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Abstract

:

In this work, we analyze the application of X-ray diffraction imaging techniques to follow ultrafast structural transitions in solid materials using the example of an X-ray pump–X-ray probe experiment with a single-crystal silicon performed at a Linac Coherent Light Source. Due to the spatially non-uniform profile of the X-ray beam, the diffractive signal recorded in this experiment included contributions from crystal parts experiencing different fluences from the peak fluence down to zero. With our theoretical model, we could identify specific processes contributing to the silicon melting in those crystal regions, i.e., the non-thermal and thermal melting whose occurrences depended on the locally absorbed X-ray doses. We then constructed the total volume-integrated signal by summing up the coherent signal contributions (amplitudes) from the various crystal regions and found that this significantly differed from the signals obtained for a few selected uniform fluence values, including the peak fluence. This shows that the diffraction imaging signal obtained for a structurally damaged material after an impact of a non-uniform X-ray pump pulse cannot be always interpreted as the material’s response to a pulse of a specific (e.g., peak) fluence as it is sometimes believed. This observation has to be taken into account in planning and interpreting future experiments investigating structural changes in materials with X-ray diffraction imaging.
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1. Introduction


Under irradiation with intense femtosecond laser pulses, solids may undergo rapid structural phase transitions. In particular, ultrafast nonthermal melting in semiconductors attracts attention. At a pulse intensity that is sufficiently high, such nonthermal melting induces a loss of atomic periodicity in a semiconductor crystal on a femtosecond timescale without any significant increase in the observed ion temperature [1,2]. Understanding the dependence of the nonthermal melting on light pulse parameters and beam geometry could enable control of this ultrafast process. This would open a prospect for high-precision processing of silicon and other semiconducting materials with wide-ranging scientific and technological applications.



Nonthermal melting occurs after the absorption of a large amount of photons (typically leading to an absorbed dose of ≥1 eV/atom), which triggers a massive excitation of electrons into the conduction band and their subsequent thermalization through collisional processes. As a result, anti-bonding states become populated, and bonding states become depleted. This induces atomic dynamics, which result in a transformation of the material structure. Experimentally, such transitions were first observed for materials irradiated with high-fluence lasers at near-infrared or visible wavelengths [1,3,4,5,6,7,8,9,10]. Currently, free-electron lasers (FELs) [11], emitting photons in the ultraviolet and X-ray range, can also generate pulses intense enough to trigger nonthermal melting in semiconductors after a single shot. Such X-ray-induced transformations have been experimentally observed, e.g., in silicon [12], and in diamond [13].



In parallel to the measurements, a dedicated theory apparatus has been developed to study light-induced nonthermal processes. In the infrared regime, radiation-triggered nonthermal melting of silicon has been studied in detail, e.g., in [2,14,15,16,17]. For studying the response of materials to X-ray irradiation, a dedicated hybrid approach has been developed [18]. The resulting code, XTANT (see next section for details) has been so far successfully applied to model ultrafast X-ray-induced structural transitions in carbon and in silicon materials [18,19,20].



The code applicability is currently restricted to femtosecond timescales, which correspond to the timescales of the pump and probe pulse, and the delays between them. Extension of the code to longer timescales would require the consideration of long-timescale processes, such as, e.g., nucleation and solidification [21,22]. Such computationally expensive extension is not required for the present work, which focuses on X-ray diffraction studies.



Diffraction imaging experiments, performed at various XFEL facilities, exploit the ultrabright, ultrashort X-ray pulses to determine the structure of matter, in particular, of nanoparticles and biomolecules [23,24]. This powerful technique is being improved in its spatial resolution [25,26,27] toward atomic resolution. It can also provide an access to ultrafast dynamics within X-ray-irradiated samples with femtosecond temporal resolution [28], using the X-ray pump–X-ray probe experimental scheme.



In particular, this should enable the study of ultrafast structural transitions in solid materials, triggered by an X-ray pump pulse. However, the results of such experiments have to be interpreted with care [24,28], due to the non-uniformity of the X-ray beam [29]. As the imaged object, e.g., a single crystal, is large in comparison with the beam focal size, the imaging signal includes contributions from the crystal regions illuminated weaker or stronger, depending on their position in respect to the beam focus. The total diffraction signal recorded will then be a superposition of the contributions from the different crystal regions [29] and has to be interpreted and modeled as such.



In what follows, we will demonstrate in detail this limitation of diffractive imaging technique on the example of ultrafast nonthermal melting in Si crystals, which has been recently observed in the experiment performed at the Linac Coherent Light Source (LCLS) facility by Pardini et al. [12]. First, we will obtain theoretical predictions for the evolution of single silicon crystals irradiated with spatially uniform X-ray pulses of various fluences. Second, using the verified experimental pulse parameters, we will construct the total diffraction signal from the spatially non-uniform X-ray pulse, such as the one used in the experiment. We will then compare the signal to the diffraction signals obtained with the spatially uniform X-ray pulses and discuss the outcome. After, we will present our conclusions.




2. Materials and Methods


2.1. Simulations of X-ray-Irradiated Solid Materials with XTANT Code


In order to understand the dynamics of ultrafast melting in detail, we performed respective theoretical simulations, using the irradiation parameters from the above-mentioned pump-probe study [12]. For these simulations, we applied our hybrid code XTANT (X-ray-induced Thermal And Nonthermal Transitions) [18,19,20,30]. The code consists of a few modules dedicated to simulate various processes induced by incoming X-ray FEL radiation:




	(a)

	
The core of the model is the transferable tight binding (TB) Hamiltonian, which treats the electronic band structure and atomic potential energy surface. The latter evolves in time, depending on the positions of atoms in the simulation box. Periodic boundary conditions are applied. Tight-binding parametrization from [31] is used here.




	(b)

	
Atomic positions are propagated in time, using a classical molecular dynamics (MD) scheme. It solves Newton equations for nuclei with the potential energy surface evaluated from the TB module.




	(c)

	
Electron occupation numbers on the transient energy levels are assumed to follow the Fermi–Dirac distribution with a transient temperature and chemical potential evolving in time. The electron temperature changes due to the interaction of band electrons with X-rays and high-energy electrons or due to their nonadiabatic interaction with nuclei (through electron-ion scattering [19]).




	(d)

	
The non-equilibrium part of the electron distribution at high energies and Auger decays of core holes are treated with a classical event-by-event Monte Carlo (MC) simulation. This stochastically models the X-ray-induced photoelectron emission from the K-shell or from the valence band, the Auger decays, and the scattering of high-energy electrons.




	(e)

	
Electron-ion energy exchange is calculated with a nonadiabatic approach [19], in which matrix elements are calculated as an overlap of TB wave-functions plugged into the Boltzmann collision integral. This energy is transferred to atoms by respective velocity scaling at each MD step.









This combined approach allows the treatment of predominant processes within an X-ray FEL-irradiated sample, including the non-equilibrium evolution stage, thermal and nonthermal processes, and phase transitions [32]. In particular, all X-ray-induced processes that excite electrons are taken into account in the model. However, they have different probabilities. For example, in case of hard X-ray-irradiation of Si, the electron excitation from a core level (with the resulting Auger decay) is the most probable one. Please also note that the X-ray-induced electronic excitation ends within ∼ten femtoseconds after the X-ray pulse is over. After this time, only collisional processes and electron-lattice energy exchange contribute to the evolution of electronic distribution.



Ballistic electrons are considered in our model as high energy electrons. In the bulk material, which we simulate here, they propagate within the restriction of periodic boundaries. We checked that the corresponding electron range was below 250 nm (according to our dedicated simulation tool XCascade3D [33]), i.e., much smaller than the laser spot size. Since the actual absorbed energy distribution is typically even narrower than the electron range [34], the fast electron escape should not influence the spatial distribution of the absorbed dose.



XTANT simulates the dynamics using periodic boundary conditions. Our final simulations were preceded by careful convergence studies in respect to the supercell size. They showed that, for this type of simulation (performed within the bulk material under the pulse conditions corresponding to the current experiment), the calculations with a 216-atom-large supercell provided a sufficient accuracy for the results. Therefore, for the current simulations, a supercell containing 216 atoms was used.



In the code, at each time step, there is an intrinsic averaging over 30,000 Monte Carlo realizations of the electron (and core hole) trajectories performed in order to calculate the average electronic distribution, which is then applied at the next time step. All observables shown in the paper were averaged over five different molecular dynamics realizations. We checked through dedicated tests that this was statistically reliable for our system.




2.2. Description of the Experimental Data, Including Beam Characteristics


Below, we recall the details of the experiment presented in [12]. During this measurement, single silicon crystals cut out in the silicon wafer [35], were irradiated with 5.95 keV X-ray photons. Pulse duration was 25 fs FWHM. The pulse was split into a pump and a probe beam, arriving with various delays. The delay between the pump and the probe was in the range between 100 and 400 fs. According to the authors of [12], the focused hard X-ray beam yielded an average absorbed dose of ∼4eV/atom (with a peak dose up to 9 eV/atom) on the material surface.



For the purpose of the actual model calculations, we re-estimated the dose value: (i) approximating the spatial pulse profile as a 2D Gaussian function in the plane perpendicular to the propagation direction of X rays, (ii) assuming a Gaussian temporal pulse profile, and (iii) using the information on the fraction of the pump pulse energy absorbed within an elliptical limiting contour from the wave front propagation simulations presented in [12] (Figure 2 in [12]). The simulations were shown to agree well with the independent beam imprint analysis performed in [12]. Vertical projection of the pulse profile in the simulated intensity plot indicated its non-Gaussian shape.



As our modeling tool can currently use only a 2D Gaussian pulse profile for the volume integration of the scattering amplitude (see section below), we recalculated the dose, approximating the spatial pulse profile as a 2D Gaussian function. From the information in Figure 2 of [12] on the fraction of the pump pulse energy absorbed within an elliptical limiting contour (65%) and the limiting dose at the contour (  1.5   eV/atom), we estimated the parameters of the 2D Gaussian pulse corresponding to this energy deposition. For that 2D Gaussian pulse, the estimated peak dose on the surface was   4.28   eV/atom.



Note the difference with the peak dose of 9 eV/atom dose for the initial non-Gaussian pulse in [12]. The recalculation of the surface dose into the average absorbed dose, i.e., the absorbed dose within the material layer down to the photon penetration depth (see e.g., [34]) yielded a peak dose of   2.70   eV/atom within the layer. We used this dose as the maximal dose for the simulations in the paper. It is comparable with the doses considered in our previous studies on X-ray-induced structural transitions in Si [36].



Below, we list for clarity all the assumptions applied in our simulations for the beam characteristics and give their justification. These approximations are frequently applied in the interpretation of X-ray pump-X-ray probe experimental results with XFELs (see, e.g., [37,38,39]).



	(i)

	
The “average” 2D Gaussian spatial profile was used. As the signal was integrated over different X-ray shots, obtained with pulses of differing spatial characteristics, the “average” 2D Gaussian spatial profile used for our calculations was a reliable approximation.




	(ii)

	
Gaussian temporal pulse profile was used. The pump-probe experiment was performed at X-ray fluences still within a linear absorption regime (i.e., with the X-ray photoabsorption rate only linearly dependent on the pulse intensity). Therefore, the specific spiky time characteristics of the pulse intensity in each shot did not play much role for the sample evolution (and sample imaging). The respective check was performed in [32]. The final experimental signal did not originate from a single shot but was integrated over signals resulting from many different FEL shots. This justifies the usage of a Gaussian temporal pulse as the “average” case.




	(iii)

	
Assumed uniform illumination of the material in the region above the X-ray penetration depth. The volume averaging of the signal was restricted to the volume averaging in the plane lateral to the X-ray beam, because, as we show in the next subsection, one could neglect with a good accuracy all signal contributions to the volume integration below the X-ray penetration depth, and treat the region in the material above the penetration depth as uniformly illuminated.








2.3. Volume Integration of Diffraction Signal


The structural response of the sample was monitored by the measured strength of the Si (333) Bragg reflection of the probe pulse. It was initially claimed (see [12]) that the peak intensity started to decrease only after 150 ± 40 fs. This delayed onset was originally explained in [12] as due to the time needed to complete secondary electron cascading [33,40] and to achieve electron thermalization. Such thermalization should precede a structural transformation of the irradiated material.



However, as the spatial profile of the pump and probe pulse was non-uniform in this experiment, various regions of the crystal experienced different X-ray fluences during the pump pulse depending on their distance to the beam focus. The amplitude of the diffracted probe pulse summed up coherent contributions from various crystal subunits that were differently affected by the beam. Therefore, the experiment recorded a volume integrated signal (i.e., the absolute square of the amplitude), combining the contributions from crystal regions with various absorbed doses.



For the calculation of the scattered X-ray intensity, we used the code XSINC [29]. This takes into account a spatially non-uniform profile (approximated to be Gaussian) of the X-ray pump and probe pulses. The X-ray probed region in the bulk crystal is divided into smaller crystal subunits. Their size is kept small so that a uniform pulse fluence can be assumed in each subunit. Various subunits experience different X-ray fluences during the pump pulse, depending on their distance to the beam focus.



The pump-pulse-induced atomic dynamics in each subunit are calculated with the code XTANT, which delivers information on the actual atomic positions and electron density at each time step. Five dynamic realizations are calculated for each fluence point. For each crystal subunit, a realization of the XTANT simulated dynamics was chosen randomly. The respective contribution of the subunit to the amplitude of the diffracted probe pulse was then calculated. The amplitude of the diffracted probe pulse was a coherent sum of the contributions from all subunits.



In this way, the volume-integrated diffraction signal (i.e., the absolute square of the amplitude) from the entire X-ray-probed region was calculated. Eleven fluence points, covering the range of 0 to 100% of the maximal fluence with 10% steps, were used for constructing the volume-integrated signal.



Let us emphasize that this volume integration takes into account only the inhomogeneity of the irradiation in the plane   ( x , y )   lateral to the X-ray beam, and not in the material depth. However, as the beam intensity is exponentially absorbed in the material, the actual dose of the pump pulse absorbed in the material at   ( x , y )   changes with the depth, z in the material. We neglect this inhomogeneity in z, assuming a uniform absorbed dose for the pump pulse equal to the difference between the surface dose at   z = 0   and the dose at the material depth corresponding to the X-ray penetration depth. This yields the   ( 1 − 1 / e )   fraction of the surface dose at   ( x , y )  . The justification is the following: the cross section for the elastic scattering of X-rays in Si for the photon wavelength of   5.95   keV is only a very small fraction (0.7%) of the total X-ray scattering cross section [41]. This implies that the intensity of the elastically scattered coherent X-rays is only a minor fraction of the incoming X-ray intensity of the probe pulse.



As these incoming X-rays are strongly absorbed in the material, the actual fraction of the Bragg-scattered X-ray signal will be exponentially attenuated with the increasing z. In addition, the coherently scattered signal will also be exponentially attenuated while passing through the crystal toward the detector. Therefore, we can neglect, with good accuracy, all contributions to the volume integrated signal from the regions below the X-ray penetration depth and assume the uniform dose as described above in the region above the penetration depth.



Any secondary electron escape from the beam focus can be with a good accuracy neglected as the maximal electron range following the ∼6 keV photon irradiation is less than 0.3 m in Si, i.e., smaller than the considered focus size (∼a few m [12]).





3. Results


In order to obtain an insight into the ionization dynamics occurring in various parts of the crystal (with respect to the beam focus), below, we show the XTANT predictions for three fluence values, corresponding to 100%, 50%, and 10% of the nominal fluence, which yielded the average absorbed doses of   2.70  ,   1.35  , and   0.27   eV/atom, respectively, within the Si layer down to the photon penetration depth (∼30m for 5.95 keV photons).



Our simulations predict that the sample evolution proceeds as a sequence of steps, similarly to the graphitization and amorphization of diamond as described in [30,42]. First, atoms are ionized by energetic X-ray photons. The predominant ionization channel is the excitation of photoelectrons from the K-shells of the Si atoms. The core holes relax predominantly through Auger decay (KLL) on the timescale of   1.5   fs [43], emitting Auger electrons. Figure 1a shows the number of K-shell holes per atom as a function of time. By ∼30 fs after the maximum of the pump pulse all core holes have decayed.



Further, high energy electrons released by X-ray photons and during Auger processes ionize atoms collisionally [33,40]. The fraction of those non-thermalized electrons is shown in Figure 1b. The subsequent electron cascading saturates by ∼100 fs. As a result, valence electrons are excited into the conduction band during and for some time after the pulse. Figure 1c shows that, for 100% of the nominal fluence, the number of thermalized electrons in the conduction band reaches 13% already during the exposure to the pump pulse, exceeding the threshold for nonthermal structural damage in silicon (∼7–10%) [34]. This damage threshold denotes the minimal fraction of excited electrons (calculated with respect to the initial number of valence electrons per atom), which is needed to initiate a nonthermal structural transition in silicon.



For the lower fluence values (50% and 10% of the estimated nominal fluence), the excited electron fraction stayed below 8% and 2%, respectively. In the case of 50% of the nominal fluence (which yields the lower limit of the nonthermal damage threshold), the irradiated crystal subunit will most likely undergo a thermal structural transition where the damage threshold lies for silicon at ∼5–7% [34]. This transition is much slower than the nonthermal melting, typically occurring on a picosecond timescale. For the case of 10% of the nominal fluence, the fraction of thermalized electrons in the conduction band stayed below both the thermal and nonthermal damage thresholds, and, therefore, neither thermal nor nonthermal structural transition are expected.



The energy absorbed during X-ray irradiation is initially transferred only to the electronic system. Thermalized electrons within the valence and the conduction band become quickly heated. This is reflected by the fast increase of the electron temperature (Figure 1c) for thermalized electrons in the valence and conduction bands, which occurs on a timescale of electron excitation. Maximal levels of electron excitation are already reached within 50 fs (for 10% of the nominal fluence) up to 100 fs (for 100% of the nominal fluence) since the maximum of the pump pulse. By that time also all K-shell holes have decayed.



The atomic system then still remains cold, as the 100 fs timescale is too short for advancing a significant energy exchange between the hot electronic system and the lattice. Let us recall that the electron-lattice thermalization typically occurs on a picosecond timescale [18]. A lattice temperature below the melting point clearly indicates that the structural transition observed at the 100% of the nominal pump fluence is predominantly nonthermal.



Figure 2 shows the calculated atomic structure in a Si crystal at 500 fs after the maximum of the pump pulse. As expected, at the highest absorbed dose (corresponding to 100% of the nominal fluence), there is a lattice disorder present in the system. This indicates that silicon amorphization due to nonthermal melting significantly progressed in this time. For the medium dose, only some local atomic disorder can be observed, i.e., the thermal structural transition is still ongoing there. In the case of the lowest dose (10% of the nominal fluence), which lies below any structural damage threshold, the crystal atomic order is fully preserved.



A comparison of the model predictions with the Si(333) Bragg reflection recorded in the experiment by Pardini et al. is shown in Figure 3. First, let us emphasize here that the temporal characteristics of the signal decay strongly depend on the radiation dose absorbed in the crystal. If (as a study case) we used a spatially uniform pump pulse of the 100% nominal fluence, the predicted decrease of the probe signal would start already at ∼50 fs after the maximum of the pump pulse and complete at ∼500 fs, dropping finally below the value of ∼0.1 of the initial signal.



Such a rapid signal decay is completely inconsistent with the experimental data. In contrast, for the lowest fluence value (10%), the signal oscillates; however, its average value remains unchanged at all times. We attribute these oscillations to the displacive excitation of coherent phonons [44]. In the case of ultrafast intense X-ray irradiation such coherent phonon modes can be observed in the excited materials. For the respective theoretical explanation, see, e.g., [45]. Due to the non-uniform irradiation of the crystal by the pump pulse in experiment, a proper volume integration of the scattering amplitude over the probed crystal region is necessary in order to compare the experimental data with theoretical results. In what follows, we will only consider the volume averaging in the plane lateral to the X-ray beam (see the ’Materials and Methods’ section for detailed justification).



We performed volume integration for the theoretically predicted signal, and compared the result to the experimental data from Figure 3 in [12].



These predictions were obtained, using the code XSINC [29] developed to coherently calculate a scattered X-ray signal from samples exhibiting non-uniform dynamics of atoms (see the ’Materials and Methods’ section for more details). Here, it was applied to the snapshots of sample arrangement obtained with the code XTANT. For the current calculations, we used atomic scattering factors for neutral Si atoms, as the average ionization degree per Si atom for all fluences considered was low, reaching maximally   0.56   per atom at the 100% nominal fluence.



This ionization degree led to the decrease of the scattering factor by only 4% for the momentum transfer,   q = 0  . The theoretical and experimental results were in good agreement, except for the data point at   150 ± 40   fs, which our volume-integrated predictions did not reproduce. However, after completing our calculations, we became aware of the recently published Erratum [12]. The authors indicated that the first experimental data point recorded at 150 fs was unreliable. Thus, it should be excluded from the comparison.



The very good agreement between our predictions and the experimental data on the total diffractive signal was due to the fact that the experimentally recorded signal indeed included local contributions from differently irradiated regions of the crystal. This implies that the recorded data points cannot be interpreted as resulting from a specific process occurring after the absorption of a single specific radiation dose by Si crystal, as was initially suggested in [12].




4. Discussion and Conclusions


To summarize, we modeled ultrafast melting in a single silicon crystal triggered by an intense hard X-ray pulse under different pulse fluence conditions. We identified the specific mechanisms contributing to the Si melting (including their temporal characteristics) as a function of the pulse fluence under uniform illumination. The reason for the observed strong fluence dependence is that the fluence determines the strength of the initial electronic excitation in the system, necessary to trigger a nonthermal or thermal structural transition. At the conditions of the experiment by Pardini et al. [12], the pulse of 100% nominal fluence (peak absorbed dose ∼2.70 eV/atom) triggered an ultrafast nonthermal transition, whereas the same pulse with a 50% fluence fraction yielded a thermal transition only. At 10% of the nominal fluence, no structural damage occurred in the sample.



We showed that, due to the non-uniform spatial profile of the X-ray beam used in the experiment, the recorded diffractive signal was a volume-integrated signal, i.e., its amplitude is a coherent sum of the contributions from various parts of the crystal, experiencing different local doses. This enabled a correct interpretation of the experimental data with the volume-integrated signal calculated from the simulations. This observation implies that possible effects of volume integration, due to the beam non-uniformity and the relation between the beam size and the imaged object size have to be considered in planning and interpreting future experiments investigating structural changes in solid materials with X-ray diffraction imaging. This should also support the development of techniques for ‘shaping’ the spatial profile of X-ray beams, which could reduce or even eliminate the effect of volume integration.
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	Free Electron Laser
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	Linac Coherent Light Source
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Figure 1. Theoretical predictions for: (a) Fraction of K-shell holes per atom, (b) fraction of non-thermalized energetic electrons excited per atom, (c) fraction of thermalized electrons in the bottom of the conduction band per atom, and (d) temperatures of thermalized electrons and ions in silicon crystal after irradiation with an X-ray pulse of 5.95 keV photon energy, duration of 25 fs FWHM, at the absorbed doses of 2.70 eV/atom, 1.35 eV/atom, and 0.27 eV/atom. These correspond to 100%, 50%, and 10% of the nominal peak fluence, respectively. The FEL pump pulse temporal shape is schematically represented by a black solid line. Time zero corresponds to the maximum of the pump pulse. 
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Figure 2. Calculated single-shot snapshots of atomic arrangements in silicon crystal at 500 fs after its irradiation with an X-ray pulse of 5.95 keV photon energy, duration of 25 fs FWHM, at the average absorbed doses in the material of (a) 2.70 eV/atom, (b) 1.35 eV/atom, and (c) 0.27 eV/atom. These correspond to 100%, 50%, and 10% of the nominal peak fluence, respectively. 
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Figure 3. Temporal evolution of the normalized Bragg reflection intensity (333) recorded from Si crystals obtained with our simulations for various fractions of the nominal peak fluence, assuming uniform X-ray illumination: 100% (green curve) and 10% (blue curve), and applying volume integration for the full nominal fluence (red curve). The calculated intensity was normalized using the unperturbed signal value. This was compared to the experimental data from [12]. The FEL pump pulse temporal shape was schematically shown (black solid line). The FEL pulse parameters are as in Figure 1 and Figure 2. Note that the recent analysis performed in [12] excluded the first experimental point at 150 ± 40 fs. 
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