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ABSTRACT

When a semiconductor or a dielectric is irradiated with ultrashort intense X-ray pulse, several processes occur: first the
photoabsorption brings the electron subsystem out of equilibrium, bringing valence or deeper shells electrons into high
energy states of the conduction band. Then, secondary electron cascading promotes further electrons of the valence to
conduction band increasing their number there. These electrons also influence the atomic motion, modifying the
interatomic forces. This process is known as a nonthermal melting. It can turn a material into a new phase state on
ultrashort timescales. Recently developed hybrid model for treating all of these processes with different computational
tools was reported in [N. Medvedev ef al, New J. Phys. 15, 015016 (2013)]. Based on this model, we present here further
investigations of nonthermal processes occurring in diamond under irradiation with a FLASH pulse of 10 fs FWHM and
92 eV photon energy. It is shown that the diamond turns into graphite under such irradiation, independently whether
constant pressure or constant volume modeling is performed. However, for the latter case, the time of the nonthermal
phase transition is longer (few tens of fs for P=const vs few hundreds of fs for V=const) and the damage threshold is
slightly higher (0.69 eV/atom vs 0.74 eV/atom, correspondingly).
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INTRODUCTION

For last two decades the process of nonthermal melting under femtosecond laser irradiation attracts much attention from
both, experimental and theoretical research. It has been studied with femtosecond visible light irradiation of different
materials [1-4]. Many interesting phenomena were observed, and a fundamental understanding of the electron-lattice
interaction was significantly enhanced. Up to recently, such studies were possible only with visible light sources. But a
few years ago, the development of 4™ generation of intense free-electron lasers (FELs) allowed addressing femtosecond
science with new capacities. These brilliant FEL-sources of extreme ultraviolet and soft X-ray radiation provide short
pulses of intensities inaccessible before. A response of irradiated materials to femtosecond X-ray laser pulses has been
intensively studied both experimentally [5-15] and theoretically [13-21].

One of the important advantages of femtosecond FELs is that the pulse duration is comparable with fundamental
characteristic timescales of the processes in solids: the typical timescales of kinetics of electron subsystem of material,
including its nonequilibrium stage. This enables studies of the processes with unprecedented precision (femtosecond
temporal scales, down-to-angstrom spatial scales). It is especially important for the nonthermal processes. The diamond-
to-graphite phase transition occures within a hundred femtoseconds, well before the electron-phonon coupling gives any
significant contribution into the lattice heating and phase transition [13, 21, 22]. This means, that the processes involved
into the phase transition are strongly interlinked, and must be addressed comprehensively when modeling such effects.

The excitation and relaxation of the femtosecond X-ray irradiated target consists of: (i) electronic excitation by a laser
pulse and the subsequent excitations of secondary free-electrons. During this state the electron subsystem is in
nonequilibrium state, which typically lasts up to few tens of femtoseconds [17]. (ii) Auger decays of deep atomic shells,
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if photon energy was sufficient for the excitation. Further relaxation of excited electrons take place the same scales of a
few tens of femtoseconds (~10™* s) [17, 23]. (iii) An energy exchange of electrons with the lattice via modification of
interatomic potential which also occurs on the same timescales [21, 22, 24]. Later, electron-phonon coupling mechanism
can heat the lattice even further, and macroscopic structural modifications and strain relaxations can take times up to
pico- to nano-seconds or even longer [25].

In this report, we apply our recently developed combined code [21] to tackle the nonthermal processes in diamond under
femtosecond FEL irradiation. The code consists of different modules: (a) Monte Carlo (MC) part treating nonequilibrium
kinetics of high energy electrons after photoabsorption; (b) the module tracing the temperature of a valence and low
energy conduction band electrons which are nearly in thermal equilibrium; (¢) Molecular Dynamics (MD) tracing the
atomic motion of all atoms in our simulation box individually, and (d) the tight binding method for calculations of the
transient electron band structure and collective interatomic forces [21]. We briefly describe the methods and
approximations used, and apply it at typical FLASH parameters during experiments on irradiation of diamond. We
analyze two limiting cases: the constant pressure case in the material which assumes that the material can relax
macroscopically (a small simulation box within the large laser spot), and the constant volume case, which relies on
assumption of strong constrains from the surrounding material. We demonstrate that the overall behavior is similar in
both cases, however, the timescales of the nonthermal phase transition differ.

COMBINED MC-TBMD MODEL

1.1 Overview of the model

Initially photoexcited electrons are brought up into high-energy states of the conduction band. Then they excite
secondary electrons via inelastic scattering (secondary impact ionizations) if their energy is sufficient to overcome the
band gap of the material. Losing its energy in this process, the electron falls into the Fermi sea of the valence or
conduction band electrons, thermalizing with them. It has been demonstrated in a number of works that for the case of
XUV or X-ray excited electrons the low-energy electron fraction thermalizes much faster than the whole electron
subsystem including the high-energy electron fraction [15-19]. The high-energy electrons, in contrast, remain
nonthermalized over a few tens or even hundreds of femtoseconds. Thus, the characteristic shape of the electron
distribution function after the intense XUV irradiation [16-19] is referred to as the "bump on hot tail" distribution [20].
That particular shape allows to simplify the model, and treat those two fractions of electrons with different methods. A
temperature can be attributed to the low energy electrons, and thus thermodynamic approach can be used for them, while
for the high energy electrons nonequilibrium Monte Carlo model should be used, combined together similarly to Ref.
[26].

Low energy electrons within the valence and conduction band form the attractive potential for ionic cores in
semiconductors and dielectrics. Their distribution function directly enters into the potential energy surface of atoms.
Therefore, exciting electrons, we influence the atomic interaction, motion, and ultimately the structure of the material.
This forms the driving force for the nonthermal phase transition, when atoms undergo a structural change due to the
excited electrons. In turn, the atomic disorder affects the electronic band structure, influencing the distribution of the
valence and conduction band electrons. For modeling the lattice dynamics, we apply a molecular dynamics on a potential
energy surface evolving at each time step with the tight binding method [21, 22]. Such potential energy surface depends
on the transient spatial positions of all atoms in the simulation box, and on the distribution function of the electrons. The
numerical scheme developed in [21] is presented in Fig.1, and all the details can be found in Ref. [21]. Here we only
describe the physical foundation of the simulation methods.

1.2 Monte Carlo event-by-event simulation of high energy electrons

We perform a Monte Carlo modeling of event-by-event simulation of individual particles similar to those in Refs. [16-
18]. In this method we include the photon penetration within the simulation box, secondary cascading of electrons, and
Auger-decays of K-shell holes if photon energy was sufficient to excite them. We set photons according to a Gaussian
temporal profile with 10 fs as FWHM. The penetrating photons get absorbed by a shell which is chosen according to the
relative photon attenuation length for the shell photoabsorption [27]. In case of valence-band photoabsorption, we choose
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a particular energy level randomly among all the valence band levels, which are obtained within the tight binding
formalism, see below. We assume that each incoming photon excites only one electron, which is a good approximation
for photons at X-ray energies and intensities relevant for solid-solid phase transitions [18].
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Figure 1. Schematic picture of the algorithm of the developed combined model consisting of the interconnected

modules responsible for different calculations: Monte Carlo and Temperature equation for electrons, plus tight
binding Molecular Dynamics for atomic motion. The figure is reproduced from [21].

The electron, which absorbed the photon, receives its energy and starts to perform secondary scatterings. We calculate
the electron inelastic mean free path that depends on the current electron energy. The method of the generalized complex
dielectric function is applied to obtain the cross-sections [28-32]. With this method, the differential cross-section of
inelastic electron scattering do(E,)/dw is calculated from the complex dielectric function &(g,w) (CDF) within the first

Born approximation as [28]:

a4
(LA iy N B (1)
do 7naE, ; q &(q, )

where E, is the incident electron energy; integration is going over the current momentum within the limits
q.= /2’"8 ( / E + / E, - ha)); ay is the Bohr radius; ¢ and w are the transferred momentum and energy, respectively; 7

is the Planck constant. The total cross-section ¢ can be obtained by the numerical integration of Eq.(1) for each electron
energy E,. Then, the mean free path, /, can be calculated, and the distance /, travelled by the electron can be sampled

[33]:
le = —11’1(7)-]0 sy = (”(,0')7] 2

using a random number y uniformly distributed in the interval [0, 1); n, is the number of scattering centers (electrons).
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For calculation of the inelastic scattering cross-section one requires an appropriate model for the complex dielectric
function. We employed Ritchie and Howie method of obtaining the complex dielectric function out of the optical data
for different materials [28]. The dielectric function is then parametrized as a sum of Drude-type oscillators [28, 31, 32]:

Im{ . }ZZ Ao 3
Haq=0)| W —E) +(he)

where Ey; is the characteristic energy of oscillator 7, 4; is the fraction of electrons which have energy Ey;, and y; is the ith
energy damping coefficient. The summation is running through all oscillators n,; this number n,, is defined by the
particular shape of the experimentally measured imaginary part of the inverse of CDF. Fitting coefficients can be found
following the algorithm described e.g. in [28, 31, 32].

We have constructed the CDF for the case of diamond and graphite, as limiting cases in our simulation. The
corresponding coefficients are presented in Table I, the diamond case reproduces Ref. [21]. n,, equals to 6 for diamond
and to 5 for graphite valence bands; the K-shell is unaffected by the particular configuration of the carbon atoms
(diamond vs graphite) and exhibits the same coefficients for both materials.

Table 1. Paramaterization of the complex dielectric function used to calculate electron inelastic cross-section, Eq. (3).

Diamond Graphite
Shell Ey; A; Vi Ey; A; Vi
Valence band 22.3 17 2 10 8 2
24.5 25 4 13 10 4
29.2 185 5.5 19 115 5
32 29 4 36 270 15
35 221 11 47 515 38
47 505 37
K-shell 250 480 200 250 480 200

Using Egs. (1-3) we can obtain the inelastic mean free path for an electron in diamond and graphite. Both are shown in
Fig. 2. They are rather similar to each other, except that the graphite one is shifted to lower energies, because of the
differences in the band gaps. The band gap of diamond is around 5.5 eV, while for graphite the band gap vanishes, as it
is a semimetal. We apply this cross-section in our modeling of diamond, while neglecting the changes of the cross-
section when the material turns into graphite, since such changes are not too large, and the number of high energy
electrons is very small by the time of the phase transition (see Ref. [21]).

For the electron collisions, we determine the transferred energy out of the differential cross-section, Eq. (2) [33-35]. The
corresponding energy transfer AF is determined by another random number y uniformly distributed in [0,1) with the
condition:

AE

= [do , 4
cy= ! d(m)d(m) 4)

where one has to solve the equation (4) to obtain the transferred AE for each particular collision. This can be done
numerically with the bisection method.
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Figure 2. Inelastic mean free path of an electron in diamond and graphite obtained with the complex dielectric function
formalism, Egs. (1-3) and coefficients from Table 1.

In case of secondary ionization, an electron is ionized if the transferred energy AFE, calculated with Egs.(1) and (4) is
higher than the ionization potential of the electron. Subsequent scatterings of secondary electrons produced are taken into
account in the same manner. In case of Auger-decay of a K-shell hole, the hole is filled with the randomly chosen
electron within the valence band, and another electron gains the excess energy [16-18].

We average the MC tracing of electrons over 10000 runs. The averaged quantities are then passed to the temperature
equation as source terms defining the changes in the number of low energy electrons (as a mean number of excited and
de-excited electrons) and their energy (which is brought in or out by interactions with high energy electrons). This
procedure has to be repeated at each time-step of the simulation [21].

1.3 Temperature of low energy electrons

Since every change of an electronic state changes also the electron distribution function, we have to take this into
account in our simulation. We do this under the assumption of partial equilibrium for the low energy electrons [21].
Their distribution function within the valence band and the low energy part of the conduction band is represented by the
Fermi function which parameters, chemical potential x and temperature 7,, are changing in time. These parameters enter
later the calculation of interatomic forces. In our model, we follow the evolution of the number of electrons, which is
defined by how many electrons are excited into high energy states or fall back to low energy states. This is defined
within the MC step. Also, MC algorithm allows tracing the flows of energy between the two electron-energy domains
and can be combined with other methods, see below [26]. The number of electrons 7, and the energy of electrons E, are
defined as [21, 26]:

n= Y 2(l+exp(E,-w)/T))
i~ : (5)
E,= Y 2E/(1+exp(E,-p)/T)) ,

e 1

where the summation is running over all energy states E; in the valence and the conduction bands. These energy levels
are also evolving in time, as will be seen below; this effect originates from the atomic dynamics and forms the energy
exchange between electrons and atoms. Thus, knowing the source terms from MC part, and the band-structure from the
tight binding MD, we can solve the inverse problem, Eq. (5), to determine the transient x4 and 7, on each time-step
[21,26].
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1.4 Tight binding method

Within the tight binding method, the atomic Hamiltonian consists of two parts: the attractive part, which depends on the
electron configuration, and the repulsive part describing the repulsion of atomic cores [21, 22, 36, 37]. The
diagonalization of this Hamiltonian is used to calculate the electronic energy levels at each time step, E; (band structure),
entering Eqs.(5), and to determine the potential energy surface needed as the input to the equations of motion of atoms,
as will be seen below. We used the transferrable tight binding method from Ref. [37], where the coefficients entering the
Hamiltonian were fitted to ab-inito calculations. In this way, the hopping integrals are considered as fitting parameters to
reproduce the band structure of the material. The method takes into account only the s, p, py and p, valence orbitals of
carbon, which is sufficient to reproduce the band-structure with the required accuracy [36,37]. These parameters are
functions of the atomic coordinates of all atoms in the simulation box. In this way, also the repulsive potential energy is
fitted and parameterized. Properly chosen parameterization of the coefficients entering Hamiltonian allows this method
to reproduce accurately both, diamond and graphite states [37].

All the corresponding coefficients and further details on the tight binging method applied to carbon are given in [21] and
references therein. The potential energy surface can then be calculated as:

P ()= 3 26, (L expl(E,— 1)/ T)) +E,y (i) (6)

Ei=Epin

The transient electron distribution function, calculated in Egs.(5), enters here. Thus, the time dependent electronic
distribution directly affects the atomic motion.

1.5 Molecular Dynamics method

The classical molecular dynamics (MD) method [38, 39] is used to trace the atomic motion. The interatomic forces are
calculated within the transferable tight binding method described in the previous section [36, 37]. The Born-
Oppenheimer approximation used here relies on the assumption that fast moving electrons follow adiabatically the
motion of ions. However, finite temperature for the electron distribution also allows including some nonadiabatic effects
in an approximate way. So, we solve the classical equation of motion for all atoms within our simulation box, which are
described by spatial coordinates and velocities. The collective potential energy surface, however, is calculated quantum-
mechanically.

Accounting for the fact that the typical laser spot radius for the FLASH laser is ~10 pm, and the X-ray photon
penetration depth is above 100 nm [27], we choose only a small simulation box inside of the laser spot, and apply
periodic boundary conditions. We analyzed two cases here: keeping constant volume of the simulation box, and keeping
the constant pressure. We use the Parrinello-Rahman method which allows tracing the relaxing super-cell, which adjusts
the volume for P=const. Then, the equations of motion are written as [22, 40]:

§, =—0@({r,(1),1})/ds, (g | M)~ g 'g8,,
()

.. N
by =1/ M, [ZM §7 (h$,)— PoQ/ oh, —a@({r,j(z),z})/ahaﬂ}

i=1

where s; is the relative atomic coordinate within the super-cell; 4 is the (3x3) matrix spanning the MD super-cell;
Q=det(#) is the transient volume of the simulation box; M,, is the mass of an atom; Mp; is the effective mass of the
super-cell [21, 22]; and g=h"h. Thus, simultaneous tracing of all the atoms, together with the changes of the super-cell
itself, is performed for the case of P=const. In case of V=const, the matrix / is kept constant, and the second equation
does not apply; thus, also the second term in the first equation of (7) vanishes, and the equation reduces to the standard
Newtonian equation of motion written in the relative coordinates s;.

The potential energy surface @({r;}) enters Eq. (7). It is defined by the transient electron distribution function, the
positions of all the atoms in the super-cell, and by the transient electron band structure updated with the tight binding
method at each time-step [21, 22]. We use Verlet algorithm in its velocity form for propagating the atomic coordinates
and velocities in time, as well as for the supercell coordinates and velocities [38, 39]. This ensures a stable numerical
scheme.
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RESULTS AND DISCUSSION

We applied the model described above for femtosecond pulse irradiation of a solid diamond. The parameters were
chosen to reproduce the typical experimental parameters of FLASH laser at DESY in Hamburg: 92 eV photon energy, 10
fs as FWHM pulse duration. Fluence was adjusted so that the total absorbed dose is equal to 1 eV/atom. This absorbed
energy is above the graphitization threshold, which is reported to be 0.69 eV/atom for P=const case [21]. Here we also
calculated the damage threshold for the J’=const case, which we found to be slightly higher: 0.74 eV/atom.

Since for both cases in Fig. 2 the applied fluence is above the damage threshold, the phase transition can be expected.
Indeed, for both of the applied MD modeling methods, P=const and V=const, one can observe an ultrafast phase
transition. As it was presented in Ref. [21], the phase transition can be traced by the sudden strong fluctuation in the
atoms’ potential energy. Such occurring fluctuations are shown in Fig. 3.
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Figure 3. Energy distribution in diamond irradiated with 10 fs laser pulse of 92 eV photon energy and 1 eV/atom
absorbed energy. The total energy of the system (electrons and atoms) is a black solid line, the total energy of
atoms is a red dashed line, and the potential energy of atoms is a blue dash-dotted line. The left panel shows the
case of P=const, while the right one is for V'=const.

Fig. 3 shows the transient energies in diamond after FLASH irradiation. The total energy (solid black line) is conserved
within the numerical accuracy of the model, except for the times from ~10 to ~30 fs, when the energy is delivered to the
system by the pulse. At first, a part of the energy is stored in the high energy electrons, thus, the atomic energy (red
dashed line) is lower than the total energy of the system. As the energy is transferred to the low energy domain, and thus
becomes a part of the potential energy of atoms, the both energy curves meet. The potential energy of atoms (blue dash-
dotted line) is slightly fluctuating before and after the laser pulse, which represent the energy flows between the kinetic
and potential energies of atoms. However, at the time of ~ 90 fs, for the case of P=const, the potential energy starts to
oscillate much stronger. This is due to the fact that the atoms undergo phase transition into the new, graphite state [21].
In contrast to this phase transition on the sub-100 fs scales, for the constant volume case (V=const, right panel of Fig. 3),
it takes longer time for the atomic system to realize its kinetic pathway to the new structural state: the phase transition
occurs after ~ 200 fs after the pulse. When the atomic system is not relaxing as a whole, the super-cell is constrained
with the fixed volume, than the phase transition takes longer. For lower fluencies, closer to the graphitization threshold,
the delay of the phase transition is even longer, and can reach up to a picosecond timescales.

Fig. 4 presents the transient temperatures of electrons and atoms after the irradiation. The increasing oscillations of the
potential energy of atoms, shown in Fig. 3, are directly reflected in the oscillations of the kinetic energy of atoms, and
thus their temperature. The electron temperature is correspondingly decreasing on the same scales. Again, one can see
that for the case of V=const, right panel of Fig. 4, it takes some time for atoms to undergo the phase transition. After that,
the electrons as well as atoms, have approximately the same temperatures for both cases, P=const and V=const.
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Figure 4. Temperatures of electrons (red solid line) and atoms (dashed blue line) in diamond irradiated with 10 fs laser
pulse of 92 eV photon energy and 1 eV/atom absorbed energy. The left panel shows the case of P=const, while the
right one is for V=const.

Time resolved experiments could clarify which approximation, P=const vs V'=const, is more suitable for femtosecond X-
ray irradiation of semiconductors. The first results with the irradiation of graphite seem to indicate timescales of a few
tens of femtosecond for amorphization, which corresponds more closely to the P=const approximation [14]. More
detailed experimental studies would help to clarify this issue.

CONCLUSIONS

In this contribution we presented our recently developed combined Monte-Carlo — Tight-Binding — Molecular Dynamics
method. It allows incorporating in an adequate way the nonequilibrium electron kinetics on the changing band structure,
together with the atomic dynamics on the time-evolving potential energy surface. Photoionization, electron secondary
impact ionizations, thermalization of electron subsystem, changes of the band structure, atomic motion, and phase
transitions are all addressed with this model. Application of the model to the case of diamond irradiated with FEL pulse
(92 eV photon energy, 10 fs FWHM) demonstrates the ultrafast phase transition of diamond to graphite phase. The time-
scale of this phase transition lays within few tens up to few hundreds of femtoseconds, depending on used
approximations: the simulation with the constant pressure results in sub-100 fs phase transition, whereas constant volume
leads to over 200 fs timescales. The damage thresholds, calculated with both methods, are close to each other: 0.69
eV/atom vs 0.74 eV/atom for P=const and J’=const, respectively.
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