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Ultrafast electron dynamics in metals under laser irradiation
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The evolution of the electron distribution in a metal irradiated by an ultrashort laser pulse is described on the
basis of numerical solution of the equation for the one-particle density matrix. The excitation mechanism is
attributed to the laser quanta absorption in electron collisions with both longitude and transverse-acoustic
phonons. It is shown that the absorption is mainly determined by the umklapp processes. The electron relax-
ation is due to electron-electron collisions taken into account using the relaxation-time approximation. The
agreement with the experiment of Faenal. [Phys. Rev. B46, 13592(1992] is good.
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[. INTRODUCTION duces electrons with energies far above the Fermi level. The
excitation is balanced by various relaxation processes. The
Investigation of ultrafast electron dynamics and transporcomplexity of this problem arises through a large number of
in solids, particularly in metals, has drawn much attention inpossible excitation and relaxation channels including inter-
the last few year$:® This interest is associated with the band transitions, laser-stimulated collisions of electrons with
progress of the femtosecond laser technique. The use @honons, ané-e scattering. Fanet al**2have experimen-
modern optical methods allows a direct characteristic ratéally demonstrated how the nonequilibrium electron distribu-
measurement of electron proces&&¥,and direct monitor-  tion evolves in time. It was shown that the laser irradiation
ing of the nonequilibrium electron distribution in real leads to a nearly flat energy distribution extending from the
time 112 These studies provide valuable information for test-Fermi level e to the energyer+7w (o is the laser fre-
ing and further development of the solid-state theory. In adquency which disappears for the characteriséee relax-
dition, the results of these investigations are needed in ation time when the radiation is turned off.
variety of technological applications, for example microelec- In this work we will consider the case where the laser
tronics, surface photochemistry, and laser technology. frequency is sufficiently small to excite interband transitions,
The energy transport in a metal, subjected to an ultrashogs in the experiments of Famt al***Then, the interaction
laser pulse, is widely treated within the two-temperatureof the laser field with the electrons in the metal is mainly
model**** It describes the energy exchange between thénediated by phonons. To the best of our knowledge, the first
electron gas and the lattice on the basis of the coupled equ#hieoretical treatment of electron dynamics in a metal under
tions for the electron and lattice temperatures. This modelaser irradiation with consideration of quantum effects has
assumes that electrons first thermalize among themselves ahéen conducted by Gurzfil.In the first-order approxima-
subsequently lose energy to the lattice. tion, of the laser intensity, he derived the relation for the
It was thought for a long time, due to the successful ap-€lectron-phonon €-p) collision integral modified by the
plication of the two-temperature model, that the laser bepresence of the field and applied it to the analysis of infrared
haved as a pure thermal source. Recently it has been shovabsorptivity of metalé* This e-p collision integral did not
experimentally that thermalization of electrons and energyaccount for electron transitions with absorption or emission
transfer from the electrons to the lattice are not separated iof the field photons which are of the second order in the laser
time during irradiatiof'® and the electron distribution is intensity. Subsequently, the field modifieep collision inte-
nonequilibriumt®® (here and further the nonequilibrium gral has been derived by several authors where these pro-
electron distribution means the electron distribution averagedesses have been taken into accéart’!
over the laser perigd In metals, formation of the nonequilibrium electron distri-
The investigations conducted over the last decade haveution was considered by Zinoviev and LugovsRbgnd
significantly promoted our understanding of the laser initi-Lugovskoy, Usmanov, and Zinoviéy. The interaction of
ated electron processes in metals. They also revealed soretectrons with a laser field was described phenomenologi-
problems like discrepancy in the experimental and thecally via intraband transitions linking the electronic states
Fermi-liquid theory calculated electron-electron scatteringseparated by the value equal to some integral number of laser
rates’*° and “above threshold ionization” spectrum of quanta. Recently, this approach has been generéafimsihg
electrons emitted from the metal under surprisingly lowthe formalism for one-particle density matrix. This allowed
intensities’®=2? In our opinion, the key to explaining these us to relate the phenomenological photon absorptiorf¥ate
phenomena lies in the understanding of the nonequilibriunwith the e-p collision rate.
dynamics of electrons in the laser irradiated metal. This area The numerical solution of the Boltzmann equation for the
of research has been relatively unexplored. electrons in a metal under pulsed laser irradiation was re-
The physical picture of the laser action on the electrons irported by Suret al° In this work, the interaction of the
the metal is quite simple. Optical excitation of a metal pro-electrons with the field is also considered phenomenologi-
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cally while thee-e relaxation is treated exactly. ton ionization$* laser-stimulated electron-atom
Formation of the nonequilibrium electron distribution in a collisions®>*®and high-order harmonic generatith.
metal has also been considered recently in the work by Bejan For the Hamiltonian of interacting electrons and phonons
and Rasev>! They neglect laser quantum absorptioreisp N the presence of the field we write
collisions and try to explain the production of the athermal
distribution in the experiment of Fanet all? as a conse- H=Ho+HeetHeyp, 2
quence of resonant dipole transitions between two lewgls \yhereH, is the Hamiltonian for free electrons and phonons
and €= €+ fiw. However, we shall argue that this mecha- i, the electromagnetic field,
nism is not appropriate for metals.
In this paper our aim is to explain the experiment of Fann 1
et al. on the basis of the theory reported by Lugovskoy, Ho:E fka;ak+2 ﬁwj,q(chcj,q+§ ,
Usmanov, and Zinovie%. We find that much improved . Ia
agreement with the experimental data is provided by the acH. . represents the electron-electron interaction inside the
counting of umklappe-p collisions. Our calculations show metal,
that, for hot electrons, the umklapp processes sufficiently
dominate the normal collisions. Moreover, the calculaqu
collision rate, not modified by the field, is generally higher
than the e-e scattering rate in the energy region where )
“above threshold ionization” electrons have been detected.
This fact may explain the recent findings by Luanal,?®  and He.p represents electron-phonon interaction inside the
Farkas, Toth, and Kohazi-Kfs,and Farkast al?? metal,
The structure oic‘j%he work is as follows. In Sec. Il we
eneralize the mod€l to include e-p umklapp collisions. i +
aere we derive the equation for thepnonequﬁ:?brium distribu- He—P:_ > , M(kjj&’(t)ak’ak(cffq+Civq)' ®)
tion function. Section Il is devoted to the calculation of the hatk
e-e scattering ance-p collision rates. The solution of the Thea, (a,) are fermion operators of creatigannihilation
kinetic equation in the region fronag to e+%w is pre-  of an electron in a quasienergy state with quasimomerium
sented in Sec. IV. Section V summarizes the results of thend quasienergy, = e+ e,s., Wheree, is the electron en-
present work. ergy in the absence of the field aeg,=e’E%/4mw? is the
averaged energy of electron oscillations. Tjj'e(cq) are bo-
Il. MODEL son operators of creatiofannihilation of a phonon with
wave vectorg and frequency; 4 belonging to thg-phonon
Let an ultrashort Iasgr pulse fall on a flat metal surfaceyrgnch. we usaV(k] .k} :kq ko :K) for the matrix element
Some part of the rad|§1t|on. reflects from the syrface and ansf the e-e transition K] +kjy—ky+ko+ K, whereK is the
other parte(t) = Eq(t)sinwt is absorbed producing hot elec- o qinroca) attice vector. The matrix element of the electron

trons in a thin skin layer of depth-15 nm. The absorbed yangition from the staté to the statek’ with emission or
energy is then redistributed among electrons due-¢ocol- (.9)

lisions and transfer to the lattice througkp collisions. The ab;orp_tlon O.f g-branch phonon of wave vectqris My L.,
energy from the skin layer can also be lost by diffusion ofWhICh is defined byf
hot electrons out of this region. _
We assume that no interband transitions frdbands to - MUY ()= GU) (1) 6 s sk
the sp band occur, that is, the laser frequency and intensity K
are sufficiently small. Here we also neglect the ballistic

()

Hee= X Wk kpipr kosK)ag agaga,
kq ko .k k5K

transport effects and consider the electron distribution to be => Gz(qj,)KeXF{—i(qu K) - a(t)18¢r ks qik
homogeneous. Note that ballistic transport can be treated in K
terms of diffusion due to the randomization of the hot elec- A 112
tron momentum througle-e and e-p collisions and easily :2 <—)
incorporated in the theory using the procedure described by K \2NMoj 4
Gusev and Wright? V' (q+K)

We use the nonstationary Volkov wave functidhs ﬁ[ —i(q+K)-g(q)]

&
’ 2
qfk<r,t>zalfzex+(k.r_ [ e dtf” XeqL-1(a+K)- aV]d0 gk, (O

(1) where N is the number of atoms of the crystaM is the
atomic massg;j(q) is the phonon polarization vectoa(t)
to represent electronic states of the metal in the presence efeE(t)/mew? is the electron displacement due to the field.
the radiation fieldhereQ is the crystal volume, anklis the  In Eq.(6) V' (k) is the Fourier transform of the ionic pseudo-
wave vector of an electronin principle, this representation potentialV'(r),
of electrons dressed by the field allows exgoinperturba-
tive) consideration of the field action. Previously, it was suc-

' _Nn-1 ’ —ikr
cessfully applied to a variety of problems such as multipho- Vi) =9, J Vi(re Mdr, @)
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normalized to the volumd), of the primitive cell of the whereT, is the temperature of the lattice.

crystal, ande(g+K) is the dielectric function which ac- The e-e collision integral we approximate with the form
counts for the screening of the pseudopotential by conduc- o
tion electrons. —  fole, Te(t))—f(k,t)
The equation for the one-particle electron distribution See= Toa(K) ) (12
e-e

f(k,t)=Tr{pa, a,}, wherep is the statistical operator, can

be derived from the Heizenberg equation with the use of thevhere 7..(k) is the e-e relaxation time, fy(e.,Te(t))

HamiltonianH (2). For isotropic distributions it reduces to  ={ex(e,— er)/kTs(t)]+1} 1 is the equilibrium distribu-
tion. We define the effective electron temperattiggt) in

af(k,t) ;
= Sept See 8) Eq. (12) by the relation
whereS,., and S are thee-e ande-p collision integrals W W 7’T§(t) 1 f Tk Ddk 13
respectively. Thee-p collision integral S, is nonlocal in (O=Wot ——= an3) & (k,Hydk, (13
time,
whereW(t) is the energy density of the electron gas aver-
S —p-2 E G0 (1) aged over laser periotly,=3neg/5 is the energy density of
&P ok K the Fermi electron gas in the ground stale,.£0 K), v
. = 7°nk3/2¢x, andn is the electron density. This definition
> f dTG(_j)q’_K(T)[ZNj'q( N+1] of the _temperaturé’e reflgct§ thg fact that electron coII|S|or!s _
—w result in the energy redistribution among the electrons with
out changing their total energy.
X[ f(k+q+K,7)—f(k,7)]
Ill. COLLISION RATES
xexp{i(ek_ 6k+q+K)(T_t)> Before proceeding to analysis of E@) we consider the
h energy dependence of tleee and e-p collision rateST;é
FF(k—q—K,7) —f(K,7)] and T;_r_l,, which to a large extent determine the ultrafast re-
=" ' laxation dynamics.
i(€x— €k—q-k)(t—17)
X exp{ 7 ) ©) A. Electron-electron collisions
whereN; 4(t) is the distribution function of phonons in tie Thee-e scattering rate in noble metals is currently a mat-

branch. Deriving Eq(g) we assumed tha_p collisions are ter of intensive discussion. This is connected with the recent

quasielastic. This approximation may be justified by the facfindings of quantitative and qualitative disagreement be-
that the energy relaxation of the electron gas in metals iéween the experimental rates and the predictions given by the
determined by electron-electron collisions rather tharFermi-liquid theory:”~*® This deviation manifests itself
electron-phonon collisions. when the laser can excitd-band electrons of the noble

We are interested in calculating the value of the electrorinetal:® Much better agreement between the experimental
distribution averaged over the laser period. We denote thand theoretical rates is observed when no transitions from the
d bands tosp band are possib€*°n our case this condi-
tion is well fulfilled since the laser frequency is sufficiently
small. For thee-e collisions rate 1., we write®®

time-averaged (k,t) byf_(k,t), and similarly for other quan-
tities. If w7ee>1 andwre,>1 (herer,} and 7., are the
characteristice-e and e-p collision rates, respectivelythe

mean integral ok-p collision can be reduced to the form 8t
-1 _ ey 2
Tee(K1) =7 Z la(ky ko kg k)|

— 2 R eEq(t)-(q+K A T

se_p=%2 > 169 2(2Nj,q+1)3ﬁ<L‘j) ke kp Ky

nohaK me X 8(kytko—ki—ky) f(ko)[1—f(k})]
X[f(k+g+K,t)—f(k,t)]6(ex+nhiow— € i g4k X[l_f(ké)]é(ﬁkl"‘Ekz_ek’_ek’)i (14)
1 2

(10

whereJ,(x) is a Bessel function of order. The e-p colli-
sion integral(10) includes contributions of all possible laser-
stimulated normal and umklapp processes with participatio
of acoustic phonons.

where() is the volume of the crystaf(k) is the distribution
function of electrons, anfy(kq,k,,k;,k5)|? is the square of
II‘he transition matrix element summed over spin coordinates
given by

The phonon distributiorﬂqu(t) satisfies a kinetic equa- ke ko k! K2Y2=2TV2 (K! — k) + V2 (k! —k
tion similar to Eq.(8) and may be nonequilibrium in the time |9ky Kz K ko) [*=2[ Ved Ky —Ka) + Veky —k2)
domain of interest. Nevertheless, here we will neglect its —Ved ki —k)Ved ki—k2)], (15

time dependence and use the equilibrium
o whereV, (k) is the Fourier transform of the screened Cou-
Nj o(D)={exd aQ;.q/KT(t)]— 1371, (11 lomb potential
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T.=350 K. The solid line corresponds to the rate calculated
by Eq. (18). Also shown in Fig. 1, as dashed line, thee

o8] scattering rates obtained with the often-used foriftfa
£ o6 4 ) )
— - _ e (kBTe) { (ek_EF)
o L 1
oy i (k)= 1+ -v(2K/Q.),
'\4!' 04r ¢ e( ) 16Wﬁ4sgv3k 7TkBTe 7( qS)
: 19)
of

wherev is the electron velocity=#%k/m), and

X arctarix x>+ 2)
+x? Vx%+2

e—ep (eV)

3
y(X)=— (arctanx+
FIG. 1. Thee-e scattering rate..2 in gold versus hot-electron

energye. The solid line corresponds to the scattering rate calculated (20
with the use of Monte Carlo integration of E(4.8) and the dashed which is valid fore,— ep<ef .
lines correspond te-e scattering rates calculated by formylo). The behavior of thee-e scattering rate is mainly deter-
The Fermi energy is denoted ley . The electron temperatuie is  mined by two factors. The first factor is Pauli’s exclusion
350 K. principle which is responsible for thes(— ef)? increase in
the e-e scattering rate when@e,— e<ep . Outside of this
e’ 1 region, thee-e scattering rate tends to tlgee scattering rate

Ved k)= (16 in plasma which falls ag, > due to the decay in the-e

cross-section with increasing relative electron velocity. In
The first term on the right-hand side of HE45) accounts for  Fig. 1 we see how the-e scattering rate calculated by for-
the directe-e interaction, while the second and third terms mula (18) saturates to its maximum value which does not
are responsible for the exchange interaction. The valuia  exceed 1 fs!, thereby improving on the range of validity of
Eqg. (16) is the screening wave number which, in the Eq. (19). The energy range where thee scattering rate

Qeo K2+q2

Thomas-Fermi treatment, is decays is not shown in Fig. 1 as it is outside of the domain of
. interest.
0s= V3ne/2zs €, (17) To avoid expensive calculations, in what follows, we em-

ploy the relaxation rate calculated by E8) assuming that
f(k) is the equilibrium distribution. This is due to the fact
that the difference between the relaxation rates calculated
with or without accounting of the nonequilibrium part of the

where n is the conduction electron density amg is the
dielectric constant.

We calculated the scattering raterd{ using Eq.(14)
with the use of Monte Carlo integration. To do this we trans-

form Eq. (14) to electron distribution is not significant for hot electrdis.
1 dkadQ B. Electron-phonon collisions
Tee(k1) = 8(2m )5ﬁ f 20524 As follows from Eq.(10) the rate ofe-p collisions with
simultaneous absorption or emissionrophotons &
X( 1 1
"1 \2 2 " )2 2 1 2 )
[(ki—ky)?+0a3]*  [(ki—ka)?+0] D =~ 2 |G§qj,)K 2[2N(wqu)+l]
o(K) j.a.K
1
- I, V24 2 I, V24 2 eEy- (g+K
[(ki— ko) 2+ Q2L (ks — ko) 2+ ] y Jg(#) et Mo e,
! ! mw
Xf(k)[1=f(kp[1-F(k3)] (18)

with accounting of Eqs(15) and(16) and using the equality @)
wherek is the electron wave vector. To calculate te
collision rate 1!-(8?,)) we will apply the Debye model which
prescribes the same dispersion relations for differgnt
branches

1

X6

1
ko~ E(k1Jr ko—q) |d

0).4= 0q=50 2)

In Eq. (18) dQ24=sing,dfqde,, 6, and ¢, are the tangen- and restricts the possible phonon states with wave vector

tiaI and polar angles of the vectgrof lengthq=|k,;—k,|,  the sphere of radiugp = (2/Z)“*, whereZ is the number

=3(kyt+ko+0q) andk,=3(k,+k,—0q). of conduction electrons per idA.Here s is the speed of

Flgure 1 shows the dependence of the scattering rate sound in the metal. The expression for(@z may be simpli-

in gold on the hot-electron energy,—e-. Here we take fied by elementary summing oveim Eq. (21), and with the
f(k) to be the Fermi distribution at the electron temperaturause of Eq.(6) can be reduced to
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_ - FIG. 3. Electron-phonon collision ratéa) and(b) 1/7) and(c)
('3')6' 2. (a) The energy dependencies of thep collision rate  5nq(qg) 1751 versus electron energy. The solid, dashed, and dot-
1/7ep calculated by formula23) with (solid line) and without(dot- e jines correspond to the rates calculated for three different direc-

ted ling accounting of umklapp processes for the orientation of thetions of the electron wave vectér=2, k=(x+2)/y2, andk=(X

electron wave vectok=z. (b) The rate, with umklapp processes, +y+2)//3, respectively. The orientation of the electric field of the

for three different directions of the electron wave vector, solid line N PO
PRI PRGN ~ X h +y+ .
k=3 dashed linek=(x+2)/\2, and dotted linek=(x+y ''2V€ &€ chosen to k@ and(c)zand(b) and(d) (x+y 2/\3

213, +2)/1\2 for dashed line andk=(X+y+2)/y3 for dotted
o 5 line. Note that in the chosen orthogonal basis determined by
1 1 D qu(Q+K) (V (9+K) vectorsx, y, and z the primitive vectors of the reciprocal
(k) 8m?p K wg | e(q+K) lattice are by=2m(y+2—X)/a, b,=2m(x+2z-y)/a, and
eEy- (q+-K) b3=2w(x+y—z)/a. _
X[2N(fwg) + 1132 0—2 Figure 2 reveals the anisotropy and the resonant structure
Mo of the e-p collision rate. The resonant structure of tbg

collision rate is associated with electron scattering on Bragg
X o(e+nfiow— € qik), (23)  planes. In our calculations we used one-plane-wave model
which is not applicable in the vicinity of Bragg plan&s.
However, the characteristic size of these regions is very
small ~0.04X27/a in comparison with the characteristic
) scale of an electron wave vectlg~2/a, wherea is a
e _ AmZ n B (24) length of a side of a conventional cubic c&IFigure 2 also
d1epdy kK2 (1+ k2r§)2 ' reveals dramatic difference between the normal and umklapp
components of the-p collision rate whene,>#2q3/4m.
where the paramete8 andr . are taken from Ref. 43. For This difference results from the fact that the phase space of
the dielectric functione(k) in Eqg. (23) we use the the possible final electron states diminishes for normal pro-
Lindhard’s form?*? Then, one integration in Eq23) can be  cesses and rises for umklapp collisions with increasing en-
performed with the use of th& function and the substitution ergy.
k’=k+qg+K. The resultant two-dimensional integral has The rates ok-p collisions in gold accompanied by emis-
been calculated numerically. The summation in E38) has  sion or absorption of one photon for two different orienta-
been carried out over those vectdtsfor which the phonon  tions of the electric field vectdg, of the wave are shown in
states lie within the Debye sphere. Fig. 3. As in Fig. 2, these rates were calculated for three
The e-p collision rate 11-&_’2, calculated for gold by using different directions of the electron wave vectarThe orien-

Eq. (23) is presented in Fig.(2). The solid line was calcu- tation of the vectorE, is z for Figs. 3a) and 3c) and (

lated with accounting of umklapp processes while the dottednglJr 2)/\5 for Figs. 3b) and 3d). Since the electric field of
line was calculated with them being ignored. The steady det'he waveE, appears in combinationEf- g+ K)/mw? [see

cay of the dashed line is connected with the cutoff of thegy (21)) we characterize the field magnitude by the multi-
phonon spectrum af=qp. Taking into account that the photon parameteX=eEyk:/mw?. In the low-field limit

maximum change in the electron wave vectércnnot ex- (X<1) this parameter is equal to the number of photons

ceedqp one can see that the cutoff restricts the phase spacg,qorhed in ar-p collision event” In these calculations we

of the electron final states when>7%-q5/4m (in our case usedX=0.019 andiw=1.84 eV.

202 1AM — : : .
h*qp/4m=2.7 eV). Figure ) shows the same dependen-  Figyre 3 demonstrates the same features we discussed
cies calculated for three different directions of the electrongonsidering thee-p collision rate without absorption or

wave vectorsk, namely, k=k/k=2z for solid line, k=(x  emission of photons. These features are the anisotropy and

wherep is the density of the metal. For the Fourier transform
of the ion pseudopotential’ (k) we use the Harrison form

Vi(k)=
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the resonant structure of the collision rates and also domina- 10+ g T T T T
tion of the umklapp collisions over the normal collisions ;
when electron energies are higher than the Fermi energy. In 5~ 10+
addition, we see that the laser stimulateg collision rates % o
depend on the orientation of the electric strength vector with £ 10 "
respect to the crystal axis. ’é 02|
IV. NUMERICAL SOLUTION OF THE KINETIC S 10k
EQUATION F
10_4 1 1 1 1
In this section we look for the solution of E) with e-p 0 2 4 6 8 10
and e-e collision integrals determined respectively by rela- e—er (eV)

tions (10) and (12). To compare with the experiméAtwe o
are particularly interested in the behavior of this solution in  FIG. 4. Electron-electron(solid line) and electron-phonon
the energy region frome to ep+%w. Also, we consider (dashed ling collision rates 14, and 1/rf;_’g versus hot-electron
here only the low-field X<1) limit which applies to the €nergye.

experimental conditions.

In the limit X<<1 production of electrons in the region of 1/72‘_)3 versus energy which were found by numerical integra-
interest is mainly determined by the one-photon indirecttion of Egs.(18) and(23), respectively. One can see that the
transitions. The contributions of multiphoton and cascades-p collision rate 14-(8‘_)3 is significantly larger than the-e
processes are of higher order in the multiphoton paraméter scattering rate % for all considered, . Thus here we deal
and can be neglected. Here we determine a multiphoton tranvith the case where the distribution is mainly determined by
sition as a transition from the initial staég to the final state  one-photon cascade processes. That allows us to simplify the
€, = €, t Nfiw with absorption(or emission of some inte- ~ problem by neglecting all multiphoton terms in taep col-
gern ([n|>1) of photons in a single-p collision. A mul- |!SIOI‘! |ntegral(10), r?nd a;]ssumlng.that the el_ectror? d|s|tr|bu—
tiphoton transition is not a unique way for an electron tollo" IS 1sotropic. Then the equation governing the electron
come to the final statey, from the initial statee, . Any other distribution (8) is reduced to
transition from ek, 10 €, with two or more successive-p

collisions we call a cascade transition. We also specify a 9t(et) _ Tolew Te(D)~ fle,t)

one-photon cascade where e&eh collision is accompanied dt Teel €c)

bygnly.one-photor) emissiofor absorption o +S$,§(Ek,t)+Sf9fp1)(ek,t), 27)
utside the regiorer<e<ep+fw, the electron distri-

bution can depend on both multiphoton and cascade prayhere now

cesses. Comparing their contributions to the distribution

function_ one can see that the _relative weight of the_se pro- o f_(ekihw,Te(t))—f_(ek,Te(t))
cesses is determined by the ratio of the ande-p collision Sg_—p )(ek b= =D (28
rates 1te. and 142 27 It follows from the following esti- Tep (€
mations for the contribution afi-photon transitions, and
Te-e( €)
Sf ~ %ﬁ) (25) 1 if 1 40 29
e e A7) LD
and the corresponding contribution of one-photon cascade o
processes that The distributionf (e, ,t) satisfies the initial condition
n-1 _
5fl Te_e( e—kh 0)) (26) f(ek vtO) = fO(ek 1Te(t0))l (30)

k=0 7 (e—khiw)’ o
] ) ) © 07 wheret, corresponds to the beginning of the laser pulse and
and the estimate a}gjp(é)%Jn()'()/Te-p(é_ﬁw)' The ex-  T(t,) is the initial electron temperature.
pressions on the right-hand side of E¢85) and (26) are To find the distribution functiori (e,) from Eq.(27), with
nothing more than the probagl)llty of the corresponding pro+ne injtial condition(30), we need the time-dependent elec-
cesses. Thus when 7/.<1/7¢; one-photon cascade pro- ron temperaturd(t) which is a functional of the distribu-

cesses dominate, and conversely th((g)distribution.is govemaghn function (13). However, we cannot use directly relation
by multiphoton processes if 4d¢> 1/7¢., . Both multiphoton (13 together with Eq(27) in our calculations. The reason is

and cascade mechanisms give rise to a similar structure @hat the quasielastic approximation which we used to derive
the distribution function. The difference between these twahe expression for the-p collision integral (9) does not

limiting cases is in the fact that the electron distribution isgjlow consideration of energy transfer from the electrons to
isotropic when ¢, ,<1/7%) and anisotropic when .  the lattice.
>1/rf£,§ 27 To account for this process we transform Ef3) with

Figure 4 depicts the-e ande-p collision rates 14, and  the use of Eq(27) to the differential form
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dTe 1 N 3000'|'|'|l|'|lajlll"

Ce(Te)F_z EJ' EkS(e_g)dk, (31) : ]

2500 |- .

whereC4(T,) = yT,. is the specific-heat capacity of the elec- [ ]
tron gas. Deriving Eq(31) we took into account thag-e 20002 ]

collisions do not change the total energy of the electron gas.

The zeroth term of the expansion on the right-hand side of
Eq. (31) is the electron-lattice energy transfer rate. In the
guasielastic approximation this term drops out. Here, how-
ever, we use the relation for the energy transfer rate derived
by Allen:*®

1500 |

1000 F

Electron Temperature T, (K)

1 (0) :
o 3 6kSe-pdk = g(Tl - Te) i (32) 500 i
4

whereT, is the lattice temperature. In E(B2) the thermal ol
relaxation rateg is

o Time t/7g,
3hyN(Q?)
=5 (33 FIG. 5. Time dependence of the electron temperaiyrealcu-
7Kg lated at the absorbed laser intenity | ,=0.67x 10° W cm™ 2 and

(b) 1,=1.67x10° W cm™ 2. The points correspond to the tempera-
turesT, estimated by Fanet all? (see text Also shown, by the
dashed line, is the laser pulse Gaussian envelafgtrary unitg.
The pulse duration is denoted by=180 fs.

\ is thee-p coupling constant and)?) is the second mo-
ment of the phonon spectrum defined by McMilf&n.
The remaining terms of the expansi@il) compose the
total rate of laser energy absorption by the electrons
absorbed laser int(()agnsilh():(g)ﬁ?i 0.22)x10° Wem 2 or
1 . lo=(1.67=0.5)x10° Wcm 2, the photon energyfw
S“)—,;O mf e Sepdk. (34 184 eV, and the laser pulse duration=180 fs. For the
gold target we used: the Fermi energy=5.53 eV, the
We will treat these terms in the quasielastic approximationthermal relaxation rateg=2.7x10"” Wm™! K~ %4’ and
In the low-field limit only linear terms of the laser intensity the coefficient in the electron Specific-heat Capacfbty
can survive in the expansion of the right-hand side of Eq=62.64 Jm3 K 2.
(34). So, one can see that the source term depends function- Note that Fanret al, 't in trying to explain their measure-

ally on the laser intensity as ments, used a different value for the thermal relaxation rate
g, namelyg=4x10" W m~! K112 This is an order of
S(t) = ul (1), (35 magnitude lower than the value arising from Allen’s formula
where coefficientu characterizes the absorptivity of the (33). To determine their value, Faret al. first found the
metal. electron temperaturg; for different instants of time by fit-
Finally, we have the following differential equation for ting the experimental distributions with the Fermi-Dirac dis-
the electron temperaturk,: tribution. Then the thermal relaxation ragels extracted by

fitting T, with the solution of the two-temperature model
equations. However, the temperaturg can be used as a
measure of the energy of the electron system provided that
. . . . the distortion 6f(e,) of the electron distribution is small
\+Vh|ch, together with the equation for the lattice temperaturecompared with the equilibrium distributiofy( e, T.). The
b experiment? shows that this is not the case. The significant
| amount of the absorbed energy is stored in the “nonequilib-
C rTn o9(Te—T)), (37 rium” electrons during the irradiation. That means that in the
considered case the two-temperature model is not applicable
forms the set of equations of the two-temperature model. Iffor the description of the time behavior of the temperature
Eq. (37) the constanC; is the lattice specific-heat capacity. T, . We saw that a straightforward generalization of the two-
Here we report the results of the numerical solution oftemperature model to the ultrashort laser pulse case can be
the set of Eqs.(27) and (36). The absorbed laser inten- provided by a different definitioril3) of the electron tem-
sity I(t) was assumed to be of the Gaussian for(h) perature.
=1,exd —t%7], wherel, is the maximum value of the in- This situation is illustrated in Fig. 5. It shows the time
tensity andr, is the laser pulse duration. When calculating dependence of the electron temperatligecalculated with
the electron temperatui®, we assumed that the lattice tem- the use of Eq(36). The solid squares represent the electron
peratureT, is constant T,=300 K). The optical source term temperaturesl, estimated from the experimental data by
S(t) was calculated by using Eq34). We used the laser Fannet al? We see that the electron temperatiiggis sev-
radiation parameters similar to those of the experimétite  eral times larger thafi, during the laser action. This is due

dT,
Cel(Te) g =~ 9(Te= T +S(1) (36
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FIG. 6. Electron distribution functiori(e,) versus energy at
different time instants. The thick solid and dashede texX lines FIG. 7. Same as for Fig. 6 except for laser absorbed intensity of
represent our calculations, the thin solid lines are the experimenta%l-67>< 10° w.
distributions? and the thin dashed lines are the calculations of

Bejan and iﬁe‘sev?’l The mean absorbed laser intensity is 0.67 jyych better than with the calculation of Bejan anqmél
X10° W em2. Figure §a) shows an almost flat energy distribution in the

to the fact that a substantial portion of the absorbed energy fgaion from 9'5_1'84 eViat the moment:_ — 130 _fs. .Th(?
in the nonequilibrium part of the distribution. We see that then€xt PicturelFig. Gb)] demonstrates that this flat distribution
temperatureT, reaches its maximum at= 7, . At this mo- is ;lgnlflcantly_ deformed at the maximum of the laser pulse.
ment the energy absorption rate from the laser field is equa{[ms deformation is due to the-e coI_I|S|ons. Note the excel-
to the rate of energy transfer from the electrons to the latticd€nt agreement between the experimental data and our calcu-
The two methods for evaluating the temperature of the eledations in this particular case. This agreement is not as good
trons become in good agreement once the electrons have hif the following time instantFigs. 6c) and &d)]. The
sufficient time to return to the equilibrium. This occurs for calculations show that the deviation in the absorbed laser
t>27,. intensity |  cannot explain the significant number or distri-
In Fig. 6 we show the calculated electron distributionsbution structure of hot electrons between 1 and 1.84 eV.
(thick solid lines produced in gold atl,=0.67 With increasingt our results converge to the Fermi distribu-
x10° W ecm 2 (X=0.019). The thick dashed lines indicate tion as expected, unlike the calculations of Bejan and
the distributions calculated at the absorbed laser intensitiRagev®*
lo=(0.67+0.22)x10° W cm™? to see the effect of the ex- Figure 7 presents similar experimental and theoretical de-
perimental uncertainty in, on the results. The thin solid pendencies for the electron distributions produced by the la-
lines are the experimentally found distributioi#\greement ~ ser pulse at the laser absorbed intensigy- (1.67+0.5)
with experiment is found whenever the thin solid line is X10° W cm~2. Comparison of our calculations with the
within the two thick dashed lines. For comparison, we alsoexperiment? also shows generally good agreement. The best
give the distributions calculated by Bejan and &ag! as fit for the experiment is provided by the distributions calcu-
thin dashed lines. Unfortunately, the numerical calculationdated at the lowest value of the intensity,=1.17
of the distribution function presented in Ref. 30 were con-x10° W cm™2. However, this distribution gives a lower
ducted for a different set of laser parameters and do natumber of hot electrons above 1 eV than that observed in the
allow for comparison here. experiment. As in the previous figure the present calculations
In the experiment the pulse duration is 180 fs with thegive a much better account of the experimental data than the
individual parts of Fig. 6 showing snapshots of the electrorcalculations of Bejan and Resv>! We suspect that this is
distribution functions. The case=0 fs [Fig. 6(b)] corre- because the mechanism suggested by Bejan aneeRdsr
sponds to the case when the pulse maximum is incident oproduction of hot electrons in metals is incorrect. They as-
the surface, and is when the measurements begin. We seeme that this process is due to direct resonant dipole tran-
generally very good agreement with experiment, which issitions between two levels in the conduction band. However,
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in the dipole approximation such transitions cannot takerannet all? shows generally very good agreement. The oc-
place. This follows from the energy and quasimomentuncasional discrepancies are probably associated with the lim-
conservatiorf?*® ited applicability of the relation(10) for the collision inte-
gral. This formula is valid ifw7e.>1 andwrffg>1. In our
V. CONCLUSIONS casew e~ 36 andwr)~3 ate,= er+fw. Figures 6 and
7 show better agreement with experiment for lower hot-

In this work we considered the problem of the electronelectron energies wheraer,(a‘_)g is higher.

distribution evolving in a metal during ultrashort laser pulse
action. We have shown that interplay between electron-

electron scattering and laser-stimulated electron phonon col- We find most interesting the result that the calculated
lisions allows near-quantitative description of the ultrafastelectron-phonon collision rate is higher than the electron-
hot-electron dynamics in a metal. Our calculations reveal thelectron scattering rate in the energy region where “above
dominant role of the umklapp electron-phonon collisions.threshold ionization electrons” have been detedteid. 4).
This is due to the fact that the phase space of the possiblEhis means that in this energy region the hot-electron exci-
final electron states diminishes for normal processes anthtion ine-p collisions cannot be balanced by tees relax-
rises for umklapp collisions with increasing energy. Theation if the laser field is sufficiently high. Detailed study of
comparison of our results with the experimental results bythis energy regime is currently under investigation.
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