (11.4–89.9 cm/GW) [30]. Small nonlinear absorption will effectively increase optical conversion efficiency and decrease laser damage when the crystal is applied as an optical device.



Table 3. The nonlinear optical parameters of BTS crystal at λ = 532 nm.







	
Peak Power Density (GW/cm2)

	
Nonlinear Optical Parameters




	
β (cm/GW)

	
[image: there is no content](10−13esu)






	
16.4

	
0.257 ± 0.019

	
5.46 ± 0.4










The nonlinear susceptibility reflects the strength of the interaction between an optical field and the material. The imaginary part of the nonlinear susceptibility [image: there is no content] is associated with nonlinear absorption [31], and can be calculated using Equation (9) [32,33]. Under pico-second or femto-second laser irradiation, when the value of the nonlinear susceptibility [image: there is no content](esu) is on the order of 10−12~10−14, nonlinear absorption is mainly associated with distortion of the electron cloud and with the molecular orientation [26]. The Ba2TiSi2O8 crystals are in the solid state rather than the liquid state, so there likely is no molecular orientation effect. In this experiment, the magnitude of [image: there is no content](esu) was about 10−13, so we hypothesized that the nonlinear absorption of BTS is most likely related to electron cloud distortion [26,34].
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(9)




where c is the velocity of light in a vacuum, n0 is the linear refraction index, and ω is the optical frequency.





4. Conclusions


In summary, the optical properties, including the transmission spectrum, refractive indices and nonlinear absorption properties, of the Ba2TiSi2O8 crystal were systematically investigated. The transmittance was measured to be 84% over the wide wavelength range of 340–2500 nm. The refractive indices were studied by using the least deflection angle method, and were determined to decrease as the wavelength increased from 0.31256 to 1.01398 μm, as obtained by fitting to Sellmeier’s equations using the least squares method. The nonlinear absorption is mainly associated with distortion of the electron cloud in Ba2TiSi2O8. The nonlinear absorption coefficient was calculated to be 0.257 cm/GW at the peak power density of 16.4 GW/cm2. High transmittance and a wide transparency range contribute to the excellent prospect of optical device applications utilizing BTS crystals over a wide wavelength range. Furthermore, the small nonlinear absorption in Ba2TiSi2O8 will effectively increase the optical conversion efficiency and decrease the generation of laser damage in optical devices.
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