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Abstract

:

The filamentation of focused 300 fs laser pulses with variable polarization azimuth in bulk of synthetic HPHT diamond demonstrates the possibility of polarization-dependent bandgap control for crystal dielectric photoexcitation. This directly affects the value of the filamentation threshold power, which exhibits the distinct dependence on the polarization azimuth angle. The nonlinear photoluminescence yield, when focusing ultrashort laser pulses with variable polarization in bulk of the synthetic diamond, indicates different polarization-dependent regimes in the dynamics of electron-hole plasma formation, arising due to different processes of photoexcitation and recombination of free carriers during the filamentation process. Thus, at the onset of the filamentation process, at relatively low intensities, the photoluminescence yield rate depends on polarization azimuth controlling bandgap, while at high intensities the resulting dense absorbing plasma exhibits isotropy with respect to laser radiation polarization, and photoluminescence yield weakly depends on polarization azimuth.
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1. Introduction


The parameters of the strong electromagnetic wave can change during its propagation inside of solid media due to the action of nonlinear optical effects [1]. Among the parameters of the laser radiation that affect the nonlinear optical interaction in bulk crystalline dielectrics the laser polarization along with the wavelength and energy (intensity) could be rather important. The first results demonstrated as early as 1956 by P. P. Feofilov using photoluminescence (PL) in crystals with cubic crystal system (diamond, fluorite)—an optically isotropic medium in linear approximation—showed that such crystals exhibit anisotropic properties under photoexcitation by polarized continuous radiation [2]. This anisotropy is a result of the individual optical centers’ orientation in crystals relative to selected directions defined as optical axes [2,3]. It can be argued that, with the polarization of the laser radiation, one can control the photoionization rate through the bandgap along the corresponding directions in the Brillouin zone [4]. The influence of ultrashort laser pulses polarization on the processes of nonlinear optical interaction with crystalline materials was demonstrated recently. For example, it was reported in [5,6] that photoionization rate in wide-bandgap crystals differed for ultrashort pulses with different polarization azimuths. The high-harmonic generation and spectroscopy of crystals of quartz, MgO and Si was revealed to be sensitive to the polarization of the excitation fields [7,8]. Azimuthal dependences of phase transitions excited by femtosecond laser radiation in VO2 thin films deposited on various substrates, including sapphire crystals (R and C planes), were shown [9]. The dependence of the probing pulse transmittance on the polarization azimuth of the pump pulse in the LiF crystal was also obtained [10].



The study of the effect of polarization on the filamentation process [11] is of particular interest. In itself the process of filament channels formation during the propagation of ultrashort laser pulses in condensed media is well studied. Despite the fact that this process is influenced by many factors, it can be described by the action of two central nonlinear physical effects [1]. On the one hand, the laser beam is affected by the optical Kerr effect, which counteracts diffraction and leads to an increase in intensity in the paraxial region [11,12]. This intensity increase leads to a local change of the refractive index of the media, which in turn leads to even stronger self-focusing of the laser beam. On the other hand, intensity is capped due to the multiphoton absorption, which is followed by plasma formation, lowering the local refractive index and defocusing the laser beam [13,14,15,16]. Setting a dynamic balance between Kerr’s self-focusing and plasma defocusing results in a filamentation channel. Given the fact that laser polarization determines the direction in the Brillouin zone and its corresponding bandgap for photoexcitation of the dielectric media, we can say that it allows the selection of the bandgap along which the nonlinear optical interaction of ultrashort laser pulses with crystalline dielectrics will occur [17].



Previous studies have revealed the polarization dependences of the natural diamond surface ablation [18,19], and primary dependences of PL in natural and synthetic diamond crystals [19,20]. The circular and linear polarizations were compared as a part of the study of pulse-width-dependent critical power for the self-focusing of ultrashort laser pulses [21]. However, until now the processes of the nonlinear in-bulk interaction of ultrashort laser pulses with crystalline dielectric materials, leading to the formation of filament channels and affecting the efficiency of energy deposition in the modified area, have not been studied depending on the angle of laser polarization. Therefore, identifying the relationship between the above nonlinear optical effects with the polarization azimuth of radiation and the bandgap of a crystalline dielectric material is a relevant, but still unresolved, scientific problem.



This paper presents a study of nonlinear optical effects arising during interaction in bulk synthetic diamond of crystallographic orientation (110) with femtosecond laser pulses with variable polarization azimuth in the (pre)filamentation regime.




2. Materials and Methods


The femtosecond laser Satsuma (Amplitude Systemes, France) was used as a source of linearly polarized radiation. The laser pulses were focused in bulk of the HPHT synthetic type IIA diamond with dimensions of 2 × 2 × 1 mm3 using a 0.25-NA (Numerical Aperture) microscope objective (beam waist in the focal plane for the 1/e energy level was    w 0  ≈ 3.75   μm for the 1030 nm and    w 0  ≈ 1.9   μm for 515 nm). During the multi-pulse exposure by ultrashort pulses, with a duration of ~300 fs at wavelengths of 1030 nm and 515 nm with a repetition rate of 100 kHz, the formation of extended luminous channels was observed in the rear focal plane of this microscope objective. The micro images of the luminous tracks were captured at a right angle on a color CCD-camera using a 0.2-NA quartz/fluorite microscope objective (see Figure 1a). The change of the linear polarization azimuth of the exciting laser radiation was carried out using a half-wave plate, put right before the microscope objective. During the experiments the half-wave plate was rotated on the 180° around its axis, which led to the turn of the polarization azimuth on the angle of 360°.



The preliminary characterization of the sample was carried out on a X’Pert PRO MRD diffractometer (PANalytical BV, Netherlands), where the main crystal faces and axes were determined. In the experiment the ultrashort laser pulses were focused in bulk of the sample via (110) face at a normal angle, while the luminous tracks were captured at a right angle via another (110) face. The optical absorption spectrum of the sample was obtained using an IR spectrometer VERTEX 70v (Bruker, Karlsruhe, Germany). The obtained spectral characteristic shown in the Figure 1b demonstrates the absence of the nitrogen impurity absorption bands (<1 ppm). In the following experiments the polarization azimuth of 0° coincided with the direction [001] in the diamond (110) face, while azimuth of 90° corresponded to the direction [110].




3. Experimental Results


3.1. Luminous Channels Length vs. Polarization


The micro images of the luminous spatial channels formed under the action of the ultrashort laser pump are shown in Figure 2a. The luminous tracks appeared around the central position of the linear focus    z f  ≈ 900   μm at pulse energies E ≥ 400 nJ, and, with a further increase in energy, they began to asymmetrically elongate from the geometric focus towards the incident radiation. The dashed line shows the focal plane, while the solid line shows the onset of the nonlinear focus. Figure 2b shows the cross sections of a few first luminous channels through the point of the maximum intensity. The luminous channel length was calculated using one intensity level (dashed line Figure 2b), which was determined based on the 2σ condition in the associated region to exclude the noise.



From the experimental data for the known Gaussian intensity distribution around focus plane, the theoretical onset of the nonlinear focus (end of linear focus position) can be calculated for the used range of pulse energies. Using the following equation to calculate the Gaussian beam width at a given position from the focus plane f′


  w  ( z )  =  w 0    1 +    (    z −  f ′     z R     )   2  ,    



(1)




one can calculate the intensity distributions along z axis from the known beam width and pulse energy. Then using one level of intensity, one can obtain theoretical onset of the nonlinear focus or the place where the filamentation process should begin theoretically (see Figure 2a, white solid line) [21].



Figure 3 clearly demonstrates the dependence of the luminous channel length on the direction in which photoexcitation by ultrashort laser pulses is carried out, which is specified by the radiation polarization azimuth. So, from Figure 3a, it can be seen that the modulation of the channel length decreased with increasing laser pulse energy from ~35% at 400 nJ to ~15% at 600 nJ, after which it slowly decreased to around 10% at 1500 nJ. Observed in Figure 3b, the values of the luminous channel lengths on the pulse energy for some values of the polarization azimuth also confirmed this dependence. The obtained data points on Figure 3b exhibit saturating dependences (solid lines on the graph). The Figure 3c for the luminous channel length at pulse energy E = 400 nJ plotted in polar coordinates demonstrates the second degree of symmetry, which coincides with the degree of symmetry of the (110) crystal face.



Accounting for the area of the linear focusing of the Gaussian beam, one can calculate the filament length from the length of the luminous channel. Considering that the luminous channel for pulse energy E = 400 nJ has a symmetrical cross-section in the Figure 2b, we can assume that in this regime there was no filamentation involved and substitute its length from all of the following luminous channels to calculate the filament length as    L  f i l a m e n t   =  L  c h a n n e l   −  L  400 n J     [21]. The obtained dependences of the filament length on the pulse energy for different polarization azimuths are shown on the Figure 3d.




3.2. PL Intensity vs. Polarization


The dependences of the integral PL intensity of the observed channels on the pulse energy for different polarization azimuths are shown in Figure 4. The Figure 4a shows the dependence of the integrated PL intensity on the polarization azimuth, which demonstrated the modulation of the intensity value with a change in the polarization of laser radiation. As the energy of laser pulses increased, the dependence remained, although it became less pronounced, becoming indistinguishable after the level of 500 nJ. Plotting the dependencies of the PL intensity on the pulse energy for the same azimuth in Cartesian coordinates using more points, we could demonstrate this effect of reducing the modulation of the PL signal with increasing fluence. A similar effect was previously demonstrated for polarization-dependent ablation in cubic crystals [22].



It is known that bends in the slopes in the pump power-dependent stationary PL output can be identified as transition points between different characteristic regimes, apparently representing some features of ultrafast inter-band photoexcitation accompanying the dynamics of free charge carriers and the filamentation process [23,24]. In addition, when the graphs of the dependence of PL intensity on the pulse energy are normalized on the lengths of filaments (see Figure 4c), we find that with an increase in the intensity of ultrashort laser pulses in the registered filaments, there was no increase in the PL yield and that pulse energy went into the channel elongation, which is in good agreement with the well-known fact about the intensity clamping in the process filamentation [25,26].




3.3. Filamentation Threshold Power vs. Polarization


The onset of the filamentation process in our research was identified as a visible asymmetric elongating of the luminescent focal channels with increasing laser pulse energy. Based on the analysis of the difference between the Rayleigh length characterizing the linear focusing and the luminescent channel length, similarly to the technique outlined in [18], the threshold power of the filamentation onset was determined. Plots of the obtained dependences of the threshold power and of filament channels length on the polarization azimuth for the pulse energy E = 400 nJ (1.33 MW) are shown in Figure 5.



The filamentation threshold power for 1030 nm laser pulses varied between 1.05 and 1.5 MW, which is almost one and a half times the modulation of    P  t h     (see Figure 5a). The same dependence was obtained for the 515 nm pulses where the range of    P  t h     values varied from 0.75 to 1.1 MW (see Figure 5b). In both cases, the modulation period of    P  t h     values were 180°, which agreed with the symmetry of (110) crystal face through which the laser-matter interaction took place.



The observed power-dependent increase in filament length due to a nonlinear change of focus usually occurs when a dynamic balance between Kerr self-focusing, diffraction, and plasma defocusing is established. In the diffraction approximation the filament length via the semi-empirical Marburger formula [11] could be related to the threshold power by an expression [27]


  L  ( P )  ≈     f ′  2    0.367  L  D F      (     P   P  t h       − 0.852  )  ,  



(2)




here    L  D F     denotes the Rayleigh length.



The Equation (2) shows an inverse dependence of the filament channel length on the threshold power    P  t h    , that is clearly demonstrated by the experimental data shown in Figure 5. The maximum value of the threshold power corresponds to the filament minimum length.





4. Discussion


Although radiative recombination and the related PL is rather slow and low-rate process during photoexcitation of synthetic and natural diamonds at high laser intensities, it can be effectively used as an indicator of electron-hole plasma (EHP) density   ρ  ( t )  ,   produced via different photogeneration and free carriers’ recombination processes


  Φ ∝ ∫ β ρ    ( t )   2  d t ,  



(3)




here β—the electron radiative recombination coefficient.



The EHP density depended on the seed processes rate, which are multiphoton and tunnel ionization. The kinetic rate equation for the EHP density could be written in the common form [28,29,30]


    d ρ  ( t )    d t   =  W  P I    (  I  ( t )   )  +  W  A V    (  I  ( t )  , ρ  ( t )   )  −  W R   (  ρ  ( t )  , t  )  ,  



(4)




where    W  P I     is the photoionization rate,    W  A V     is the avalanche ionization rate,    W R    is the electron recombination rate.



The Keldysh theory describing the interaction of intense laser radiation with matter acted as a fundamental basis for modeling EHP density growth based on photoionization processes. Within this theory, multiphoton and tunnel photoionization are set as two limiting regimes of the same physical phenomenon—ionization in an oscillating field of electromagnetic radiation. To determine the interaction regime of light field with the matter the Keldysh parameter was used [31,32]


   γ K  =  ω e       m e *  c  n 0   ε 0   E g   I    ,  



(5)




here e denotes the electron charge,    m e *    denotes the electron effective mass, ω is the electromagnetic radiation frequency,    n 0    is the linear refractive index of the medium, c is the speed of light in a vacuum,    E g    denotes the bandgap,    ε 0    is the vacuum permittivity, I denotes the electromagnetic radiation intensity.



At low laser intensities, multiphoton ionization is the dominant process with the value of the Keldysh parameter of    γ K  > 1.5   [33]. The number of photons m required to excite an electron from the valence into the conduction band was determined by the material bandgap    E g   


  m ℏ ω >  E g   



(6)







Tunnel ionization occurs in particularly intense laser fields with laser pulse durations   τ < 10   fs or intensities   I >   10   14     W/cm2 [29]. In strong laser fields an oscillating potential barrier arises through which bound electrons can tunnel from the valence to the conduction band. This regime is given by the value of the Keldysh parameter   1.5 <  γ K   .



For the case of intense laser radiation interaction with dielectric materials, including diamond considered in this paper, the value of the Keldysh parameter is    γ K  > 1.5  , and multiphoton photoionization process will dominate. Since the onset of the filamentation process with inevitable formation of plasma was considered (regime# 1 in Figure 4b), Auger recombination would be the process to compensate the multiphoton ionization. In [34] it is shown that the photoionization process rate based on the Keldysh photoionization theory can be written as


   W  M P I    ( t )  ∝  β m   I m  ,  



(7)




where the multiphoton absorption coefficient defined as


   β m  =  ω  9 π      (     m e *  ω  ℏ   )     3 2       (     e 2    8  ω 2   m e *  c  ε 0     )   m    exp  (  2 m  )       (   n 0   E g   )   m    ∝ 1 /  E g m   



(8)







In this case, the kinetic rate Equation (4) will be as follows


    d ρ  ( t )    d t   =    I m   ( t )     E g m    − γ  ρ 3   ( t )  ,  



(9)




here  γ  is the Auger recombination coefficient.



The Auger recombination coefficient according to the research of the authors [35,36] was related by an inverse power relation to the bandgap   γ ∝ 1 /  E g 4   . When dynamic equilibrium was established, we can express from Equation (9) the dependence of the EHP density on the intensity and the bandgap


     I m   ( t )     E g m    =    ρ 3   ( t )     E g 4    ,       ρ  ( t )  ∝ I    ( t )     m 3     E g    4 − m  3     



(10)




and the PL intensity was proportional to


  Φ ∝ ∫ β ρ    ( t )   2  d t ∝ I    ( t )      2 m  3     E g    2  (  4 − m  )   3     



(11)







In the investigated synthetic diamond with ultra-low impurity content, the inter-band EHP photoexcitation presumably occurred in a pure carbon-carrier matrix [37]. Therefore, the analysis of PL yield in such sample paved the way to understanding the fundamental basis of nonlinear inter-band photoexcitation processes in diamonds in general [38]. Diamond is an indirect semiconductor with the bandgap    E  g , i   ≈ 5.4   eV. However, in the multiphoton photoionization regime, direct transitions dominate over indirect ones and the first direct bandgap    E g  ≈ 7.2   eV is located near the Γ-point of the Brillouin zone [6,39]. Therefore, to excite an electron from the valence to the conduction band through the direct band gap during 1030 nm laser radiation photoexcitation (quantum energy ℏω ≈ 1.2 eV), m = 6 photons were needed. In this case, the PL yield intensity was proportional to   Φ ∝ I    ( t )   4   E g  − 4 / 3    , which corresponded to the curve slope for 0 deg polarization azimuth (Slope ≈ 3.8), obtained from the experimental data. It is known that the polarization of laser radiation strongly affects the multiphoton ionization rate in diamond [6] and electron density respectively due to the crystal symmetry and Brillouin zone structure. Taking into account the dependence of semiconductors direct bandgap at the Γ-point on the dynamically photoexcited conduction electron density [35], it could be assumed that the polarization azimuth variation leads to electron-phonon bandgap renormalization [40,41]. This can result in a reduction of diamond direct bandgap by about 0.7 eV [42]. Consequently, in the synthetic diamond sample under study, the number of photons required for direct charge carriers transfer from conduction to valence zone was reduced to m = 5 when the polarization azimuth changed. This led to variation of the PL intensity curve slope in the range from ≈3 to ≈3.8, which is clearly demonstrated for regime#1 in Figure 4b.



In the case of high intensities at which a stable filamentation process was established, a dense plasma was present in the material and absorbed the incident radiation. Therefore, the dominant ionization mechanism was replaced by an avalanche one and the process counteracting it was Auger recombination (regime#2 in Figure 4b). The kinetic rate Equation (4) can be written in the form [43,44]


    d ρ  ( t )    d t   = α I ρ  ( t )  − γ  ρ 3   ( t )  ,  



(12)




here α is the avalanche ionization coefficient.



According to the Drude avalanche ionization model, the avalanche ionization coefficient can be defined as [45,46]


  α =  σ   E g    ,     σ =    e 2    c  m e *   n 0   ε 0       τ c    1 +  ω 2   τ c 2    ,  



(13)




here  σ  denotes the absorption cross section,    τ c    is the mean collision time, which could be estimated as [47]


   τ c  =   16 π  ε 0    2     m e *    ( 0.1  E g  )  3       2   e 4  ρ  ( t )     



(14)







Based on Equations (13) and (14), it could be shown that   α ∝    E g    / ρ  ( t )   .



The EHP density dependence on the laser intensity and the bandgap derived from Equation (12) was as follows


       E g      ρ  ( t )    I  ( t )  ρ  ( t )  =  ρ 3   ( t )  /  E g 4  ,       ρ  ( t )  ∝ I    ( t )    1 / 3    E g  3 / 2    



(15)




and the PL intensity was proportional to


  Φ ∝ ∫ β ρ    ( t )   2  d t ∝ I    ( t )    2 / 3    E g 3   



(16)







Thus, at steady-state filamentation process at high intensities, the PL yield rate was independent of the polarization-controlled change in the bandgap, which was consistent with the experimentally obtained data. The slopes of experimental curves were 0.72–0.79 ± 0.02, close to the power of 2/3 obtained in Equation (16). Presumably, this was due to the isotropic absorption properties of formed dense plasma in relation to the laser radiation polarization.




5. Conclusions


The investigation of filamentation of ultrashort laser pulses with variable polarization azimuth in bulk of synthetic HPHT diamond has shown that laser radiation polarization allows to control corresponding bandgap for crystal dielectric photoexcitation. This directly affects the value of the threshold power of the filamentation onset. It was shown that, during the focusing of 1030 nm laser pulses with 300 fs duration in bulk of synthetic diamond, the threshold power varied in the range from 1.05 to 1.5 MW with a period of 180°, and for the 515 nm pulses the range was 0.75–1.1 MW. This modulation of the filamentation threshold power value was consistent with the (110) face symmetry through which the photoexcitation was carried out. Similar dependence was demonstrated by the PL yield, however, with the increase in pulse energy, the PL intensity modulation decreased and was almost indistinguishable at energies exceeding E = 500 nJ.



The nonlinear PL yield when focusing ultrashort laser pulses with variable polarization in bulk of the synthetic diamond indicates different polarization-dependent regimes in the dynamics of EHP formation arising due to different processes of photoexcitation and recombination of free carriers during the filamentation process. Thus, at the onset of the filamentation process at relatively low intensities, the PL yield rate depends on polarization azimuth controlling bandgap, while at high intensities the resulting dense absorbing plasma exhibits isotropy with respect to laser radiation polarization and PL yield does not depend on polarization azimuth.
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Figure 1. (a) Schematic diagram of the experiment; (b) optical absorption spectrum of the HPHT diamond sample, inset shows the mid-IR absorption spectra with marked positions of the main optical defects. 
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Figure 2. (a) Microimages of the luminous channels with linear focal plane (dashed white line) and nonlinear focus onset (solid white line); (b) the cross sections for first few selected luminous channels. Green dashed line shows the intensity level used to determine the luminous channel length. 
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Figure 3. (a) Dependences of the luminous channel length on the polarization azimuth; (b) on the energy with exponential fits of the data; (c) polar plot of the luminous channel length for an energy of 400 nJ; (d) Dependences of the filament length on the polarization azimuth. Luminous channel length error bars: 5%. 
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Figure 4. (a) Dependence of the integral PL intensity on the polarization azimuth in polar coordinates; (b) Dependence of the integral PL intensity on the pulse energy; (c) the same dependence normalized on the filament length for the corresponding pulse energy and azimuth. The dashed lines indicate the threshold energies characterizing the onset of the filamentation process. PL intensity error bars: 5%. 
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Figure 5. Filamentation threshold power on polarization azimuth dependencies for (a) 1030 nm; (b) and 515 nm wavelengths. The black lines show the luminous filament channel lengths as a function of the polarization azimuth for comparison with error bars: 5%. 
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