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A nitrogen-doped diamond crystal with (111) orientation was synthesized with an NaN3 additive in the FeNi-C system at a pressure of 6.5 GPa and a temperature of 1,310°C, using the temperature gradient growth (TGG) method. Spectroscopic properties such as the absorption spectrum and the Raman spectrum as well as the Fourier transform infrared (FTIR) spectrum were studied. FTIR spectroscopy of the C-N vibrational modes at 1,344 and 1,130 cm−1 suggested a nitrogen content of 310 ppm. Its nonlinear optical (NLO) response was investigated using the Z-scan technique under the femtosecond regime. Due to the presence of nitrogen defects, the synthesized crystal performed large nonlinear absorption under both 800- and 532-nm wavelength excitations. However, intrinsic diamond only experiences nonlinear refraction under these two wavelength excitations. Its broadband NLO properties indicated that nitrogen-doped diamond crystals were suitable for the application of ultrafast optical devices.
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INTRODUCTION
Owing to low thermal expansion, high breakdown voltage, high carrier mobility, high NLO coefficients, and stable color centers, diamond attracts much attention as a promising material for many applications that include quantum optical and information processing (Maurer et al., 2012; Yang et al., 2016), nonlinear all-optical switching (Aharonovich et al., 2011; Hausmann et al., 2014), and magnetic sensing (Balasubramanian et al., 2008; Rondin et al., 2014). So far, a lot of efforts have been devoted to optical nonlinearity of intrinsic diamond (type-IIa) (Dadap et al., 1991; Sheik-Bahae et al., 1994; Preuss and Stuke, 1995; Roth and Laenen, 2001; Gagarskiĭ and Prikhod’ko, 2008; Zhang et al., 2017). Due to the broadband gap (5.5 eV), type-IIa diamond just experiences nonlinear refraction attributed to the optical Kerr effect (OKE) under the visible and infrared wavelength excitation (>390 nm). In these cases, no nonlinear absorption is observed. While using ultraviolet and blue region excitation (<390 nm), both nonlinear absorption that originated from two-photon absorption and nonlinear refraction that originated from the OKE should be taken into consideration. Almeida et al. reported third-order optical nonlinearities in type-IIa diamond at the femtosecond regime (Almeida et al., 2017), performed over a broad spectral range, from 0.83 to 4.77 eV (1,500–260 nm). Low absorption losses within its large transmission window make diamond an attractive platform for on-chip photonics. Specially, intrinsic diamond also suffered multi-photon absorption under extremely high light intensity (Kozák et al., 2012; Kononenko et al., 2014; Wang et al., 2018; Kozak et al., 2019; Zukerstein et al., 2019). In addition, nanocrystalline diamond also shows strong NLO properties for the presence of grain boundaries (Preclíková et al., 2010; Trojánek et al., 2010).
The photo-physical properties that include electronic, optical, and thermal properties of diamond can be significantly changed by doping other elements into its structure. For example, insulated intrinsic diamond becomes a p-type semiconductor when doped with boron. When doped with nitrogen, spectroscopic properties such as absorption and emission spectra are easily influenced by the nitrogen vacancy (NV) center formed in the diamond (Wee et al., 2007; Subedi et al., 2019). As for optical nonlinearity, the negatively charged nitrogen vacancy defect center, NV-, in diamond has been investigated theoretically for one- and two-photon absorption properties involving the first excited state with the 3A2-to-3E transition (Lin et al., 2008). Recently, Motojima et al. reported that the effect of NV centers in single-crystal diamond on NLO effects under 800-nm, 40-fs laser pulses. Their results demonstrated that the OKE signal was strongly enhanced for the heavily implanted type-IIa diamond, and the NLO coefficient of the diamond crystal increased with the increase in nitrogen concentration (Motojima et al., 2019). It is worth noting that the enhanced NLO effect existed only near the surface region of diamond for the implanted depth of NV centers was about 30–40 nm in this case.
The nonlinear optical responses of materials are easily affected by synthetic methods, excitation conditions, and so on. Until now, fundamental studies on the third-order optical nonlinearities of nitrogen-doped diamond are still scarce. In order to clarify the modulation mechanism of NV centers on the optical nonlinearities of nitrogen-doped diamond, it is necessary to further illustrate the relationship of NLO properties and the structure of matter for diamond. Herein, we have synthesized a nitrogen-doped diamond crystal with (111) orientation under high-pressure high-temperature (HPHT). The NLO absorption responses of the synthesized diamond crystal were estimated using the Z-scan technique with two excitation wavelengths (532 and 800 nm) under the femtosecond regime. Our results have shown that nitrogen-doped diamond performed strong NLO absorption under 532- and 800-nm wavelengths, respectively. Its broadband NLO responses indicate that nitrogen-doped diamond can be a good candidate for ultrafast NLO devices such as optical limiters.
MATERIALS AND METHODS
Sample Preparation and Spectroscopic Characterization
A nitrogen-doped diamond crystal with (111) orientation was synthesized with an NaN3 additive in the FeNi-C system at a pressure of 6.5 GPa and a temperature of 1,310°C, using the temperature gradient growth (TGG) method. The detailed synthetic scheme can be found in the literature (Li et al., 2018). It was a 2.05-mm-thick sample cut with its face perpendicular to the crystallographic [111] axis. Two faces of the diamond crystal were polished. The ground state absorption spectrum of the nitrogen-doped diamond crystal was recorded using a Shimadzu UV1800 spectrophotometer. The Raman spectrum and FTIR spectrum of the synthetic crystal were recorded in order to investigate crystallization quality and impurities in diamond structures. All the experiments were measured at room temperature.
Nonlinear Optical Measurements
Due to simple and single-beam measurement, the Z-scan technique is considered as a common method for measuring nonlinear optical coefficients of materials. In our Z-scan technique, the light source was a regeneratively amplified Yb:KGW fiber laser system (Light Conversion, PHAROS-SP) which produced 1-mJ pulses centered at 1,030 nm with a repetition rate of 6 kHz and 190 fs (FWHM). The optical parametric amplifier (OPA, ORPHEUS, Light Conversion) output was tuned to the wavelengths 532 and 800 nm as the test beams with 20-Hz, 190-fs laser pulses in the Z-scan technique. The spatial and temporal distribution of the pulse was nearly a Gaussian profile. The experimental setup was similar to the one in the study by Sheik-Bahae et al. (1990). The thickness of the synthetic diamond crystal is 2.05 mm, satisfying thin sample approximation in nonlinear optical experiments. The diamond crystal placed on the mobile platform was moved along the z-axis with respect to the focal point of a 200-mm focal lens. All beams were measured by using energy detectors (Rjp-765 energy probe) linked to an energy meter (Rj-7620 ENERGY RATIOMETER, laser probe). The experimental data were collected through a GPIB interface. The experimental system was calibrated using benchmark Kerr liquid CS2.
RESULTS AND DISCUSSION
Spectroscopic Characterization
The ground state absorption spectrum of the nitrogen-doped diamond crystal is shown in Figure 1. It is well known that the intrinsic diamond exhibits the wide optical transparency range (from the ultraviolet to the far-infrared) for the broadband gap (5.5 eV) (Gagarskiĭ and Prikhod’ko, 2008). From Figure 1, the synthetic diamond crystal performs linear absorption in visible regions due to the presence of nitrogen. Apparently, the linear absorption of the 532-nm wavelength was larger than that of the 800-nm wavelength in the synthetic diamond. Considering the electronic levels of NV centers (Lin et al., 2008), the electrons can be promoted from the ground state 3A2 to excited states 3E through absorbing one photon when using 532-nm wavelength excitation. However, under 800-nm wavelength excitation, the electrons in NV centers could not be promoted from 3A2 to 3E just through absorbing one photon, consistent with its ground state absorption spectrum. The Raman spectrum of the synthesized diamond crystal is presented in Figure 2. In intrinsic diamond (IIa type), its characteristic peaks were located at 1,332.02 cm−1 (Li et al., 2018). As shown in Figure 2, the characteristic peaks of nitrogen-doped diamond are located at 1,331.75 cm−1, and there was a slight shift compared with the IIa-type diamond. Moreover, the bottom areas of the Raman spectrum were very flat, and the peak was sharp, indicating that the synthesized diamond performed at a high quality. The typical FTIR spectrum of the synthesized diamond crystal is presented in Figure 3. Compared with nitrogen-doped diamond, there were no absorption peaks located at 1,130 and 1,344 cm−1 in the FTIR spectrum of intrinsic diamond (Li et al., 2018). For the nitrogen-doped diamond crystal, the absorption peaks located at 1,130 and 1,344 cm−1 in the FTIR spectrum could be assigned to substitutional N impurity. Furthermore, the concentration of N impurity was approximately 310 ppm, which was estimated according to the following formula (Liang et al., 2005):
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[image: Figure 1]FIGURE 1 | Ground state absorption of the obtained nitrogen-doped diamond crystal.
[image: Figure 2]FIGURE 2 | Raman spectrum of the obtained nitrogen-doped diamond crystal.
[image: Figure 3]FIGURE 3 | FTIR spectrum of the obtained nitrogen-doped diamond crystal.
Open-Aperture Z-Scan
To evaluate the ultrafast NLO properties of the synthesized nitrogen-doped diamond crystal, an open-aperture Z-scan was performed under 190-fs laser pulses with 532- and 800-nm wavelengths, respectively. The energy used in the 532-nm Z-scan measurement was 200 nJ, and the beam waist was nearly 20 um, corresponding to a light intensity of 150 GW/cm2. The energy used in the 800-nm Z-scan measurement was 600 nJ, and the beam waist was nearly 30 um, corresponding to a light intensity of 207 GW/cm2. Due to the short pulse duration (190 fs) and low repetition speed (20 Hz) of our laser, the thermal effect has a negligible contribution to nonlinear absorption because the built-up time for thermal effect is rather long compared to the pulse duration (Yang and Song, 2009; Kovsh et al., 1999). It is well known that open-aperture Z-scan curves represent the NLO absorption property of materials. The open-aperture Z-scan experimental results under 532 and 800 nm are shown in Figures 4, 5, respectively. The occurrence of a valley in open-aperture Z-scan curves indicated that the synthesized nitrogen-doped diamond crystal experienced reverse saturable absorption (RSA) under both 532- and 800-nm wavelengths. It is well known that no NLO absorption is observed in intrinsic diamond under 532- and 800-nm wavelength excitation. In order to generate NLO absorption, intrinsic diamond must absorb multiple photons promoting electrons from the valence band (VB) to the conduction band (CB) under these two wavelengths for its broadband gap (5.5 eV). In these cases, extremely high light intensity is needed. In our experiments, the light intensity was controlled to a low level, and the transition of electrons from the VB to the CB could be ruled out. As a result, the NLO absorption of the synthetic diamond crystal should originate from the presence of nitrogen defects under these two wavelength excitations. When doped with nitrogen, there are many NV centers formed in the synthetic diamond crystal. Each NV center consists of a substitutional nitrogen atom and adjacent lattice vacancy. The ground and excited states are spin triplets (S = 1) with a principle zero-phonon line (ZPL) at 637 nm (1.945 eV) associated with the radiative transition from 3E to 3A2 (Ashfold et al., 2020; Ulbricht and Loh, 2018; Rogers et al., 2015). The energy levels of NV centers in the bandgap of diamond are illustrated in Figure 6. As Figure 6 shows, with the absorption of photons, electrons of the ground state 3A2 are sent to the excited state 3E. From the excited state 3E, electrons can radiatively decay to the ground state with the photon emission in the visible region or non-radiatively decay to the singlet state 1A1, followed by the radiative transition to the metastable single 1E leading to the emission band in the infrared region with the ZPL at 1042 nm (Bourgeois et al., 2005). It is noted that the excited-state energy level of the NV− is about 0.6 eV below that of the conduction band (CB). After absorbing the second photon, instead of decaying back to the ground state (radiatively or non-radiatively), the excited electron can be promoted to the CB. The time scale of the excited state 3E decaying to the ground state 3A2 or the singlet state 1A1 is nearly 10 nanoseconds (Ulbricht and Loh, 2018). In our open-aperture Z-scan measurements, a 190-fs laser pulse is too short compared to the decaying time of the 3E to the 3A2 and the 3E to the 1A1. As a result, the energy levels of the NV− can simply be two states: 3A2 and 3E. Considering the optical nonlinearity of the synthesized diamond crystal, there is a difference in the original mechanism of NLO absorption between the two wavelength (532 and 800 nm) excitations, although a strong RSA effect was observed under two experimental conditions. When using 800-nm wavelength excitation, the electrons of NV centers will be promoted from the 3A2 state to the conduction band after absorbing two photons. This absorption process is called two-photon absorption, with the participation of virtual-level states. However, when using 532-nm wavelength excitation, first, the electrons of NV centers will be promoted from the 3A2 state to the 3E state after absorbing one photon. Then the electrons of the 3E state will be promoted from the 3E state to the conduction band after absorbing another photon. The third-order nonlinearity of the synthetic diamond crystal is deduced by stepwise one-photon absorption in this case, as in a cascade absorption using a long-lived free carrier located in the excited state 3E. According to the Z-scan theory (Sheik-Bahae et al., 1990), we extracted the effective nonlinear absorption coefficient βeff through numerical simulation. The values of the effective third-order nonlinear absorption coefficient βeff under 532- and 800-nm wavelengths are summarized in Table 1. Compared with previous reports (Kononenko et al., 2014; Almeida et al., 2017; Motojima et al., 2019), NLO coefficients of the synthetic diamond crystal were comparable to those of nitrogen-implanted chemical vapor deposition (CVD) diamond and high-purity diamond. Our results showed that the nitrogen-doped diamond crystal performed broadband NLO responses, indicating that it can be used for the application of ultrafast nonlinear devices in the future.
[image: Figure 4]FIGURE 4 | Open-aperture Z-scan curves under 532 nm with 200 nJ for the synthetic nitrogen-doped diamond crystal. The circles are the experimental data, and the solid lines are the theoretical fitting.
[image: Figure 5]FIGURE 5 | Open-aperture Z-scan curves under 800 nm with 600 nJ for the synthetic nitrogen-doped diamond crystal. The circles are the experimental data, and the solid lines are the theoretical fitting.
[image: Figure 6]FIGURE 6 | Energy levels of NV centers in the bandgap of diamond. The green and red arrow lines represent the possible transition using 532-nm excitation and 800-nm excitation, respectively.
TABLE 1 | NLO absorption coefficients of diamonds under different experimental conditions from open-aperture Z-scan measurements.
[image: Table 1]CONCLUSION
In summary, a nitrogen-doped diamond crystal with (111) orientation was synthesized with an NaN3 additive in the FeNi-C system at a pressure of 6.5 GPa and a temperature of 1,310°C, using the temperature gradient growth (TGG) method. The FTIR and Raman spectroscopy characterized that the obtained diamond was high quality. FTIR spectroscopy of the C-N vibrational modes at 1,344 and 1,130 cm−1 suggested a nitrogen content of 310 ppm. Its NLO response was investigated using the Z-scan technique under two different wavelengths (532 and 800 nm) at the femtosecond regime. It was found that nonlinear optical absorption originated from the introduction of NV centers, which provided unique optical transitions by electronic structures in the bandgap of diamond. Our results showed that the nitrogen-doped diamond crystal performed broadband NLO responses, indicating its potential applications in future NLO devices, such as ultrafast optical power limiters.
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