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Abstract

:

In order to seek for new Raman crystals, the manuscript presented the discussion on the Raman frequency of α-quartz, β-quartz, as well as Pb4+-doped SiO2 crystals at different temperature and pressure. The results demonstrated that as the pressure increased, the Raman lines shifted towards higher frequency for α-SiO2 crystal, while for β-SiO2 crystals, the main lines moved to lower frequency. Several new peaks were generated from the Pb4+-doped α-SiO2 crystals. The Pb4+-doped β-SiO2 crystals presented strong and ample Raman beams in the low-frequency range. The airfoil-shaped spectra appeared and broadened at high temperature and pressure. It could be inferred that the Pb4+-doped SiO2 crystals were excellent Raman crystal candidates.
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1. Introduction


Raman and Brillouin technology were both famous methods to explore material structure and characteristic by nonlinear frequency conversion [1]. In one hand, they could provide quick, simple, repeatable, and more importantly, nondestructive qualitative and quantitative analysis [2], on the other hand, they would extend the range of laser wavelength and greatly promote the development of laser technology, such as solid-state Raman lasers and fiber lasers [3,4,5]. In addition, they were also applied to study crystals. This manuscript adopted the Raman scattering to discuss and seek for Raman crystals.



SiO2 and PbWO4 crystals were famous Raman crystals. The former crystal SiO2, owing to its temperature and pressure sensitive characteristics, was not only applied for oscillators and filters, but also for the thermo detector and criteria for pressure correction. Thus, many results had been obtained in the past, for almost 90 years. [6,7,8,9,10]. Some were the influence of temperature on the Raman spectrums of α-quartz or β-quartz crystals, some were high-pressure Raman study of SiO2, and some were the α–β transition [11,12]. There was little research which took factors of both temperature and pressure into account at the same time.



The latter crystal, PbWO4, had diversified Raman spectra according to its four different geometric configurations, which provided guarantee for Raman lasers [13,14]. However, its luminescence mechanism was always controversial, that was, it was not clear whether Pb2+ or WQ42− made contribution to the Raman spectrums.



According to the above statement, in this manuscript, the Raman spectrums of α-quartz and β-quartz crystals were simulated by the MS (Material Studio) software under different levels of temperature and pressure, and on this basis, Pb4+-doped α-quartz and β-quartz crystals were constructed and their Raman spectrums were calculated. The effect of Pb4+ on SiO2 crystal’s Raman character was analyzed, which not only expanded the quartz crystal’s application, provided a new crystal type, but also demonstrated the function of Pb4+ for Raman frequency shift, which might present a new Raman crystal for lasers.




2. Materials and Methods


2.1. The Structures of Raman Crystals


The structures of α-SiO2 and β-SiO2 crystals are shown in Figure 1a,b. Each included nine atoms, and the space groups were No.152 (P312) and No.180 (P6222), respectively. In α-SiO2, six Oxygen atoms occupied the site (0.4108, 0.2739, 0.2201) and three Silicon atoms occupied the site (0.4661, 0.0000, 0.3333). In β-SiO2, the occupied sites of Oxygen atoms and Silicon atoms were (0.2039, 0.4078, 1.5000) and (0.500, 0.5000, 0.3333), respectively. The optimized lattice parameters of α-SiO2 at 0 GP was a = b = 5.00621 Å, c = 5.49535 Å, which for the β-SiO2 crystal were a’ = b’ = 5.10360 Å, c’ = 5.58330 Å.



The Pb4+ ions were doped into α-SiO2 and β-SiO2 crystals respectively, and the structure was also shown in Figure 1c,d. Though Pb4+ and Si4+ were both positive tetravalent ions, it was still not random for them to substitute with each other in both α-quartz and β- quartz crystals. The replacement must guarantee the structure stability.



When the pressure was put on the crystals, their structures and the lattice parameters would be changed. In order to provide effective data for calculation, it was necessary to present the normalized lattice parameters a/a0, c/c0, and v/v0 of α-SiO2, β-SiO2, and their Pb4+-doped crystals, respectively, where a0, c0, and v0 were the parameters at 0 GPa. From the Figure 2, it can be seen that all the parameters decreased when the pressure increased, which demonstrated that the atoms became closer so as to interact with each other powerfully. Comparing α-quartz crystal with β- quartz crystal, it was found that the latter’s parameters were always larger than the former ‘s, even the pressure was added to 3.0 GPa on the β-crystal. Thus, β-quartz crystal’s compressibility was smaller than that of the α-quartz crystals. When the Pb4+ replaced some Si4+ ions and was doped into the α-SiO2, the lattice parameters became small, especially for the x-direction and the whole volume, which indicated that Pb4+ shortened the bond length and increased inter-atomic interaction, which would evidently influence the Raman spectrums. The Pb4+-doped β-SiO2 had the same variation trends, and there was a large percentage of reduction for the lattice a/a0 and v/v0, which reached 3.33% and 5.28% respectively, and would greatly influenced the spectrum characteristics.



According to the curve-fitting, the equations of parameters varying with pressure “p” were obtained as follows.



α-SiO2:


  a /  a 0  = 1.00053 − 0.00702 p − 6.15345 ×   10   − 4    p 2   



(1)






  c /  c 0  = 1.00036 − 0.00466 p − 9.04206 ×   10   − 4    p 2   



(2)






  v /  v 0  = 1.00141 − 0.01867 p − 0.00199  p 2   



(3)







β-SiO2:


  a /  a 0  = 1.00006 − 0.00229 p − 5.58773 ×   10   − 5    p 2   



(4)






  c /  c 0  = 1.00000 − 0.00225 p + 1.66900 ×   10   − 4    p 2   



(5)






  v /  v 0  = 1.00013 − 0.00682 p + 6.81266 ×   10    − 5     p 2   



(6)







Pb4+-doped α-SiO2:


  a /  a 0  = 0.99991 − 0.01328 p + 4.91712 ×   10   − 4    p 2   



(7)






  c /  c 0  = 0.99994 − 0.00862 p + 0.00177  p 2   



(8)






  v /  v 0  = 1.00034 − 0.03050 p + 0.00112  p 2   



(9)







Pb4+-doped β-SiO2:


  a /  a 0  = 1.00043 − 0.01287 p + 5.74314 ×   10   − 4    p 2   



(10)






  c /  c 0  = 0.99990 − 0.00193 p + 7.95283 ×  10  − 5    p 2   



(11)






  v /  v 0  = 1.00049 − 0.02030 p + 8.59420 ×   10    − 4     p 2   



(12)







According to the above equations, the crystal’s lattice parameters could be obtained under any pressure.




2.2. Computational Methods for Raman Spectrum


The MS software was adopted to calculate by means of the CASTEP module on the basis of the Density Functional Theory (DFT). The light source was an 808 nm laser. The terms associated with the plane wave pseudopotential method and the exchange of electron–electron interactions were processed in a generalized gradient approximation (GGA) projection patch (PW91) version. The cut-off energy of plane wave was set to 750 eV. The k-points of Monkhost–Pack scheme were set to 3 × 3 × 4 for structural optimization and Raman calculations. The total energy convergence value was 1.0 × 10−5 eV/atom, and the tolerance displacement was within 0.001 Å. The force on all atoms was less than 0.03 eV/nm, and the stress deviation was within 0.005 GPa.





3. Results


There were about 23 types of variant for SiO2 and 20 crystal forms included. The conversion between different crystalline forms could be realized by means of load pressure and environment temperature, which was demonstrated in Figure 3 [15]. In this manuscript, only the α-quartz and β-quartz crystals were chosen to be discussed.



3.1. The Raman Spectrums of SiO2 Crystals


Because the MS software did not provide the calculation with sub-zero Kelvin temperature, according to Figure 3, the α-SiO2 crystal’s Raman spectrum was simulated only at the temperature of 400 °C (127 K), and the pressures put on the crystal were from 0 GPa to 2 GPa. The results were shown in Figure 4.



It could be seen from Figure 4a that there was hardly change when the pressure was 0.1 GPa and 0.5 GPa, compared with no pressure 0 GPa, and the energy was mainly focused on 119 cm−1, however, two small spectrums at 1042 cm−1 and 1139 cm−1 emerged at these two low pressures. As the pressure increased up to 1.0 GPa, 1.5 GPa, and 2.0 GPa, two new Raman spectrums emerged from 115 cm−1 to 260 cm−1, and the second peak value moved to the high frequency which also existed in the range from 1000 cm−1 to 1200cm−1. Furthermore, if the spectrogram observation was enlarged, small Raman spectrums appeared, as shown in Figure 4b, those were near about 340 cm−1, 445 cm−1, 682 cm−1, and 780 cm−1, respectively. As the pressure increased, the near-infrared light lines shifted towards higher frequency. All these indicated that α-SiO2 crystal had nine sets of Raman spectrums, but some were of quite small intensity.



For β-SiO2 crystal, the temperature shown in Figure 3 did not increase linearly with the pressure. Therefore, the pressure values of β-SiO2 were not completely the same with each other at different temperatures (527 K, 727 K, 1127 K, 1527 K). Its Raman spectrums were quite different from those of α-SiO2 crystal, which was shown in Figure 5. When the surrounding temperature changed from 527 K to 1527 K, the intensity distinctly increased. They had their own changing laws. When the temperature was 527 K, the Raman lines at 0 GPa and 0.5 GPa were the same at 255 cm−1, 473 cm−1, and 1193 cm−1, however the 1.0 GPa pressure made the Raman spectrums move to 303 cm−1, 527 cm−1, and 1202 cm−1, respectively. When the temperature was 727 K, the lines at pressure 0.5 GPa and 1.0 GPa were the same with that at 527 K, and the new ones at 1.5 GPa appeared at 304 cm−1, 531 cm−1, and 1204 cm−1. On the above two cases, all the Raman spectrums shifted to higher frequency when the pressure increased.



When the temperature was raised to 1127 K and 1527 K, the modes would be changed. The main spectrums shifted to the lower frequency, and the intensity became stronger as more pressure added, which was presented in Figure 5c,d. The 532 cm−1 line at 1.0 GPa would shift to 459 cm−1 at 3.0 GPa at 1127 K, and the 516 cm−1 line at 2.0 GPa moved to 459 cm−1 at 1527 K. Another spectrum also shifted from 304 cm−1 to 221 cm−1 at 1127 K and from 288 cm−1 to 221 cm−1 at 1527 K. However, the near-infrared spectrums from 1190 cm−1 to 1224 cm−1 were hardly changed at 1527 K and shifted slightly to high frequency at 1127 K.




3.2. The Raman Spectrums of Pb4+-Doped SiO2 Crystals


Furthermore, the Raman spectrums of new Pb4+-doped SiO2 crystals were discussed as follows, according to the rule that the configurations were the most stable. It was assumed that the Pb4+-doped crystals were of the same temperature and pressure variation ranges as undoped α-quartz and β-quartz crystals.



For the Pb4+-doped SiO2 crystal, the Raman spectrums were provided by Pb4+ and Si4+ ions together, which was shown in Figure 6. The light intensity of doped α-quartz crystal was larger than that of undoped α-SiO2, and there were four main lines located at 119 cm−1, 266 cm−1, 379 cm−1, and 508 cm−1 and three small lines at about 598 cm−1, 934 cm−1, and 1045 cm−1. Compared with Figure 4, it was hard to find that Raman lights were the same frequency as those of the previous one, which was not doped by Pb4+, except 119 cm−1 and 1045 cm−1 lines. Some may have contributed by Pb4+ ion, and some by Si4+, but the energy levels were changed. In addition, the ways of Raman frequency shift were opposite for α-SiO2 and Pb4+-doped α-SiO2, as the pressure enhanced, the former shifted to high frequency while the latter was opposite.



Pb4+-doped β-SiO2 crystals had several of their own characteristics, as shown in Figure 7.



Firstly, compared with β-SiO2 and Pb4+-doped β-SiO2, they had more abundant Raman beams in the low-frequency range. The light intensity was the strongest among all kinds of crystals discussed in this manuscript. Secondly, as the pressure strengthened, the main energy and frequency shifted to lower frequency, and this phenomenon became more evident at temperatures 1127 K and 1527 K. Thirdly, in the frequency range of 100 cm−1 to 250 cm−1, airfoil-shaped spectrums still existed, and the symmetry was the best at 2.0 GPa, especially for 1127 K and 1527 K. Furthermore, these types of spectrums would be broadened as pressure increased, which demonstrated that a new mode would appear and energy would be transferred. Finally, the spectrum at about 900 cm−1 was the main Raman light in PbWO4 crystal, however, this line did not appear in α-SiO2 and β-SiO2 crystals but was observed in Pb4+-doped α-SiO2 and β-SiO2 crystals from 930 to 952 cm−1, and the higher the pressure and temperature were, the higher the frequency was moved to. It could be inferred that the spectrum at about 930 cm−1 was generated by Pb4+ ion, but the emission intensity was quite small. Partial Raman spectra are listed in Table 1. Very few light lines still existed when Pb4+ was doped into SiO2 crystals, and the strong new lines appeared by Pb4+ ions and the interaction of Pb, Si, and O atoms. Maybe other small beams still could not be seen in these conditions.





4. Discussion and Conclusions


According to the results stated above, an 808 nm laser was firstly adopted as a pumping source for quartz crystals’ Raman frequency shift, and the temperature and pressure were commonly considered at the same time in this manuscript, which was different from other referenced researches on a relatively single condition [16]. Though the number of Raman lines matched with previous study, the peak value maybe was not the same; there were several reasons, analyzed as follows:



(1) The pumping light 808 nm laser was firstly used as pumping source, and the relationship of the polarization vs. incidence direction was not set clearly in MS software.



(2) In the experiment carried out before, methanol and ethanol were usually used as assistant measurement, but in this calculation, any aided materials were not taken into account.



(3) The direction of pressure put on the crystals was not specifically demonstrated in this software, which also affected the results.



(4) Under the action of pressure and temperature, the ranges of phase transition need further verification, especially for the Pb4+-doped SiO2 crystals; because it was a new constructive crystal, there was no literature to refer to.



(5) The MS software was hardly adopted to calculate the Raman spectrums, and the accuracy needs to be explored.



In summary, when the Pb4+ replaced some Si4+ ions and doped into the SiO2 crystals, the lattice parameters became small, especially for the x-direction and the whole volume, which indicated that Pb4+ ions shortened the bond length and increased interatomic interaction, therefore, the vibration of atoms and the polarizability would change, even some energy levels were varied or new ones were generated by the atomic interaction. Thus, the new lines in Raman spectra appeared. That was inferred according to the lattice parameters and the simulated results. The specific analysis needs to be carried out in the follow-up study. There were still many problems which needed to be discussed, both for SiO2 and Pb4+-doped crystals. In any case, the strong and ample spectrums of Pb4+-doped α-SiO2 and Pb4+-doped β-SiO2 crystals provided Raman lasers with a new possibility, which needs further research in the future.
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Figure 1. The structures of Raman crystals (a) α-SiO2, (b) β-SiO2, (c) Pb4+-doped α-SiO2, (d) Pb4+-doped β-SiO2. 
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Figure 2. The crystals’ lattice parameters (a) α-SiO2, (b) β-SiO2, (c) Pb4+-doped α-SiO2, (d) Pb4+-doped β-SiO2. 
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Figure 3. The variants for SiO2. 
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Figure 4. The Raman spectrums of α-SiO2 crystal under different pressure. (a) Raman frequency shifted from 0 to 1400 cm−1, (b) Raman frequency shifted from 200 cm−1 to 900 cm−1. 
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Figure 5. The Raman spectrums of β-SiO2 crystal under different pressure and temperature. (a) 527 K, (b) 727 K, (c) 1127 K, (d) 1527 K. 
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Figure 6. The Raman spectrums of Pb4+-doped α-SiO2 crystal under different pressure at 127 K. 
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Figure 7. The Raman spectrums of Pb4+-doped β-SiO2 crystal under different pressure and temperature. (a) 527 K, (b) 727 K, (c) 1127 K, (d) 1527 K. 
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Table 1. Partial Raman spectrums.






Table 1. Partial Raman spectrums.





	Crystals
	Temperature/K
	Raman Spectrums/cm−1





	α-SiO2
	127
	117, 135, 241, 343, 686, 782, 1055, 1144



	β-SiO2
	1527
	221, 458, 1101, 1206



	Pb4+-doped α-SiO2
	127
	270, 382, 532, 600, 938, 1055



	Pb4+-doped β-SiO2
	527
	148, 107 216, 282, 381, 445, 487, 559, 930



	Pb4+-doped β-SiO2
	727
	75, 102, 145, 183, 278, 396, 446, 502, 558, 936, 1161



	Pb4+-doped β-SiO2
	1127
	8, 29, 75, 121, 176, 282, 382, 448, 492, 555, 937, 1168



	Pb4+-doped β-SiO2
	1527
	7, 28, 75, 121, 173, 295, 381,440, 492, 558, 933, 1166











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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