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Ultrafast dynamics of nonequilibrium electrons in metals under femtosecond laser irradiation
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Irradiation of a metal with an ultrashort laser pulse leads to a disturbance of the free-electron gas out of
thermal equilibrium. We investigate theoretically the transient evolution of the distribution function of the
electron gas in a metal during and after irradiation with a subpicosecond laser pulse of moderate intensity. We
consider absorption by inverse bremsstrahlung, electron-electron thermalization, and electron-phonon cou-
pling. Each interaction process is described by a full Boltzmann collision integral without using any relaxation-
time approach. Our model is free of phenomenological parameters. We solve numerically a system of time- and
energy-dependent integro-differential equations. For the case of irradiation of aluminum, the results show the
transient excitation and relaxation of the free-electron gas as well as the energy exchange between electrons
and phonons. We find that laser absorption by free electrons in a metal is well described by a plasmalike
absorption term. We obtain a good agreement of calculated absorption characteristics with values experimen-
tally found. For laser excitations near damage threshold, we find that the energy exchange between electrons
and lattice can be described with the two-temperature model, in spite of the nonequilibrium distribution
function of the electron gas. In contrast, the nonequilibrium distribution leads at low excitations to a delayed
cooling of the electron gas. The cooling time of laser-heated electron gas depends thus on excitation parameters
and may be longer than the characteristic relaxation time of a Fermi-distributed electron gas depending on
internal energy only. We propose a definition of the thermalization time as the time after which the collective
behavior of laser-excited electrons equals the thermalized limit.
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l. INTRODUCTION Ty e _
Cop— pr —Ce—r pn a(Te=Tp), (1)
Nonequilibrium dynamics of the electron gas in metals
irradiated by ultrashort laser pulses has been an area of invhere ¢, and c, are the specific heats of electrons and
tense research during the last couple of decades. With thshonons, respect|ve|y The energy exchange sabetween
advent of femtosecond laser pulses, direct experimental stuélectrons and the lattice is related to the electron-phonon
ies of fundamental processes such as electron-electron scabupling constamt®?! The validity range of the two-
tering and electron-phonon interaction in metals have betemperature model is obviously limited to times longer than
come possiblé=* the electron-electron collision time,,, lying in the femto-
Nonequilibrium between electrons and phonons is imporsecond range. However, as will be discussed below, there are
tant already on a picosecond time scale. In a metal, first, fredoubts about its validity on time scales up to 1 ps.
electrons absorb energy from the laser while the lattice re- In metals electron-electron scattering acts on femtosecond
mains cold. On a femtosecond time scale the energy is digime scales. This result was obtained by probing the lifetime
tributed among the free electrons by electron-electron colliof laser-excited electrons in two-photon photoemission
sions leading to the thermalization of the electron gas. Thexperiments:’®?2 As soon as an electron is excited to an
energy exchange between electrons and the lattice is goenergye above Fermi energyremi, it will decay after a
erned by electron-phonon collisions. Though the electrontime 7o (& — &rerm) ~ 2224 However, the distribution func-
phonon collision t|me7-ep may be as short as the electron- tion of electrons is in nonequilibrium for a much longer time
electron collision timer,,,° the energy transfer from the hot because secondary electrons are created. Thus, many
electrons to the lattice will last much longer than the ther-electron-electron collisions are needed to establish finally a
malization of the electron gas due to the large mass differFermi distribution. It was shown experimentally that the
ence of electrons and phonons; typically a few tens of picoelectron distribution function, after excitation with a femto-
seconds. This picture was widely verified experiment-second laser pulse, is not in thermal equilibrium for a few
ally.*=#1617)t js described by the classical two-temperature100 fs up to the picosecond regiméTheoretical calcula-
model!®1® assuming that electron distributions and phonontions confirm a nonequilibrium of the electron gas on this
distributions can be characterized in terms of electron temtime scale->?®Thus, the description of the electron gas with
peratureT, and lattice temperatur@,, respectively. Then atemperaturd, as done in the two-temperature mo@lis
the energy exchange is given by guestionable for time scales below 1 ps.
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When investigating nonequilibrium dynamics of electrondelayed compared with Eql) and the two-temperature
gases in metals, one fundamental question is the mutual inmodel fails. We thus confirm the experimental results of
fluence of electron-electron interaction and electron-phonofefs. 11-14. Our detailed microscopical model gives a clear
interaction. For low excitations, experiments on gold andexplanation for the delayed energy exchange between the
silver have shown a delay of electron-phonon relaxatioriveakly excited electron gas and the lattice. Finally, we pro-
compared with the prediction of the two-temperature modelP0S€e a definition of the thermalization time of the laser-

This effect was attributed to a nonthermalized electrorgXcited electron gas after which its collective behavior equals
gasii-t the behavior of a Fermi-distributed electron gas.

Theoretical studies are essential to model the dynamics of !N the following section we introduce the applied model
a laser-excited electron gas and to understand the cons@nd Fhe colhsmn_mtegrals useo_l for the n_umerlcal calculation.
quence of a nonthermalized electron gas in metals. Whethet€ction Il explains the numerical algorithm and the adapta-
and when a distribution function may be assumed to be thetlon Of the model to a specific material. As an example, we
malized, strongly depends on the features one wishes to ofgalculate the distribution functions in the free-electron-like
serve. When studying electron emission, for example, one i§€tal aluminum. The resulting electron dynamics is pre-
only interested in high-energy electrons. Then it is sufficienS€Nt€d in Sec. IV, where the evolution of the nonequilibrium
to focus on the high-energy tail of the distribution function distribution function is shown. We compare the calculated
and on the lifetime of one electron, which is the time an€N€"gy absorption with known absorption characteristics.

electron stays in the high-energy region. Since the electronl "€ €nergy exchange between electrons and lattice is inves-

electron collision time depends on the electron energy, thid9ated for high and low excitations. We determine the ther-
lifetime is much shorter than the collision time of an electron™Malization time of a laser-excited electron gas as a function

in the low-energy region. However, low-energy electrons aré’ €xcitation strength.
essential when investigating the time needed to establish a
Fermi distribution, which is important for the collective be- Il. THEORETICAL MODEL

havior of the free-electron gas. The transient evolution of the \\. ~cciime a perfect, homogeneous, and isotropic mate-
electron distribution in metals after laser excitation is thus of

. ; ; rial. The laser shall have a moderate intensity that is suffi-
fundamental interest for a wide field of research. y

In thi K . tiate th ibrium d . __ciently large to disturb the free-electron gas significantly but
n this work we investigate the nonequiiibrium dynamics ;o 4 4 high that lattice damages may occur. We neglect
of electrons in metals irradiated with a laser pulse of moder

. . N . energy transport as well as spatial variation of pulse inten-
ate intensity, where the electron gas is significantly disturbe ity. This can be interpreted as the irradiation of a thin film of

but no lattice damage occurs. We use a time- and energyn o Corresponding to our assumption of homogeneity and
dependent kinetic description, applying Boltzmann COIIISIOnisotropy we take an average over all polarization directions

i_ntegrals explicitly withogt. any relaxation-time approxima- of the incident laser light. We are aware that these assump-
tion, thus, without preanticipating any feature of the Sys‘tem,stions are simplifications of the real situation, however, our

way of relaxation to equilibrium. In other investigations pub- intention is to reveal some universal features ofttaasient

H 7,12,15,25,26,144;
lished so far different approaches are used to excitation and relaxation dynamics of electrons and phonons

model the energy absorption, the electron-phonon interaq-n a metal. Therefore, we focus on the time-dependent be-

trlr:);s:tﬁndcg:guT;?ggorE;fCtrzn '3;?;?};20nc\é\ﬁ?élig;hi;%%er 'Shavior of the distribution functions, believing that our results
y 9 ' are fairly general. With our simplifications, the model is spa-

electron-phonon collisions are usually described by qially independent and the distribution functions depend only

relaxation-time approach. For modeling the energy absorp(-)n time and the modulus of the momentum or, equivalently,

tion strength, different phenomenological collision rates are, - time and energy.

applied. Now we present, to the best of our knowledge, the In order to consider photon absorption by inverse brems-

ggsttrigalt?uraaft'%n tiOfntir:fl terr;pc;(railt (Evrc;lu:lolr} Ofr thenﬁllectron strahlung, electron-electron interaction, and electron-phonon
stribution functio aser-excited metal representing eachy teraction, one collision integral is used for each listed pro-

F_rocess by ahdetalled %0"'5'0” lntlegr_al.l Neither {elaxatlon-cess_ None of these complete collision integrals will be ap-
Ime approaches nor phenomenoiogical parameters aré agg,;ataq by a relaxation-time approach. Moreover, any
plied in our calculations. Therefore, since we do not mak

: : henomenological parameters are avoided in our calculation.
any preassumptions about the behavior of the electrons,

ble to ob ted behavior of th us, even the dynamics of a highly nonequilibrium electron
are able 10 Observe any unexpected behavior ot the NON€AUsqipy, tion is described by our model. The phonon gas shall
librium electron gas. Our results show the transient evolutio

e affected only by the electron gas directly. Therefore, en-

$f t.h? d'smttf{lrj]t'on Tunlcttlog gf the I_aser]:?r):cnde_dte_tl)e?ronfgas.ergy absorption by the lattice directly from the laser as well
O intérpret the caicufated dynamics ot the distribution func-, phonon-phonon collisions are neglected.

tion of the laser-excited electron gas we focus on the conse- In total this yields to a system of Boltzmann's equations

quence of the nonqulllbrlum found. Accorq_lng to our '€ for the distribution function of the electron gdgk), and of
sults, after strong excitation even a nonequilibrium electroqhe phonons gas(q), which read

gas maybehaveas if it were in a Fermi distribution, and,

therefore, its energy exchange with lattice may be described af (k) af(k) af (k) of (k)
by Eg. (1). However, if the electron gas is only slightly ex- = + +— , @
cited, the energy exchange between electrons and lattice is Jt I e Ot el-phon absorb
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ag(q) d9(q) The collision term for the electron-phonon interaction
= e : )  read$®
phon-el
Here, the distribution function§ k) andg(q) depend on the w :2_77 E IM gronod @) |4 8(e (k) — £(K)
modulus of the wave vectors of electroksand phononsy, R | gppon P @
respectively. Before irradiationf(k) is assumed to be a N
Fermi-Dirac distribution andy(q) shall be a Bose-Einstein —epn(@)[F(kT){1-f(k)H{g(a) +1}—f(k)
distribution, both at room temperature. w1 —f(k* T 8(s(k ) —e(k
In the following we will have a closer look at the consid- { (KDig(@]+ ole(k)—e(k)
ered interaction processes and their collision terms occurring +ep( @) f(k){1-f(k)}g(q)
in Egs.(2) and(3). _
—f(k{1=f(k")Hg(a) +1}1, (6)
A. Electron-electron collisions wherek™ =k+q andk~=k—q are the wave vectors of an

Electron-electron collisions lead to an energy relaxatiorf!€ctron with resulting or initial wave vectarbefore or after
within the electron gas called thermalization. Through this€Mission or absorption of a phonon with wave vedae-
process the absorbed energy is distributed among the fréWectively.ep(q) is the energy of a phonon with the modu-
electrons so that the electron gas tends towards a thermis of wave vecton.

equilibrium and thus to a Fermi distribution. In metals, not only the interaction of one electron with the
The collision term that describes the electron-electron inlattice deformation has to be taken into account but also the
teraction is given by?’ screening of the lattice deformation by free electf8risand

the interaction of that electron with the screening electf8ns.

of (k) 27 ) This is considered by the electron-phonon matrix element
| T 2 g Med 8 Pale(ka) ek —e(ka) Mg fa) given in Ref. 32 withl Mot pnof6) > pr() (62
elel + k<)L The electron screening length, is given above
—e(K)[ (k) F(k){1—F(K)H1-F(ky)} by Eq. (5).

—Fk)f(ka){1—f(kg) {1~ f(ky)}], (4)

whereAk=k; —k,=k—ks is the exchanged momentum gnd Energy absorption from the laser occurs in a metal mainly
the wave vectorks results from momentum conservation. ,.,gh free electrons. In the classical picture, a free electron
e(k) is the energy of an electron with the modulus of the gcjjiates in the electromagnetic field of the laser and absorbs
wave vectork. The matrlx.elemenlvlzee |52de£|ved from & energy only when it is changing its momentum parallel to the
screened Coulomb potentid e (Ak“+ k5) ™, wherexs.  oscillation direction. This can happen through a third colli-
is the static screening length. This screening length represion partner, which disturbs the oscillation of the electron.
seqts an important parameter for the electron-electron intefrne kinetic oscillation energy i$ekin>:e2EE/(4mewE) on
action and is calculated at each time step for the currenfyerage, where, is the angular frequency of the laser light
distribution functionf (k) according to Ref. 28, andE_ is the amplitude of its electric field. In our case, we

C. Energy absorption

5 . consider laser irradiation with parameters of such magnitude
(2= eme f f(k)dk. (5) that the average kinetic energy of an oscillating electron
* m2h2e4J0 (eyn) is much less than the photon eneryy, . Therefore,

the absorption has to be described in quanta of photons
rather than by classical absorptihAnalogously to the clas-
sical picture, a third collision partner is also needed in the
guantum-mechanical one in order to ensure energy and mo-
mentum conservation.

In the literature, two collision integrals for absorption and
emission of photons by free electrons can be found. The first
The main effect of electron-phonon collisions is to trans-one was given by gshtein®* He used second quantization to
fer energy from the laser-heated electron gas to the cold latlerive a collision term that describes the absorption of pho-
tice. By emission of phonons the electron gas cools downtons by free electrons in the conduction band of an insulator
Since the maximum phonon energy is small compared to theshen colliding with phonons. For this case, photon absorp-
kinetic electron energy, one electron-phonon collisiontion mediated by electron-phonon collisions leads to good

changes the energy of the electron gas only slightly. Thusagreement of our calculations with experimetitSeely and
many electron-phonon collisions are necessary to decreastarris® derived such a collision term of photon absorption
the amount of kinetic energy stored in the electron gas. Ifor inverse bremsstrahlung in a plasma, which differs from
addition, electron-phonon interactions have an equilibratiorihe expression of jgshtein only by the mediating matrix el-
effect on the electron gas. Phonon emission and absorpticement of the three-particle interaction. In metals the largest
occur in such a way that the electron gas tends to establish@@ntribution to absorption is mediated by electron-ion

Fermi distribution(at phonon temperature collisions®"* as in a plasma. Therefore, we apply the ex-

Here,m, is the effective mass of a free electron in the con-
duction band. Using Ed5), the screening lengthg is con-
sistently calculated even for a highly nonequilibrium electron
gas.

B. Electron-phonon collisions
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pression of Seely and Harris to model the photon absorptioifhe first two terms of Eq9) are usually combined to Bloch
by free electrons. With laser light of frequenay and am- electrons, while the third term describes the electron-phonon
plitude of electric fieldE, , this electron-photon-ion collision interaction. In our work, however, we describe the electrons
term reads asfree electrons, thus we consider only the first term of Eq.
(9). The second term of Eq9), i.e. the interaction of elec-
trons with fixed ions, should therefore be considered seper-

If(K) 2 < | €EL-Ak _ _
—| =% > [Mepion(AK)|2Y, Ji > ately. This separation does not affect the standard electron-
It | absorb Ak ! | phonon interaction, described by the third term in E9).

INFa B T , Note that collisions of electrons wifixedions change solely
XKD =1 00} = FO{1 = (KD} ole (k') the momentunof free electrons, while thenergyof a free
—e(k)+1hw)). (7) electron changes in collisions with iaibrations which are

represented by phonons. Thus, in our model, electron-ion
Here Ak is the exchanged momentum, akid=k-+ Ak is collisions me(_jiate the energy absorption of laser light by free
the resulting or initial wave vector of the colliding electron. €1€ctrons, while energy transfer between the electron gas and
For the electron-ion interaction we assume again dattice occurs through electron-phonon interaction.

screened Coulomb potential like for electron-electron colli- e consider only one dispersion relation of free electrons,
sions, which yields the same matrix element, see Sec. Il athus only intraband absorption mechanisms are possible. In

The probability of absorptiorior emission of | photons is polyvalent materials, also interband absorption between

given by the square of the Bessel functiﬂqﬁ The product _nearly parallel bapds may play a réPe—,“% In- contrast to
E,- Ak in the argument of the Bessel function only allows intraband absorption, interband absorption occurs without

absorption of a photon if the change of the electron wavdnomentum t_ransfer to _the ab§orbing electron. This absorp-

vectorAk has a componengarallel to the electric laser field tion mechanism, ggs_,omated with _bound electrons rather than

E,. This is analogous to the classical description. Becaus)éylth free electrons, is neglected in our model.

we do not consider a particular polarization of the laser light,

an average is made over all directionskf. In our calcu-

lations electric laser field amplitudds of such magnitude The phonon distribution function is assumed to change

are assumed so that the argument of the Bessel funéfiem  only due to phonon-electron collisions. Direct absorption of

always small compared to unity. Therefore, the probability ofthe laser energy is neglected. For simplicity, we consider

multiphoton processes witl| > 1 is much smaller than that only one phonon mode and do not take umklapp processes

of one-photon processes. Preliminary calculations havéto account. Thus, phonon-phonon collisions are neglected

shown that multiphoton processes can be neglected withias well. Phonon-electron interaction leads to heating of the

the considered range of laser parameters. phonon gas, analogously to the cooling of the electron gas by
At first glance, the consideration of ions as well aselectron-phonon collisions, see Sec. Il B.

phonons in our model may appear surprising. However, it is The phonon-electron collision term is given by

a consistent description since in our model metal electrons

are considered alee electrons, such as those in a plasma  99(Q) _22_77 M 2> 5o (k) —s(k

rather than Bloch electrons. Therefore, the interaction of ot TR [Mehon-of 9| n (e(k™)=2(k)

D. Equation for phonons

electrons with fixed ions has to be included separately. This phon-e!
can be understood when looking at the Hamiltonian of the —epn(AF(K){1+g(@H1-f(k)}
metal,
—g(a)f(k){1—f(k")}] (10
h2 ) with k™ =k+q. The matrix elemenM ,poq.¢ is the same as
H=; 2mekj +j2a V(ri—Ru) +Heet Hii (8 the matrix elemenM g ynon, described in Sec. 11 B.
where the first term describes the energy of the free elec- IIl. NUMERICAL SOLUTION

trons, the second term denotes the interaction of electrons at In this section we give an overview of how and with

positionsr; with ions at positionsR,, and the third and \ynich assumptions the equation system with the above intro-
fourth terms denote the electron-electron interaction and thﬁuced collision terms is numerically solved. First the colli-

ion-ion interaction, respectively. The second term is usuallysion syms are transformed into collision integrals using the
expanded, leading to a term describing the interaction ofommon approaches, so we are dealing with one sixfold in-
electrons with fixed ions and the interaction of electrons W'thtegral and three threefold integrals. Due to the assumed isot-
the potential caused by the displaceméR, of ions from o5y the integrals can be analytically reduced to a single

their equilibrium positionsR,, o twofold integral and three one-fold integrals, respectively,
which depend only on the modulus of the electron and pho-

2K non wave vectors!-3>42
H:; 2m, +§1 V(= Ra,o)—jza OR.VV(rj—Rq,0) The energy dispersion of electrons is approximated by a

parabolag (k) =#2k?/2m,, with the effective electron mass
+Heet Hij - 9 m.. For phonons, Debye’s dispersion relation is assumed,
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epn(d) =vsd, Wherevs is the speed of sound. Then, the sys- — Drorm, 30k
tem of nonlinear integro-differential equatiori3) and (3) ——-6fs

and the collision integrals can be rewritten depending on —
time and energy, using the distribution functiége(k),t) — 10[ e\ 100fs after

beginning of pulse

andg(epr(a),t).

In order to solve the equation system numerically, discrete
electron energies and phonon energies are considered, result-
ing in a system of about 250 fully coupled, nonlinear ordi-
nary differential equations. The integration over time is done

electron distribution
-20[ during irradiation

by applying Runge-Kutta integration of fifth order with au- 30 02 04 06 08 1 12 14 16 18 2
tomatic step-size contr8f With this procedure, we are able €/ Eromig

to follow the time evolution of the distribution functions

f(e(k),t) andg(epn(q),t) and observe their changes due to b) 10F<_

excitation of the electron gas by the laser beam, thermaliza- e - 23;‘;3

tion of the electron gas by electron-electron collisions, and | N -~ 700fs after
energy exchange between the electron gas and phonon gas \:.;,. end of pulse
due to electron-phonon collisions. @, "'\’a.‘

While in metals the assumption of Debye’s dispersion re-

lation for phonons is not really a restriction, the parabolic electron distribution

dispersion for the electrons is. However, in aluminum the *5| after irradiation

electrons dispersion relation resembles rather well a free- . -
_ C e : L -10 - -

electron-like parabolic dispersion relation; therefore we 07 08 09 1 11 12 13

chose aluminum for our calculations. Other dispersion rela-
tions could also be included, but this would make the calcu-
lations more demanding. Gold is often chosen for similar FIG. 1. Distribution function of free electrons in aluminiu@
calculations, however, in gold there aceband electrons during and(b) after irradiation. The quantitgp(f) defined by Eq.
about 2.5 eV below the Fermi edge of the freelectrons, (11) is shown as a function of electron energy. A laser pulse of 100
requiring much more complicated calculations: Thésdec-  fs duration with constant intensity was assumed with a photon en-
trons cannot be neglected even for lasers with, — ergy offiw =1.97 eV=0.24%¢.m and an electric-field amplitude
<2.5 eV, since during irradiation free states occur belowEr=1.4x1C° Vim. (b) shows a section of abOuteemitfw, of
the Fermi edgésee Sec. IV Aand, therefore, thd electrons ~ the energy scale.
may also be strongly excited.

For the calculation of the time evolution of the distribu- =0.24%em;. Electrons and phonons are assumed to be ini-
tion functions in a given material, here aluminum, severafially in thermal equilibrium at 300 K.
parameters have to be provided. These are the free-electron
densityn,=18.0x 10?8 m~3, the wave number at Fermi en- A. Change of electron distribution function
ergy forTe=0 K, ke o= (3m2ng)*=1.747x 10'° m™1, the

e/ EFermi,0

Figure 1 shows the transient behavior of the occupation

ion dg”Si%”i:”e/& ar(l)d [_)?tﬁ/%s wave numb&lpehe  number of free electrons for an electric laser field of ampli-
= (67°m)"=1.526<10" m "% The effective electron e E, =1.4x10° V/m, corresponding to an intensity of

massm, and the speed of sound, are needed for the dis- I, =7x10° W/icm? and an absorbed fluence OF
persion relations. We calculated the internal energy of elec—q 7 m3/cra. A function ® . which is defined as

trons and phonons for different temperatufgsand T, re-
spectively, and compared the resulting heat capacities with 1
experimental value¥ This leads to an effective electron ®(f(e))=—1In @—1), (11
mass ofmy=1.45m, g, for aluminum, as also derived in

Ref. 46. The phonon heat capacity turned out to be beds shown as a function of electron energ¥eremmio. This
reproduced when applying the sound speed of longitudinaiunction increases monotonically with increasing occupation
phononsp s=vs jong= 6260 M/s™ Note that all these param- numberf(s) and is particularly suitable to visualize the per-
eters describe thendisturbedcrystal. No parameters de- turbation of the electron gas. In thermal equilibrium, when
scribing the investigated dynamics of the electron gas aneélectrons obey a Fermi-Dirac distributionh(¢) equals
phonon gas or the interaction with the laser beam are introtepermio— €)/(KgTe). In this case®(¢) is a linear function
duced. Neither do any phenomenological parameters or fivith a slope proportional to the inverse electron temperature

abs

parameters occur in our calculations. 1/T,. Thus, a deviation of the electron gas from thermal
equilibrium is directly reflected in a deviation df(e) from
IV. RESULTS FOR ALUMINUM a straight line. Figure (B) shows a strong perturbation of the

electron gas immediately after the beginning of irradiation.

We assume a laser pulse of constant intensity with duraln comparison with the straight solid line representing the
tion 7. =100 fs and vacuum wavelengih=630 nm, cor- initial Fermi distribution at 300 K, the absorption of photons
responding to a photon energy ofiw =1.97 eV lead to a steplike distribution function: Electrons below
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0 8
total absorbed energy
0.5 e o~
i "~ E “.glectrons
-1 ~:\.~.~\'\ ........ ~. ‘© ~~~“ "
."::”.*\s\ ............ - -”~~ -
T — Those, a0k X » \\\‘.\.\ ..... 3 N g
........ 0fs S "~ s ; oy
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FIG. 2. Distribution function of phonons for the same laser pa-
rameters as in Fig. 1. The functidi(g) = —In(1+1/g) of the dis-
tribution functiong is shown in dependence on phonon energy,
where the maximum phonon energy, max=7 dpebye-

FIG. 3. Transient energy increase of electron gas,, and of
phonon gasgu,, respectively, and total absorbed enedyy The
laser pulse was assumed with the same parameters as in Fig. 1.

_ _ _ The phonon gas is nearly unaffected during the pulse.
Fermi energy absorb photons, leading to an increase of th&fter irradiation ends, the occupation number and thus the
occupation number of electrons with energies upi®,  inherent energy of the phonon gas increases. Since the matrix
above Fermi energy. An excited electron may absorb a furglement of phonon-electron interaction vanishessfge—0,
ther photon, leading to an increase of the occupation numbghe phonon distribution function becomes slightly equilib-
for energies up to 2w above Fermi energy. The occupation riym shifted at later times.
number of electrons below Fermi energy decreases at the |n the following we focus on electron and phonon behav-

same rate, reproducing the Fermi edge in stepdwf. A jor during and directly after irradiation, where the distur-
similar steplike electron distribution function was found for hpance of phonons from thermal equilibrium can be

energies above the Fermi energy in Refs. 47 and 48, inclucheglected.
ing also one step below the Fermi energy. Experimentally the

first plateau of excited electrons with energies upeQmi

+%fw_ was observed in gold in Refs. 5 and 6, and theoreti-

cally reproduced in Refs. 15 and 25. Our logarithmlike plot ~ The internal energy within the electron gag(t), or pho-

of the functiond (&) has the advantage that not only excitednon gas,up(t), is calculated by integrating over the corre-
electrons above Fermi energy but also the resulting “holes’sponding distribution function$(k,t) and g(q,t), respec-
below Fermi energy are easily observed. In Figa)lthe tively. Due to the assumption of isotropy, this reads for the
evolution of the electron distribution function during irradia- electronsug(t) = 2/27%[ 5 f (k,t)%2k?/ (2me)k?dk.

tion is shown. The clear steplike structure at the beginning of The gain of additional internal energy due to laser excita-
the pulse is washed out quickly due to electron-electron coltion in the electron gas at timg du(t), is given by the
lisions, which act towards thermal equilibrium within the difference betweerug(t) and the initial energyug(— ).
electron gas and smoothen the functide). Figure 1b) Since we assumed the free electrons to be initially in thermal
shows the completion of electron thermalization after irradiaequilibrium at a temperature of 300 K, for the absorbed en-
tion for energies of about-7 w, around the Fermi edge. A ergy of the electron gasiug(t) follows

straight line ® (&), corresponding to a Fermi distribution

fremi(€), iS reached about 200 fs after irradiation has ended; 6Ue(t):=Ug(t) —Ue(—)

its slope, however, is still much smaller than those for the > e 242

Fermi distribution at 300 K. Thus the electron gas is heated _ [f(kut)_fFermiBOOK(k)]z_mekzdk' (12)

C. Absorption characteristics

significantly. Later on, the effect of electron-phonon interac- 272)o

tion is also visible. The cooling of the hot electron gas leads

to an increasing slope @b (&), corresponding to lower elec- Here,fremis00 kis the Fermi-Dirac distribution at room tem-

tron temperatures. perature(300 K). Analogously, the gain of absorbed energy

per volume by phononsup(t):=up(t) —up(—=) is calcu-

lated keeping in mind that initially the phonons are in Bose-

Einstein distribution at a temperature of 300 K. The sum of
Figure 2 shows the change of the distribution function ofboth increments of internal energgu(t)=ue(t)+up(t),

the phonons due to electron-phonon interaction. A functiorgives the total energy absorbed from the laser. Checking

I, defined asT'(g(epn)):=—In[1+1/g(e,n) ], is shown, whetherdu(t) remains constant after irradiation can be used

which is a linear function with a slope proportional td'}in  to verify the numerical stability of our calculations.

thermal equilibrium, when phonons obey a Bose-Einstein Figure 3 shows the transient behavior of energy increase

distribution. for the electron gas, the phonon gas, and the total absorbed

B. Change of phonon distribution function
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10" strength compares well with literature. The comparison con-
! firms the validity of our applied absorption term developed
/ in Sec. Il C. Note that we did not consider spatial variation

of the electric laser field in our calculations but used known

/ experimental spatial absorption characteristics only for com-
parison with our calculations. The comparison refers to the

/ qualitative dependence of absorption on laser intensity and to
/ the quantitative absorption strength.

e

—h
=N
o

SlUong [V/MT]
3

Cd

-
(=]

D. Energy relaxation between electrons and phonons

10 10° 10 In Fig. 3 the energy increase in the electron gas(t)
E, [V/m] and the energy increase in the phonon gag are shown
together with the total absorbed ener@y during and after
FIG. 4. Total absorbed energjue,g as a function of electric  irradiation with a laser pulse specified in Fig. 1. The energy
laser fieldE, . A laser pulse of 100 fs duration,=630 nm, and increase in the electron gas during irradiation follows the
constant electric field was assumed. total absorbed energy with a slight decrease due to energy
. . _transfer to the phonon gas during the pulse. After irradiation
energy, respectively, for the same Iaser_ parameter_s as in Fiflas ended, energy transfer from the electron gas to the pho-
1. The absorbed energyu(t) increases linearly during irra- o gas continues. The electron gas loses energy at the same
diation with constant intensity, as expected. After |rrad|at|onrate as the phonon gas is heated up. This process, caused by
du remains constant at a valuieng=0u(), in this case  g|ecron-phonon collisions, continues until both systems
5uend:7'1><, 10° ‘]/,”73' ) , ) have the same temperature. Because of the large difference
We applied a wide range of electric laser field amplitude§, heat capacity, this corresponds to a much lower internal

E, , respective of laser intensitiés. For all laser intensities energy of the electron gadu, than of the phonon gasu
considered up to damage threshold, the absorbed e@ergy  \yhen aluminum is irradiated by a 100-fs laser pulse with

increases linearly during irradiation with constant intensity,; «qnstant electric-field amplitude Bf =1.4x 1 V/m (in-

thus the energy increase can be expresseddallt — iongjry | =7x10° Wicn?), the electron gas absorbs an
= OUeng/ 7. AS shown in Fig. 4, the absorbed energy aftery o unt of energy offu,=6.7x 108 J/nf. If this electron

irradiation du,q is proportional to the square of the electric gas was to thermalize without energy loss, i.e., with constant
laser fieldE{, and hence proportional to the laser intensityinternal energy, it would end in a Fermi-Dirac distribution at
I. Since, compared with spatially dependent absorptiony temperature off,=3215 K. An interesting question is
characteristics, the equatiahl/dz=—du/dt and thus for how the cooling behavior of the laser-excited electron gas
our casedl/dzx=1 holds, the absorption characteristics in our giffers from that of a Fermi-distributed electron gas with the
calculations correspond to the usual exponential absorptiogame internal energy. The cooling of both, the laser-excited
profile 1(z)=1_exp(~u2). The absorption strength in our electron gas as well as the corresponding Fermi-distributed
calculations can thus be compared with literature by extractelectron gas, is shown in Fig(&. According to this figure,
ing the corresponding absorption constanik=  the energy transfer rates from both kinds of electron gas to
—I(2)~'dl/dZ|,, which for z=0 in our case equalt  the phonon gas are essentially the same. This implies that for
=1 *8Ueng/ 7 . The intensityl_ inside the material is given these relatively high laser intensities the energy exchange
by the density of the energy flux of an electromagnetic wavebetween free electrons and phonons is determined by the
in metal, | =/ eg/uon EE % wheren is the real part of the internal energydu, only, which can be characterized by a
complex refractive index. In aluminum equals 1.36 foix temperatureT,, and can thus be described by the two-
=630 nm>° From Fig. 3, we find that the calculated absorp-temperature mode(1). The electron-phonon coupling con-
tion strength corresponds to an absorption constant,gf,  stanta in Eq. (1) can be extracted from Fig(&. We find a
=1.01x10° m™~*. The experimental value for aluminum for value of «=310x 10'° J/K s n? for aluminum.
A=630 nm isu ;=1.52x10° m~1.*° However, in alumi- In the case of irradiation with a smaller intensity, e.g., by
num absorption is to a large extent caused by interband pra 100-fs laser pulse with an electric laser field amplitude of
cesses, not considered in our model. At the applied photoR, =4x 10" V/m (laser intensity o =5.8x 10 W/cn?),
energy, intraband absorption provides about the sixth part dhe two-temperature model does not hold, see Kig.9n
the total absorptiofi®*! Thus, our calculated absorption this case, the electron gas is excited more weakly than in Fig.
strength appears to be larger than the expected intraband af(a); it has absorbed an energy 6ti,=5.5x 10" J/n. A
sorption strength. We also performed calculations with aermi distribution afT,=960 K has the same internal en-
higher photon energy at=350 nm, where interband ab- ergy. Figure ®o) shows that the initial cooling rate of the
sorption is less pronounced. In this case, the calculated allaser-heated electron gas is substantially lower than the cool-
sorption strength isupum=1.1x10® m~1,%2in good com- ing rate of the corresponding Fermi-distributed electron gas.
parison with the literature value @f,;=1.54<x10° m~1.5° Such delay of energy transfer to the lattice for a laser per-
Thus, keeping in mind that no phenomenological paramiurbed electron gas compared with the two-temperature
eter entered our calculation, the calculated absorptiomnodel was observed experimentally at low temperatures and
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FIG. 5. Transient internal energy of laser excited electron gas
(solid lines for excitation with a laser-pulse of 100 fs duration and  FIG. 6. Distribution function of laser-excited electron gaslid
a constant electric-field amplitude @) E, =1.4x10° V/m (inten- lines) for excitation with a laser pulse of 100 fs duration and a
sity 1, =7x10° Wicn?) and (b) E, =4x10° V/m (intensity |, constant electric-field amplitude ¢8) E, =1.4x1C® V/m (inten-
=5.8x10° Wicn?). The dashed-dotted lines show the cooling of asity 1, =7x10° W/cn?) and (b) E, =4x 10" V/m (intensity |,
corresponding Fermi-distributed electron gas, which has the same 5.8x 10° W/cn?). The quantity®(f), defined by Eq.(11) is
internal energy at the time=0. shown as a function of electron energy. The dashed-dotted lines

show the corresponding Fermi-distributed electron gas, which has
for very low intensities? 4 Thus, for weak excitation, the the same internal energy as the laser-excited electron gas. The dot-
cooling rate of the laser-heated electron gas is determined hgd lines show the Fermi distribution for an electron gas at room
its particular electron distribution function in nonequilibrium temperature. A region of one maximum phonon energy around the
and not only by the internal energy as in the case of strongdfermi edge is shaded.
excitation.

In order to explain this different behavior, we have plottedtransferred to states below Fermi energy. However, due to
in Figs. @a) and Gb) the above-mentioned electron distribu- the small phonon energy, the phonons are able to act on the
tions near the Fermi edge at a time when the laser pulse hagectrons only in a small region around the Fermi edge. The
just ended (=0 in Fig. 5. The functionsd of the distribu-  maximum phonon energy in the case of aluminum is about
tion functions given by Eq(11) are shown near the Fermi 0.008 & rqm.
edge. In Fig. 6a) ® is shown for an electron gas after laser  In Fig. 6(b) the distribution functions in the case of low
excitation with a field ofE, =1.4x10® V/m, leading to an excitation are shown. In the region of one maximum phonon
absorbed energy afu,=6.7x10% J/n?. The function® of  energy around Fermi energghaded areathe laser-excited
a Fermi-distributed electron gas wiff,=3215 K, having electron gas shows nearly no deviation from the Fermi dis-
the same internal energy, and witlh=300 K are shown as tribution at 300 K. In contrast, the Fermi distribution with
well. The same was done in Fig(® for the electron gas T.,=940 K of a thermalized electron gas with the same in-
excited by a laser pulse wittE, =4x10" V/m, which  ternal energy differs strongly from the Fermi distribution at
causes an energy increasedof,=5.5x 10" J/n?. Also® of 300 K. Thus, after low exitation, the phonon cooling of the
the corresponding Fermi distribution with,=960 K and nonequilibrium electron gas is much less efficient than the
D (frermi 300K are plotted in Fig. ). cooling of a corresponding thermalized Fermi-distributed

At t=0 the hot electron gas interacts with a phonon gaslectron gas. Therefore, the cooling rates are far from being
of about T,=300 K. Thus, at this moment the electron- the same, which explains the different slopes of energy decay
phonon interaction acts on the electron gas in such a way that t=0 in Fig. 5b).
the electron gas tries to establish a Fermi distribution at In contrast, for high excitations as shown in Figa)6 the
300 K. To this end, electrons above Fermi energy have to bdistribution function of the laser-excited electron gas devi-
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FIG. 7. Determination of the cooling time.,, o and the ther-
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FIG. 8. Cooling timerg, o 0f nonequilibrium electron gas after

malization timeryem. The example is shown for the case of irra- €xcitation with a laser pulse of constant intensity and duration of
diation with a 100-fs laser pulse with an electric-field amplitude of 100 fs (solid line) and 20 fs(dashed ling depending on internal
E_=6X10" V/m. The cooling time is extracted through the slope energy, together with the relaxation timg, of the corresponding

of energy decreasédashed ling directly after excitation =0,  Fermi-distributed electron gdslashed-dotted line

point O). The thermalization time is found by shifting the cooling
curve of the Fermi-distributed electron gas keeping constant ener
(dotted ling until from a certain pointT onwards, both cooling
curves coincide.

same internal energy is shown. We see that the energy trans-
%er between the laser-excited electron gas and lattice is de-
layed for small excitations and short pulse lengths. The de-
pendence on excitation strength was discussed in Sec. IV D;
the dependence on laser-pulse duration is evident, since for
ates strongly from the Fermi distribution at 300 K in the longer pulses electron-electron interaction already works to-
region of one maximum phonon energy. In this case the coolwards a thermalized electron gas during the pulse.

ing of the laser-excited electron gas by phonon emission is Although an excited electron gas in equilibrium and in
nearly as efficient as the cooling of the Fermi-distributednonequilibrium acts differently in detail, its macroscopie-
electron gas. Though also here the distribution function ofiavior, in particular, the cooling behavior, is not distinguish-
the laser-excited electron gas differs from the correspondingdle after a specific time. In Figs(t§ and 7 we see that as
Fermi distribution, i.e., the electron gas has a highly noniime proceeds, the rate of electron coolifgope of the
equilibrium distribution function, our calculations show that curve of the laser-excited electron gas becomes equal to the

its cooling behavioris nearly the same as the behavior of acooling rate of the Fermi-distributed electron gas, compared
thermalized electron gas. at the same energy. This provides an opportunity to define a

new value to characterize the electron gas. For this, we in-
troduce the thermalization timgy,.,,,, which gives the time
E. Relaxation time and thermalization time for electrons when an electron gas in nonequilibrium exchanges energy
The so-called relaxation time is a characteristic time forVith a cold lattice at the same rate as a Fermi-distributed

the energy exchange between the electron gas and phon§iEctron gas, which has the same internal energy. Figure 7
gas. Yet, when speaking about relaxation timg, equilib-  Shows graphically how the thermalization timge is ex-
rium states and only those transitions that run through equi@cted from our calculations. Note that thisrist the time
librium states are considered. In this casg, is a general after which a Fermi distribution is established but the time at
feature of the heated electron gas, which depends only on tH&hich the laser-excited electron gaghavesas a Fermi-
internal energy or temperature of the electron gas. In oyfistributed electron gas. The behavior of the Iaser-excned_
case the time for energy exchange depends strongly on pul§iectron gas may be the same as the behavior of the Fermi-
characteristics and thus on the history of the electron gadlistributed electron gabeforean equilibrium is reached in
Therefore, we prefer to speak about an “initial cooling time” the laser-excited electrons. o
Teool0, Which characterizes the energy decrease directly after Figure 9 shows the thermalization time of the laser-
the pulse. We extract it from our calculations through the€xCited electron gas depending on internal energy after irra-
slope of the energy decrease of the electron gas after irradidiation with a laser pulse of constant intensity and a duration
tion has ended, see Fig. 7. of 20 fs and 100 fs, respectively. The thermalization time
Figure 8 shows the cooling times,,, ;of the electron gas ~ 7therm after an excitation of 100 fs duratio_n is about 80_ fs
in aluminum as a function of the internal energy. To demon-Shorter than theryem, for a 20-fs excitation because in
strate the dependence of the cooling timg, , on the his- t[hIS case the electron gas is already thermalizing during
tory of the electron gas, we assumed excitations with a lasdfradiation.
pulse of 20 fs and 100 fs duration, respectively, and a con-
stant intensity. The internal energy was adjusted by using
different laser intensities. Furthermore, the relaxation time We investigated irradiation of metals with a femtosecond
e Of @ corresponding Fermi-distributed electron gas of thdaser pulse using a kinetic description. The effects of particu-

V. CONCLUSIONS
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800 We solve a system of time- and energy-dependent Boltz-

700 5 After laser excitation mann equations numerically .for the. free—electron—like _mqtal

\ of 100 fs duration aluminum. The results show in detail the transient excitation

600 ‘\‘ of 20 fs duration ==== and thermalization of the free-electron gas as well as the
= 500 5\ energy exchange between electrons _and phonon;. The.t.otal
"-=E- 400 R absorbed energy was (;alculated fpr different Iage( intensities

E’ and compares well with absorption characteristics known
300 from literature. For excitations near damage threshold, we

200 found that the nonequilibrium electron gas does not affect
the electron-phonon interaction and the energy exchange can

100 be described by the two-temperature model. In contrast, for

0 lower excitations, the energy transfer from electron gas to

0 1 2 3 4 5 6 7 8

o 3 lattice is influenced by the nonequilibrium of the laser-
ou, [10° J/m’]

excited electron gas. In this case, the cooling of the electron
FIG. 9. Thermalization timery,em Of nonequilibrium electron gas |s_delayed Compared_to a_thermahzed eIecFron gas of the
gas after excitation with a laser pulse of constant intensity anc?ame internal e“e“{l}’;‘ which is in agreeme”t W'th earllgr ex-
duration of 100 fgsolid line) and 20 fs(dashed lingdepending on per'memal results: The reason is that the distribution
internal energyrpemis defined as the time when the cooling rate of function of a weakly excited electron gas shows only a very
the laser-excited electron gas equals the cooling rate of a corrélight deviation from an electron gas at room temperature in
sponding Fermi-distributed electron gas, see Fig. 7. the region around the Fermi edge. The calculated electron
cooling time thus depends on excitation parameters and may

. T . be longer than the characteristic relaxation time of a Fermi-
lar collision processes on the electron distribution function

were studied. In our model we consider absorption by in_dlstrlbuted electron gas, which depends on internal energy

o only. To characterize this, we defined an electron thermaliza-
verse bremsstrahlung, electron-electron thermalization, ang 7. : ! ; .
: . '~ tion time as the time after which the collective behavior of
electron-phonon coupling. In contrast to other kinetic : : ;
215.2526 1 . . the laser-excited electron gas is the same as the behavior of a

approachést?15252614ya explicitly calculate the transient . SO S

o ) : L corresponding Fermi-distributed electron gas. Note that also
free-electron distribution by microscopic collision integrals,

o . ; the thermalization time depends on laser parameters.
avoiding any phenomenological or averaging parameters and

without using any relaxation-time approach. In this way, we We are grateful to S.l. Anisimov, K. Sokolowski-Tinten,
are able to follow the transient evolution of a laser-excitedand D. von der Linde for valuable suggestions and helpful
electron gas even when it is in a highly nonequilibrium statediscussions. This work was supported in part by the Deut-
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