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ZusammenfassungModerne Freie-Elektronenlaser (FEL) im XUV- und Röntgenbereih liefern Energie, dieausreiht, um Festkörpersysteme auf einer ultrakurzen Zeitskala aus dem Gleihgewiht-szustand zu bringen. Die Änderungen in der komplexen Dielektrizitätsfunktion und dieanshlieÿenden Modi�kationen der messbaren optishen Koe�zienten spiegeln dann dieStrukturentwiklung des Materials auÿerhalb des Gleihgewihts wider. Die optishe Un-tersuhung des Materials erlaubt es, die Re�ektivität oder den Transmissionkoe�zientenmit Femtosekundenau�ösung zu messen.Aufgrund der Eigenshaften ihrer Bandstruktur sind Halbleiter von besonderem Inter-esse in der FEL-basierten Wissenshaft. Photonen eines Röntgen-FELs können Atome ion-isieren und Elektronen vom Valenzband oder aus inneren Shalen in das Leitungsband einesHalbleiters anregen. Im Falle von groÿen Ladungsträgerdihten im Leitungsband ändertsih die Flähe der potentiellen Energie der Atome erheblih. Die anshlieÿende Dynamikder Atome führt zu strukturellen Transformationen und irreversiblen Phasenübergängenauf einer Zeitskala von einigen 100 fs. Andererseits können Laserpulse auh thermishePhasenübergänge über Elektronen-Phononenkopplung und infolgedessen Erwärmung desMaterials auf einer Zeitskala von ≈ 1 ps oder länger einleiten.Die vorliegende Arbeit untersuht drei vershiedene Materialien -Diamant, Siliziumund Galliumarsenid- die Röntgen-FEL-Strahlung ausgesetzt werden. Die entwikelten the-oretishen Modelle, mithilfe derer die optishe Antwort der untersuhten Materialien unter-suht wird, basieren auf semi-empirishen Ansätzen wie, z.B., dem Tight-Binding-Modell,die einem die Möglihkeit geben, die Zeitentwiklung eines Systems mit einer groÿen An-zahl von Atomen zu behandeln. Die optishen Eigenshaften, die durh strukturelle Mod-i�kationen beein�usst werden, stellen dann die Verbindung zwishen den mikroskopishenParametern und den experimentellen Observablen her. Entsprehende Experimente mitdiesen Materialien wurden an Freien-Elektronen-Lasern im XUV- und Röntgenbereih wieFLASH, FERMIElettra, LCLS und SACLA durhgeführt. Die gewonnenen optishen Mes-sungen erlaubten es, die Genauigkeit der Modelle zu veri�zieren.



AbstratPresent-day XUV and X-ray free-eletron lasers deliver the energy su�ient to drive solidsystems out of equilibrium on an ultrashort time sale. Strutural evolution of the materialin non-equilibrium is then re�eted in the modi�ation of its omplex dieletri funtionand subsequent hanges of the observable optial oe�ients. The optial probing of thematerial allows to measure the re�etion or transmission oe�ients with a femtoseondtime resolution.Due to the features of their band struture, semiondutors are of partiular interestfor the FEL-related researh. X-ray FEL photons are apable to ionize atoms and exitevalene band or ore hole eletrons to the ondution band in them. In ase of a largedensity of arriers in the ondution band the potential energy surfae of atoms signi�-antly hanges. The subsequent atomi dynamis leads to strutural transformations andirreversible phase transitions on a time sale of a few hundred fs. On the other hand,laser pulses may also indue thermal phase transitions via eletron-phonon oupling and,onsequently, lattie heating on a time sale of ∼ 1 ps or longer.The thesis studies three di�erent materials - diamond, silion and gallium arsenide -exposed to X-ray FEL radiation. The developed theoretial models evaluating the op-tial response of investigated materials are based on semi-empirial approahes, suh astight-binding sheme, whih give an opportunity to treat the time evolution of the sys-tem with a large number of atoms. The optial properties, being a�eted by struturalmodi�ations, then set up the link between the mirosopi parameters and experimen-tal observables. Corresponding experiments with these materials were performed at suhXUV/X-ray FEL failities as FLASH, FERMI�Elettra, LCLS and SACLA. The obtainedoptial measurements allowed to verify the auray of the models.
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Chapter 1
Introdution
Ultrashort laser pulses (of femtoseond time duration, τ = 10−15 fs) generated by modernfree-eletron lasers (FEL) in XUV and X-ray range (LCLS [1℄, SACLA [2℄, FERMI [3℄,FLASH [4℄ et.) are widely used today in physis, material siene, hemistry and biology.A broad range of systems from gases to lusters and strongly orrelated materials havebeen already studied in this way. The pulse interation with matter a�ets its strutureon moleular and atomi level. Depending on the pulse duration, intensity, oherene andinidene angle, FEL radiation an trigger di�erent proesses in matter, suh as hemialreations, radiation damage, phase transitions, and reates exoti states of matter et.X-ray/XUV pulses an be used for various purposes. For example, hard X-rays (withphoton energy h̄ω > 5 keV) are of importane for X-ray rystallography due to their largepenetration depth in the material and the wavelengths omparable with the interatomidistane. On the other hand, soft X-rays (h̄ω < 5 keV) and XUV (10 eV < h̄ω < 124eV) are e�ient for the proesses where photoabsorption is strongly involved, as at suhenergies it dominates over the Compton sattering.In our work we are fousing on the simulation of eletroni kinetis and atomi dynam-is in bulk semiondutors, whih leads to strutural transformations. The Fermi level insemiondutors is loated between the valene band and the ondution band. The bandsherewith are situated muh loser to eah other than in insulators, and the band gap width1



CHAPTER 1. INTRODUCTION 2in semiondutors may vary from ∼ 0.1 eV to a few eVs depending on lassi�ation. Thisimplies the situation that in an external �eld eletrons, whih at the room temperatureoupy only the valene band, an be exited, overome the band gap and be transferred tothe ondution band, thus reating holes in the valene band and foring the system out ofequilibrium. If the number of eletron-hole pairs is su�ient, the onsequent interatomipotential hanges, and atomi reloations then lead to strutural modi�ations of semion-dutors. Thus, hanging strutural properties of semiondutors are interesting not onlyfrom the prospetive of their appliation in material siene, but also as a phenomenon, inwhih initial eletron-hole exitation triggers a omplex transformation proess. In ase ofphotoexitation it is often su�ient to reah the neessary photon density with a singleFEL pulse in order to promote enough eletrons to the ondution band. It is also easierto deal with a single pulse from the simulation point of view as well as from the experi-mental perspetive, as the modern timing tools an de�ne pulse duration with femtoseondauray. Therefore, in our researh we will onsider simulations and experiments where asingle FEL pump pulse was used.The work ontains four main Chapters. In Chapter 2 we provide the theoretial bak-ground whih is vital for our researh. An overview of the priniple of FEL soure work isgiven in the beginning of the Chapter. Then we subsequently disuss proesses that takeplae within the material after the FEL shot, from absorption of photons by eletrons toeletron-lattie equilibration. Later we introdue optial properties, whih an be mea-sured during the evolution of these proesses, and disuss band struture formalisms whihan be potentially applied. In Chapter 3 we onstrut our theoretial model whih is ableto aount for the proesses highlighted in Chapter 2 and to alulate the optial propertiessynhronously with atomi dynamis. At the end of this Chapter we test the model onthe materials in equilibrium. In Chapter 4 we ome to the atual results of our work. Inthis work, we disuss the ultrafast (on a time sale up to several pioseonds, t ∼ 10−12s) transient phenomena in three materials - diamond as a rystal struture of arbon, sil-ion and gallium arsenide. Partiularly we study transient dynamis of the laser-induedgraphitization of diamond, amorphization of silion and eletron-phonon oupling in GaAs



CHAPTER 1. INTRODUCTION 3below damage threshold. The Chapter 5 is dediated to the onlusions of the work andoutlook of the future development of the model and its appliations.Ultrafast phase transitions in diamond and silion, whih we observe, an also be resultsof a very high density of harge arriers in the ondution band and a orrespondingpotential energy surfae hange. Suh kind of phase transitions is alled non-thermal, asit is not indued by eletron-phonon oupling whih is typial for a onventional thermalphase transition. Note, that all of these phenomena have been known for signi�ant amountof time, but so far they have been investigated primarily as a onsequene of irradiationin optial regime. In ontrast, here we onentrate on XUV/X-ray irradiation, provingthat suh e�ets an our in this photon energy range as well. Moreover, semiondutingmaterials nowadays are used in X-ray optis and then all possible X-ray damage e�etsshould be studied to estimate their radiation tolerane.There are several ways to trae the non-equilibrium dynamis in theory and experi-ment. Here we trae it by alulation of the optial response in irradiated materials. Thismethod is hosen as optial onstants like re�etivity or transmittane distintly harater-ize strutural properties of the materials, and are aurately measured in the experimentson a short time sale. The pump-probe tehnique allows to aquire a time-resolved pitureof the strutural proesses and to unveil their mehanisms by measuring the optial probepulse signal interating with the material.As the band struture of the semiondutors annot be desribed aurately enoughwithout quantum theory and on the other hand pure ab initio methods are omputationallyine�ient for the desriptions of the systems with many atoms under non-equilibrium intime-resolved manner, we arrive at the semi-empirial transferable tight-binding desriptionof the band struture. In addition, we are using lassial moleular dynamis for treatingthe atomi motion. We also adopt the idea of separating all eletrons in the solid system intwo domains and treating them either with Monte Carlo method or with thermodynamialapproah, depending on their energy. The alulation of optial properties is based on tight-binding approah and omplex dieletri funtion (CDF) formalism in the random phaseapproximation (RPA). Suh fusion of numerial tools makes the model alled XTANT



CHAPTER 1. INTRODUCTION 4(X-ray indued thermal and non-thermal phase transitions) [5℄ hybrid and transferablebetween di�erent materials. For predition of non-equilibrium temperature and eletron-phonon oupling in GaAs we also apply the theoretial desription based on rate equations,Drude model and two-temperature model.



Chapter 2
Theoretial basis
2.1 Free-eletron laserA free-eletron laser (FEL) is a light soure whih is able to generate oherent, tunablehigh-power radiation. The generated wavelengths by modern FELs range from mirowavesto X-rays. The key feature of FEL is a usage of an undulator (a wiggler), whih is essentiallya set of magnets, foring the eletron beam to wiggle transversely along the axis of theundulator (wiggler). Aeleration of eletrons results in the emission of photons as in thesynhrotron. In an FEL the eletrons are united into mirobunhes and separated by oneoptial wavelength along the propagation axis, thus emitted radiation is monohromatiand oherent. The feedbak of the emitted radiation onto the eletron beam is alled self-ampli�ed spontaneous emission (SASE) [6, 7℄, whih is employed on X-ray free eletronlaser failities (XFEL). The modern FELs inlude VUV and soft X-ray lasers suh asFERMI�Elettra in Italy [3℄ and FLASH in Hamburg [4℄, and those designed for hardX-rays the Lina Coherent Light Soure (LCLS) in the USA [1℄, SACLA in Japan [2℄,SwissFEL in Switzerland [8℄ and European XFEL in Hamburg [9℄, whih is expeted to bein operational regime in the seond half of 2017.The XFEL radiation has a wavelength of an order of Angstrom (10−10 m) whih is loseto the size of an atom. At the same time, XFEL produes ultrashort pulses (down to a few5



CHAPTER 2. THEORETICAL BASIS 6femtoseond time duration), whih is immensely important for strutural studies, beausethe pulse outruns the radiation damage. Together with brilliane (the number of photonsper seond propagating through a given ross setion area and within a given narrow solidangle and spetral bandwidth) muh higher than in synhrotrons of any generation (seeFig. 2.1) this makes XFEL a unique tool for investigating time-resolved dynamis of matteron a moleular and atomi sale. Therefore, XFELs have found their appliation in photonand material siene; atomi, moleular, and optial physis (AMO); strutural biology;hemistry; medial physis. Ultrafast X-ray imaging leads to a reation of moleular movieswhih may tell a lot about so far unexplored ultrafast proesses within the materials.High intensity of X-ray pulses allows to obtain single-shot di�ration images from singlemoleules with high spatial resolution.SASE FEL pulses ontain independent, temporally oherent emission spikes [6℄. Thetemporal length of the spikes may vary from hundreds of attoseonds to several femtose-onds. Reent investigations show [10℄ that, for example, at FLASH the generation of shortFEL pulses with high temporal oherene, lose to single spike is ahievable in the VUVand soft X-ray range.For aurate measurements, ertain pulse parameters have to be aurately determined.One of the most important parameters is a pulse duration whih is important in all timeresolved experiments and also for the proper de�nition of the peak FEL intensity. The pulseduration an be evaluated by using autoorrelation measurements or via ross-orrelationtehniques whih in priniple ompare the investigated pulse with a ertain model pulse.Modern methods are apable of providing temporal measurements of omplex pulses withmultiple peaks both of spatial and temporal harater [11℄. The other important propertiesof the pulse are the pulse energy and its shape. With pulse shaping tehniques, the pulsesoure an be modi�ed in terms of amplitude, phase and duration by speial devies suhas ampli�ers or ompressors.Apart of the free-eletron laser itself, another key point of X-ray spetrosopy is ausage of the pump-probe tehniques. The pump-probe priniple was intensively employedbefore the invention of XUV/X-ray FELs, for example, in two-olor measurements with



CHAPTER 2. THEORETICAL BASIS 7

Figure 2.1: The order of peak brilliane (in photons/s/mm2/mr2/0.1%bandwidth) of X-raysoures ommissioned at di�erent times. X-ray free eletron lasers an be 10 orders of magnitudebrighter than third generation synhrotrons (e.g. Petra III, ESRF). The piture is taken from
https : //www .psi .ch/swissfel/why − swissfel .



CHAPTER 2. THEORETICAL BASIS 8two optial pulses with di�erent wavelength [12, 13℄. The invention of FELs su�ientlyextended the sope of using the pump-probe tehnique. In a pump-probe sheme, the FELsoure an be used in ombination with another laser, usually an optial one. First, an FELshot hits the sample and indues an exitation proess within it. Then, with an adjustabletime delay a probe pulse is sent to the sample (Fig. 2.2). Afterwards, the transmission orre�etion signal of the probe pulse an be measured. By sanning the sample with probepulses with a de�nite delay, one an obtain the transmission or re�etion oe�ient as afuntion of time delay between pump and probe pulses, and in suh a manner reonstrutthe exitation proess in the sample. So, brie�y speaking, the pump pulse launhes theproess and the probe pulse traks it. As the probe pulse signal ontains informationabout the optial properties of the material, this implies that from the optial properties,measured in the experiment, we may aquire the information on the temporal proessesouring within the material.Nowadays, XUV or X-ray FEL pulses may be used as probes as well. At the beginning,the FEL pump � FEL probe shemes were based on time-delayed holography [14℄, wherethe probe pulse was formed by the pump re�eted from the mirror, or on autoorrelationpriniple, where both pump and probe pulses were generated from one eletron bunh andthe inoming light was split in two parts by a fousing mirror [14, 15℄. Thus, only oneolour experiments were available. However in 2013 the LCLS group reported [14, 16℄that by using a double undulator sheme, temporally and spetrally separated pump andprobe pulses an be generated. This opened wide opportunities for studies of the radiation-matter interations. With X-ray probe pulse, the X-ray di�ration pattern from the sampleis reonstruted. Then, the evolution of Bragg peaks in di�ration images or pro�les isused to understand the evolution of the struture of the investigated material.



CHAPTER 2. THEORETICAL BASIS 9

Figure 2.2: Shemati piture of a pump-probe experiment. The time τ stands for the timedelay between the pump and probe pulses.2.2 Interation of X-ray photons with matterIn general, X-ray photons are known for the apability to penetrate deep into the material,i.e., they have relatively high attenuation length in omparison to optial photons or toinfrared radiation. Another important property of X-rays, whih was already mentioned inthe previous Chapter, is that an X-ray wavelength is omparable with the size of an atomand with the interatomi distane between atoms in a rystal strutures of solids. For themajority of materials, X-rays are also pratially non-refrative. All these harateristifeatures of X-rays make them an e�ient tool for investigation of solid state strutures,along with eletron di�ration and neutronography [17℄.Irradiation of solids by X-ray photons triggers a number of proesses within them.Let us disuss these proesses in detail. Immediately after the start of X-ray photonspropagation within the material, they begin to photoionize atoms by removing boundeletrons from the atomi shells. X-ray photons are able to exite the strongly boundeletrons in the atoms from the ore shells, in suh a way reating ore holes. If thephoton energy exeeds the binding energy of eletrons, a photoionization ross setion or aprobability of emitting an eletron is high. If a single photon energy is below suh barriers,multi-photon ionization by several photons ombining their energies is still possible, andintense oherent laser pulses raise the probability of multi-photon ionization up.Diret photoabsorption in XUV regime auses inverse bremsstrahlung heating of slow



CHAPTER 2. THEORETICAL BASIS 10eletrons as photons exhange their kineti energy with them in the �eld of nulei. Exitedeletrons after emission may also ionize atoms if they have enough energy: via inelastisattering. This proess is alled seondary impat ionization. The elasti sattering,whih does not lead to the signi�ant eletron energy loss during a sattering event, isalso feasible. Seondary eletrons themselves inrease eletron density within the material.A highly harged system is reated as a result, and in �nite-size samples, this an auseCoulomb explosion after high-energy eletrons leave the system. Thermalization of ele-trons is ahieved through eletron-eletron ollisions on a time sale of 10-100 fs, whih ismuh faster than for an ion system beause of a large mass di�erene between ions andeletrons.Reombination of ions with eletrons is essentially an inverse proess of the seondaryionization. In ase of three-body reombination, a spetator eletron near an ion reeivesthe kineti energy released by the reombining eletron. The ion harge dereases due to theeletron-ion reombination, and the ion an experiene photoionization again. This proesshighly depends on the eletron harge and density. In ase of radiative reombination, aphoton with the wavelength, orresponding to the released energy, is emitted.The ore holes formed by removing eletrons from the ore shells typially relax viaAuger e�et in light elements. An eletron from a higher energy level may �ll a vaany(e.g., an eletron from L-level �lls the K-shell ore hole). The released energy, equal to thedi�erene between the binding energies of the levels, may then be transferred to a seond,higher-lying eletron. Thus, this so-alled Auger-eletron will be removed from the shell,additionally ionizing the atom. The kineti energy of an Auger-eletron thus depends onthe type of the atom and its shell struture. Another way of �lling the vaany in inner-shell hole is a radiative proess when the energy is arried-o� by the photon. Heavy atomswith a large atomi number and large transition energies primarily deay via suh radiativeproess, while for light atoms with a small Z-number Auger deay is more probable.



CHAPTER 2. THEORETICAL BASIS 112.3 Eletron-lattie interationAfter eletrons absorb energy from the inoming laser pulse, they start to exhange theirenergy with eah other as we stated in the previous Setion. At the same time they alsoexhange their energy with lattie, but in eah sattering event they an transfer only asmall amount of energy. Therefore, this proess lasts on a longer time sale (typiallywithin several pioseonds). This stage of the system evolution is alled eletron-lattieequilibration. By this exhange, the system evolves towards the equilibrium. After thephotoionization events and eletron asading, the eletron temperature exeeds the lattietemperature. The eletron subsystem then looses the gained energy via emission of phononsor the so-alled eletron-phonon oupling [18℄. In solid state physis a phonon representsa quant of the vibrational mode of the rystal lattie. Thus, the aumulated energy ofeletrons in non-equilibrium is being transformed to the vibrational exitation of the lattie.Atoms of the lattie gain kineti energy and start to move from their equilibrium positions.The temperature of eletrons starts dereasing, while atomi temperature, in ontrast, isinreasing. Ultimate �attening of the temperatures of the two subsystems results in theeletron-lattie thermalization.Another proess in a bulk material that lowers eletron temperature is the thermaldi�usion of hot eletrons from the laser exited area to unexited old regions within thematerial [18℄. In general, the di�usion means that partiles from the regions with their highonentration penetrate into the regions of their lower onentration to reate a uniformarrier distribution. In physis of semiondutors, the Einstein approah, originally appliedto gases, is widely used to desribe eletroni di�usion. Aording to it, the di�usionoe�ient, de�ning essentially the speed of the di�usion proess, is obtained from thearrier mobility whih aounts for the response of the system to a small perturbation [19℄.



CHAPTER 2. THEORETICAL BASIS 122.4 Optial propertiesXTANT model (X-ray indued thermal and non-thermal phase transitions) proved itself tobe an e�ient tool for investigating a non-equilibrium evolution of eletroni and atomisubsystems in XUV and soft X-ray irradiated solids [5, 20, 21℄. Suh important parametersas band gap width, potential and kineti energies of eletroni and atomi subsystems,eletron and atomi temperatures, number of eletrons in the ondution band an beestimated with XTANT. Also, atomi snapshots an be reorded. However, in order tomake diret omparisons of the model preditions with an experiment, we need somemarosopi experimental observables.Optial oe�ients of materials suh as re�etivity and transmittane are widely mea-sured in numerous experiments. The modern pump-probe tehniques, where the optialprobe follows the pump pulse with a ertain time delay, allow to measure transient optialproperties of irradiated materials. The time resolution of suh pump-probe experimentsan ahieve a few femtoseonds [22�24℄. Thus, the proesses going on inside the materialson a femtoseond time sale an be deteted, if these proesses in�uene the optial prop-erties. For example, eletroni exitation and espeially phase transitions lead to abrupthanges of optial properties within materials. By omparing transient optial oe�ients,obtained in the experiment, with the theoretially modelled ones, we an get informa-tion on a presene and a time sale of the indued strutural transformations and phasetransitions.Optial properties of a material an be expressed through a omplex index of refration
ñ [25℄:

ñ(ω) = n(ω) + ik(ω). (2.1)Here n(ω) and k(ω) are orrespondingly real and imaginary parts of the omplex index ofrefration, whih are dependent on the frequeny of the probe pulse.The re�etion oe�ient (or re�etivity) of the material is a fration of the inident lightenergy that was re�eted by the surfae of the material. Correspondingly, the transmissionoe�ient (or transmissivity) is a fration of the inident light energy whih was transmit-
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Figure 2.3: Shemati piture of the inident ray k, re�eted ray kr and the transmitted ray ktand the orresponding angles θ, θr, θt on the border between two media.ted through the material. Inident, re�eted and transmitted rays are shematially shownin Fig. 2.3. They are determined by the boundary onditions for eletromagneti waveson the border of the materials. The re�etivity oe�ient is de�ned by the Fresnel law as:
R =

∣∣∣∣
cos θ − ñ cos θt

cos θ + ñ cos θt

∣∣∣∣
2

, (2.2)where angle θ is an angle of the ray propagation in respet to the normal in the vauum(ñvac = 1) and θt is an angle to the normal in the material. Aording to the fundamentalSnell's law nvac sin θ = n sin θt one an rewrite the expression Eq. (2.2) for the re�etivityoe�ient as:
R =

∣∣∣∣∣
cos θ −

√
ñ2 − sin2 θ

cos θ +
√
ñ2 − sin2 θ

∣∣∣∣∣

2

. (2.3)The transmission oe�ient of the material also depends on the material thikness dand the wavelength of the inident probe pulse λ. As we usually deal with thik bulkmaterial and femtoseond probe pulses, in most ases we an approximate our model toonly �rst ray propagation with no interferene e�ets inluded from multiple re�etions onthe material boundaries. In this ase, the expression for the transmission oe�ient anbe written in the following form [26, 27℄:
T =

∣∣∣∣∣
4 cos θ

√
ñ2 − sin2 θ · e−i 2πd

λ

√
en2−sin2 θ

(cos θ +
√
ñ2 − sin2 θ)2

∣∣∣∣∣

2

, (2.4)



CHAPTER 2. THEORETICAL BASIS 14The absorption oe�ient an be obtained from the normalization ondition:
A = 1 − T − R. (2.5)The omponents of the omplex index of refration are onneted with omponents ofa omplex dieletri funtion (CDF) ε(ω) = ε′ + i · ε′′ by relations:

n2 =
1

2

(√
ε′ 2 + ε′′ 2 + ε′

)
,

k2 =
1

2

(√
ε′ 2 + ε′′ 2 − ε′

)
. (2.6)The omplex dieletri funtion is an essential property of the material whih haraterizesits response to an external eletri �eld. CDF is tightly bound with the band struture ofsolids as its imaginary part is diretly related to the probability of photoabsorption. It haseletromagneti origin and an be de�ned through Maxwell's equations:

∇ ·D = ρ,

∇× E +
∂B

∂t
= 0,

∇ · B = 0,

∇× H − ∂D

∂t
= J, (2.7)where E denotes the eletri �eld, H denotes the magneti �eld, ρ is a free harge density,

J is a free urrent density, D is a eletri displaement, B is a magneti �ux density. The�rst equation represents the Gauss's law and desribes how the harge density ρ within thematerial is onneted to the eletri displaement D. In turn, the eletri displaement isonneted with a vetor of an eletri �eld and an eletri dipole polarization vetor P:
D = ǫ0E + P, (2.8)where ǫ0 is the vauum eletri permittivity (whih is a fundamental onstant expressed inSI units). Considering the linear proportionality of the polarization to the magnitude ofthe applied �eld and isotropiity of the material in spae, the polarization vetor and theeletri displaement an be written as follows [28℄:

P = ǫ0χeE,

D = εǫ0E, (2.9)



CHAPTER 2. THEORETICAL BASIS 15where χe is the linear eletri suseptibility. The dieletri onstant ε is therefore de�nedas ε = 1 + χe. In other words, this is the ratio of the eletri permittivity in the materialto the permittivity in vauum. In an isotropi material the dieletri funtion is a salarquantity. In a general ase, this is a tensor relating eah omponent of P to all omponentsof E. It is dependent on many fators, haraterizing the state of the material suh as itstemperature and pressure, the moleular and atomi struture, exitation level et. [28℄The propagating eletri �eld is desribed by the equation:
E = E0e

i(kx−ωt), (2.10)where the frequeny ω and the magnitude of the wave vetor k are related as [28℄:
ω(k) =

1√
εǫ0µµ0

k. (2.11)The oe�ients µ0 and µ are magneti permeability of vauum and of the material orre-spondingly. The phase veloity of the wave is then determined from the known formulaas:
v =

ω

k
=

1√
εǫ0µµ0

=
c

ñ
, (2.12)where c = (ǫ0µ0)

−1/2 is the phase veloity in vauum, and ñ =
√
εµ is the refrative index ofthe medium. For frequenies in the optial part of the spetrum the magneti permeability

µ = 1. Thus, we ome to the relation that was �rst mentioned in Eq. (2.6).Apart from well-known re�etivity and transmissivity, other optial parameters of theexited materials an be measured during the experiment. Let us brie�y highlight theseopportunities, although we do not investigate them later in this study.An example of another optial property whih an be measured in the regime of linearresponse is the light emittane or luminesene [28℄. This e�et is based on the spontaneousemission of radiation and an be explained only on the quantum level. Emission due to theluminesene has a non-thermal nature and ours after light absorption. Lumineseneis possible if the spetrum of the matter is disrete and its energy levels are separated -that is the reason why metals do not produe luminesene. After being exited to thehigh-lying state with energy E2, the atom may spontaneously deay to a lower level with



CHAPTER 2. THEORETICAL BASIS 16energy E1, releasing the photon with the energy E2 −E1 = h̄ω. The luminesene rate anbe estimated as a ratio of the number of emitted photons Ne to the number of absorbedphotons Np. The frequeny of the emitted light is usually di�erent from the one of theabsorbed light.The experimental values of luminesene an be measured in a time-resolved way, oras a funtion of arrier density [28℄. For sub-pioseond measurements, the up-onversionmethod desribed by Shah et al. [29℄ is widely used. The method has muh in ommon withpump-probe tehniques. The pump pulse exites the system, and the probe pulse followsit until some luminesent light has already been emitted. Then, a speial interferene �lterselets a de�nite frequeny whih is in a fous of the experiment.An example of the non-linear optial e�et is the seond-harmoni generation (SHG),when the sample onverts the inident radiation of frequeny ω to the radiation of frequeny
2ω [28℄. This is a partiular ase of a sum frequeny generation, and it is feasible onlyin media without inversion symmetry, i.e., if its rystal struture does not belong to thepoint group with the inversion enter of symmetry. A non-linear bulk material gives aontribution to the seond order of suseptibility χ(2). This ontribution depends on theorientation of moleules within the material, i.e., its strutural order. The behaviour of χ(2)during a laser-indued phase transition in GaAs was onsidered, for instane, in [30℄. Inthis ase, the seond-harmoni signal depends on the non-linear seond-order suseptibilityas well as on the linear dieletri funtions ǫ(ω) and ǫ(2ω). These dependenies have to besorted out. By measuring the seond-harmoni signal as a probe, the disordering of therystalline lattie of GaAs an be deteted, when the χ(2) goes to zero.The more general ase is a sum-frequeny generation (SFG), when due to the annihi-lation of two inoming photons at di�erent frequenies ω1 and ω2, a photon at frequeny
ω = ω1 + ω2 is emitted. The signals at visible frequenies are very often generated fromnear-infrared and visible beams. There are also even more ompliated tehniques availablesuh as four-wave mixing (FWM) [28, 31, 32℄, whih we will not disuss here.



CHAPTER 2. THEORETICAL BASIS 172.5 Eletroni band strutureThe basis for the models desribing strutural evolution of the atomi and moleular sys-tems is an aurate determination of their eletroni band struture. Here, we will introduethe various models used for this purpose and disuss their advantages and drawbaks.2.5.1 Drude modelThe Drude model for eletrons was proposed by Paul Drude in 1900, and it was one ofthe �rst attempts to explain eletro- and thermal ondutivity in metals after disovery ofan eletron by Thomson. The model is based on the kineti theory and assumes lassialbehaviour of free-eletron gas in an external �eld of positively harged heavy stationaryions.The eletrons in the model are represented as ideal elasti spheres whih �oat alongstraight trajetories and ollide with ions, hanging the diretion of their �oating after aollision. The duration of the ollision τc tends to zero, i.e. it is supposed to be instanta-neous [33℄. The long-range interations between eletrons or between an eletron and ionsare negleted exept at the instant of the ollision. The harateristi parameters of theeletron behaviour are the relaxation time τ , i.e., average time between two ollisions forone propagating partile, and a mean free path of an eletron, λ = v0τ , where v0 is theaverage speed of the eletron.Despite the simpliity of the Drude model and a number of approximations made (foreletron ollisions and sattering), for a long time it has been used for the estimation ofthermal and eletri properties in metals, and is still applied for their qualitative desrip-tion. However, it has been known that the drawbaks of the Drude theory may lead to falsepreditions of optial properties in metals, �rst of all, beause of the ompliated frequenydependene whih an not be taken into aount by the Drude model. Even sodium, whihis a metal of the �rst group in the periodi table, reveals the frequeny dependene whih isnot reprodued by Drude-model preditions [33℄. Moreover, the band struture of semion-dutors and dieletris annot be properly treated with the Drude model, as some eletrons



CHAPTER 2. THEORETICAL BASIS 18are bound there and the free-eletron approximation is not appliable for them.A omplex dieletri funtion in the Drude model, whih does not take interband tran-sitions in the semiondutor into aount, is de�ned as [34℄:
ε(ω) = ε0 +

i

ω

ωp
2 τ

1 − iωτ
, (2.13)where ε0 is the unexited material dieletri onstant; ωp =

√
nee2/m∗ε0 is a plasmafrequeny, with ne being the free-eletron density (of eletrons exited to the ondutionband), and m∗ is the e�etive eletron mass; τ is the relaxation time. The plasma fre-queny haraterizes eigenfrequeny of the free-eletron gas in response to a small hargeseparation. So, it orresponds to the eletron density osillation in the onduting media.The photoabsorption in a semiondutor an be interpreted as a promotion of an ele-tron from the valene to the ondution band. An inverse proess of an eletron transferfrom the ondution to the valene band is also possible. These proesses are alled inter-band transitions. Generally, the dieletri funtion ontains a ontribution from the Druderesponse of free arriers and a ontribution from interband transitions [28℄:

ε(ω, t) = 1 + 4π(ξinterband(ω) + ξDrude(ω)). (2.14)Approahing to the non-equilibrium exitation regime, the appliability of the Drudemodel is getting even more problemati. At high pump �uenes (e.g., above 0.5 kJ/m2at h̄ω = 1.9 eV for GaAs) the Drude model does not desribe hanges in the dieletrionstant adequately [30℄ as the exitation auses signi�ant hanges in the eletroni bandstruture. Thus, the term ξinterband(ω) begins to dominate in the ontribution to the optialsuseptibility over the term ξDrude(ω) and re�ets the response of the CDF to the exitation.It shows the neessity of estimating the interband ontribution beyond the Drude modelthat we perform in Setion 4.4. While on longer time sales (below the damage thresholdand thermal melting), the Drude model is still apable of produing results lose to theexperimental ones, on short time sales after the exitation by ultrafast XUV or X-raypulses, non-thermal e�ets may play a signi�ant role, and some other modeling approahhas to replae the inaurate Drude model.



CHAPTER 2. THEORETICAL BASIS 192.5.2 Ab initio approahesIn physis ab initio methods imply alulations from the �rst priniples by employingestablished laws of nature without any approximations or �tting parameters. However,depending on the ommunity, a term 'ab initio' is sometimes also applied to the methodsthat partially rely on approximate shemes, for example, to suh as the well-known densityfuntional theory (DFT).DFT is widely used both in solid state physis and quantum hemistry. It has on�rmedits potential in de�ning the eletroni band struture in many-body systems. DFT isbased on the priniple that the ground state of the many-partile system is determineduniquely by the eletron density (Hohenberg-Kohn theorem), whih an be obtained froma Shrödinger equation [35℄. The partile orbitals are de�ned by Kohn-Sham equations.For the solution of Kohn-Sham equations di�erent basis sets are used [36, 37℄.The most simple onept is to use plane waves whih are not suitable for quiklyvarying potentials, unless a very large number of the waves is onsidered. More advanedapproahes use augmented funtions. They inlude, e.g., augmented plane wave (PAW),mu�n tin orbital (MTO). These methods are designed to treat the energy dependene ofthe basis funtions. The third type of methods uses loalized orbitals, suh as, for example,a linear ombination of atomi orbitals (LCAO), whih is a quantum superposition ofatomi orbitals [38℄.For studying the properties of many-body systems in non-equilibrium, evolving in thepresene of time-dependent potentials, an extension of the onventional DFT, whih isalled time-dependent density funtional theory (TDDFT) was performed. TDDFT relieson Runge-Gross (RG) theorem, whih is basially an analogue of the Hohenberg-Kohntheorem for time-dependent systems. RG-theorem governs the relation between the time-dependent many partile state and the orresponding time-dependent density. Analogouslyto the stationary ase, the harateristi Hamiltonian ontains the kineti energy operator
T̂, eletron-eletron Coulomb interation energy operator Ŵ and the potential energy



CHAPTER 2. THEORETICAL BASIS 20operator V̂ (t) of the eletrons in the time-dependent potential V (r, t) [35, 39℄:
Ĥ = T̂ + V̂ (t) + Ŵ. (2.15)One of the widely used DFT methods in semiondutors studies is loal density approx-imation (LDA) [35℄. The main onept of LDA is to build the exhange-orrelation energy

Exc from the exhange-orrelation energy per partile ǫxc of the homogeneous eletrongas [35, 40℄. The dependene on ǫxc(n) an be omputed by quantum Monte Carlo sheme.Generally, LDA desribes well ovalent, metalli and ioni bonds, but works inadequatelyfor hydrogen and Van der Waals bonds.The exhange-orrelation hole Pxc(r1, r2) is the probability of �nding an eletron at r2given that there is an eletron at r1. It must ful�ll the normalization ondition to yield ex-atly one eletron. The reason why LDA works is that its aurate predition of the x-holewhih is reasonably well reprodued in LDA [40℄. In turn, the eletron-eletron interationdepends exlusively on the spherial average of the x-hole. However, this approah doesnot work for the exited states and proesses beyond Born-Oppenheimer approximation.Also, the alulation of the band gap width for various semiondutors [41℄ and bondingenergies between atoms as a funtion of distane even for a simple H2 moleule [42℄ byLDA disagrees with the experiment.In general, DFT methods reprodue band struture with a high auray. However, dueto the high omputational osts, they are inappropriate for investigations of highly-exitedsystems with high time resolution.Another ab initio approah that an be implemented is based on the Hartree-Fok-Slater (HFS) method and realized, for example, in the XMOLECULE ode [43℄. It analulate an eletroni struture for moleules irradiated with high intensity X-rays. Inthis sheme, moleular orbitals are essentially linear ombinations of atomi orbitals formoleular ore-hole states (the LCAO sheme is employed). The atomi orbitals are al-ulated with the help of the numerial grid-based method. In suh a way, grid parametersand trunation shemes an be iteratively adjusted. The sheme is apable of reproduingthe on�gurations that appear after photoexitation and removing of eletrons from the



CHAPTER 2. THEORETICAL BASIS 21ground state, therefore, it an be applied for non-equilibrium dynamis.In the HFS method moleular orbitals (MO) and orbital energies ǫi are the result ofsolving a single-eletron Shröedinger equation:
[
−1

2
∇2 + Vext(r) + VH(r) + VX(r)

]
ψi(r) = ǫiψi(r). (2.16)Here, Vext(r) is the external nulei potential, VH(r) is the Hartree potential whih de-sribes the Coulomb interation between the eletrons, and VX(r) represents the exhangeinteration, approximated by the Slater exhange potential for zero temperature [43, 44℄:

VX(r) = −3

2

[
3

π
ρ(r)

] 1

3

, (2.17)where ρ(r) is the eletroni density. The presene of the Slater exhange potential distin-guishes the Hartree-Fok-Slater method from the Hartree-Fok method. Regarding the ex-hange potential at a �nite temperature, di�erent implementations have been proposed [44℄,e.g., in [45�47℄2.5.3 Tight-binding modelTight-binding model is a well established semi-empirial method for the band strutureomputation in solids. The name 'tight-binding' implies that the eletrons in the modeledsolids are tightly bound to atoms and interat only with the nearest neighbours amongall surrounding atoms. This de�nition already emphasizes the prinipal di�erene of thetight-binding model from the Drude model with its free-eletron approximation.The periodiity of atoms in the solid (rystal) an be taken into aount in several ways,e.g. by using the dediated Bloh eletron wave funtions, whih are a good approximationfor metals [38℄. Otherwise, eletrons an be desribed as slowly moving partiles whihare 'tightly bound' to a de�nite atom. Thus, the band struture of the rystal is based onthe superposition of the loalized wave funtions for isolated atoms. This desription isrelevant for insulators and ovalent semiondutors [38℄.



CHAPTER 2. THEORETICAL BASIS 22The formal mathematial basis of the method is a tight-binding Hamiltonian, whihan be written as follows [5, 18℄:
HTB =

∑

ijην

Hijην ,

Hijην = ǫiηδijδην + tην
ij (1 − δij). (2.18)Here i and j stand for the atoms, η and ν stand for the atomi orbitals, tην

ij is the hoppingmatrix element, the oe�ients ǫiη inlude the on-site energy of atoms. Theoretially,any number of orbitals an be inluded in the seond term of the Hamiltonian. However,in the approah proposed by Slater and Koster tην
ij plays rather a role of a set of �ttingparameters for the band struture [48℄. It is then not a sum or integral over all orbitals.Thus, oe�ients tην

ij an be used for the interpolation between the energies obtained forde�nite k-points from the experiment or ab initio alulations [18℄. For many materials,it is su�ient to hoose just several orbitals for aurate desription of the band strutureand other material properties, and an ansatz1 for the form of hopping parameters, whihanalytial expression may vary. The auray of a TB model depends on the partiularhoie of the set of the basis funtions and the auray of their �tting.Usually, tight-binding parameters are adjusted to the ground state of the material.TB is then e�ient for band struture alulations in the stati regime. However, TBan be also extended for the exited system, whih an evolve with hanging atomi ge-ometry. This means that hopping parameters must be valid for di�erent strutures andsuh modi�ation of TB is then named transferable tight-binding model. The transfer-able tight-binding approah is e�ient in prediting repulsion between the bands whihin�uenes the size of the band gap [5℄. Apart of this, tight-binding approah an desribeaurately enough the hemial bonding, density of states, Fermi energy, and spei� ele-tron properties.1The word ansatz an be translated from German as an assumption about the form of unknownfuntion, whih is made in order to failitate solution of an equation or other problem (Oxford EnglishDitionary, Addition Series, Volume 3)



Chapter 3
Constrution of the model
After sorting out the basi physial priniples whih are ruial to desribe FEL exita-tion of solids and optial photons propagation, here we present the onstrution of themodel based on these priniples. As the main goal of the work is the determination oftransient optial properties, �rst, we will disuss the methodology for alulating the om-plex dieletri funtion. While CDF is onneted with the material band struture, at theseond step we will review the XTANT model whih allows to alulate it in onnetionwith moleular dynamis alulations. Finally, we will show the preditions of XTANT foroptial oe�ients in systems under equilibrium.3.1 Calulation of CDF in random phase approximationIn the pump-probe sheme we use optial pulses as probes, and this gives us an opportunityto use a number of approximations, beause the response of the material in this ase an beredued with a good auray to the ontribution of valene eletrons only. For the analysisof the dieletri funtion from the mirosopi point of view, we may apply a semi-lassialpiture, treating eletrons quantum mehanially and by treating the external eletri �eldlassially. The Hamiltonian for a single eletron reads as [28℄:

H0 =
p2

2me
+ V (x). (3.1)23



CHAPTER 3. CONSTRUCTION OF THE MODEL 24The Lorentz fore whih governs the motion of the partile in lassial eletromagneti�eld is:
F = (−e)[E + v ×B], (3.2)where v is a veloity of the eletron and B is the magneti �eld vetor, and the both valuesare dependent on the eletri �eld E. It means that we an neglet the quadrati seondterm. The eletron-radiation Hamiltonian then reads as [28℄:

H1(t) = +ex · E(t) = −Υ · E(t). (3.3)Here Υ = −ex is a dipole moment operator. Suh an approximation is alled the eletridipole approximation as the interation Hamiltonian H1 orresponds to the Hamiltonianfor a dipole in a stati �eld E0. As the eletri �eld is also spae-dependent, it is expressedas in Eq. (2.10):
E = E0(ω)ei(kx−ωt). (3.4)The Fermi wave vetor of the rystal lattie of is muh larger than the wave vetor of optialphotons. This implies that optial irradiation has a negligible e�et on the momentumtransfer to the lattie. Then we an expand the eikx from Eq. (2.10) as
eikx ≈ 1 + ik · x + ... (3.5)and neglet all the k-dependent terms [28℄. Suh an approximation in ondensed matterphysis is alled the random phase approximation (RPA). For the pump-probe sheme,we an restrit ourselves to the RPA whih implies q = |k − k′| → 0, where k and k′orrespond to the rystal momentum in the initial and the �nal state after the optialtransition [27℄.The frequeny-dependent CDF an be alulated by various DFT shemes. Amongthem, the methodologies based on, for example, the full-potential linearized augmentedplane-wave [49℄ and the projetor-augmented wave methodology [50℄, were presented. Theauray of the DFT preditions for the frequeny-dependent CDF is usually high. How-ever, the high omputational osts make them inappropriate for traing the materialsdynamially under non-equilibrium onditions.



CHAPTER 3. CONSTRUCTION OF THE MODEL 25The semi-empirial methods suh as tight-binding model, based on a set of loalizedwave funtions, are also able to provide reliable results for non-equilibrium state. As weonsider a single frequeny of the external �eld, the random phase approximation anbe applied. Within the RPA [51�54℄ dieletri funtion an be expressed by a Lindhardformula, based on the �rst-order perturbation theory [27, 55, 56℄:
εαβ(ω) = δα,β +

e2 h̄2

me
2Ω ǫ0

∑

ην

Fην

E2
ην

fν − fη

h̄w −Eην + i γ
. (3.6)In this equation Ω is the volume of the simulation box; Eην = Eν − Eη is the transitionenergy between two eigenstates |η〉 and |ν〉, fη and fν are the transient oupation num-bers of the orresponding states, whih are normalized to 2 (taking into aount the spindegeneray); me is the mass of a free eletron; e is the eletron harge; h̄ is the Plankonstant; and ǫ0 is the vauum permittivity in SI units. Parameter γ is an inverse eletronrelaxation time. In our alulations, we use a value γ = 1.5×1013 s−1. The hoie of γ doesnot a�et the results beyond the broadening of peaks in the CDF [57℄. Values of γ below

1014 s−1 lead to almost idential peaks in the optial oe�ients. Fην are the diagonalelements of the osillator strength matrix and are de�ned as:
Fην = | 〈η|p̂|ν〉 |2, (3.7)where 〈η|p̂|ν〉 is a momentum matrix element between the two eigenstates:

〈η|p̂|ν〉 =
∑

RaR′

a
,σ,σ′

Bσ η(Ra)P (Ra,R
′
a)Bσ′ ν(R

′
a). (3.8)In Eq. (3.8) Ra denotes the oordinates of atoms, and σ labels the atomi orbitals. Bσ ηand Bσ′ ν are the orresponding eigenvetors of the Hamiltonian.Energy levels and oupation numbers are obtained from the alulation of the materialband struture at eah time step and from the temperature equation in a framework of asemi-empirial self-onsistent model, whih we will disuss in Setion 3.3. On the otherhand, the momentum matrix elements an not be obtained if the model does not ontainexpliit form of the wave funtions. In order to extrat them, we use the operator identity
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p̂ = me

ih̄
[r̂, Ĥ]. Thus, the momentum matrix elements an be de�ned, as in work by Traniet al. [56℄:

P (Ra,R
′
a) =

me

ih̄
[Ra − R′

a]H(Ra,R
′
a), (3.9)where H(Ra,R

′
a) is the Hamiltonian matrix.Average value of the CDF an be alulated from the diagonal elements of the dieletrifuntion tensor:

〈ε〉 =
1

3
(εxx + εyy + εzz). (3.10)The �nal expressions for the real and imaginary part of CDF, whih enter Eq. (2.6), anbe written as follows [27℄:

Re(ε) = 1 +
e2 h̄2

me
2Ω e0

∑

ην

(fν − fη)Fην(h̄ω −Eην)

E2
ην((h̄ω − Eην)2 + γ2)

,

Im(ε) = − γ e2 h̄2

me
2Ω e0

∑

ην

(fν − fη)Fην

E2
ην((h̄ω − Eην)2 + γ2)

. (3.11)In general ase, the alulation of the eletroni struture requires a number of di�erent
k-spae integrals over the whole Brillouin zone or its irreduible part, obtained by averagingontributions from all k-points on a mesh in the reiproal lattie. Hamiltonian in Eq. (3.9)an be replaed by a Fourier transform:

H(k) =
∑

R

eikRH(R). (3.12)There are di�erent shemes existing of solving suh integrals with di�erent hoie of 'speialpoints'. One of the most prominent and aurate is Monkhortst-Pak sheme [58℄ for ubilatties. Therein, the lattie is de�ned by three primitive translation vetors t1, t2 and t3,while the assoiated reiproal-spae vetors an be de�ned as:
b1 =

2π

Ω
t2 × t3,

b2 =
2π

Ω
t3 × t1,

b3 =
2π

Ω
t1 × t2. (3.13)



CHAPTER 3. CONSTRUCTION OF THE MODEL 27Here Ω is the unit ell volume. For a partiular hoie of the grid points we de�ne asequene of numbers [58℄:
ur = (2r − q − 1)/2q, at r = 1, 2, ..., q, (3.14)where q de�nes the number of speial points in the set in one dimension. Thus k-vetoran be de�ned as:

kprs = upb1 + urb2 + usb3. (3.15)Therefore, q3 points in total an be found in the Brillouin zone.3.2 CDF formalism for inelasti sattering ross setionsThe essential part of any numerial treatment of XUV or X-ray irradiated system is anaurate alulation of the total ross setions for the eletron impat ionization or exita-tion of atoms. There are several methods allowing for suh alulations and using di�erentollision theories. The quality of the used wave funtions is espeially important for theauray of the model. However, the ab initio alulations of the wave funtions, espeiallyfor polyatomi moleules, neessary to obtain the ionization ross setion, present di�ulty.Thus, experimental data and semi-empirial theories are widely used for the purpose. Veryoften suh methods have a good auray for high exitation energies but fail to desribethe ross setion properly at lower energies.One of the most known models is based on atomi ross setions and is alled Binary-Enounter-Bethe (BEB) model. It uses the Mott ross setion [59, 60℄. This model is usedboth for ross setions in atoms and in moleules, and it does not ontain any empirialparameters. The analyti formula for the total impat ionization ross setion per atomior moleular orbital reads as follows:
σBEB =

S

t+ (u+ 1)

[
Q ln t

2

(
1 − 1

t2

)
+ (2 −Q)

(
1 − 1

t
− ln t

t+ 1

)]
, (3.16)where t = T/b, u = U/B, S = 4πa2

0N(R/B)2, a0 = 0.52918 Å, and R = 13.6057 eV. Here Bis the binding energy, U is the orbital kineti energy, N is the eletron oupation number,
Q is a dipole onstant.



CHAPTER 3. CONSTRUCTION OF THE MODEL 28Although the BEB model agrees with many experimental ionization ross setions for avariety of atoms and moleules even at near threshold energies, it may give unreliable resultsfor arbon based materials as shown in [61℄. In semiondutors the impat ionization ratesare strongly dependent on the band struture, and the eletron sattering ross setionsare alulated with the usage of time-dependent perturbation expansions.A quite aurate model for both high and low impat energies was proposed in [62℄. Anempirial formula proposed there for the mean free path takes into aount the asymptotisat low and high energies [62℄:
λii(E) =

√
E/
[
a(E − Eth)

b
]
+ [E − E0 exp(−B/A)]/[A ln(E/E0) +B]. (3.17)Here E is the eletron energy, E0 is the �tted dimensional oe�ient, Eth is the ionizationthreshold energy; a, A and B are material dependent onstants. The Eq.(3.17) was then�tted to the known data for the impat ionization mean free path for several elementsand ompounds. Out of that, the total eletron impat ionization ross setions an beobtained.In our work, we implement the omplex dieletri funtion formalism, whih alulatesthe ross setion for impat ionization by an eletron or another harged partile, and themean free path of the partile by using the known CDF spetra. It is important to notethat the CDF we use here, is an experiment-based CDF �t to the ground-state of thematerial, and its role is di�erent from the role of the transient CDF, that we de�ned inSetion 3.1. We are not able to use the transient CDF at eah time step for the alulationof the ross setion beause of the omputational and funtional omplexities, as we willdemonstrate further. The CDF formalism for inelasti sattering on a system of stronglybound eletrons is ombined with the Rithie and Howie method [63℄. Within the Bornapproximation, the ross setion for the sattering on a suh system reads as in [64, 65℄:
d2σ

dωdq
= AS(ω,q), A =

m2
e

4π2h̄5

k

k0
W (q),

S(ω,q) =
∑

n0

pn0

∑

n

∣∣∣∣∣∣

[
N∑

j=1

exp(iqrj)

]n

n0

∣∣∣∣∣∣

2

δ(ω + (En0
−En)/h̄). (3.18)



CHAPTER 3. CONSTRUCTION OF THE MODEL 29In this equation σ is the total ross setion for eletron sattering, A is the probability ofsattering on an eletron, S(ω, q) is the dynami struture fator of eletrons. Free-eletronmass is denoted me, k0 and k are the initial and �nal momentum vetors of the eletron,
rj is the position vetor of eah of N partiles within the sattering system, the initial and�nal states of this system are signed as n0 and n orrespondingly, and En0

and En are theirrespetive energies. Finally, pn0
is the statistial weight of the initial state.The link between the struture fator S(ω,q) and the marosopi dieletri funtion

ε(ω,q) is provided by the �utuation-dissipation theorem [64, 66℄:
S(ω,q) =

q2

4π2ne
Im

(
1

ε(ω,q)

)
, (3.19)where ne is the eletron density. The ross setion for sattering on a system of eletronswithin the Born approximation an be written as [64, 66℄:

d2σ

dωdq
=

2(Zee)
2

πh̄2ν2

1

q
Im

( −1

ε(ω,q)

)
. (3.20)

Ze is the e�etive harge of a partile in the eletroni system, while e is the eletronharge, ν is the veloity of the inident partile. The mean free path is onneted with theross setion as λ = 1
neσ

.The algorithm, invented by Rithie and Howie, onstruts the approximated dieletrifuntion from the experimentally available data on photon sattering in solids. The CDFparametrization in this method is the Drude-type �t for an ensemble of atomi osillators,whih ontain three sets of adjustable oe�ients [63, 64℄:
Im

[ −1

ε(ω, q = 0)

]
=
∑

i

Aiγih̄ω

(h̄2ω2 − E2
0i)

2 + (γih̄ω)2
. (3.21)The oe�ient E0i is the harateristi energy of the osillator i, the oe�ient Ai is thefration of eletrons that have the spei� energy E0i, and γi is the ith energy dampingoe�ient. The summation is performed over all osillators i.The dipole approximation, q = 0, is assumed in the model, implying the absene ofthe momentum transfer for massless photons. By �tting the model funtions from the Eq.(3.21) to the data, the missing oe�ients an be obtained. The experimental data on



CHAPTER 3. CONSTRUCTION OF THE MODEL 30optial properties an be represented either by n and k refration indies (typially for lowphoton energies below 30 eV) or by the attenuation oe�ients for higher energies. Theimaginary part of inverse CDF looks like [64, 67℄:
Im

[ −1

ε(ω, q = 0)

]
=

c

λphω
, (3.22)where λph is the mean free path till absorption, and c is the speed of light in vauum.During the implementation, the quality of the �tting should be heked with the spei�sum rules. First, ps-sum-rule (perfet sreening sum rule) [63, 64, 67℄:

Peff =
2

π

h̄ωmax∫

0

Im

[ −1

ε(ω, q = 0)

]
d(h̄ω)

h̄ω
. (3.23)If h̄ω goes to in�nity, the value of Peff must tend to 1. The seond rule is alled the

f -sum-rule [63, 64, 67℄:
Zeff =

2

πΩ2
p

ωmax∫

0

Im

[ −1

ε(ω, q = 0)

]
ωdω, (3.24)where Ωp

2 = (4πnme
2/me)

1/2 is the plasma frequeny and nm is the density of moleulesin the solid under onsideration. If h̄ωmax tends to in�nity, the Zeff must tend to the totalnumber of eletrons per moleule of a target. Finally, in order to extend the approxima-tion from the dipole limit q = 0 to massive partiles (eletrons), one should replae theoe�ients E0i by the expressions (E0i + (h̄q)2/(2me)) [63, 64℄.The ross setion alulations with Rithie and Howie method are based on the �rstBorn approximation, so it should be implemented only for high-energy eletrons. The es-timations made in [68℄ show that the lower limit for eletron energies, whih an providereliable results, is ∼ 10 eV. For lower eletron energies, quantum e�ets of the band stru-ture must be taken into aount. The spei� parameters entering into the model funtionsused for the determination of the inverse CDF in Eq. (3.21) are olleted in Appendix D.



CHAPTER 3. CONSTRUCTION OF THE MODEL 313.3 XTANT modelIn order to study transient states of matter, a uni�ed hybrid model XTANT was devel-oped [5℄ by N. Medvedev. It traes both transient eletroni exitation and the evolution ofatomi struture and ombines transferable tight-binding (TB) formalism, lassial mole-ular dynamis (MD), Boltzmann equation and Monte Carlo sheme in a self-onsistentmanner. XTANT enables to alulate suh parameters as a band gap width, potential andkineti energies of atoms and eletrons, their temperature and hemial potential, as wellas optial oe�ients, whih are known to be sensitive experimental observables. The al-ulation of optial properties is based on the tight-binding approah and omplex dieletrifuntion (CDF) formalism in random phase approximation (RPA). A shemati piture ofthis model is shown in Fig. 3.1.The ore of the hybrid model is the semi-empirial transferable tight-binding sheme,whih alulates the time evolved potential energy surfae and the band struture of thematerial. In the previous Chapter, we disussed in detail the advantages of the TB modeland its usefulness to desribe the exited states of semiondutors. The atomi Hamiltonianlooks as follows:
H = HTB + Erep({rij}), HTB =

∑

ijην

Hijην ,

Hijην = ǫiηδijδην + tην
ij (1 − δij). (3.25)The Hamiltonian onsists of two parts: the attrative tight-binding Hamiltonian HTB,whih has a form as in Eq. (2.18), and the repulsive term Erep({rij}) whih desribes therepulsion of atomi ores. With this Hamiltonian we an alulate eletroni energy levels

Ei at every time. Then, knowing the oupation numbers, the potential energy surfae
Φ({ri,j}, t) an be alulated. The hopping integrals tij are alulated with Slater andKoster approah [5, 48℄.Slater and Koster approah is a parameterized tight-binding method based on thetwo-enter approximation. The two-enter approximation implies that overlap terms andHamiltonian HTB matrix elements inlude orbitals and potentials of only two atomi sites
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Figure 3.1: Shemati piture of the hybrid XTANT model realization. The high-energy ele-trons and deep shell holes are traed with MC method; the low-energy eletrons are treated withtemperature equation; MD tehnique is used for the alulations on atoms; the tight-binding ap-proah is used for the de�nition of the potential energy surfae and the eletron band struture.The piture is partly adopted from [5℄.
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i and j. This approximation is valid for the o�-diagonal Hamiltonian matrix elements.The involved potential V (r − Rn) aounts for all atoms in the system. Utilizing theassumption, that the atomi orbitals are orthogonal Wannier funtions, the Hamiltonianan be written in a parameterized two-enter form. Due to this fat, the dependene of thehopping integral on the distane an be expressed analytially. For arbon and silion, thismethod takes into aount only s, px, py and pz valene orbitals, whih is enough for theaurate desription of band struture in these materials. As we will deal with struturaltransformations, we use transferable tight-binding hopping integrals, whih have to befuntions of positions of all atoms in the simulation box.The angular parametrization proposed by Slater and Koster looks as follows [48℄:

tssij = Vssσ,

tspx

ij = lijVspσ,

t
pxpy

ij = lijmij(Vppσ − Vppπ),

tpxpz

ij = lijnij(Vppσ − Vppπ),

tpxpx

ij = l2ijVppσ + (1 − l2ij)Vppπ, (3.26)where lij , mij , nij represent the osines between the diretions of the position vetors forthe atoms i and j:
lij =

rij,1

rij
, mij =

rij,2

rij
, nij =

rij,3

rij
. (3.27)The distanes between the atoms in diretions x, y, z are alulated as:

rijx = xi − xj ,

rijy = yi − yj,

rijz = zi − zj . (3.28)Together with periodi boundary onditions, the distanes will be:
rijα =

∑

β

hαβ(siβ − sjβ + zβ), α, β ∈ {1, 2, 3}. (3.29)



CHAPTER 3. CONSTRUCTION OF THE MODEL 34All other hopping terms tij an be written analogously to Eq. (3.26). The transferabilityof the tight-binding method is determined namely by the distane-dependent funtions
Vξ (ξ = {ssσ, spσ, ppσ, ppπ}). Their form was proposed by Pettifor et al [18, 69℄. Thedependene on the interatomi distane for eah pair of atoms within the box and fromthe neighbouring superells is desribed by �tting funtions as well as a repulsive potentialenergy:

Vξ(rij) = V 0
ξ

(
r0
rij

)n

exp

[
n

(
−
(
rij

rc

)nc

+

(
r0
rc

)nc
)]
,

Erep({rij}) =
∑

i

F

(
∑

j

φ(rij)

)
,

F (x) = a0 + a1x+ a2x
2 + a3x

3 + a4x
4,

φ(rij) = φ0

(
r0
rij

)m

exp

[
m

(
−
(
rij

dc

)mc

+

(
r0
dc

)mc
)]
. (3.30)Here, the oe�ient V 0

ξ haraterizes the dependene of the hopping integral on the in-teratomi distane rij , r0 is the nearest neighbour distane. The distane dependene is�xed by the exponent n, rc denotes the ut-o� radius, nc determines the range of hopping.The parameters m, dc and mc analogously de�ne the distane dependene of the repulsivepotential, d0 sales the distanes. The funtional f for the repulsive potential inludesoe�ient from a0 to a4. [18℄. The eletroni energy levels Ei are aquired by the diago-nalization of the Hamiltonian matrix HTB. The potential energy surfae is thus de�ned bythe oupation numbers fe(Ei, t), energy levels Ei and the repulsive potential energy Erep:
Φ({rij}, t) =

∑

i

fe(Ei, t)Ei + Erep({rij}). (3.31)Suh alulation of the potential energy surfae implies using the Ehrenfest-like dynamis,the appliability of whih for our ase is explained in Appendix B. The partiular formand values of the tight-binding parameters of arbon and silion are given in Appendix C.The tight-binding methodology for GaAs that we use was proposed by Molteni et al.in 1994 [70℄. It is based on the �tting of the ohesion energy urves of a few rystallinephases to the results of the ab initio alulations. In order to keep the transferability of themethod, the ohesive-energy phase diagram must be reprodued in three di�erent phases



CHAPTER 3. CONSTRUCTION OF THE MODEL 35at zero temperature. Here, the Slater-Koster tight-binding Hamiltonian is used again withthe orthogonalized, extended sp3s∗ set. For the rystalline phases, where all the bondshave the same length r, the total energy per atom an be written as in [70℄:
Etot = 2

∑

i

fe(Ei)Ei +
Nnn

2
U(r), (3.32)where U(r) is a phenomenalogial pair potential, Nnn is the oordination number and thespin degeneray is taken into aount.The saling law for the �tting parameters has to be modi�ed to enable to reproduedi�erent ab initio alulations. The expression from Eq. (3.32) an be rewritten with asaling funtion s(r) as follows:

Etot[s(r)] = Ebs[s
2(r)] +NnnΦ(s(r))m, (3.33)where Ebs is a band struture energy. To obtain the saling law of the hopping term, the

s(r) funtion is squared. In order to adjust the equilibrium volumes, a new saling funtion
s2(r) is introdued, similarly to the Eq. (3.30) above:

s2(r) =
r0
r

exp

[
−
(
r

rc

)nc

+

(
r

rc

)nc
]
, (3.34)where rc and nc are parameters of the smoothed step funtion that represent the positionand the sharpness of the step, respetively. The repulsive energy an be expressed as a sumof the pair potential. With the Harrison saling rule [71℄ and the Born-Mayer potential [72℄,responsible for the overlap of the oupied orbitals, the interatomi distane-dependentterm is added:

U(r) = Φ1 exp[−(r − r0)/α] + Φ2

(r0
r

)
. (3.35)With the additional term Φ2

(
r0

r

), harge-transfer e�ets are approximately taken intoaount. The total set of TB parameters for GaAs is listed in Appendix C.The atomi motion is traed by using the lassial moleular dynamis (MD) tehnique.In [61℄ the appliability of the lassial MD method towards highly single-ionized stronglybound systems with a large number of atoms was analyzed. The onlusion was that even



CHAPTER 3. CONSTRUCTION OF THE MODEL 36for suh systems the lassial MD gives results in a good agreement with the experimentaldata, while some disrepany omes from the treatment of impat ionization ross setions.In our model, the fores between atoms are alulated with the help of semi-empirial tight-binding method whih is essentially a basis of the XTANT model [5, 18℄.As the number of atoms in the exited volume of the bulk is very high, a straightforwardMD alulation is not possible. Thus, periodi boundary onditions have to be applied toa simulation box hosen within the laser spot and ontaining a few tens to a thousandof atoms [5℄. The inrease in the number of atoms in the simulation box slows downthe alulation time, but at the same time it diminishes the statistial �utuations of thevalues.The two options for the periodi boundary onditions, implemented with the Parrinello-Rahman method, are inluded into XTANT: simulations with the onstant volume (Ω =onst) or with the onstant pressure (P = onst). If the onstant volume is hosen, thenthe simulation orresponds to the solution of the lassial Newtonian equation of atomimotion. Otherwise, the Lagrangian of the superell motion takes into aount the hangesof the geometry of the superell. Thus, the external pressure an be �xed, while we allowthe superell volume to hange, e.g., to expand due to heating [5℄:
L =

N∑

i=1

Mi

2
ṡT
i h

Thṡi − Φ({rij}, t) +
WPR

2
Tr(ḣTḣ) − PextΩ,

ri = h(si + z). (3.36)The two �rst terms in the equation desribe the atomi motion, and the two last onesdesribe the kinetis of the superell. Here Mi is the atomi mass, ri is the oordinate ofthe atom i, si are the relative oordinates of the atoms within the simulation box, vetors
z are responsible for the periodi boundaries. The matrix h is onstruted out of the threedimensional vetors a, b and c, that span the MD superell [5, 18, 73℄. By hoosing linearlyindependent dimensional vetors, adjusting their lengths and orientations, the spae anbe �lled with the repeated superells formed by the vetors. Further, Φ is the potentialenergy surfae, the onstant WPR is the e�etive mass of the superell. The last term wasproposed by Parrinnello and Raman to desribe the external pressure on the superell Pext



CHAPTER 3. CONSTRUCTION OF THE MODEL 37(atmospheri pressure in the standard ase). The volume Ω is the transient volume of thesimulation box [5℄. In ase of simulations with the onstant volume the last two terms willnot enter the Lagrangian. The moleular dynamis modeling with onstant pressure onthe superell yields larger numerial unertainty than the MD simulations with a onstantvolume of the superell, beause in ase of the onstant volume apart from osillations ofatoms the volume superell osillates as well [5, 18℄. The Verlet algorithm is used here tofollow the time evolution of the atomi oordinates and veloities (for details see AppendixA) [5, 18, 74℄.One of the key points of XTANT is a division of all eletrons in the system into twofrations: low-energy and high-energy eletrons. The hosen ut-o� energy is initially equalto 10 eV, whih is broader than a band gap width in semiondutors onsidered here. Low-energy eletron system whih is lose to the equilibrium is treated with the Boltzmannequation for homogeneous systems [21, 75℄:
dfe(Ei)

dt
= Ie−e + Ie−i, (3.37)where fe(Ei) is the transient eletron distribution or an oupation number on the energylevel Ei, Ie−e is the eletron-eletron ollision integral, Ie−i is the eletron-ion ollisionintegral. In our model, we use a more general eletron-ion sattering piture insteadof the eletron-phonon oupling for eletron-lattie thermalization. We assume that anyatomi displaement from the equilibrium position indues hanges in the population ofthe energy levels, and the exess energy is transferred to the atoms of the rystal lattie.In a phononi approah the interatomi potential is parabollially approximated to writethe Hamiltonian as a set of harmonial osillators, also the ideal rystal is assumed andthe time sales are assumed to be long enough to treat olletive motion of atoms [33, 76℄.None of these assumptions is valid in ase of strong eletroni exitation on a femtoseondtime sale [76℄. The partiular eletron-ion oupling shemes and orresponding forms ofthe eletron-ion ollision terms are disussed in Subsetion 4.3.3.The instantaneous eletron thermalization is assumed, meaning in�nitely fast eletron-eletron sattering. The low-energy eletrons are then assumed to form a Fermi-Dira



CHAPTER 3. CONSTRUCTION OF THE MODEL 38distribution whih desribes a distribution of fermions in a system in a thermodynamialequilibrium. At eah time step, the total number of low-energy eletrons is alulated.It onsists of the number of the eletrons exited by the inoming photons of the laserpulse and the number of eletrons removed from the high-energy eletron fration dueto the seondary ollisions. If the energy of the eletron overomes the ut-o�, it joinsthe high-energy domain, and vie-versa, a su�ient loss of energy may lead a high-energyeletron to fall into the low-energy domain. The total energy of all eletrons in the systemis onserved. Knowing it, the potential and kineti energy of atoms an be alulated aswell.The temperature Te and the hemial potential µe of the low-energy eletron subsysteman be found from Fermi-Dira distribution by solving the inverse problem [5℄. The fator2 aounts for the eletron spin. The values of hemial potential and temperature arealulated at eah time step from the known values of the eletron numbers and theirenergies:
N low

e =

Ecut∑

Emin

fe(Ei) =

Ecut∑

Emin

2

1 + exp((Ei − µ)/Te)
,

Elow
e =

Ecut∑

Emin

Eife(Ei) =

Ecut∑

Emin

2Ei

1 + exp((Ei − µ)/Te)
. (3.38)As shown in Eq. (3.31), the transient eletroni distribution fe(Ei, t) in�uenes the poten-tial energy surfae from whih atomi fores and new atomi positions an be determined.Then, the new tight-binding Hamiltonian is realulated at every time step, and the newenergy spetrum {Ei} is onstruted.The number of high-energy eletrons is relatively low, therefore, together with thedeep shell holes, they are treated individually with the asympoti trajetory Monte Carlosheme [77℄ event-by-event. The photoabsorption by the eletron, seondary impat ion-ization by the eletron, elasti sattering of eletrons on ion target, elasti sattering oftwo free eletrons and Auger proesses involving free eletrons and deep shell holes an bedesribed with suh a sheme. The alulation of inelasti sattering ross setions is basedon the omplex dieletri funtion formalism, and was disussed in detail in the previous



CHAPTER 3. CONSTRUCTION OF THE MODEL 39Setion.Now, let us disuss the limitations of our model. First, we assume that eah photonexites only one eletron whih is a reliable approximation for XUV photons [27℄, as theprobability of two-photon absorption at suh energy range is approximately two orders ofmagnitude lower than the probability of one-photon absorption. Therefore, the �uenesabove 50 J/cm2 required for two-photon absorption annot be onsidered in XTANT.In our approah, the reloation of eletrons to the high-energy domain naturally de-reases their number in the low-energy domain. The attrative part of the inter-atomipotential is then lowered, and an e�etive harge non-neutrality is reated. In ase of high�uene irradiation, reating large eletron density in the ondution band and large holedensity in the valene band, a hanged inter-atomi potential auses atomi displaementwhih may lead to Coulomb explosion of the a�eted part of the system [5℄. The examplesan be found, e.g. for �nite systems (lusters) in [78, 79℄. The Coulomb repulsion of ionsan break the interatomi bonds, and the luster fragmentizes or explodes. Generally, thisrestrition makes the theoretial sheme unappliable for high irradiation �uenes, whenthe number of high-energy eletrons is relatively large. Analogously, we assume that theore-holes density should be relatively low omparing to the total eletron density.The tight-binding predetermined parameters are adjusted to the ground state and arenot able to reprodue the eletroni struture of highly exited systems. This limitationrequires more universal ab initio tehniques, suh as HFS approah disussed above, andthey ould be inluded into the hybrid model as it has a modulous struture. For example,an ab initio model ould produe potential energy surfaes and the orresponding fores,replaing the tight-binding. In Chapter 5 we disuss our e�orts towards suh implementa-tion.Let us emphasize again that tight-binding is a well established approah, espeially instrutural alulations of semiondutors. Comparing to many DFT methods, the tight-binding approah is omputationally e�ient. In priniple, by adopting new sets of pa-rameters and funtional dependenies a notieable variety of di�erent materials, inludingompounds an be desribed. On the other hand, every new parametrization requires a



CHAPTER 3. CONSTRUCTION OF THE MODEL 40separate programming module, whih is not onvenient from the implementational pointof view. In ontrast, the DFT methods, in general, are more �exible towards the inputmaterial parameters.3.4 Optial oe�ients in equilibriumFirst of all, we test our model for the frequeny-dependent CDF in equilibrium materials.Only after suh benhmarking the model, we may move to the analysis of non-equilibriumstates. In the urrent version of XTANT, the spetrum of frequeny-dependent optialparameters linked with CDF an be alulated for three materials: diamond, silion andgallium arsenide. For instane, we may onstrut spetra of n(ω) and k(ω) refrativeindies and ompare them to the known experimental data [80℄.Fig. 3.2 shows that for the energies below ∼ 7 eV, the agreement between the experi-mental data for diamond and XTANT preditions is good. However, at higher energies, theagreement is getting worse, and the broad peak at 12 eV is not desribed by XTANT. Thisis due to the fat that the TB model in XTANT desribes only valene and the bottom ofthe ondution band, not aounting for high-lying states in the ondution band. But aslong as optial irradiation is used for probing, the model auray ahieved for the optialwavelengths is su�ient.
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Figure 3.2: Optial refrative indies n(ω) and k(ω) of the equilibrium diamond. The dots areexperimental data [80℄; the solid line is XTANT predition with TB model obtained, using 2197
k-points.The dependene of the spetra on the number of k-points and the number of atoms inthe simulation box has been analyzed. An inrease of both parameters diminishes statistialosillations. However, an inrease of only the number of atoms does not su�iently improvethe auray, as it is more sensitive to the number of k-points. The simulated resultsonverge for the number of points greater than ∼ 2000.The spetra obtained for silion show agreement for energies up to ∼ 2 eV (see Fig.3.3), whih is still su�ient for the desription of pump-probe experiments with optialpulses. The onvergene of spetra is reahed with around 2000 k-points.This lower energy limit for silion is aused by a more narrow band gap width. In bothdiamond and silion maximal energies, under whih the agreement is ahieved, approxi-mately orrespond to band gap width values (∼ 6 eV for diamond and ∼ 1.1 eV for silion).As in ase of diamond, the sharp peaks for n(ω) and k(ω) are also missing for silion. Anagreement with experiment at optial wavelengths for diamond and silion is observed evenwith Γ-point (enter of the Brillouin zone) alulation of the CDF, i.e. if k = 0. Thus, wean perform simulations of optial oe�ients at the Γ-point for these materials, in thisway reduing the osts of the alulations, unless the values of other analyzed parametersdemonstrate strong numerial osillations.
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Figure 3.3: Optial refrative indies n(ω) and k(ω) of the equilibrium silion. The dots areexperimental data [80℄; the solid line is XTANT predition with TB model obtained, using 2197
k-pointsThe last preditions were made for gallium arsenide (see Fig. 3.4). In this ase theagreement is worse due to the omplexity of the band struture of the material. The Γ-point alulation, even at optial energies, is insu�ient for the desription of the CDF inGaAs. Many k-points are needed to reah a reasonable agreement with the experimentaldata.Out of all performed omparisons, we may onlude that the TB-based model is, ingeneral, appropriate for the de�nition of CDF within optially irradiated materials. Inorder to investigate CDF at higher energies, an ab initio model is needed. Another optionan be the appliation of TB model with a di�erent set of �tted parameters. For instane,in Trani's work, the parameters from [81, 82℄ were used in TB, and they gave a betterauray for silion, reproduing the main peak on the urve. However, the ruial pointof our researh is studying CDF in non-equilibrium materials whih may experiene phasetransitions. Thus, for these goals we need to apply a well established transferable tight-binding method, whih is valid for hanging struture of the material.
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Figure 3.4: Optial refrative indies n(ω) and k(ω) of the equilibrium GaAs. The dots areexperimental data [80℄; the solid line is XTANT predition with TB model obtained, using 2197
k-points.



Chapter 4
Non-equilibrium dynamis of FELirradiated solids
4.1 Phase transitionsIn thermodynamis a phase transition is de�ned as a transition of matter from one ther-modynamial phase to another under the hange of external onditions like temperature orpressure. By looking at temperature-pressure phase diagrams of many materials, one maynotie that they have many possible phases, so the phase transitions are not only transi-tions from one state of matter to another, like, e.g., from solid to liquid or from liquid togas transitions, but also transitions within one state of matter (e.g., solid-to-solid).The lassi�ation of phase transitions was proposed by Paul Ehrenfest [83℄. He dividedall of them into the phase transitions of the �rst order and phase transitions of the seondorder. The order here means the order of the derivative of thermodynamial potentials(F , G, µ..) over temperature or pressure in whih this derivative exhibits disontinuity.The �rst-order transitions may happen between di�erent states of matter (solid to liquidor gas to liquid) and also within one state of matter (disorder to order in solids). Suh aphase transition always involves a latent heating L as it is determined by the rapid hangeof entropy S, as L = T∆S [84℄. The seond-order phase transitions have no latent heating44



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 45beause the entropy (the �rst derivative of the Gibbs free energy G) does not show anydisontinuity. The examples of the seond-order phase transitions are transitions of metalsand alloys to superondutive state or transition of the liquid helium to super�uid state.However, the piture of phase transitions given by Ehrenfest is inomplete as it usesthermodynamial approximation for systems with a large number of partiles whose ther-modynami parameters are established [84, 85℄. The striking example of the transition forwhih this approximation breaks down is a laser-indued non-equilibrium ultrafast phasetransition [5, 86℄. The hange of interatomi potential whih is the reason of the phasetransition is aused by an eletron exitation ouring on a femtoseond time sale whenthe phonon subsystem is not yet involved, and there is no thermal equilibrium betweeneletrons and lattie.The modern onept of thermodynamis proposed in [85℄ then distinguishes �rst-orderphase transitions with latent heat and all other transitions without latent heat. Out ofthat, we onlude that, e.g., thermal (phonon-mediated) melting of silion and GaAs anbe referred to as the �rst-order phase transitions. At the same time non-thermal melting ofsilion and ultrafast graphitization of diamond (due to radiation-triggered eletron exita-tion) are examples of the �rst-order phase transitions either, as they go through absorptionof the internal energy by the eletroni subsystem on a very short time sale in terms ofonventional thermodynamis.4.2 DiamondAfter establishing the validity of the TB-based model, we may start the analysis of theevolution of the optial parameters in irradiated materials. We begin our study withdiamond. Diamond is a solid state form of arbon, its metastable allotrope. It has afae-entered ubi rystal lattie. Natural diamonds an be found in Earth's rust - theyare formed under onditions of high temperature and pressure in deeper layers (Earth'smantle) and then brought to the surfae through volani eruptions [87℄. Several arti�ialtypes of diamond an be formed from graphite whih undergoes temperature and pressure



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 46exposure. Suh tehnoligies are known sine long time [88, 89℄. However, it an alsobe formed at low pressures as a metastable arbon phase [90, 91℄. Diamond is widelyapplied in industry due to its exeptionally high hardness [92℄, thermal ondutivity [92℄and re�etane [93℄. These properties make diamond a perfet material for usage in variousoptial systems, e.g., monohromators, refrative lenses and mirrors. With ontemporarydevelopment of X-ray lasers diamond omponents are �nding their appliation in X-raydi�rational optis. Therefore, any interation of X-ray photons with diamond struturesis very important from this perspetive. For example, heating of diamond below meltingtemperature may ause su�ient hanges in its di�rative properties [94℄. One ouldexpet that non-thermal damaging will ause hanges in optial properties of diamond.Conerning its eletri ondutivity, unexited diamond has a band gap of ∼ 6 eV, whihplaes it between insulators and broad band semiondutors.Phase diagram of arbon (Fig. 4.1) shows that with the inreasing temperature,metastable diamond under atmospheri pressure onverts into graphite, the stable strutureof arbon [95℄. However, in what follows, we will present the ase in whih the temperatureinrease is a onsequene of a non-thermal transition of diamond to energetially favorablestate of overdensed graphite due to the hange of the interatomi potential.
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Figure 4.1: Basi phase diagram of arbon. The piture is taken from www.electronics-
cooling.com.4.2.1 Irradiation of diamond below and above graphitization thresh-oldNow we will perform the simulations to distinguish the ases when diamond is irradiatedbelow the non-thermal graphitization threshold and above it to see how this a�ets itsoptial properties. For illustration, we will onsider here a ase with realisti pulse pa-rameters whih an be ahieved with existing XUV FEL lasers. Let us then onsider thatdiamond is irradiated with the 90 fs long Gaussian FEL single pulse whih has the photonenergy of 50 eV. In [86℄, it is shown that XUV and soft X-ray femtoseond laser pulsesof any energy below the arbon K-edge (h̄ω = 285 eV) may ause graphitization, and thegraphitization proess is more �uene-dependent than photon energy-dependent. At pho-ton energies above the K-edge an additional impat to the non-equilibrium dynamis isgiven by photoexitation of ore level eletrons and the onsequent seondary proesses,suh as Auger-deay, and then suh energies were not in fous of [86℄. However, these



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 48proesses an be aounted by XTANT.We also speify the onstant volume of the superell, and initial room temperature(T0 = 300 K) of eletrons and atoms. The optial probe pulse, whih is needed for thede�nition of optial properties, has a wavelength of 600 nm (photon energy h̄ω = 2.07 eV)and arrives at the normal inidene to the diamond sample. We hoose 216 atoms in thesuperell (3 x 3 x 3), as the simulations performed with 64 atoms in the box may be a�etedby statistial osillations. On the other hand, simulations with 512 atoms in the superelldo not show any ruial di�erene of results when ompared to 216 atoms ase, but tendto be muh more time-onsuming [27℄. As it was stated in Chapter 3, optial properties ofdiamond at optial probe wavelengths should be represented aurately enough at Γ-pointapproximation, whih we will use here. The FEL pulse in our simulations is entered atzero on a time sale.While keeping all these parameters unhanged, we vary the absorbed dose Dabs spei�edin eV/atom. It is tightly related to the pulse �uene F (in [J/cm2℄) as:
Dabs = 6.24 · 1018 · F ·

[
1 − exp

(
− d

λatt

)]
· M

NAρdN
, (4.1)where d [m℄ is the thikness of the investigated sample, λatt [m℄ is an X-ray attenuationlength for a given photon energy and material, M is a molar mass [g/mol℄ of the hemialelements or ompounds forming the material, ρ is the material density [g/cm3℄, N is anumber of atoms in a moleule, and NA is the Avogadro number [mol−1℄. If we onsider abulk material, we an assume that d = λatt and most of the dose will be absorbed withinthe attenuation-length-thik layer. We an then rewrite Eq. (4.1) as:

Dabs = 3.94 · 1018 · F · M

NAρλattN
. (4.2)A theoretially and experimentally established threshold dose whih auses non-thermalgraphitization of the diamond bulk is ∼ 0.7 eV/atom [5, 86℄ whih is near its damagethreshold (∼ 1 eV/atom) [18, 96℄ and far below its ablation threshold (∼ 4 eV/atom) [18,97℄, depending on the X-ray pulse duration. The doses around this threshold will be studiedbelow.
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Figure 4.2: XTANT-modelled optial oe�ients of diamond at di�erent radiation doses ab-sorbed: (a) 0.6 eV/atom, (b) 0.8 eV/atom and (c) 1.0 eV/atom. Solid red lines depit re�etivityoe�ients, the dashed green lines are transmission oe�ients, the dot-dashed blue lines showabsorption oe�ients. The FEL pulse energy h̄ω = 50 eV, the pulse duration τ = 90 fs, theprobe pulse wavelength λ = 600 nm.We start our simulation set with a dose of 0.6 eV/atom. This is below the graphitizationthreshold, but still su�ient to ause eletroni exitation, whih does not lead to signi�antatomi reloations. Material thikness is assumed to be d = λatt = 100 nm [27℄. Thetransmission oe�ient dereases from the initial value of ∼ 0.7 to ∼ 0.3, never fullydropping to zero (Fig. 4.2). The absorption signi�antly rises up, while the re�etivityis slightly a�eted. On longer time sales (> 1 ps) the optial oe�ients must return totheir original values. However, due to the use of periodi boundary onditions, our modeldoes not inlude energy transport and arrier di�usion e�et. As the result, we are notable to model this relaxation proess here diretly [27℄.The simulation for the dose of 0.8 eV/atom (slightly above the damage threshold) yieldsthe full derease of the transmission oe�ient to zero on a time sale of about 100 fs. There�etivity oe�ient rises up. This was not observed in ase of the below threshold dose.The optial transmission dereases in two stages - �rst, it drops to an intermediate value
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Figure 4.3: Relative number of the eletrons in diamond exited to the ondution band (bothin low- and high-energy domain) in respet to the total number of eletrons in the system. Forthe absorbed dose of 0.6 eV/atom dose (solid red line), this ratio does not reah 1.5 %, while forthe 0.8 eV/atom dose (dashed green line) it rises up to 1.5 %. After a plateau, it shows a sharprise (peak).(around 0.2 in represented ase) in ∼ 100 fs after the pulse maximum, forming a plateauon the urve, and then �nally dereases to zero within additional 100 fs. Suh a ompletevanishing of the transmission is a signature of graphitization of diamond, as graphite isoptially intransparent material.This behaviour an be explained with a detailed look at the stages of non-equilibriumdynamis. First, diamond absorbs energy from the photons of an inident laser pulse, andtransmission oe�ient begins to derease beause of the exitation of eletrons from thevalene to the ondution band. During the �rst ∼ 50 fs, the eletroni band struture,as well as the atomi struture, remains pratially unhanged. Only if the fration of theondution band eletrons reahes a ertain value (∼ 1.5% of valene band eletrons fordiamond [5℄) (Fig. 4.3), than the eletroni band struture undergoes signi�ant hanges,inluding the band gap ollapse. This leads to the reloation of atoms to new positions, thatorrespond to the graphite struture. As it takes some time for atoms to relax into a newequilibrium state, it explains the ourrene of the transient plateau on the transmissionurve [98℄.For the absorbed dose of 1.0 eV/atom, whih is signi�antly above the damage thresh-



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 51old, the transmission oe�ient dereases diretly to zero after ∼ 100 fs, without an inter-mediate plateau. This is due to the faster band gap ollapse at the higher dose. In general,for all three ases, the derease in transmittane orresponds to a derease of the real partRe(ε) of CDF and a peak in the imaginary part Im(ε) of CDF (Fig. 4.4). The real partof the CDF gains eventually values around zero at t > 200 fs in ase of 0.8 eV/atom and1.0 eV/atom absorbed doses, that orresponds to the CDF of graphite at optial wave-lengths. The full spetrum of the CDF in arbon irradiated above graphitization thresholdat 400 fs is represented in Fig. 4.4. It is ompared with experimental data for the averageCDF in graphite (〈ε〉 = 2
3
ε⊥ + 1

3
ε‖) from [99℄ and the experimental data for equilibriumdiamond [80℄. As graphite has a hexagonal rystal system, it an be haraterized by twodieletri funtions ε⊥ and ε‖ [80, 99℄, assoiated with the eletri-�eld vetor E whih ispartly perpendiular (ε⊥) and partly parallel (ε‖) to the symmetry axis of the rystal (c-axis). The absorption spetra of the arbon state obtained after irradiation with dose overgraphitization threshold are muh loser to the spetra of the equilibrium graphite, ratherthan to diamond. However, due to the overdensed state [5℄ of suh graphitized diamondand an inauray of the TB model, the experimentally measured spetra of graphite andof graphitized diamond are still not in a perfet agreement.Band gap shrinking promotes additional eletrons to the ondution band. As a result,potential energy surfae hanges. The sp3 bonds of the ubi diamond break down andsp2 bonds of graphite start to form. We an trae the dynamis of the system by usingVMD program1, whih reates the snapshots of atomi positions at di�erent time instants.(Fig. 4.5). The transformation of the ubi struture of diamond into individual parallelplanes of graphite is learly visible, and the vanishing of the transmission oinides withthe ourrene of graphitization.For quantitative interpretation of these snapshots, we apply the pair orrelation funtionof arbon atoms at the same time instants. In thermodynamis and statistial physis, a1VMD (Visual Moleular Dynamis) is a produt of the University of Illinois, 'a moleular visualizationprogram for displaying, animating, and analyzing large biomoleular systems using 3-D graphis and built-in sripting' (itation from http : //www.ks.uiuc.edu/Research/vmd/)
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Figure 4.4: Time dependene of omplex dieletri funtion in diamond irradiated with 50 eVFEL pulse, at 0.8 eV/atom absorbed dose (top); real (left, bottom) and imaginary (right, bottom)part of the omplex dieletri funtion of equilibrium graphite (blue urves with squares) [99℄ andequilibrium diamond [80℄ (blak urves with triangles) measured experimentally and of simulatedgraphitizing diamond (bold red line) at 400 fs after the FEL pulse. The absorbed dose is 0.8 eVper atom.
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Figure 4.5: Snapshots of atomi positions in the irradiated diamond superell at di�erent timeinstants: 0 fs, 50 fs, 100 fs, 200 fs, 300 fs, 500 fs. The absorbed dose was 1.0 eV/atom, h̄ω = 50eV, pulse duration τ = 90 fs. Pulse maximum is at t = 0 fs.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 54pair orrelation funtion g(r) de�nes the probability to �nd one partile at a distane rfrom another partile within a ertain system of partiles. Let us de�ne a system with Npartiles in a volume Ω. The oordinates of the partiles are (r1...rN), their temperature Tand the potential energy of interation between the partiles: U(r1...rN). The on�gurationintegral ZN then desribes all possible on�gurations of the system of partiles in theanonial ensemble (N , Ω, T ):
ZN =

∫
...

∫
exp

(
−UN

kT

)
dr1...drN . (4.3)Then, the orrelation funtion g(n)(r1..., rn) for n �xed partiles, where n < N takes theform:

g(n)(r1..., rn) =
ΩNN !

Nn(N − n)!
· 1

ZN

∫
...

∫
exp

(−UN

kT

)
drn+1...drN . (4.4)The pair orrelation funtion g(2)(r1, r2) whih depends only on the relative distane r12 =

r2−r1 an be determined as a partiular ase of Eq. (4.4), applying the ensemble average:
g(r) = Ω

N − 1

N
〈δ(r − r1)〉. (4.5)In Fig. 4.6, at t = 0 fs one an see the peak in the pair orrelation funtion of arbonat 1.53 Å whih orresponds to the nearest-neighbour distane in diamond under the roomtemperature [5℄. After graphitization, the peak shifts to 1.41 Å � the nearest-neighbourdistane between atoms in graphite [5℄.In order to laim that the abrupt hanges of optial properties are expliitly onnetedwith the phase transition, we also analyze other parameters alulated with XTANT. As itwas said before, the entire atomi rearrangement happens due to the band gap shrinking.The band gap width dereases from the initial value of above 6 eV �nally to zero. The steepderease mathes the start of the graphitization proess (Fig. 4.7) in ase of 1.0 eV/atomdose. The band gap shrinking typially ours earlier than the graphitization beause ofthe atomi relaxation into the new equilibrium state, whih may take 50-100 fs on average.For the below threshold dose of 0.6 eV/atom, the average band gap width almost does nothange after the pulse.
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Figure 4.6: Pair orrelation funtion of the arbon atoms whih absorbed 1.0 eV dose at thefollowing time instants: 1) 0 fs (before irradiation); 2) 100 fs; 3) 200 fs; 4) 500 fs (after the phasetransition is ompleted).
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Figure 4.7: Band gap of diamond after irradiation with laser pulse at the absorbed dose of 0.6eV/atom (solid red line) and 1.0 eV/atom (dashed green line), pulse energy h̄w = 50 eV, pulseduration τ = 90 fs.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 56Another important material property is the optial ondutivity σ(ω) whih links theeletri �eld and the urrent density:
J(ω) = σ(ω)E(ω). (4.6)Following this de�nition, optial ondutivity is onneted to the dieletri funtion ε(ω):

ε(ω) = ε0 + i
4πσ(ω)

ω
. (4.7)Sine the band gap is interonneted with the frequeny dependent optial ondutivity,it has an onset frequeny that haraterizes the interband eletron transition [27℄. Theoptial ondutivity an be measured during the experiment (see e.g. [100�102℄). In suh away the progress of the band gap shrinking and of a phase transition itself an be traed.Knowing the time and frequeny dependent omplex dieletri funtion values, we analso estimate an optial ondutivity spetrum at di�erent instants of time (Fig. 4.8). Inunexited diamond optial ondutivity has non-zero values starting from the edge of aband gap as it an be expeted from theory (Fig. 4.8, blue urve). After t = 70 fs whenthe graphitization proess is already advaned, we an observe that the �rst peak in thespetrum orresponds to the ollapsing band gap value (Fig. 4.8, orange urve). Whenthe sample is fully graphitized (Fig. 4.8, purple urve), there is no signature of a non-zeroband gap, as it should be expeted in semimetalli graphite. Sine the optial ondutivityan be measured in experiments, in suh a way dynamis of the band gap shrinkage andthus the phase transition itself an be traed unambiguously.Another, though less illustrative, signature of the phase transition and atomi reloationis the behaviour of the potential energy of the atoms. As it an be seen in the Fig. 4.9,shortly after the pulse (with above threshold dose delivered to atoms), the potential energyof atoms begins to osillate exhanging with the kineti energy of the moving atoms.Ourrene of this e�et for the above threshold dose an be observed on a time saleorresponding to the transmission derease. It is learly seen that the osillations in Fig.4.9b are stronger and the average potential energy dereases as the phase transitions isgoing on. In Fig. 4.9a these osillations are weak and the average potential energy doesnot hange.
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Figure 4.8: Frequeny-dependent optial ondutivity spetrum in diamond (graphite) at varioustime instants during graphitization: t = −100, 0, 70, 100, 300 fs. The FEL pulse energy h̄ω = 50eV, the pulse duration τ = 90 fs, absorbed dose = 1.0 eV/atom.
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Figure 4.9: Potential energy of atoms (solid red line) and the total energy of the system (magentadashed line) in diamond: a) irradiated below (at 0.6 eV/atom absorbed dose per atom) thegraphitization threshold, b) irradiated above (at 1.0 eV absorbed dose per atom) the graphitizationthreshold.
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Figure 4.10: Transient eletroni (solid red line) and atomi (dashed green line) temperaturesin diamond: a) irradiated below the graphitization threshold at 0.6 eV/atom absorbed dose, b)irradiated above the graphitization threshold at 1.0 eV/atom absorbed dose.The behaviour of the atomi and eletroni transient temperatures also deserves atten-tion. In Fig. 4.10b we observe that after the arrival of high �uene pulse, the low-energyeletron temperature strongly inreases up to the peak value within a few tens of fem-toseonds when the eletrons are promoted to the ondution band, and then it startsdereasing, whereas at the �uene below the threshold level (Fig. 4.10a), the temperaturereahes a smaller value and then remains stable (unless di�usion proesses start to play arole). The lattie temperature �utuates, following the osillation of kineti energy. Beforethe end of the pulse it almost does not hange, but then it raises rapidly (Fig. 4.10b). Thisorresponds to the derease of the potential energy of the atoms. The �nal temperatureof the lattie orresponds to the graphitization temperature (equivalent to the lattie tem-perature, su�ient for the thermal graphitization of diamond [95℄), and the inrease of thetemperature up to this value ours during the phase transition, that we an follow on thesnapshots from Fig. 4.5. The inrease of the temperature is a onsequene of the phasetransition, but not a reason. This is a harateristi feature of a non-thermal transition.If graphitization does not our, the lattie temperature pratially does not hange (Fig.4.10a).We are able to vary pulse and sample parameters in our superell and estimate their in-�uene on the values of optial properties. It was found out that the FEL pulse duration τdoes not signi�antly a�et the non-equilibrium evolution of the system and, onsequently,the values of optial properties. If a di�usion e�et is not taken into aoount, the graphiti-



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 59zation threshold dose is not sensitive to the pulse duration either. As shorter pulses deliverthe same amount of energy and dose faster, the saturation of eletrons in the ondutionband up to the ritial density, band gap shrinking and graphitization will also our faster.For pulses with τ < 20 fs the di�erent pulse duration should not ontribute to the hangesof the time sale of non-equilibrium proesses, as the minimal time to reah the thresholddensity of the exited eletrons is t ∼ 20 fs at photon energies below 2 keV [103℄. Thein�uene of the FEL pulse shape was also analyzed on examples of the retangular pulse,Gaussian pulse and a SASE pulse [103℄. All observable parameters proved themselves tobe pratially una�eted by the pulse shape. The tiny di�erene was only observed in theslope of the total energy derease at the beginning of pulse propagation, whih follows thepulse temporal shape [103℄.The analysis of the dependene of graphitization progress on the FEL photon energywas also performed. Suh riteria as the ratio of the ondution band eletrons (1.5%)needed for band gap shrinking does not hange for FEL energies in a range from a fewtens of eV to a few tens of keV [20, 86℄. The graphitization threshold dose of 0.7 eV/atomorresponds to this value and it also remains the same even in the region above the K-edge of diamond, although the transient eletron kinetis in this ase is di�erent. Moreenergeti photons from the FEL pulse produe photoionized eletrons with higher energiesand, thus, subsequently, the number of seondary ionization events is higher. As a result,the photoeletrons lose their energy below the high-energy ut-o� and thermalize slower,whih leads to a slower phase transition. Therefore, for hard X-rays graphitization an besigni�antly delayed in time [103℄.To summarize, we got a number of onvining evidenes that the hanges of optialproperties in irradiated arbon are tightly onneted with ultrafast damage proesses pro-gressing within the material. The solid-to-solid and order-to-order phase transition fromdiamond to graphite an be deteted, as the equilibrium optial properties of both of thesearbon phases are well known, and the observed hange of the transient optial proper-ties indiates diamond-to-graphite transition. In next Subsetions we will ompare ourresults with the experimental ones to hek the auray of our model and to validate its



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 60theoretial basis.4.2.2 E�et of non-equilibrium eletron kinetis on optial prop-ertiesIn previous Subsetion we saw that the hanges of optial properties in arbon orrelated,on the one hand, with the mirosopi hanges in the eletroni subsystem (rise of theondution band and high-energy eletron number, rise of the eletroni temperature), and,on the other hand, with the hanges in the atomi subsystem (derease of the potentialenergy of atoms, hanges in the atomi pair-orrelation funtion). Naturally, all thesehanges are parts of one uni�ed proess, but the question arises: what has the moreimpat on optial oe�ients - eletrons or atoms? What is the trigger of the hanges?Thus, we study here how the hanges in optial oe�ients are onneted with thephase transition and atomi reloations by arti�ial deoupling of eletron exitation andatomi dynamis within the model. We 'swith o�' the transient atomi dynamis by'freezing' the atoms, i.e., their positions remain �xed during the simulation. In suh away, we an estimate the exlusive ontribution of FEL exited eletrons to the optialproperties [98℄. The preliminary assumption that eletron kinetis with una�eted bandstruture predominantly determines the evolution of optial properties an be heked.Fig. 4.11 shows that even for the above-threshold dose of 1.0 eV/atom, the optial oef-�ients do not hange after the pulse propagation and eletron asades. This is in ontrastwith the preditions from Fig. 4.2. This indiates learly that the impat of struturaltransformation within the material on optial oe�ients is muh more signi�ant than theontribution from eletroni exitation. Therefore, it explains why the models that do nottake into aount the e�et of atomi struture, suh as, e.g., Drude model, are not able toprodue reliable preditions of optial properties in the materials under femtoseond X-rayirradiation at the new above damage threshold doses.
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Figure 4.11: Optial re�etivity (solid red line), transmission (dashed green line) and absorption(dot-dashed blue line) oe�ients of diamond with 'frozen atoms and ative eletrons' (as in Drudemodel) irradiated by FEL pulse with photon energy h̄ω = 50 eV, pulse duration τ = 90 fs. Theabsorbed dose is 1.0 eV/atom.4.2.3 Optially indued radiation damage in diamondWe now present the omparison of our results with the available experimental data. Due tothe onstant improvement of FEL failities in the reent years and opening the new ones,the number of experiments with FELs is inreasing rapidly. However, strit requirementson the time resolution and pulse �uenes hindered so far preparation of experiments onX-ray FEL-indued diamond graphitization. Only within the last ouple of years, suh anexperiment ould be performed at the FERMI�Elettra faility. It will be disussed in thenext Subsetion.Here, we make a qualitative omparison of our preditions with the results of an ex-periment in whih optial pumping was used. As it was mentioned above, XTANT odeis not apable of modelling optial pulses diretly. It assumes solely single-photon absorp-tion, thus being limited to energies above ∼ 30 eV [27℄. Also, soft X-ray pulses indue fasteletron asading and their fast relaxation. In Fig. 4.12 the relative number of the exited
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Figure 4.12: The number of high-energy eletrons (with energies above 10 eV) and the absorbedphotons in exited diamond (in arbitrary units). FEL photon energy h̄ω = 50 eV, pulse duration
τ = 90 fs, absorbed dose = 1.0 eV/atom.high-energy eletrons is plotted. Already during the pulse propagation, it dereases drasti-ally and shortly after the pulse the eletroni dynamis in the system beomes equivalentto that one in the ase of optial pumping. Therefore, approximate modeling of the pumppulse with photon energy in XUV range is not expeted to produe muh di�erent results,when ompared to a diret optial pulse modelling.In the work by Reitze et al. [96℄ transient re�etivity of diamond IIa type2 (100) andgraphite for the optial probe pulses was measured above the ritial melting �uenes Fmwith the resolution up to 100 fs. For diamond, the probe was inident at the angle of
∼ 20◦ to avoid the bak surfae re�etion and leaving only the front surfae re�etion. Thepump and probe pulses had the same duration of 90 fs and wavelength of 620 nm. Foromparison, we onsider a set of measurements with the absorbed optial �uene 9 timeshigher than the Fm �uene [96℄, whih approximately orresponds to the absorbed dose of6.3 eV/atom. The highest time resolution was used for suh �uene. Suh high irradiationled to ultrafast thermal melting of diamond to a liquid phase equivalent to a liquid phaseformed after graphite melting with the same �uene [96℄.The agreement between the TB-based theory and experiment an be seen in Fig. 4.13.A disrepany during the pulse an be explained by a ontribution from a small fration2Rare type of diamond, whih does not ontain measurable nitrogen and boron impurities.
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Figure 4.13: Re�etivity oe�ient of diamond irradiated with the absorbed dose of 6.3 eV/atom.Probe pulse of 620 nm wavelength, 90 fs duration and angle of inidene of 20◦ is used. Thepump is normally inident, of λ = 620 nm wavelength, and τ = 90 fs duration. The dots areexperimental data [96℄, the solid line represents the TB alulations, the dashed line representsthe results predited by the Drude model.of the remaining high-energy eletrons. The results obtained with the Drude model with�xed relaxation time and eletron-hole masses are also shown for the illustration. TheDrude model fails to predit the re�etivity in ase of the over-threshold exitation, as itdoes not take into aount interband transitions and the hanging eletroni and atomistruture of the material.In order to test the appliability of the Drude model to alulate the optial propertiesin FEL-irradiated diamond, we ompared the urves obtained with the Drude model tothe urves obtained with the TB-model for di�erent absorbed doses. It turns out that atthe absorbed doses larger than ∼ 0.1 eV/atom (see Fig. 4.14) a disagreement between theresults from two models an be observed. The Drude model is then apable of reproduingthe eletron ontribution into the optial properties aurately.Drude model with the onstant values of eletron-hole masses and sattering times isstill often applied for interpretation of experimental results on transmission and re�etionhanges during pump-probe experiments, e.g., in [75, 104℄. Essentially, Fig. 4.11 withoptial oe�ients obtained in the 'arti�ial frozen-eletrons' ase, analyzed before, showsthat the Drude model results follow losely the TB-model alulations in this regime. This
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Figure 4.14: Transient optial oe�ients (re�etivity (red lines), transmission (green lines),absorption (blue lines)) of diamond irradiated at the absorbed dose of 0.1 eV/atom, obtainedwith the tight-binding model (solid lines) and Drude model (dashed lines).shows that the Drude model an be employed for traing hanges in optial propertiesindued solely by eletron exitation, and it breaks down as soon as atomi ontributionbeomes non-negligible. Simply speaking, Drude model an be reliable approah for �u-enes far below the damage threshold.4.2.4 Measured X-ray indued graphitization of diamondIn general, transformations from diamond to graphite struture are known for a long time.In suh experiments high temperature [105℄, annealing [106℄ or high pressure [107, 108℄were used. Forming of graphite was observed both on the surfae and within the bulk.In the previous Subsetion, the experiment by Reitze et al. on irradiation of diamondabove the damage threshold was disussed. However, this experiment and another exper-iment by Sokolowski-Tinten et al. with silion [109℄, whih we will disuss in Subsetion4.3.2, were performed by using optial irradiation in a pump-probe sheme. The relatedsimulations showed that the XTANT ode is able to desribe time evolution of optialproperties in the materials with good auray, albeit being limited to the XUV photonenergies [27, 98℄. In these experiments only a re�etivity oe�ient of the materials wasmeasured. The transmission oe�ient is more sensitive to the ongoing transformation in



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 65diamond, as it was disussed before.Reent experiments performed with XUV and soft X-rays are desribed in [86℄. First,the SPring-8 faility in Japan was used for generating 24 eV photon energy pulses andseond, a set of higher photon energies from 91 to 275 eV was used at FLASH free-eletronlaser in Hamburg. On both failities, the pulse duration was between 30 and 80 fs, anddiamond samples were exposed to single pulses at a normal inidene. The ex situ analysisof the irradiated samples was made by using optial mirosopy and Raman spetrosopytehniques. Thus, hanges in optial refrative index were �xed and graphitization energythreshold of ∼ 0.7 eV/atom was estimated. The analysis of Raman spetra peaks indiateda ompleted solid-to-solid phase transition and forming of graphite rystallites [86℄. Theseexperiments proved the apability of soft X-rays to graphitize diamond, but did not followthe dynamis of the proess in time.Later, despite many omplexities, an experiment on soft X-rays indued graphitizationof diamond was performed at FERMI�Elettra faility near Trieste, Italy by Franz Tavella,Sven Toleikis et al. [110℄ This experiment seems to be the �rst one where the non-thermalultrafast graphitization of poly-rystalline diamond indued by X-ray irradiation was ob-served in a time-resolved manner. In the experiment, soft X-ray pulses of 47.4 eV photonenergy and 52.5 fs duration were used, ross-orrelated by optial probe pulse of 32.8 fsduration. A diret simulation of an experiment with suh parameters is feasible for theXTANT ode.The experimental method was based on the solid-state target EUV/optial ross-orrelation [110℄. The wavefront of the FEL is tilted with respet to the target. TheFEL �uene is spatially and temporarily enoded into the surfae of the target. The evo-lution of the strutural transformation was probed by the laser with a wavefront parallelto the target. In the experiment, a polished poly-rystalline CVD diamond (a produt ofthe hemial vapour deposition (CVD), whih allows to produe solid materials with highpurity) of 300 µm was used.The inident angle of the FEL pulse was 20◦ with respet to the surfae, while theprobe pulse propagated under normal inidene to the surfae. The enter wavelength of
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Figure 4.15: Shemati piture of the experimental setup reprodued from [110℄. The β is anangle between FEL beam propagation and the sample surfae. During a single shot a spatial-temporal enoding was performed. An optial probe pulse for the measurement of transmissionsignal was oriented at the normal inidene to the surfae. Additional time sanning of the delaybetween the FEL pulse and the probe pulse was also provided.the probe pulse was 630 nm and the enter photon energy of a pump FEL pulse was ∼ 47.4eV. With the spatially enoded measurements an aess to di�erent �uenes was available,among whih the highest one exeeded at least 10 J/cm2 [110℄. In Fig. 4.15 a shematisketh of the experiment is presented.After the samples were irradiated, the post-mortem analysis of them was made. Itshowed a presene of a graphitized layer on the surfae of the poly-rystalline diamondsubstrate [110℄. In the experiment the transmitted signal was measured. Signal intensitieswere dependent on the transmission of post-mortem samples whih was equivalent to thegraphitized layer thikness.For the post-mortem analysis, also the atomi fore mirosopy (AFM) was used tomap the sample surfae morphology. Confoal Raman spetrosopy, sensitive to the samplemirostruture, was performed. It identi�ed the peaks whih are harateristi for nano-rystalline graphite (n-C). Finally, X-ray photoeletron spetrosopy de�ned the graphite-like eletroni on�guration (i.e., with sp2 bonds). With time-resolved tool applied duringthe graphitization phase, the transmission signal was measured at di�erent time instants



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 67with a resolution of ∼ 10 fs, and in suh a way the transient transmission urves for thegraphitization proess were obtained [110℄.As we know from the previous setions, for soft X-ray photon energies, as used in theexperiment, graphitization proess an our already during the pulse exposure, spei�allybeause a su�ient number of eletrons an be promoted to the ondution band very fast.The band gap ollapse due to the weakening of interatomi bonds ours within ∼ 50 fsafter the pulse maximum, i.e. as well during the pulse exposure. After forming sp2 bondsinstead of sp3 bonds the graphitization proess is ompeled within additional 50-100 fs.Due to the small attenuation length of photons under experimental onditions (λatt ∼26 nm for diamond irradiated with FEL-photons of 47.4 eV at 20◦ inident angle; meaningthat a pulse intensity is I = I0/e at this depth, where I0 is the initial pulse intensity) [111℄,a di�usion e�et has an important impat on the experimental results. The treatmentof di�usion will be disussed in detail in the next Subsetion. Here, we will onentrateon the hanging a�eted layer, whih is onneted with the heat di�usion and hot-arriertransport. In addition to our usual model assumptions for the alulation of transientoptial properties in XTANT, we assume that the thikness of the a�eted layer evolvesfrom the attenuation length λatt to a transient graphite thikness estimated from dataat t = 400 fs. We assume that a�eted layer thikness λ ∼ (t/τ)1/2, where τ = 1500fs whih orresponds to a time sale where transport and relaxation e�ets must play arole. Additional study showed that a partiular hoie of τ does not signi�antly a�et thetransmission urve. If we hoose τ = 500 fs, the hange in the shape of the urve wouldbe notieable only at muh longer times, i.e., after graphitization took plae (Fig. 4.16).The transmission oe�ients are onvolved with the �nite-duration probe pulse whihled to the smoothing of the urves. The theoretial transmission urve was also shiftedalong the time axis to math the position of the pulse maximum. It was then normalizedto the initial transmission of non-irradiated diamond.The omparison of experimental and theoretial plots for 0.8 eV/atom absorbed doseshows a very good agreement (Fig. 4.17). As a omparison, theoretial preditions for 0.6eV/atom dose are shown.
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Figure 4.16: Experimentally observed [110℄ transient optial transmission signal from X-rayirradiated diamond (purple points with errorbars) for 630 nm probe pulse and theoretially pre-dited transmittane assuming the evolution of the a�eted layer of 36 nm transient thikness at400 fs with: (i) the time onstant τ = 500 fs (solid red line), and (ii) τ = 1500 fs (solid blakline). FEL photon energy h̄ω = 47.4 eV, pulse duration τ = 52.5 fs (FWHM, dashed violet line).
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Figure 4.17: Experimentally observed [110℄ transient optial transmission signal from X-rayirradiated diamond (purple points with errorbars) and theoretially predited transmittane forabsorbed dose of 0.6 eV/atom (below threshold; dot-dashed orange line) and 0.8 eV/atom (abovethreshold; red solid line), 630 nm probe pulse. FEL photon energy h̄ω = 47.4 eV, pulse duration
τ = 52.5 fs (FWHM, dashed violet line). Predited transient graphite layer thikness at 400 fs is38 nm.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 69There are three stages of the graphitization proess that an be distinguished withthe experimental and theoretial urves. During the �rst stage, initial eletroni exitationours during the FEL pulse. Due to seondary asading proesses, photoeletrons relax tothe bottom of the ondution band within a few femtoseonds. This stimulates an initialinrease of the transmission oe�ient, whih is seen on the plots, and a simultaneousderease of the re�etivity oe�ient. The �rst stage lasts several tens of fs, in ase of thepulse duration of ∼ 50 fs, approximately until the maximum of the FEL pulse.The seond stage orresponds to the band gap ollapse and lasts ∼ 50 fs after themaximum of the pulse. It is re�eted in the slight derease of transmission whih preedesa short-lived plateau. Duration of this plateau haraterizes a time delay between the �nalband gap ollapse and the atomi reloation to the new equilibrium positions.The steep derease of the transmission ours during the third stage of the graphitiza-tion and is onneted with an atomi rearrangement and breaking of bonds between atoms.This stage starts at 80-150 fs after the maximum of the FEL pulse and lasts 50-100 fs.All three stages are learly visible in Fig. 4.17. The graphitization ours within ∼ 150fs in total. The transmission oe�ient does not fully drop to zero, as in the simulationsdisussed in Setion 4.2.1, beause we assume a di�erent photon attenuation length in theexperiment (λatt ∼ 26 nm in FERMI experiment versus λatt ∼ 100 nm onsidered before).As a result, a thin layer of graphite is formed whih is partly transparent to the light of 800nm wavelength. The transmission urve generated for 0.6 eV/atom dose has only a veryslight derease of transmission. For any under-damage threshold dose the transmissionurve does not derease below ∼ 0.9 [110℄. In ase of above-damage threshold dose theseond major derease is presented and an be assigned as an evidene of graphitization.For all �uenes used in the experiment, graphitization ours on the same time saleof 150-200 fs. Various �uenes produed di�erent transient graphite layers. The higher�uenes gave the thiker graphite layers whih lowered the transparene of the layers to theoptial pulses (see Fig. 4.18). From these plots we may also onlude that the �nite valueof transmittane after the FEL pulse propagation is lower at thiker graphitized layers.
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Figure 4.18: Experimentally observed (blue errorbars) [110℄ and simulated (red line) transientoptial transmission signal from X-ray irradiated diamond for 630 nm probe pulse. Di�erent pulse�uenes produed various transient graphite layers at 400 fs: a) 17 nm; b) 22 nm; ) 25 nm; d) 29nm; e) 38 nm; f) 40 nm. FEL photon energy h̄ω = 47.4 eV, pulse duration τ = 52.5 fs (FWHM,green line).Simulations with di�erent transient layer thiknesses (entral value of 38 ± 4 nm) areshown in 4.19. All of the transient layer thiknesses between 34 and 42 nm are within theexperimental errorbars. The simulations are ompared to the experimental results shownin Fig. 4.18e. This omparison gives an estimate for a '�t' error during adjusting thetransient layer thikness in the simulation to the experimental data.
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Figure 4.19: Experimentally observed [110℄ transient optial transmission signal from X-ray irra-diated diamond (purple points with errorbars) for 630 nm probe pulse and theoretially preditedtransmittane for various absorbed doses and orrespondingly for di�erent predited transientgraphite layers at 400 fs: 34 nm (dot-dashed orange line), 38 nm (solid red entral line), 42 nm(blak dashed line). FEL photon energy was h̄ω = 47.4 eV, pulse duration τ = 52.5 fs (FWHM,dashed violet line).The simulated total number of eletrons in the ondution band (both in high- and low-energy domain) are shown in Fig. 4.20. During the FEL pulse the number of ondutionband eletrons rises up. For the above damage threshold ase, there is a seond inrease ofthe ondution band eletron density, whih takes plae at around 70 fs, while the band gapollapse is going on. In the below threshold ase the number of ondution band eletronsstays the same after the pulse. The ooling down of eletrons and the reombinationproess take plae on a time sale of ∼ 200 ps [112℄ and is not aounted in the model.
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Figure 4.20: Theoretially predited relative numbers of ondution band eletrons in FELirradiated diamond as a funtion of time for absorbed doses of 0.6 eV/atom (dot-dashed orangeline) and 0.8 eV/atom (solid red line). FEL pulse photon energy was h̄ω = 47.4 eV, pulse duration
τ = 52.5 fs (FWHM, dashed violet line), as in the experiment.4.2.5 Di�usion proessesFor a simple di�usion study, we added the rate equations for the eletron and atomi tem-peratures into the XTANT, representing ooling via interation with the bath (unexitedparts of the rystal) [113℄:

dTe,a(t)/dt = −(Te,a(t) − Tbath)/τ. (4.8)They represent heat transport out of the eletroni and atomi systems, similar to therelaxation time approximation presented in [18℄; Te,a(t) are the transient temperatures ofeletrons and atoms; Tbath is the temperature of the bath equal to the room temperature;
τ is the relaxation time, for this study ase hosen to be 500 fs. This time orresponds tothe harateristi relaxation time of the a�eted layer whih was introdued above.The heat di�usion plays a signi�ant role for the absorption of the dose below thedamage threshold. For the above threshold doses the material exitation and struturaltransformation are too fast to be a�eted by the di�usion e�ets [110℄. However, byinluding the ooling of the simulation box, the damage threshold has slightly hanged.In the simulation with the hosen parameters, and for 64 atoms in the simulation box,



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 73the threshold appeared to be around 1.1 eV/atom [110℄, higher than in the ase withouttransport e�ets. This was expeted, beause a part of the energy got lost. For the belowthreshold dose, the band gap transiently shrinks and then restores, preventing propergraphitization. The optial transmission oe�ient shows similar behavior, with an initialslight drop and then restoration at longer time sales. Let us note that the relaxation timeapproximation for heat di�usion is too simplisti and does not re�et the whole omplexityof the proess.A more sophistiated way to aount for the di�usion e�et is to imply onventionaldi�usion equations � these are partial di�erential equations (PDE). Suh type of equationsis widely used in mathematial physis, e.g. for alulations of thermal heat transport orstring osillations - the time-resolved proesses that have a soure, distributing them inspae. Depending on the proess, these equations an be of paraboli, hyperboli or elliptitype, and have di�erent boundary onditions [114℄.The di�usion equation an also be either stationary or non-stationary. Non-stationarydi�usion equation is lassi�ed as a paraboli di�erential equation whih desribes the dis-tribution of a di�using substane. If the distribution is time-independent, the equationbeomes stationary and ellipti. The solution of the di�usion equation assumes �ndinga dependene of material onentration on spatial oordinates and time. In our asewe estimate eletron heat di�usion within the irradiated bulk. As the laser spot size(∼ 6.2 × 128.1 µm2 [110℄) is muh greater than the attenuation length, we an assume asingle-dimensional spread of hot eletrons into the depth of the bulk, i.e. in the diretionof the pulse propagation [28℄. Thus, the di�usion equation will take the form [114℄:
∂

∂t
F (x, t) =

∂

∂x
D
∂

∂x
F (x, t) + f(x, t), (4.9)where F (x, t) is a spae- and time-dependent absorbed dose in eV/atom, f(x, t) is a fun-tion desribing the soure behaviour and the inhomogeneity of the proess. The di�usionoe�ient D, in ase of ubi semiondutor under nondegeneray ondition in the thermalequilibrium, an be de�ned by the lassial Einstein relation [19℄:

D =
µe kB T

e
, (4.10)



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 74where µe is the mobility or the ratio of the partile drift veloity to an applied fore.The evaluation of the oe�ient D in the ase of exited diamond represents a bottle-nek for the implementation of this PDE-based di�usion model, as the di�usion oe�ient
D(x, t) must have been both spae- and time-dependent. Suh parameterization annotbe presently ahieved. The onstant values of hot eletron di�usion oe�ients in laser-irradiated diamond during the relaxation were then used from [115℄.The soure funtion f(x, t) [114, 116℄, desribing the dose brought by the inomingpulse and spread within the material, an be qualitatively represented as:

f(x, t) = F0 · exp(−x/µ) · exp(−t2/τ 2). (4.11)Here F0 is the total absorbed dose (or �uene), x is a layer thikness of the material(spatial oordinate), λatt is an attenuation length for XUV photons (λatt = 26 nm underexperimental onditions), τ is an inident FEL pulse duration. Thus, the soure funtionontains a spatial part, whih desribes how far the a�eted layer is loated from theattenuation length, and a temporal part, whih represents the Gaussian FEL pulse.We impose Neumann boundary ondition ∂F (x, t)/∂x = 0 [114℄ to the solution of theequation, meaning that there is no �ux over the surfae of the bulk. The solution of thePDE with Neumann boundary onditions is well known [116℄ and with presented sourefuntion looks as:
F (x, t) =

∫∫

ξ,τ ′

F0√
4π D(t− τ ′)

[
exp

(
− (x− ξ)2

4D(t− τ ′)

)
+ exp

(
− (x+ ξ)2

4D(t− τ ′)

)]
× (4.12)

× exp

(
− ξ

λatt

)
· exp

(
−τ

′ 2

τ 2

)
dξ, dτ ′.In Fig. 4.21 time-dependent dose distribution at disrete layers is shown. The di�usionoe�ient D is equal to 100 cm2/s or (10 nm2/fs) whih orresponds to the estimates madein [115, 117℄. The estimates were made for the minimal (4.7 J/cm2) [110℄ and maximal33Here the lower estimate of the peak �uene is taken, whih is alulated from the transmission mea-surements [110℄.
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Figure 4.22: Distribution of 0.7 eV/atom threshold absorbed dose within the diamond sampleas a funtion of time for FEL pulse �uene of 4.7 J/cm2. The di�usion oe�ient D = 100 cm2/s.The length of the line segment (blak double arrow as an example) at a ertain layer thiknessvalue denotes the time during whih the threshold dose of 0.7 eV/atom or higher is kept withinthe layer. Within ∼ 7 nm thik layer suh dose is aptured for 100 fs whih is su�ient forgraphitization.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 76(11.8 J/cm2) [110℄ �uenes used in the FERMI experiment. They on�rmed that theminimal �uene was su�ient to overome the graphitization threshold dose of 0.7 eV/atomto the subsurfae layer and the maximal one ould deliver suh dose down to 50 nm depth.The delivered threshold dose should be maintained for at least 100 fs within the layer toause graphitization [5℄. In Fig. 4.22 we see for how long the threshold dose stays withinthe layer at the minimal �uene. For layers up to ∼ 7 nm it keeps for more than 100fs. The maximal �uene gives the maximum absorbed dose of over 1 eV/atom and thenrelaxes to lower values. The minimal �uene gives nearly homogeneous eletron densitywithin the layer, with thikness up to few tens of nm. This leads us to the onlusion thatthe hoie of one partiular dose in our simulations was justi�ed.4.3 SilionLet us now analyze silion, another example of a semiondutor whose transformationsand related optial properties were studied with XTANT. It is a non-organi indiretsemiondutor, and its band gap width of ∼ 1.1 eV at room temperature [118℄ is used as abenhmark to separate narrow and broad band gap semiondutors. Silion is extensivelyused in industry and eletronis due to its high abundane on Earth and inexpensivetehnologial appliations. The indiret band gap implies that the eletron momentum(k-vetor), at whih the energy of the top of the valene band has its maximum, doesnot oinide with the momentum, at whih the bottom of the ondution band has itsminimum.4.3.1 Modelling of phase transitions in silionThe two mehanisms of amorphization of silion are thermal and non-thermal melting [21,119�121℄. Thermal melting is a result of the lattie heating due to eletron-phonon ou-pling. In the experiments without an ultrafast laser exitation this type of melting isusually observed. Non-thermal melting has the same features as non-thermal graphitiza-



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 77tion of diamond: when a density of eletrons exited to the ondution band overomesa ertain threshold, the interatomi potential signi�antly hanges. However, the doseneeded to trigger the thermal amorphization of diamond is higher than the dose needed forits non-themal graphitization [21℄. For silion the situation is the opposite: the depositeddose for non-thermal melting must be higher than for thermal melting. Moreover, in sili-on we may also observe an interplay of these two proesses, when both of them a�et theoptial properties [21℄.Depending on the absorbed dose, solid-state silion an also form low-density liquid(LDL) or high-density liquid (HDL), while being amorphized. The estimated thresholddose for a solid-LDL phase transition is ∼ 0.65 eV/atom, and for a solid-HDL phasetransition (full amorphization) is ∼ 0.9 eV/atom, whih orresponds to ∼ 5% of eletronsexited from the valene to the ondution band [21, 98℄. The transition from an orderedstate of silion to a disordered LDL state, after the atomi system is exposed to the FELpulse and absorbs dose of 0.66 eV/atom, is presented in snapshots in Fig. 4.23. The ubisymmetri struture of silion undergoes disordering, however, preserving loal order. InFig. 4.24 the transition of a solid silion to HDL phase at 1.78 eV/atom absorbed doseis shown. Here we an already see a highly disordered state whih orresponds to a high-density liquid phase.For the desription of non-thermal e�ets the Born-Oppenheimer approximation ouldbe used as presented in [5, 20℄. If we want to address the thermal melting, we have to gobeyond this approximation [122℄, otherwise the eletrons are insensitive to nulei motion,i.e., atomi motion does not a�et eletron transition between the levels. Let us rewrite theBoltzmann ollision integral, desribing the evolution of the eletron distribution funtionon the energy levels, from the Eq. (3.37):
dfi

dt
=
∑

j

Ie−e
i,j +

∑

j

Ie−at
i,j , (4.13)where Ie−e

i,j is an eletron-eletron ollision integral, Ie−at
i,j is an eletron-atom ollisionintegral. In the Born-Oppenheimer approximation the Ie−at

i,j ≡ 0 as there is no eletron-atom energy exhange. Therefore, the model should be extended with addition of the
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Figure 4.23: Snapshots of atomi positions in silion irradiated with a dose of 0.66 eV/atom atdi�erent time instants: a) 0 fs; b) 250 fs; ) 500 fs; d) 1000 fs.

Figure 4.24: Snapshots of atomi positions in silion irradiated with a dose of 1.78 eV/atom atdi�erent time instants: a) 0 fs; b) 250 fs; ) 500 fs; d) 1000 fs.
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Figure 4.25: Simulated temperatures of atoms and eletrons of silion in Born-Oppenheimerapproximation and nonadiabati sheme. Initial eletron temperature Te = 10 000 K, initialatomi temperature Ta = 300 K. A superell with N = 64 atoms and onstant volume is used inthe simulation.nonadiabati oupling between the eletrons and the lattie. The full form of the ollisionintegral Ie−at
i,j an be found in Subsetion 4.3.3.A omparison of the Born-Oppenheimer model and the nonadiabati model is madein Fig. 4.25 on a time sale of 15 ps, showing the relaxation of eletroni and atomisubsystems, where eletrons have an initial temperature Te = 10 000 K and atoms havethe room temperature Ta = 300 K. The Born-Oppenheimer sheme does not exhibit anyenergy exhange between eletroni and atomi subsystems, while the nonadiabati shemepredits eletron-lattie thermalization.Now we will employ extended XTANT model with nonadiabati extension for the alu-lation of optial properties of silion whih undergoes a phase transition. The harateristibehaviour of the optial oe�ients turns out to be similar to the ase of diamond-graphitephase transition with well pronouned inrease of the re�etivity and a derease of thetransmission to zero. However, in ase of silion, both thermal and non-thermal meltingontribute to the amorphization simultaneously. That results in some qualitative di�er-enes with the graphitization sheme, where the thermal melting starts to play a notieablerole only on a time sale of 1 ps.We may deouple these two proesses by seleting either the dose whih is slightlyabove the threshold for solid-LDL transition or whih is far above solid-HDL transition
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Figure 4.26: Simulated optial oe�ients of silion (re�etivity - solid red line, transmission -dashed green line, absorption - dot-dashed blue line) irradiated with a dose of 0.66 eV/atom (left)and with a dose of 1.78 eV/atom (right). FEL pulse photon energy h̄ω = 50 eV, pulse duration τ= 90 fs, probe wavelength λ = 625 nm, layer thikness d = 100 nm.threshold [98℄. In the �rst ase, the thermal melting would dominate, while in the seondase the non-thermal melting would be more signi�ant.In Fig. 4.26 one an see that for the lower dose (0.66 eV/atom) re�etivity is inreasingslowly and saturates only on a time sale of 1 ps. Thermal melting dominates there. At thehigher dose (1.78 eV/atom), we observe a quik re�etivity overshooting on a time sale of100 fs. It was also ouring for diamond, as the non-thermal proess dominates there aswell. The drop of transmission also ours more rapidly, when ompared to the lower dosease � for the latter ase it takes ∼ 400 fs.The ourene of an ultrafast non-thermal melting in silion is indiated by the analysisof di�ration patterns in [123℄. Therein, the thermal and non-thermal melting are alsoquali�ed as proesses ompeting in time, and both our within 1 ps after irradiation. Forthe thermally melted silion, the pattern is expeted to be a superposition of the solidstate part and a part that is already melted at 100 fs. However, the pattern depited at100 fs after femtoseond irradiation annot be de�ned as suh a superposition, therefore,it represents a signature of the non-thermal transition on an ultrafast time sale [123℄.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 814.3.2 Optially indued radiation damage in silionThe experiment on silion amorphization was performed by Sokolowski-Tinten et al [109℄.The standard femtoseond pump-probe tehnique was applied, and the probe pulse wasextrated from the pump pulse by separating a small fration of it. The pump beam angleof inidene was 56◦, while the probe pulse angle of inidene was 70.5◦. The experimentwas similar to Reitze's experiment with diamond [96℄ in terms of the pulse parameters, asboth the pump and probe pulses had the same optial wavelength (λ = 625 nm in [109℄).The measurements of the re�etivity were done for di�erent �uenes.To simulate the experiment, we again used soft X-ray photon energy (50 eV) for thepump pulse. In Fig. 4.27 optial oe�ients of silion at the absorbed dose of 1.0 eV/atomare shown. The modeled re�etivity oe�ient is in a good agreement with experimentalresults [109℄. For this spei� dose, the rise of re�etivity is relatively slow, and saturationis reahed on a time sale of 500-600 fs. That supports an assumption of two ontributingmelting proesses for suh doses - thermal and non-thermal.
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Figure 4.27: Modeled optial oe�ients of non-equilibrium silion irradiated above the damagethreshold, at the absorbed dose = 1.0 eV/atom, photon energy h̄w = 50 eV, pulse duration τ = 100fs. Angle of the pump pulse inidene is 56◦, of the probe pulse inidene is 70.5◦; probe wavelengthis λ = 625 nm. The dots represent experimental data for the re�etivity oe�ient [109℄, the solidline represents the alulated re�etivity oe�ient, the dashed line is the alulated transmissionoe�ient, the dotted line is the alulated absorption oe�ient obtained within TB model, andthe dot-dashed line is the re�etivity oe�ient obtained with Drude model.
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Figure 4.28: Transient re�etivity of silion measured in the experiment [109℄ in omparison withTB model preditions for the absorbed doses of 1.17 eV/atom (1.8Fm), 1.32 eV/atom (2.2Fm) and1.86 eV/atom (3.1Fm).The simulations performed for other above-threshold doses, as in Sokolowski-Tinten'sexperiments for high �uenes (above 1.8Fm) [109℄, give results lose to the experimentalones (Fig. 4.28). The disrepany between experiment and theory during the pulse wasalready explained for the ase of diamond. The disrepany with the experimental re-sults for �uenes slightly above the threshold (below 1.8Fm) will be explained in the nextSubsetion.An example of silion one again on�rms that the optial properties are strongly linkedwith the atomi struture. Abrupt hanges of optial properties our together with non-thermal phase transitions. Their time sale mathes very well the experimental observationof non-thermal melting. The HDL phase is reahed after an intermediate LDL phase whihmay be not observed in ase of higher deposited doses. Thermal melting, for the ase ofsmaller doses, is a onsequene of atomi heating, and its time sale is governed by theeletron-phonon oupling. The eletron-lattie thermalization time for silion typiallyexeeds 1 ps [124℄.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 834.3.3 E�et of eletron-ion oupling on optial propertiesAfter the exitation, photoeletrons start to relax and exhange their energies with ionsvia eletron-phonon oupling, typially on pioseond time sales. The Fermi's GoldenRule (FGR) is widely used for the observation of eletron kinetis in irradiated solidson a femtoseond time sale [76, 125�127℄. However, the appliability of the FGR inplasma is disputed, for example, in [128℄. For the ase of femtoseond laser pulses with asubsequent hange of the potential energy surfae and phase transitions, FGR assumptionsare violated. The periodi harmoni motion of atoms, neessary for FGR, annot beassumed after atomi reloations and breaking of the rystal symmetry. Moreover, eletron-phonon sattering event time (tph ∼ 1/ωph) [65, 129, 130℄, whih an be estimated bythe inverse phonon frequeny, an reah a value from a few tens up to a hundred offemtoseonds, i.e., an be on the same order of magnitude as ultrafast proesses in thematerial we deal with. Regarding these FGR limitations, in [76℄ we proposed to use amore general dynamial oupling (DC) model [131℄.In XTANT, the nonadiabati eletron-ion oupling is introdued, using the Boltzmannollision integral, Ie−at
i,j [21, 76, 132℄:

Ie−at
i,j = wi,j






fe(Ei)(2 − fe(Ej)) − fe(Ej)(2 − fe(Ei))Gat(Ei − Ej) , for i > j,

fe(Ei)(2 − fe(Ej))Gat(Ej − Ei) − fe(Ej)(2 − fe(Ei)) , for i < j,

(4.14)where wi,j is the rate for an eletron transition between the energy levels i and j; here
fe(Ei), a transient eletron distribution funtion, is assumed to yield the Fermi-Dira dis-tribution. It de�nes eletron population on the energy level Ei (eigenstate of the transientTB Hamiltonian). The funtion Gat(E) is the integrated Maxwellian funtion for atoms.The sattering rate, assuming an instant sattering event (Markovian proess) andperiodi atomi motion, is de�ned by the FGR as [131℄:

wij =
2π

h̄2 |Me−at(Ei, Ej)|2δ(ωij − ωph), (4.15)where ωph is a phonon frequeny, ωij = (Ei−Ej)/h̄, and the matrix element for eletron-ionsattering Me−at(Ei, Ej) = (〈i(t)|j(t+ δt)〉 − 〈j(t)|i(t+ δt)〉) (Ej − Ei)/2 [133℄.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 84The dynami oupling model estimates the sattering rate taking into aount itstime dependene without an assumption of the harmoni atomi osillations or long timesales [76, 131℄:
wi,j = |(〈i(t)|j(t+ δt)〉 − 〈i(t+ δt)|j(t)〉) /2|2 1

δt
, (4.16)where 〈i(t)| and |j(t+ δt)〉 are the i-th and j-th eigenfuntions of the Hamiltonian at thetime instants t and t + δt. Therefore, the dynamial oupling takes into aount thesystem evolution during an ongoing time individual 'ollision' and the indued energyexhange [76℄.Eletron transitions through the band gap for broad-band gap materials, suh as dia-mond, are exluded from the ollision integral (in XTANT, already the transitions aross5 eV are exluded). The partiular hoie of the aeptane window width between ∼ 3eV and ∼ 6 eV does not hange the simulation results notieably [76℄.The onvergene study performed with XTANT for silion showed that the usage ofFGR produes divergent results, and the resulting heating rate is then strongly dependenton the MD time step. In ontrast, the alulations made with the DC sheme employed,showed the onvergene for the eletroni temperature in silion with the MD time step

∆t ∼ 0.01 fs. With a longer time step, the oupling rate beomes overestimated [76℄.To ompare the DC and Born-Oppenheimer shemes (FGR annot be ompared as itprodues non-onvergent results), we performed a set of simulations with the same pulseand material parameters. In Fig. 4.29 the alulated re�etivity of silion exposed to thedose of 1.3Fm is in a reasonable agreement with the experiment [109℄ in ase of the DCmodel applied. Without any oupling sheme applied (Born-Oppenheimer approximation),re�etivity dereases without overshooting. The behaviour of re�etivity on both graphsstritly depends on the band gap width. Notieable shrinkage appears only when thedynamial oupling sheme is used.In Fig. 4.28 we showed the re�etivity oe�ients for di�erent over-threshold �uenes.Now let us look at these results, from the perspetive of the eletron-ion oupling shemes.For doses above 1.8Fm, silion undergoes signi�ant non-thermal melting. The results we
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Figure 4.29: Transient optial re�etivity of silion at 625 nm probe wavelength under 70.5◦ ini-dene, absorbed dose is 1.3Fm, where Fm is a ritial melting dose. The experimentally measuredoe�ients from [109℄ are marked by the blue dots; the oe�ients obtained with XTANT model:(i) by using Born-Oppenheimer approximation (no oupling) are marked by the dot-dashed greenline; (ii) by using dynamial oupling - by solid red line.obtained for the re�etivity show that the agreement with the experiment is poorer atlower doses (Fig. 4.29), and at doses above 1.8Fm the agreement is almost perfet. Thereasons for that an be found, while analyzing the assumptions of the XTANT model.First, valene and ondution band eletrons are supposed to follow a uni�ed Fermi-Diradistribution and to be in thermal equilibrium. However, at lower irradiation �uenes, adistribution of eletrons an be non-equilibrium on longer times [126℄. As a result, XTANTmodel an overestimate ion heating. Seond, due to the periodi boundary onditionsused, all absorbed energy is stored within the superell, while in experimental onditionsa part of it an leave the irradiated area beause of the heat di�usion. For diamond,the in�uene of eletron-ion oupling on the threshold dose is less signi�ant than forsilion. Both for silion and for arbon, the threshold dose is lowered, when ompared tothe results obtained with the Born-Oppenheimer approximation. Non-thermal transitiontime sales for diamond are similar in both approahes (from 80 to 150 fs), and for silionthey an be di�erent (up to 500 fs with FGR and up to 1 000 fs with DC) [76℄. Thebest level of agreement with the experiment in terms of the threshold dose and non-



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 86thermal transition time sales is ahieved by using the DC approah both for silion anddiamond [76℄. Therefore, it should be used in XTANT to properly trae the eletron-ionoupling e�et.4.4 Gallium arsenideGallium arsenide is a semiondutor atively used in industry, e.g., in eletronis and solarells fabriation. It is omposed of the elements gallium and arseni. GaAs is a diretsemiondutor. It means that it has the same rystal momentum both at the bottom ofthe ondution and at the top of the valene band. The band gap width of GaAs is 1.42eV at the room temperature [118℄ whih is larger than the one of silion. Suh a bandgap width is omparable with the optial wavelengths. Thus, optial photons an triggereletron exitation from the valene band to the ondution band. The band gap width,dependent on the lattie temperature, de�nes the rate of suh interband exitations.Here, we will disuss transient optial properties of irradiated GaAs, starting with asimpler model based on the rate equations and the Drude theory. Afterwards, we willanalyze the appliability of the XTANT model for GaAs and disuss arising problems.4.4.1 Eletron-lattie thermalization in GaAsAs it was mentioned previously on an example of diamond (Fig. 4.12), the thermalizationof ondution band eletrons is fast: at a few tens of femtoseonds orresponding to atypial FEL pulse duration, the eletron thermalization time sale is ≤ 200 fs. The sameexperimentally established time sale in GaAs was reported in [134, 135℄. The eletronthermalization time sale is mainly determined by the seondary eletron asading follow-ing a FEL irradiation [103℄. The asading duration inreases with the inreasing photonenergy. Due to the ultrafast laser exitation, while eletrons of the valene band are beingtransferred to the ondution band, holes are reated in the valene band. The holes anbe treated as quasi-partiles with a positive harge and an e�etive mass [33℄. The e�etive



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 87masses of holes and eletrons in semiondutors depend on the spei� band struture ofthe material. The dispersion relation at the bottom/top of a band an be approximatedin many semiondutors as paraboli [136℄:
E(k) = Eedge + h̄2 k2/2m∗, (4.17)where E(k) is the energy of an eletron with a wave vetor k in the band, Eedge is aonstant whih stands for the value of the edge of the band, and m∗ is the e�etive mass.The e�etive mass is then diretly onneted to the urvature of the energy band at aspei�ed k-vetor k0:

1/m∗ = d2E(k)/h̄2(dk)2|k=k0
. (4.18)With a derease of the seond derivative of E(k), the mass of the orresponding arrierinreases. If the top of the valene band is '�atter' than the bottom of the ondution band,the e�etive hole masses exeed eletron masses in the same material. In GaAs holes areabout 10 times heavier than eletrons [137, 138℄. This means that energy transfer to theheavy holes will be relatively slow while light eletrons will exhange energy in the ondu-tion band muh faster. Suh mutual (interband) thermalization between the valene andthe ondution band may take signi�antly longer time than the arrier thermalizationwithin the individual bands (intraband thermalizations). The interband thermalizationis driven by ollisional interband proesses: ollisional ionization and Auger reombina-tion. Suh transitions require both energy and wave vetor onservation. Band struturehas a strong e�et on the rate of suh proesses [139℄. Sine GaAs is a diret band gapsemiondutor, diret interband transitions between the valene and the bottom of theondution band are suppressed as they annot maintain both the onservation laws. Gen-erally, phonon-assisted transitions give seond-order ontribution to ollisional proesseswhen ompared to the �rst-order diret transitions [140℄. I.e., they have muh lower ratesthan the diret transitions [140℄, if the diret transitions are allowed. As the result, ol-lisional interband transitions are strongly suppressed in the ase of diret semiondutorswith band gap widths larger than∼ 1 eV [139℄, in whih fast diret interband transitions arenot allowed and only slow phonon-assisted interband transitions an our. Consequently,
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Figure 4.30: Shemati piture of exitation and relaxation proess in irradiated GaAs involvingeletrons, holes and phonons, and their time sales.the distributions of arriers in the ondution and valene band remain for some timestrongly non-isothermal. Similar arrier non-isothermality has been observed in [141�143℄.The band gap shrinks due to the inrease of the lattie temperature. Many souresindiate that harateristi times of eletron-phonon relaxation τe−h−latt in GaAs are around1-5 ps � as shown in ab initio simulations [144, 145℄, and experiments [146, 147℄. After fullthermalization, reombination proesses start to play a role. In GaAs both radiative andnon-radiative reombination our [148℄. The eletron-hole reombination time τrec has theorder of∼ 100 ns [148℄, this is by several orders of magnitude longer than the eletron-lattiethermalization time. Therefore suh radiative reombination annot in�uene the eletron-lattie equilibration. The shemati piture of all exitation and relaxation proesses andtheir outomes with time sales is shown in Fig. 4.30.Having experimental data on the transient re�etivity in hand, we an follow the relax-ation of FEL-irradiated GaAs and reate a model whih uses experimental data as �ttingparameters. Optial properties re�et the hanges of an atomi struture, their measure-ments an provide the information on eletron-phonon oupling rates and eletron-holethermalization time. In onsidered experiments, the pump-probe sheme with X-ray pumpsand optial probes was used, and relative hanges of the transient optial re�etivity weremeasured. The experiment by Gahl et al. [134℄ was undertaken at FLASH laser faility



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 89with an XUV pulse (energy of 40 eV) while Krupin's group [135℄ used a soft X-ray pulse(energy of 800 eV) at LCLS. The probe pulse durations were: ∼ 100 fs at FLASH, between
120 and 150 fs at LCLS. The probe pulse wavelengths λprobe were 800 nm (∼ 1.55 eV) inKrupin's experiment and were 800 nm and 400 nm (∼ 3.1 eV) in Gahl's experiment. Bothwavelengths are omparable with the band gap, moreover, 1.55 eV is just slightly abovethe band gap width of 1.42 eV.Our initially proposed theoretial framework for the interpretation of experimental data[134, 135℄ used rate equations to desribe temporal evolution of the eletron distribution[138℄. The rate equations were oupled with the two-temperature model [149℄, desribingthe equilibration of the eletron-lattie temperature. The Drude model was applied tofollow the transient re�etivity as a funtion of free-arrier density. It was extended beyondthe free-arrier absorption framework [150℄ to aount for the ontribution from optiallyindued interband transitions, predominant in this regime.As a �rst step, we estimated the maximal eletron-hole density after FEL irradiation,knowing the pulse �uene and the photoabsorption ross setion at a given photon energy.We then used this value to reprodue the inrease of the eletron-hole density until themaximal density was reahed by an approximate linear equation [138, 151℄:

d ne−h(t)/dt = γe−h(t), (4.19)where the oe�ient γe−h(t) here depends on the pulse �uene and was �tted to obtain themaximal value of ne−h orresponding to the number of absorbed X-ray photons divided bythe average eletron-hole pair reation energy Ee−h whih equals to 4.2 eV for GaAs [152℄.Suh inrease is typial for FEL irradiated semiondutors as desribed, e.g., in [151, 153℄.The minimum of the ∆R/R urve orresponds to the maximal eletron-density in thesample [23, 154℄, whih in turn orresponds to the end of the exitation stage. After themaximal eletron-hole density was reahed, the system started to relax. Eletron-lattiethermalization and eletron-hole reombination were the predominant relaxation hannels.In GaAs, the latter one ontributes muh less signi�antly, as it was stated above. Eletron-lattie thermalization in GaAs ats on pioseond time sales [146℄. Assuming thermal free-



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 90arrier distribution and taking eletron-hole reombination into aount, a rate equationfor eletron-hole density an be written as [138℄:
d ne−h(t)/dt = −γrec · ne−h(t), (4.20)where γrec is a reombination rate, whih inludes radiative and non-radiative oe�ientsfor GaAs [148℄.At the beginning of the exitation stage, the eletron temperature dereases and thenreahes some stable value. However, eletron-lattie thermalization is insigni�ant on thisstage and the number of the exited eletrons is insigni�ant as well for �uenes used inthe experiments. Therefore, we assume the linear growth of the temperature with timefrom the initial atomi room temperature to the temperature T init

e at the minimum of the
∆R/R urve [138℄.To desribe how eletron-hole temperature and lattie temperature hange with timewe apply the temperature equations [138℄:

d Tlatt(t)/dt = +Glatt(Te−h(t) − Tlatt(t)), (4.21)
d Te−h(t)/dt = −Ge−h(Te−h(t) − Tlatt(t)), (4.22)where the oe�ients Glatt and Ge−h are related to heat apaities of the system as [138℄:

Glatt (e−h) = G/Clatt (e−h). The free arrier � lattie thermalization time is then de�ned as:
τe−h−latt = 1/(Glatt +Ge−h). (4.23)The heat apaities for lattie Clatt and free arriers Ce−h are taken from [33℄ orrespond-ingly. Coe�ient G is the free arrier � lattie oupling fator. The free arrier � lattiethermalization time τe−h−latt is adjusted to the minimum of ∆R/R urve in order to obtainthe best �t to the experimental urve [138℄.The initial value of the lattie temperature is 300 K. Lattie temperature does nothange muh during the �rst 100 − 200 fs after the FEL irradiation (during the eletronthermalization) and so the band gap width does not hange either. The resulting lattieheating should lead to a shrinkage of the band gap Egap [155℄, when ompared with its initial



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 91width of 1.42 eV at 300 K. This ould result in the experimentally observed 'overshooting'of the transient re�etivity, i.e., its inrease above the initial value.We proeeded in the following steps. The extended Drude model taking into aountthe interband ontribution was used to alulate the transient re�etivity hanges from thedieletri funtion ǫ. The dieletri funtion is parametrized in the same way as in [150℄:
ǫ ≡ (n+ i k)2 = ǫcore −

∑
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, (4.24)where ǫcore desribes all ontributions to the dieletri funtion beyond the free-arrier ab-sorption. Here, ǫcore = (ncore+ i kinterband)
2, where kinterband = αλγ/4π desribes the ontri-bution from the transition between the valene and the ondution bands, using the inter-band absorption oe�ient for a diret interband transition α, parameterized as in [150℄.The frequeny ωγ is the photon frequeny and λγ is its orresponding wavelength. Theabsorption oe�ient sales with the photon energy Ephot, as α ∼

√
Ephot − Egap/Ephot.Band gap shrinkage is desribed with the phenomenologial relation from [155℄. The in-terband absorption oe�ient also ontains the matrix element 〈v|p|c〉, whih ouples thestates with the same eletron wave vetor in the valene and the ondution bands. Weparametrized it, using the measured absorption oe�ients for GaAs from [156℄. Thetime τe(h) is the eletron (hole) ollision time and the frequeny ωp,e(h) is the plasma fre-queny for eletrons (holes). The latter one is estimated with the arrier density ne−h as

ωp(e,h) ∼
√
ne−h [138℄.Transient re�etivity an be obtained diretly from knowing the transient refrationindex kinterband and ncore value. The average eletron ollision time τe was �tted in orderto math the minimum of the experimental ∆R/R urve from [134, 135℄. The aurayof the �t depends on the resolution at whih the minimum re�etivity was experimentallymeasured. The average hole ollision time τh an be estimated from the eletron one, usingmass saling relation for eletron and hole ollision frequenies [33℄.The fast drop and rise of the re�etivity is a result of the eletron-hole pairs reationin the irradiated GaAs. Both eletrons and holes ontribute to its optial parameters andtheir ontribution is desribed by the Drude model. In Fig. 4.31 theoretially predited



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 92and measured transient re�etivity hanges are shown for Krupin's and Gahl's experiments.Three di�erent �uenes used in Krupin's experiment were hosen - 10 mJ/cm2, 20 mJ/cm2and 40 mJ/cm2 [135, 138℄ (Fig. 4.31a). A single �uene F = 4.1 mJ/cm2 [134, 138℄ forGahl's experiment was hosen. By iteratively omparing results to experimental data weahieve a good agreement with both experiments.In Fig. 4.31a with inreasing �uene the minimum of the re�etivity urve is lowerdue to the higher free-eletron density and the overshooting e�et is stronger as the thelattie temperature is inreasing orrespondingly. The doseDabs alulated from the �uene
F = 4.1 mJ/cm2 at FLASH experiment is equal to 0.08 eV/atom4 whih orresponds tothe �uene of 40 mJ/cm2 at LCLS experiment, as at 800 eV the photon attenuation lengthis around 10 times larger than at 40 eV [111℄. Indeed, the minimum of re�etivity of a redurve in Fig. 4.31b mathes a minimum of the red urve in Fig. 4.31a [138℄. However, the�nal re�etivity value of the red urve in Fig. 4.31b mathes already the �nal value of aurve for F = 10 mJ/cm2, λprobe = 800 nm in Fig. 4.31a (magenta line). Suh relativelak of dose in Gahl's experiment is an e�et of hot eletron di�usion from the interationvolume at pioseond time sales due to the small penetration depth (∼ 60 nm) � so theheat gradients are larger in ase of XUV.The optial oe�ients are sensitive to the value of absorption oe�ient whih, a-ording to various estimates, may di�er by a fator of 2 − 3 [152, 156℄. This stronglyin�uenes the auray of the theory preditions (Fig. 4.31b). At a 400 nm probe-pulsethe interband absorption oe�ient is about 100 times larger than at 800 nm [152, 156℄.The re�etivity overshooting does not our at 400 nm as the large absorption oe�ientis then not sensitive to the small hange aused by the energy shift due to the band gapshrinking (α ∼

√
Ephot − Egap/Ephot).Table 4.1 lists the parameters obtained through an iterative model adjustment to the4The alulation of experimental �uene F in [134℄ and [135℄ already took the FEL inident angle θinto aount. Then the dose, alulated with Eq. (4.2), whih gives ≈ 0.06 eV/atom for both experimets,must be divided by sin θ. In [134℄ θ = 48.5◦, in [135℄ θ = 45◦, whih gives the �nal dose D ≈ 0.08 eV/atomfor both experiments.
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Figure 4.31: Time dependene of the relative hange of transient re�etivity in irradiated GaAsmeasured in: a) the experiment on LCLS by Krupin et al. (FEL photon energy h̄ω = 800 eV,optial probe wavelength λ = 800 nm); b) the experiment by Gahl et al. at FLASH (FEL photonenergy h̄ω = 40 eV, optial probe wavelengths λ1 = 800 nm and λ2 = 400 nm). The omparisonsare made for FEL pulse �uenes: a) F = 10, 20 and 40 mJ/cm2; b) F = 4.1 mJ/cm2.experimental urves in Fig. 4.31a: the thermalization time τel−latt and the free eletrontemperature at the minimum of ∆R/R urve T init
e . These values lay within the rangereported in [146℄. Note the expeted inrease of T init
e with �uene, and the orrespondingderease of the thermalization time with the eletron temperature [146℄. The values of

τel−latt and T init
e for Fig. 4.31b at the pulse �uene of F = 4.1 mJ/m2 are 2.8 ps and 1.6eV, respetively, for both 800 nm and 400 nm5.The minimum of the ∆R/R urve orresponds to the eletron temperature at the end ofeletron thermalization, whih is approximately 5 times higher than the assumed tempera-ture after full thermalization of valene and ondution bands at this time instant [138, 152℄.This an be explained by a signi�ant di�erene between the eletron and the hole e�etivemasses mh/me ∼ 10 and delayed eletron-hole thermalization as a result.This methodology allowing to trae overshooting on a pioseond time sale an beused further to study other narrow or near-narrow band gap semiondutors (Si, PbSe,PbTe, InAs). These materials must also satisfy the relation between thermalization and5The preditions for 400 nm were obtained for the same FEL pulse parameters. Note that they annotbe diretly ompared to the experimental urve from Fig. 2b in [134℄: aording to Fig. 3a therein, itorresponds to a di�erent set of FEL pump parameters.
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F [mJ/cm2] τel−latt[ps] T init

e [eV]40 2.0 2.820 2.5 2.210 3.0 1.6Table 4.1: Model parameters iteratively adjusted to obtain preditions in Fig. 4.31a: thermal-ization time (τel−latt) and the free eletron temperature at the minimum of ∆R/R urve (T init
e ).Table is reprodued from [138℄.relaxation times: τel << τe−h−latt << τrec.Further re�etivity overshooting dynamis was observed and linked with band gapshrinkage in [157℄. In the experiment made at the T-REX laboratory at Elettra (Tri-este) silion surfaes were highly exited below the melting transition by sapphire laserwith a pump pulse at 800 nm. The estimate damage threshold in the experiment was

Fth = 0.03 J/cm2. The harateristi overshooting was deteted on a time sale of a fewpioseonds, however with inreasing �uene it took earlier to reah the overshooting. There�etivity inrease was linked with temperature inrease also via rate equations while thederease in dieletri onstant due to an inreased number of arriers was explained by theDrude model.4.4.2 Band separation in semiondutorsAfter the extension of the tight-binding based XTANT ode towards eletron-ion thermal-ization, we got an opportunity to observe transient re�etivity of GaAs on a pioseondtime sale with this tool. In [98℄ the ode has been for the �rst time applied to desribetime evolution of X-ray exited GaAs. Fig. 4.32 shows the preditions obtained for GaAsat the absorbed dose of ∼ 0.2 eV/atom. This dose is muh higher than the absorbed dosethat we onsidered in the experiments by Gahl and Krupin (∼ 0.08 eV/atom). Yet, thetimesale of the re�etivity overshooting ∼ 15 ps is muh larger than that one observed in
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4.1 mJ/cm2) [134℄ and Krupin (with �uene F = 40 mJ/cm2) [135℄, is ∼ 0.4 eV, whereasthe one predited with the Drude model is 2 − 3 eV. The rude estimate of the eletronitemperature an be obtained from the average kineti energy of a free eletron within theondution band Eel, negleting the hole energy, with the relation:
Eel = Ee−h − Egap, (4.25)where Ee−h is the average pair reation energy and Egap is the band gap width. In GaAs

Egap = 1.42 eV and Ee−h = 4.2 eV, whih gives a universal value of Eel = 2.78 eV, andfrom the relation Eel = 3/2 kB Tel it follows that Tel = 1.85 eV.The disagreement of the eletroni temperatures an be explained by realling the



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 96spei� band struture of GaAs. The diret band gap leads to the supression of ollisionalinterband proesses as disussed above. However, the XTANT model intrinsially assumesan instantaneous mutual thermalization of eletrons both in the ondution and in thevalene band. The entire eletroni system in low energy domain is then represented bya single Fermi-Dira distribution with a global hemial potential and a global eletrontemperature whih are updated with the simulation progress at eah time step [5℄. Thisassumption does not hold in ase of GaAs. In this ase the model has to be extended inorder to aount for the suppressed ollisional exhange between the bands.The simple approah to aount for delayed interband thermalization is to equilibratethe bands separately by assuming independent thermalization of eletrons in the ondu-tion band with a spei� eletroni temperature Tc and hemial potential µc and in thevalene band with the temperature Tv and hemial potential µv respetively. Suh kind ofapproah was introdued, e.g., by van Driel [158℄ for silion. Eletrons in the ondutionband and holes in the valene band were treated there with separate Fermi-Dira distribu-tions of di�erent hemial potentials µe and µh respetively, but with a global temperature
Te and arrier density n [84, 158℄.In order to separate interband thermalization in the framework of the XTANT model,we use a sheme analogous to the ase of Fermi-Dira distribution with a global hemialpotential and a global eletron temperature. At the �rst time step (before irradiation)we assume that the sample is in equilibrium, and alulate a global distribution funtionfrom the initial input parameters. Later, we follow separate Fermi-Dira distributions foreah band. Namely, we alulate Fermi distribution funtion for eletrons in eah band,by solving an inverse problem for a given number and energy of arrires within eah band
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, (4.26)where Emin is the energy at the bottom of the valene band, Ebg is the energy at the top ofthe valene band, and Ebg+1 is the energy at the bottom of the ondution band, Ecut is thehigh-energy ut-o� (∼ 10 eV). At eah time step the XTANT ode updates the informationon the number of arriers and their energy in both bands. Using them, we alulate withthe bisetion method, applied for eah band, the values of Tc and hemial potential µcin the ondution band, and, in the valene band, the temperature Tv and the hemialpotential µv respetively at eah time step.With new values of distribution funtions, we determine the global potential energysurfae and then initiate a moleular dynamis alulation. The energy oming with thelaser pulse is then redistributed between the bands. In ase of inelasti sattering andenergy loss by a high-energy eletron we trae whether it remains in the high-energy domainor falls to the low-energy part of the ondution band. In this way, we trae the hangesof arrier numbers and their energy in eah band independently. Interband transitions arethen naturally suppressed within the low-energy domain.Similar to our earlier �nding for silion, the dynamial eletron-phonon oupling shemefor GaAs starts being onvergent at the MD time step ∆t not longer than 0.01-0.02 fs, andsuh time step must be valid for the two-equilibrated-bands model as well. By employingthe new model, we an trae the behaviour of temperatures and hemial potentials in bothbands. Similarly, as in ase of the global Fermi distribution model, after the peak of thepulse, a sharp inrease in valene and ondution band eletron temperatures is observed.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 98The peak value of the CB eletron temperature Tc exeeds 2 eV both in simulations ofKrupin's and Gahl's experiments (Fig. 4.33a, Fig. 4.33b), whih is lose to the value 1.85eV estimated theoretially by Eq. (4.25). At the same time, the peak value of the VBeletron temperature Tv is around 0.4 eV whih is lose to the global eletron temperatureestimate Te = 0.42 � 0.43 eV for the same simulation parameters, as there are muh moreeletrons in the valene band and they provide the predominant ontribution into the globaleletron temperature. The peak number of the reated eletron-hole pairs ne−h per atomexeeds 2% whih is also in agreement with the value ne−h estimated by Eq. (4.19), whihis about 2.2% in both experimental ases. This on�rms that the extended XTANT modelprovides reliable results on the eletron density and temperature.During the eletron-lattie thermalization proess the CB eletron temperature Tc de-reases signi�antly on a time sale of 10-15 ps, in ontrast to the VB eletron temperature
Tv whih dereases very slowly. At the same time, the atomi temperature Ta rises fromthe initial value of 300 K only up to 600-700 K. As a result, the re�etivity oe�ientdereases by ≈ 10% from the initial value at the temperature maximum whih is as wellin the agreement with the experiment, but later the re�etivity rises up very slowly anddoes not ahieve overshooting in 10 ps (Fig. 4.34). However, knowing the energy absorbedfrom the pulse we an predit a �nal atomi temperature that the system would reahafter the aomplished eletron-lattie equilibration. In our ase it would be 919 K for theonditions of Krupin's and Gahl's experiments. The predited �nal value of the re�etivityhange in both ases ∆R/R is ∼ 0.08, whih is in agreement with Krupin's experiment asdi�usion only slightly a�ets its results in ontrast to Gahl's experiment.These �ndings indiate that the proposed dynamial sheme for eletron-phonon ou-pling, although suessful for silion and diamond, is not reliable in ase of GaAs. As aresult, our model underestimates the eletron-ion oupling rate in GaAs whih appears tobe muh smaller than in diamond and silion. The reason for that might be the spei�band struture of this material (with diret band gap). A possible improvement wouldrequire to go beyond the Γ-point approximation and to inlude multiple k-points in theevaluation of the oupling as it was performed, e.g., in [159℄.
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Figure 4.33: Transient ondution band eletron temperature (solid red line), valene bandeletron temperature (dashed green line) and atomi temperature (dot-dashed blue line) simulatedwith ∆t = 0.02 fs MD time step for: a) Gahl's experiment, dynamial oupling; b) Krupin'sexperiment, dynamial oupling; ) Gahl's experiment, FGR oupling; d) Krupin's experiment,FGR oupling. The pulse �uene F = 4.1mJ/cm2 for Gahl's experiment, F = 40mJ/cm2 forKrupin's experiment.
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Figure 4.34: Time dependene of the re�etivity hange simulated with dynamial oupling(solid lines) at ∆t = 0.02 fs MD time step and with FGR (dot-dashed lines) at ∆t = 0.1 fsfor Gahl's experiment (h̄ω = 40 eV, blue lines) and Krupin's experiment (h̄ω = 800 eV, redlines). The pulse �uene F = 4.1mJ/cm2 for Gahl's experiment, F = 40mJ/cm2 for Krupin'sexperiment. The blak dashed line denotes the re�etivity oe�ient, whih must be observedafter full eletron-lattie equilibration.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 100To illustrate that the eletron-lattie equilibration and the re�etivity overshooting areprinipally ahievable in a framework of the urrent model under ondition of a orreteletron-phonon oupling treatment, we performed simulations at the larger MD time step
∆t = 0.1 fs (Fig. 4.35a, Fig. 4.35b) whih arti�ially inreases the rate of eletron-ion oupling. As we know from our previous studies, this time step is su�ient for MDonvergene but too large for the onvergene of eletron-ion oupling rate. The inreaseof the oupling rate shortens the interband thermalization time sale.After reahing the equilibrium temperature and equilibrium hemial potential in bothbands, we swithed bak to the global Fermi distribution, assuming that the interbandequilibration already oured. Sine the ollisional eletron transitions between the bandsare then again permitted, the number of eletrons in the ondution band starts to derease.The larger time step a�ets the re�etivity oe�ient, and, although the experimentallyobserved overshooting, starting after ∼ 5 ps and saturating at ∼ 10 ps, ould not bereprodued, the re�etivity oe�ient rises bak to its initial value faster, when omparedto the ase of the MD time step ∆t = 0.02 fs with DC approah.The FGR tested with ∆t = 0.02 fs (Fig. 4.33, Fig. 4.33d) does not give the observabledi�erene in the bands equilibration time sale ompared with the DC at the same timestep. However, at ∆t = 0.1 fs the FGR (Fig. 4.35, Fig. 4.35d) provides signi�antlyfaster bands equilibration ompared with the DC, as was disussed in Subsetion 4.3.3.The overshooting with FGR at ∆t = 0.1 fs is still not observed in both ases at 10 ps,although the growth of the re�etivity by ∼ 5% from the minimum value an be deteted(Fig. 4.34). Let us note that the FGR sheme is inherently divergent in this regime (i.e.,for any time step hosen) [76℄. We show the preditions obtained with Fermi's Golden Rulesheme for purely illustrative purpose.



CHAPTER 4. NON-EQUILIBRIUM DYNAMICS OF FEL IRRADIATED SOLIDS 101

0 5000 10000
0

1

2

3

Time (fs)

Te
m

pe
ra

tu
re

 (e
V)

 

 

CB temperature
VB temperature
Atomic temperature

0 5000 10000
0

1

2

3

Time (fs)

Te
m

pe
ra

tu
re

 (e
V)

 

 

CB temperature
VB temperature
Atomic temperature

0 5000 10000
0

1

2

3

Time (fs)

Te
m

pe
ra

tu
re

 (e
V)

 

 

CB temperature
VB temperature
Atomic temperature

0 5000 10000
0

1

2

3

Time (fs)

Te
m

pe
ra

tu
re

 (e
V)

 

 

CB temperature
VB temperature
Atomic temperature

a b

c d

Figure 4.35: Transient ondution band eletron temperature (solid red line), valene bandeletron temperature (dashed green line) and atomi temperature (dot-dashed blue line) simulatedwith ∆t = 0.1 fs MD time step for: a) Gahl's experiment (h̄ω = 40 eV), dynamial oupling; b)Krupin's experiment (h̄ω = 800 eV), dynamial oupling; ) Gahl's experiment, FGR oupling; d)Krupin's experiment, FGR oupling. The pulse �uene F = 4.1mJ/cm2 for Gahl's experiment,
F = 40mJ/cm2 for Krupin's experiment.



Chapter 5
Conlusions and outlook
5.1 ConlusionsIn this work, we studied the interplay between transient strutural modi�ations and opti-al properties in several FEL-exited semiondutors. It gave us an opportunity to followthe transient optial oe�ients related to the non-equilibrium dynamis within the irra-diated materials. Thus, we an ompare our theoretial preditions with the results ofthe modern time-resolved experiments at FEL failities that often involve measurementsof optial oe�ients. Two models have been used: an extension of the hybrid alulationtool XTANT for C, Si and GaAs, and a uni�ed model based on rate equations and Drudetheory whih was only used for GaAs to estimate the eletron-lattie thermalization e�etsin it. The moleular dynamis alulations with XTANT are based on the transferabletight-binding method, and thus, the model takes an intermediate plae between ab initioapproahes and empirial methods, as a 'ompromise' solution ful�lling the auray andthe omputational e�ieny requirements. The model also employs Monte Carlo shemein the part treating kinetis of high-energy eletrons in the ondution band and deep shellholes in the valene band whose density is relatively small in ase of XUV and soft X-raypulses. The rest (low-energy) eletrons are distributed on the tight-binding energy levelsand their oupation numbers are determined by the Boltzmann equation. This set of102



CHAPTER 5. CONCLUSIONS AND OUTLOOK 103approahes makes the model self-onsistent. Typially, eletron exitation and thermaliza-tion our within a few hundred femtoseonds. At later times, we trae the eletron-lattieequilibration via nonadiabati approah until the di�usion and transport e�ets start todominate. Thus, we are able to desribe the response of semiondutors to the irradiationin terms of optial properties aurately enough on a time sale of ∼ 10 ps. The alulationof the dieletri funtion and transient optial properties is based on the Lindhard theorywithin the random phase approximation, where the neessary momentum matrix elementsare taken from the tight-binding Hamiltonian.The results of our simulations indiate that optial properties re�et the hanges ofthe atomi struture of the materials. As optial properties (suh as transmission andre�etivity) are standard experimental observables, it makes them good indiators of phasetransformations. Thus, from the available experimental results, we an retrieve informationon the phase transitions in irradiated materials. Our method desribed the followingphenomena: ultrafast non-thermal graphitization of diamond, thermal and non-thermalmelting of silion. In addition, the onnetion of the re�etivity overshooting in GaAs withthe band gap shrinking, aused by the eletron-lattie thermalization, was demonstrated bythe XTANT model together with the uni�ed model from [138℄. The simulation indiateda novel opportunity to measure the eletron-phonon oupling rate in semiondutors fromthe optial properties.The studied ultrafast non-thermal graphitization of diamond is one of the fastest knownphase transition whih may our within 100-150 fs, i.e., still during the ation of theultrashort FEL pulses. The validity of our model for the desription of optial oe�ients innon-equilibrium arbon was established by omparing the simulation results for re�etivitywith the results aquired in the experiment by Reitze et al [96℄. We also proved theinappliability of the ordinary Drude model (without interband transitions) to desribethe optial properties in non-equilibrium systems exited above the damage threshold. Apreviously established graphitization threshold dose of 0.7 eV/atom was on�rmed. Finally,the results produed by our model were found to be in an exellent agreement with theexperimental results from a reent time-resolved non-thermal graphitization experiment on



CHAPTER 5. CONCLUSIONS AND OUTLOOK 104FERMI�Elettra faility, in whih time-resolved transmission was utilized as the signatureof the transition.Melting of silion has two possible transition hannels dependent on the absorbed dose:thermal and non-thermal. In the ase of a dose over the non-thermal threshold, bothhannels may be involved. When the thermal melting dominates, optial properties relaxon a longer time sale (∼ 1 ps), than in ase when non-thermal e�ets dominate (∼ 100 fs).In other words, the hanges of the optial properties are smoother during thermal melting.We analyzed the melting of silion for di�erent doses and found that the formation of thehigh-density liquid phase (HDL) is predominantly onneted with the non-thermal melting,while the low-density liquid phase (LDL) an be an outome of solely thermal melting. Theestimated doses of 0.65 eV/atom and 0.9 eV/atom for LDL and HDL phases found theiron�rmation in an experiment. The model was tested against the re�etivity data fromthe Sokolowski-Tinten's et al. experiment [109℄ and showed a good agreement with it.Gallium arsenide is a popular and widely studied ompound nowadays. It has applia-tions for FEL pulse diagnostis as a timing tool [134℄. The transient hanges of re�etivitywere measured in experiments by Gahl et al. [134℄ with XUV photons and by Krupin etal. [135℄ with soft X-ray photons. In both experiments, the transient optial re�etivityshowed an ultrafast drop in less than 1 ps and a subsequent reovery to its initial value,with an eventual overshooting of its initial value within a few pioseonds. After reahingthe maximum of eletron-hole density at the minimum of the re�etivity urve the sys-tem starts to relax predominantly by eletron-lattie thermalization, inreasing the lattietemperature. The evolution of the eletron temperature and the lattie temperature wastreated by two-temperature model whih is oupled with rate equations and the Drudemodel that follows the transient re�etivity. The ombination of shemes forms a uni-�ed model [138℄ that we used for traing the evolution of optial properties in irradiatedsemiondutors. The model results reprodue the behaviour of the transient re�etivityurve within few tens of pioseonds. The model on�rms that the re�etivity overshoot-ing is a result of the band gap shrinking during the lattie heating. At the same time,the overshooting is a signature of eletron lattie thermalization, and the time sale of its



CHAPTER 5. CONCLUSIONS AND OUTLOOK 105emergene is essentially a time sale of the eletron-lattie thermalization. Independently,we also used the XTANT model, whih did not reprodue the overshooting e�et on a timesale onsidered in the experiment. The evaluated temperature of the ondution bandeletrons Tc and the eletron-hole density ne−h at the end of the eletron thermalizationwere far from the estimates made with the uni�ed model. Further extension of the XTANTtowards a separate treatment of valene and ondution bands was made in order to a-ount for the spei� properties of GaAs. It allowed to obtain the values of Tc and ne−hwhih are lose to the estimates of the uni�ed model [138℄. Furthermore, we identi�ed thereason for the disagreeement between XTANT preditions and experimental data on there�etivity hange of GaAs at pioseond time sales whih is due to a too low eletron-ionoupling rate implemented.5.2 OutlookThe presented researh emphasized the importane of optial properties based on thedieletri funtion as sensitive tools to detet strutural transitions in semiondutors.Alltogether, it is lear that in this �eld there is still a very large spae for future devel-opments. Let us make an outlook of future developments related to our work and to thesimulations of ultrafast FEL indued proesses in solids. First, we learly see the nees-sity of employing more universal tehniques with less �tted and preadjusted parametersfor every single element or ompound. It predetermines our way to ab initio modeling,suh as, e.g., XMOLECULE whih was desribed in Subsetion 2.5.2. This does not meanthat we should ompletely deline the semi-empirial tight-binding paradigm, � rather weshould ombine e�ient features of both approahes. For example, in the urrent version,interatomi fores are alulated with the Hellmann-Feynman theorem [5, 18℄ by takingthe derivatives of the potential energy surfae. However, the Hellmann-Feynman theoremworks aurately for self-onsistent �eld (SCF) in the limit of a omplete basis set [160℄.In ase of a �nite number of basis set funtions, Pulay fores [161℄ must be alulated asorretions to the Hellmann-Feynman fores. Then, the Hartree-Fok energy expression



CHAPTER 5. CONCLUSIONS AND OUTLOOK 106should be derived in order to get the Hellmann-Feynman fore together with the Pulayfore, i.e., the expliit forms of wave funtions are needed, and this leads to a usage of anab initio approah.The urrently implemented sheme for the alulation of CDF and orrespondinglythe eletron sattering ross setions is another issue that an be improved. The obviousway to do it implies again the adoption of �rst priniples tehniques. One of the possibleroutes inludes a usage of the linear response and plasma density �utuations theories. Inthis framework, the linear plasma suseptibility χ(k, ω) an be determined by the Fourieromponents of an external potential φext(k, ω) and the ensemble averaged eletron density�utuation 〈nind(k, ω)〉 [162, 163℄:
χ(k, ω) =

〈nind(k, ω)〉
−eφext(k, ω)

. (5.1)Then with the omplex dieletri funtion ε(k, ω), whih is linked with the suseptibilityas
1

ε(k, ω)
= 1 +

4πe2

k2
χ(k, ω), (5.2)the dynami struture fator S(k, ω) (whih in turn is related to the sattering rosssetion) an be related via �utuation-dissipation theorem as [66, 162, 163℄:

S(k, ω) = − h̄ k2Ω

2π e2(1 − e−βh̄ω)
Im

1

ε(k, ω)
, (5.3)where Ω is a plasma volume, β = 1/kbT . The elasti (ω = 0) and inelasti (ω 6= 0)sattering ross setions an then be obtained for S(k, ω) with suh a sheme. It meansthat one would not employ any �tting parameters and funtions, as it is realized now withRithie and Howie method, and ould obtain ross setion estimates out of equilibrium.Another possibility to extend the borders of the TB-based model impliates the usage ofthe Boltzmann transport equation for the desription of statistial behaviour of the systemin non-equilibrium state. This approah is intended to replae the Fermi distribution andtemperature equation in the urrent sheme that assumes instant equilibration of eletronsin the system by transient non-equilibrium eletron distribution. So far, already eletron-ion ollision Boltzmann integral has been involved in the model.



CHAPTER 5. CONCLUSIONS AND OUTLOOK 107In Setion 3.3, we disussed, that the tight-binding based model does not work at high�uenes, as TB parametrization desribes only the lowest levels of the ondution band.At high irradiation doses, the eletrons oupy the upper levels of the ondution band,but, aording to the model, the eletrons must be thermally distributed within the bandsavailable within the model to form the Fermi distribution. The temperature and hemialpotential whih are arguments of the distributions are underestimated in suh a model.Moreover, a large relative value of the ondution band eletrons or ore holes an lead tosigni�ant harge e�ets, not aptured by the quasi-neutral TB approah.In general, traing of X-ray indued strutural dynamis by means of optial prop-erties has a great potential from both theoretial and experimental point of view. Theurrently existing experimental tools are ontinuously upgraded, and besides, new experi-mental developments suh as tabletop X-ray lasers [164, 165℄ are very promising in termsof simpliity, e�ieny and inrease in number of experiments in the �eld. The ommis-sioning of European XFEL will also open a door to experiments with extremely brilliantoherent short pulses with a high repetition rate (27 000 �ashes per seond [9℄).



Appendix A
Verlet algorithm
One of the most popular methods of integrating the equations of motion in moleulardynamis was developed by Verlet [74, 166℄. The seond order equation of motion looks asfollows:

fi = mir̈i, (A.1)where mi is a mass of a partile i, ri is a Cartesian oordinate of a partile, fi is a totalfore ating on a partile. After the Taylor expansions, the oordinate funtions r at timeinstant t+ δt and t− δt an be read as:
r(t+ δt) = r(t) + δtṙ(t) + (1/2)δt2r̈(t) + ...,

r(t− δt) = r(t) − δtṙ(t) + (1/2)δt2r̈(t) + ... (A.2)Summation of these equations gives us:
r(t+ δt) = 2r(t) − r(t− δt) + δt2r̈(t). (A.3)The veloity v = ṙ(t) an then be expressed by deduting one of Eq. (A.2) from anotherand negleting terms of order δt4:

v(t) =
r(t+ δt) − r(t− δt)

2δt
. (A.4)The modi�ation of this algorithm made by Hokney and Potter [167, 168℄ inludes thealulation of the mid-step veloity v(t − 1/2δt). Another, more stable option, whih is108



APPENDIX A. VERLET ALGORITHM 109alled Verlet-algorithm in the veloity form, is found by taking oordinate r at the timestep t+ 2δt and veloity v at the time step t+ δt:
r(t+ 2δt) = 2r(t+ δt) − r(t) + δt2r̈(t), (A.5)

v(t+ δt) =
r(t+ 2δt) − r(t)

2δt
. (A.6)Then by inserting Eq. (A.5) and the �rst of Eqs. (A.2) into Eq. (A.6) we get:

v(t+ δt) = v(t) + δt
r̈(t) + r̈(t+ δt)

2
. (A.7)The �nal expressions, after marking r̈ as the aeleration a, take the following form:

r(t+ δt) = r(t) + δtv(t) + 1/2δt2a(t),

v(t+ δt) = v(t) + 1/2δt[a(t) + a(t+ δt)]. (A.8)



Appendix B
Ehrenfest approximation in alulationof potential energy surfae
As it was stated in Chapter 3, knowing transient oupation numbers and energy levels ofthe irradiated material, we an alulate the potential energy surfae (PES) as in Eq. (3.31)with an additional repulsion term. In our hybrid model we apply the Ehrenfest approx-imation whih means that the eletroni states are populated with an average eletronidistribution and the PES is evaluated through averaging of all possible PES orrespondingto the Fermi funtion [103℄. The interatomi fores are alulated as the gradients of thePES. If the PES are parallel, then the fores are not sensitive to the eletrons hoppingbetween the di�erent surfaes.In order to hek, whether the PES that we obtain ful�lls the requirements of the Ehren-fest approximation, we onstruted the PES (Fig. B.1) for di�erent number of eletronsin diamond promoted to the ondution band during its irradiation with a dose of 0.85eV/atom, i.e. above the graphitization threshold. The photon energy h̄ω of the FEL pulsein the simulation was 10 keV, the pulse duration τ was 10 fs and the superell ontained64 atoms. The diamond turned into graphite on a time sale of 100-150 fs, and, until that,the PES were almost parallel to eah other. The average Fermi distribution urve rossedall of them, aording to the Ehrenfest-like dynami assumption. On a later time sale,110
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Appendix C
Tight-binding parameters
The tight-binding parameters for arbon and silion used in Eq. (3.25) and Eq. (3.30) arelisted in the following Tables C.1 and C.2 respetively. The Hamiltonian from Eq. (3.25)is the symmetri matrix whih onsists of (4 × 4)-matrix bloks, as there are 4 orbitals insp3 basis set. The diagonal and o�-diagonal bloks of Hamiltonian matrix look as follows:

Hii =




ǫs 0 0 0

0 ǫp 0 0

0 0 ǫp 0

0 0 0 ǫp



, Hij =




tssij tspx

ij t
spy

ij tspz

ij

−tspx

ij tpxpx

ij t
pxpy

ij tpxpz

ij

−tspy
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pxpy

ij t
pypy

ij t
pypz

ij

−tspz
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pypz

ij tpzpz

ij



. (C.1)

For GaAs, the TB sheme with sp3s∗ basis set has been adopted. Therefore the Hamil-tonian matrix will ontain (5 × 5)-bloks (Eq. C.2). The tight-binding parameters ofGaAs are listed in Table C.3.
Hii =




ǫs 0 0 0 0

0 ǫp 0 0 0

0 0 ǫp 0 0

0 0 0 ǫp 0

0 0 0 0 ǫs∗




, Hij =
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ij tss∗ij
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. (C.2)
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Table C.1: Tight-binding parameters of arbon used in the model taken from [169℄. r0 =1.536329 Å, n = 2, r1 = 2.45 Å, rm = 2.6 Å. The on-site energies of the orbitals were: ǫs = -2.99eV, ǫp = 3.71 eV. Eletroni parameters

ξ ssσ spσ ppσ ppπ
rc [Å℄ 2.18 2.18 2.18 2.18
nc 6.5 6.5 6.5 6.5
V 0

ξ [eV℄ -5.0 4.7 5.5 -1.55Repulsive potential parameters
φ0 [eV℄ 8.18555
m 3.30304
mc 8.6655
d0 [Å℄ 1.64
dc [Å℄ 2.1052
a0 -2.590976512
a1 [eV℄ 0.573115150
a2 [eV℄ -1.78963499 ×10−3

a3 [eV℄ 2.353922152 ×10−5

a4 [eV℄ -1.242511696 ×10−7
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Table C.2: Tight-binding parameters of silion used in the model taken from [170℄. r0 = 2.360352Å, n = 2, r1 = 4.0 Å, rm = 4.16 Å. The on-site energies of the orbitals were: ǫs = -5.25 eV, ǫp =1.20 eV. Eletroni parameters

ξ ssσ spσ ppσ ppπ
rc [Å℄ 3.5 3.55 3.7 3.7
nc 9.5 8.5 7.5 7.5
V 0

ξ [eV℄ -2.038 1.745 2.75 -1.075Repulsive potential parameters
φ0 [eV℄ 1.0
m 6.8755
mc 13.017
d0 [Å℄ 2.360352
dc [Å℄ 3.66995
a0 0.0
a1 [eV℄ 2.1604385
a2 [eV℄ -0.1384393
a3 [eV℄ 5.8398423 ×10−3

a4 [eV℄ -8.0263577 ×10−5



APPENDIX C. TIGHT-BINDING PARAMETERS 115

Table C.3: Tight-binding parameters of GaAs used in the model taken from [70℄. The on-siteenergies of the orbitals were: ǫs = -2.657 eV, ǫp = 3.669 eV, ǫs∗ = 6.739 eV; rc = 3.511 Å, nc =13.0. Eletroni parameters
ξ ssσ spσ ppσ ppπ s*p ss*
V 0

ξ [eV℄ -1.613 2.504 3.028 -0.781 2.082 0Repulsive potential parameters
Φ1 [eV℄ 2.3906
Φ2 [eV℄ 1.2347
α [Å℄ 0.3555



Appendix D
Cross setions for inelasti eletronsattering
The parameters used in the model funtions for the determination of the imaginary part ofthe inverse omplex dieletri funtion (the so-alled loss funtion) in Eq. (3.21) are listedin Tables D.1, D.2 and D.3.Table D.1: Coe�ients of the CDF for the eletron inelasti sattering in arbon.Shell i E0i[eV] Ai γiK 1 250.0 480 200Valene band 1 22.3 17 22 24.5 25 43 29.2 185 5.54 32.0 29 45 35.0 221 116 47.0 505 37

116



APPENDIX D. CROSS SECTIONS FOR INELASTIC SCATTERING 117Table D.2: Coe�ients of the CDF for the eletron inelasti sattering in silion.Shell i E0i[eV] Ai γiK 1 1579.84393 236.1525 1192.8108L1 1 219.31853 223.14459 199.22160L2 1 100 685 145Valene band 1 15.9504 113.883 3.2122 17.499583 135.1805 3.0291Table D.3: Coe�ients of the CDF for the eletron inelasti sattering in GaAs.Shell i E0i[eV] Ai γi

GaK 1 10000 60 7000L1 1 1200 55 1300L2 1 1000 105 750L3 1 1020 280 1200M1 1 225 20 210M2 1 230 32 3202 105 5 13 550 5 550M3 1 235 75 3202 105 1 1M4 1 250 50 5002 80 160 110M5 1 76 217 1002 200 140 500
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AsK 1 14000 50 8000L1 1 1300 110 3700L2 1 1000 105 750L3 1 1020 130 1300M1 1 240 28 300M2 1 250 28 3002 500 3 3003 600 10 550M3 1 260 70 3202 500 30 200M4 1 300 140 6002 115 135 120M5 1 123 260 1302 300 40 5000Valene band 1 16 65 6.52 30 3 213 3.7 0.1 14 14 10.5 25 10 13 36 12 2 1
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