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Nonequilibrium electron distribution in metals
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We present a theoretical microscopic model for the calculation of the nonequilibrium distribution function of
electrons in a metal excited by ultrashort laser pulses of moderate intensity. This model is based on a kinetic
differential equation of the nonequilibrium population of excited electrons. It includes the transport phenomena
that may be important at initial stages of the excitation. Our theoretical results compare favorably with the
experimental measurements of Faanhal. [Phys. Rev. B46, 13 592 (1992] obtained for a gold film.
[S0163-182607)06607-1

I. INTRODUCTION of an electron gas at lower laser intensity where it has neither
the critical mass nor the critical temperature to become a

Impact of ultrafast lasers on metallic surfaces generateplasmaf?
nonequilibrium conditions for excitation processes and relax- Photoemission experiments made on gbld evidence
ation phenomena. These processes are directly connectedtte departure of the electron distribution from the Fermi-
the metallic continuum. After irradiation with a short laser Dirac one. In Ref. 11 a polycrystalline gold film was irradi-
pulse (18 Wicn? intensity of a clean metallic surface hav- ated by a 1.89-eV laser pulse of 400 fs duration. The electron
ing a temperature of 140 K, the temperature of the electrongnergy distribution was measured with a probe laser of 5.52
can be as high as 4500 yhereas the substrate temperatureeV of ~ 700 fs duration using time-resolved photoemission
(related to phononsrises only slightly and slowly to about spectroscopy. The measured distribution can be fitted by a
610 K. The above temperatures only indicate the energy dis=ermi-Dirac function at an elevated temperature except
tribution of particles. In such nonequilibrium conditions one within ~800 fs of the heating pulse, when a clear departure
can hardly fit the measured distribution to a Fermi-Diracfrom this distribution is observed. In a second experirtfent
statistics and obtain an unambiguous temperature. Timewhere a film of gold is used also the thermalization of elec-
resolved measurements of the change of the reflectivity itrons following 180 fs was measured. Depending on the ex-
Au and Ag submitted to a laser pulse of'10WN/cn? show  citation intensity, thermalization times as long-a4 ps were
also a nonthermal electron distributi®f. observed.

Nonequilibrium excitation by femtosecond lasers has also The standard model put forward by Anisimov, Kapelio-
been shown to strongly affect the desorption kinetics of movici, and Perel'mal? describes the time evolution of the
lecular adsorbates on metallic surfaces. For example, the delectron gas using two coupled subsystems of the metal—
sorption of CO from Cu surfaces was observed only withelectrons and phonons. Each subsystem is in local equilib-
subpicosecond lasers (POW/cn? intensity.® Thermal de-  rium so the electrons can be characterized by a Fermi-Dirac
sorption spectra of molecular oxygen absorbed ofi P}  distribution defined using a time-dependent temperature
excited by nanosecond las¥tshow strong similarities for T,(t) while the phonon distribution is a Bose-Einstein one,
all the laser wavelengths used in the experimént &€ 3.9,  characterized by the temperatufg(t). The local equilib-
5.0, and 6.4 eY. However, the relative population of adsor- rium is maintained by electron-electroe-€) collisions and
bate states is strongly dependent on laser doses. This meat@respondingly by phonon-phonon collisions. The above as-
that the excitation is weakly dependent on laser energy angumptions are valid only if the electron-phonagghonon)
relaxation generates the same states of the adsorbate. Thecellision time is very different from the electron-electron
fore as for clean surfaces the excitation process of coveredne. In this case one can say that the electron thermal equi-
metallic surfaces involves the quasicontinuum of the eleclibrium is realized before the energy transfer to the phonons.
trons and is not directly related to the spacing between the Theoretical estimation of the-e collision time within the
energy levels of the adsorbate. Fermi-liquid theory and recent measureméhts of the

In experiments mentioned above the laser intensity wag-e ande-phonon collision times put into question the valid-
lower than the intensity required to generate a plasma iity of the standard model of coupled equations of Anisimov,

metals. Experiments made on gbldnd other metafsevi-  Kapeliovici, and Pere'mafi in the description of the short
denced a critical intensity greater tharx40'* W/cn? for  laser pulse excitation of metals.
gold* and 16° W/cn? for the other metal3.Consequently Let us critically comment on the validity of the standard

in the discussion below we neglect the possibility of plasmamodel of Anisimov, Kapeliovici, and Pere'm&hon the ba-
generation and the appearance of processes related to its fais of a partly quantitative evaluation of the-e and
mation, such as ionization by electron impact. Such proe-phonon collision time. A partly quantitative evaluation of
cesses have been fully analyzed in intense laser-inducetie properties of electrons in metals, within several eV of
damage in dielectriésand semiconductorsin the present excitation energy above the Fermi level, is given by the
work we will consider only the nonequilibrium distribution Fermi-liquid theory:> Under the random-phase approxima-
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tion (RPA) the e-e collision time is pend on energy: near the Fermi level the two times @nd
e-phonon) are comparable. At higher energy they are very
E2 different.
Tee= T05E2: (N Other estimatior’$® result in different times but the gen-

eral conclusion is that the electron gas has not reached a
where E¢ is the Fermi energy§E=E—Ef is the electron thermal distribution before the-phonon energy relaxation
excess energy above thg , and, is a proportionality con-  process sets in. As a conclusion, we cannot use the model of
stant that can be calculated using the Linhard dielectric funcAnisimov, Kapeliovici, and Perel'man of two coupled sys-

tion: tems of electrons and phonons to describe the time evolution
of the distribution of the electron in the nonthermal regime
128 because the lifetimes are too different near the Fermi level
TS (2)  and at high energy.
™ \/§wp Until now there have been only two attempts to our

h is the ol ¢ In the Fermi-liquid th knowledge to construct a realistic distribution of the
Wher€w, IS the plasma irequency. In the Fermi-liquid theory \,,nmarma) electrons. First, Faehal 2 used an exponential

the excited electron and the distortion of surrounding .par'decay to include the-e collisions but they neglect the inter-

band transitions that appear at the laser energies used in the

are treateq as a qua_5|part|cle. A critical p?f?‘metef in th'%xperiments. Their distribution function does not fulfill the
treatment ig 5, the radius of the sphere containing the effec-; ..o <o ndition

tive volume of an electron. It determines the validity of dif-
ferent approximations in the theory and is defined by the f(E,t=0)=fp(E) (6)

relation: . .
and is completely independent of the laser energy and flu-

o ence. Moreover the equation describing the energy transfer
re=—, 3 from the nonthermal distribution into the thermal one is not
o physically homogeneous. So it cannot be used, at least in its
published form.
A second nonequilibrium distribution function is pro-
e posed by Lugovskoy, Usmanov, and ZinoviévThey de-
A scribe the interaction of an electron with the electromagnetic
field as a process of an inelastic photon-electron collision. To
account for the energy transfer between the electron and the
photon they introduce a phenomenological absorption rate.
The time variation of the nonequilibrium distribution is
given by a differential equation of first order in time that
epends linearly on the absorbed laser irradiance. The solu-
n fulfills the initial condition(6) and has a Gaussian time
ependencdfor a Gaussian temporal profile of the laser
ulse. However, the maximum is reachedtat0, a result
at is not physically correct because for that time the laser
almost began to transfer energy. The resulting step structure
of the electronic distribution function was not observed in
the experimertt and step magnitude strongly depends on
e-e collision time, which is not given by Lugovskoy, Us-
\ manov, and Zinoviev’
Te-phonor= M”, (4) In the present paper we develop a microscopic model for
L the calculation of the nonequilibrium distribution of the elec-
trons excited by short time laser pulses. We suppose that
electron and phonon subsystems are weakly coupled. The
results of this model are compared to the experiments of
N L (5)  Fannet al? Our model involves two steps: first we calculate
phonon Te' the excitation neglecting the transport of the electrons; sec-
. ] . ond, we introduce this transport of electrons by including the
with a the lattice constanfl,, the melting temperature, and pump laser oscillating electric field but neglecting the spatial
T, the electronic temperature. This approximation is justified,griation of the distribution function. In the Appendix we

for T, much higher than the Debye temperatufg . ~will briefly discuss the spatial distribution of hot electrons.
If we take gold as an example, the above model gives

Te.e Varying from 4 to 400 fs whedE varies from 2 to 0.2
eV whereas 7epnonon IS about 60 fs [for gold

T.>300 K, Tp=170 K, so the above formulé) can be Let a laser pulse be incident on a metal. The pulse dura-

applied. Experimentally one finds a value of 700 fs for tion is less than 300 fs and the quantum energy less than the
Te_phonon.z We see that the-e relaxation times strongly de- work function of the metal. As a result a distribution of elec-

wherer is the spacing between particles amglis the Bohr
radius.

The e-e collision time expressioril) is deduced in th
high-density limit ¢.<1) and the corresponding RP
expression is valid in this case. As for the metals
1.8<r.<5.5, Eq.(1) cannot give an accurate account of the
metallic electron gas.

Time-resolved two-photon photoemission from (0RO
(Ref. 14 shows that the predicted lifetimes using Eg). are
reasonably close to the observations but the energy depe
dence shows a systematic deviation. This discrepancy w
explained by the fact that the excited electron can move ou
of the region probed by the laser on a time scale faster tha
their relaxation time. Also it was mentioned that neglecting
3d* electrons for C(.00) may introduce some errors.

To evaluate thee-phonon collision time we use an ap-
proximate formula®

where the mean-free path given by g@honon collision is

Il. THE MODEL
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excited electrons can collide with other electrons of the metal

and with phonons. To calculate time and energy variation of

the nonequilibrium distribution of photoelectrons, we pro- 1t potf %]
pose a simple model that describes the interaction with the X 1_fFD(E);j dt;ex T+ P
electromagnetic radiation as a resonant dipole transition be- 0

tween two levelE—E+hwv. The energy loss of the excited which verify the following initial conditions(i) Fort=0,
electrons is described by an average relaxation tingésen

by the Fermi-liquid theory(1). This approximation is valid f(E,t=0)=fep(E); (13
for electrons in thesp band considered here. In this work we (jj) if the laser is not operating the®, andp, are zero, and
neglect completely thel bands, the surface states, asip

band structures. Also we do not take into consideration the t

Fermi-level smearing. At present the electron-phonon inter- f(E’t)szD(E)eX’{ - ;)' (14
action is neglected. As mentioned above, we start by deriv-

ing a model discarding the transport phenomena then includ&hich for E = Eg gives

them. f(Er,t) =fro(EF). (19

A. Excited electrons without transport The dependence in the laser intensity is containepin
The kinetic equation for the distribution functié(E,t) is ~ For times short enougimot? andt/r are much smaller than
1 and the development of the exponential in power series
df gives
dt = Pex— Pdesex (7)

trons with kinetic energ¥gr< E.,<Eg+hv is formed. The pot? 't
f(Et)=1-e - T ;_

, (12)

f(E,t)~p5~12 (16)

where but this quadratic dependence is not valid for long times. We

P — bl f(E.t 8 see that the electronic distribution is strongly influenced by
ex= Poll (ED]. (8) the adsorbed power. This dependence may explain why, in
the subpicosecond experiments, the relaxation probability
and the desorption yield depend nonlinearly on the laser
intensity®19192°Equations(7) or (11) and(12) are effective
only during the laser action. After laser extinction at time
t;, Eq.(11) simplifies to

Here P, is the probability of electron transition, in the
time unit, from the energ¥;=E—hv(<Eg) to E(=Ef)
and pg is the initial transition probability of the electron
defined by the following equation:

22
0 df(E,t) f(E,1)
poszFD(Ei)lME,EiFa 9) G (17

wheree is the charge of the electroh,is Planck’s constant, which can be integrated to give the equivalent of B@®):
Ey is the modulus of the electric field intensitisp(E;) is

the Fermi-Dirac distribution of the initial level having the fE t)=ex;{ _(t=tp)
energyE;(=<Eg), [1-f(E,t)] is the probability that the en- ' T
ergy levelE where the electron is excited is unoccupied, and

Mg g, is the transition probability. Equatiai8) was deduced ~The electronic distribution goes exponentially to the equi-
in the approximation of a dipolar electromagnetic transitionIIbrIum distribution fep(E) corresponding to an electronic

between two resonant levelsee, for example, Refs. 18 and temperature greater than the initial one and characterizing the
16) ' ' ' mean energy of the electronic population excited above

Er. The first step of thermalization occurs very rapidly but
slows down as more energy has been shared and the average
electron energy gets closer to the Fermi level. Also, the

)f(E,tf). (18)

P 4esexiS the probability of electron energy loss in the time
unit caused bye-e collisions. It is given by

f(E 1) e-phonon energy relaxation process sets in and accelerates
Pgese=———» (100 the dissipation of energy.
-
WhereT |S the 00”|S|on tlme glven by qu) We are omlt_ B. Excited electrons |nC|ud|ng electric field transport
ting the indexe-e in Eq. (10) and in the following formulas.  The electromagnetic field excites electrons but can also
Using Egs.(8), (9), and (10), we can write the kinetic produce their transport in the band of the metal. To introduce

equation(7) explicitly in terms off(E,t): the transport we use the classical Boltzmann equ&tion

df 1 of of _of F of

—=pot— t+—|f(E,t). 11 _ S T

e =Pot| pot+ Z|F(E.D) ap ) =Rt 19

transp

This differential equation has the following analytical in- wheref is the distribution function obtained either without
tegral solution: transport(right-hand side of the equatipror including it
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(left-hand side of the equation; subscript trapgp is the  In the relaxation time approximatidn,one integrates Eq.

electron speed in the band, aRdis the driving force. Now (23) to obtain
this equation takes into account the intraband collisions dur- t
ing the transport. The laser electric field is oscillating and ftranng,t)=f(E,t)—exp{ - —)

can be written ag(r,t) = Eocoskr—wt). It induces a varia- n

tion in space and time of the local population of electrons: tf of s of ty
f — —evEgsinwt; —|exp —|dty,
> 0 &tl (‘7E T1
on(r,t)= dngcod kr— wt). (20
24
This variation gives rise to a changtu of the chemical ] ) o ] 9 )
potential: wherer; is the intraband collision time. Making the approxi-
mation thatr; =7 [wherer is given by Eq.(1)], the expres-
w(r )= po+ Sucogkr— wt). (21)  sion (24) demonstrates thaltyansd E,t), the distribution in-

cluding transport, is smaller than or equal t¢E,t), the
It was demonstrated in Ref. 21 that, for the electrons ofistribution discarding transport. The difference between the
the valence band not having interband transitions, the maxiwo distributions is rather small. We will see that only for
mal spatial variation induced in the distribution function by aVvery short times after the beginning of the excitation is this

variation of the local population of electrons &Ah=1 is difference significant because exponential multiplying of the
integral in Eq.(24) decays rapidly in time.

Er
A= ST (22) ll. RESULTS
wherekg is the Boltzmann constant. For gold E§2) gives In the experiment of Fanet al.* a gold film of 300 A

Afep=[1.7910 '°)/T, which is very small compared with Was (_axcited with a laser having_ an energy of 1.89 eV and a
the value of our distribution function having a typical value duration of 180 fs. The nonequilibrium electron d|str|but|9n

of 103, So one can neglect the induced space variation ofVa@s probed with a laser of 5.52 eV and a 270-fs duration
the electron distribution functiotsee the Appendix for a time, using delayed time-resolved photoemission spectros-

more careful consideration of this approximafiamd calcu-  €OPY. In the model presented above, we neglect the spatial
late, as we did in the present work, only the temporal oneYariation of the electron distribution function. Does the thin

film of gold of 300-A depth behave like a metallic bulk in
the present experimental conditions? In the Appendix we
(af) of o show that under the present experimental conditions the spa-
E(t) =
JE

So, we neglect belowf/dr and simplify Eq.(19) as follows:

=—=—ev (23)  tial transport phenomena can be neglected and therefore the

ot

at transp 300-A film behaves like a metallic solid. Another phenom-
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enon that is neglected here is the electron thermal diffusiothe temperatures indicated in the figures of Fahal!? ap-
that can be inhomogeneous in thin films. Under the presergears very clearly because one cannot find a temperature
experimental conditions the thermal diffusion length can befitting the shape of the nonequilibrium electron distribution

estimated to be of the order of 2 nm. Therefore the thin filmfunction. Consequently in the present case the temperature
behaves again like a solid. Also the time scales considered igisplayed on the figures is not reliable.

the model are short compared to the thermal diffusion times. The dotted curve represents the distribution function in-

~ We have calculated the nonequilibrium distribution func-cjyding the transport by the oscillating electric field of the
tion using the expressiond2) discarding transport phenom- ,hq10n. The difference between the two curéwithout and
ena and(24) including it. In our calculations we have used ;i transport is significant only at short probe timé20 f9)

the floll.owmg consta;nts(close to' the one used by Fann and it is strongly attenuated for larger ones. This behavior
et al’): E9:6'7X 107 V/m (for Fig. 1) and Eq=3.3x10° can easily be inferred from E@24) because the coefficient
Vim (fc;r Fig. 2, Er=5.53 e}/l,gtf=2180. fs, TO=.5 'fs. .F.or multiplying the integral is exponentially decaying in time.
|MEin| we “Sed_ avalug 10 m. Thls value is justified Comparing Fig. 1 with the experimental curves of Fann
by the fact that in atomic gol¢Me g |* is about 10%* m* gt 5112 displayed in their Fig. 1 one observes the strong simi-
for the 6s-6p transition®? The electronic configuration for larities between the two figures. Discarding the small oscil-
gold is [Xel4f1%5d1%s!. So we suppose that the electronic lations (they could be artifacis the time evolution and en-
transition from a level close t&g to another abové&: at  ergy dependence are nearly the same. As mentioned above
almost 1.84 eV can be approximated by &6 transition. the comparison with the Fermi-Dirac distribution can be
In a metal the levels are completely displaced and form aised only as a rough indication of the temperature of the
continuum. The electron moves freely and consequently welectrons.

expect a transition moment in the metal to be greater than the In Fig. 2 we represented the results corresponding to the
one in the single atom. second laser fluence used in the experiment of Fetrail?

The electronic distribution functions displayed in Fig. 1 One can see that now the distribution function reaches values
are obtained using the expressiofi®) or (24) where we greater than above during laser action and the decay to the
used a rectangular form of the laser pulse and an initial probequilibrium Fermi-Dirac function, calculated by Faenal }?
ability of p,=5%x10** s~2 independent of time. In this fig- is faster. The comparison with the experimental val(szs
ure the full curve represents the distribution function calcu+annet al,*? Fig. 2) shows again a good coincidence in the
lated without transport using E¢12). One can see that the time and energy evolution of the distribution function. We
electronic population excited above the Fermi level firstsee also that the plateau from 0.25 to 2 eV has the same
grows in time until the laser extinction then diminishes ex-shape for the two fluences as can be seen in the experimental
ponentially. The full thermalization is not established until graphics. In the two figures we observe that the levels situ-
~1.3 ps. The energy dependence shows that the excited eleated at an energy above 1.84 eV have a significant popula-
trons are concentrated at low energy. The departure from thigon. This can be explained by the excitation of few popu-
Fermi-Dirac distribution(long-dashed curyecalculated for lated levels above the Fermi energy.
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FIG. 3. Time dependence of the electron distribution function FIG. 4. Time and laser intensity dependence of the electron
f (without transpont calculated folE—Ex=1.0 eV. The full curve  distribution function f (without transpoit calculated for
corresponds to a Gaussian laser pulse with FWHM of 105.96 fs ang—E.=1.0 eV.

the dotted curve to a rectangular one. S ) ] o
distribution, and full three-dimensional distribution of elec-

The above calculations were performed using a rectangurons, are now studied and will be presented in a future pa-
lar laser pulse because our tests demonstrated that the enefgat. The model can be successfully applied to other metals
dependence is not significantly influenced by the form of thgCu, Pt, etc.
laser pulse. However, time dependence is strongly modified
by the form of this pulse. This time variation féE=1.0 eV ACKNOWLEDGMENT
is illustrated in Fig. 3 for Gaussian and rectangular laser
pulses. The distribution function has a Gaussian form durin
laser action for the first and a rising exponential form for the
latter. After 180 fs the laser is switched off and the decay is APPENDIX: INCLUDING THE SPATIAL DISTRIBUTION
always exponential.

Above, we have presented the results for two laser pulses. In this appendix we briefly discuss the spatial distribution
In Fig. 4 we display the behavior of the distribution function of electrons neglected in the main body of the paper. Light
for a rectangular laser pulse as a function of time and lasesbsorption determines a finite photon path arelcollisions
intensity. One sees that the dependence of the distributiogetermine an electron mean-free path dependent on its en-
function of the electrons on the laser intensity changes fronergy. The laser field produces also an electron drift parallel
a quadratic to a clearly exponential form. For larger intensi-or perpendicular on the surface according to light polariza-
ties of the laser pulséabout 18* W/cn?) the distribution  tion. These facts contribute to an anisotropic spatial distribu-
function reaches a saturation plateau above which the eletion of the electrons.

D.B. acknowledges the French Government for financial
upport.

tron plasma can be generattd. In a first approximation, we consider only the variation of
the distribution function with & coordinate(perpendicular
IV. CONCLUSION on the surfaceand neglect the other coordinates. Extinction

In summary, we have proposed a microscopic model foPf the photon when it penetrates the metal introdgoces a spa-
the nonequilibrium or “hot” electron distribution that ac- tial gag;lc_)r defp?'n((jjgnt on 'tﬁ mean—frge p?t!.%oton.' Tr;)e
counts for the processes taking place in a metal submitted f§f0°ab1ity of finding a photon at deptl is given by
a laser pulse of moderate intensity. This model does not a -photor(z)_(1/)‘photor)eXp(_Z/_)‘ph_otor)- Another spatial factor
ply to interaction of lasers with intense lasers puléagen- ~ a/1S€s from electron scattering: the electrons createtl@n

sity greater than 8 W/cm?) where plasma is created and grrive at pointz after a scattering at poit according to the
other microscopical processes take place. The model i§tegral

physically coherent and gives microscopic insight concern- - 1 Iz—2'[| 1 7

ing the excitation and relaxation of these hot electrons. The fe(z):j dz —exp( — ) xp( — “)
obtained results are in good agreement with the experimental 0 e e

data for a film of gold of 300-A depth and show nonlinear Here ), is the electron mean-free path. The total spatial fac-
behavior of this population with the laser intensity. Thetgr reads

model can be used to describe the behavior of the electrons

in a desorption mechanism in the femtosecond regime where  f(2) = fpnotod 2) + fe(2)

A photon A photo

the same nonlinear dependence was observed. In the Appen-
. - 1 z » 1
dix, we show that the spatial transport phenomena can be = exp — +f dz —
neglected for a studied case of a thin film of 300-A depth. A photon N photo o e
Also the electron thermal diffusion length is short compared 12— 7| 1
to the film thickness. Other effects, such as the influence of xexp{ e ) exp< - J (A1)
the band structure, the laser light polarization on the spatial Ne | Nphoton A photo
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The complete distribution function now reads We calculated the modification of the distribution func-
f(E,t,z)=f(E,t)f(2). Our calculus is simpler than the one tion by introducing the spatial factor described above. For
done by Weik, de Meijere, and Haselbriflbecause here we the pump laser wavelength used in Refs. 11 and 12, the
are interested mainly in obtaining the electron distributionphoton mean-free patlfi,n.o{2) (Ref. 23 is about 150
function at each point in the solid, not in calculating the A and the variation of the spatial factb(z) is rather small
number of surface electrons. within the 300-A gold film thickness. One should also intro-

Strictly speaking the present distribution function cannotduce the electron thermal diffusion mean-free path but it was
be compared with Fann’s experimental curves because thesstimated to be smalhbout 20 A and should contribute for
the pump laser of 2 eV excites electrons that are later exmuch longer times. Moreover, introducing the spatial factor
tracted by the probe laser of 5.52 eV. The extraction is morén the Boltzmann transport equation for the experiment of
efficient closer to the surface. Our model include only theFannet al'? does not result in a significant change of the
effect of the pump laser. electron distribution in the metal.
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