PHYSICAL REVIEW B, VOLUME 63, 104301

Ultrafast processes in Ag and Au: A Monte Carlo study
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Monte Carlo simulations of ultrafast electron processes in Ag and Au have been used to analyze transient
reflectivity as well as two-photon photoemission experiments. The model consisted of an electron Fermi gas
coupled to longitudinal acoustic phonons. A laser pulse of finite width excited the electrons, after which the
development of the distribution function was followed during 3—5 ps. In the electron-phonon coupling we used
the full g dependence of the scattering together with a semirealistic phonon dispersion relation. The strength of
the electron-phonon scattering is governed by the deformation potential. Its value was fixed to low-fluence
transient reflection data. Also hot-phonon effects were included. For the electron-electron scattering we em-
ployed a Coulomb interaction screened according to the Thomas-Fermi prescription. We accounted for ex-
change effects in the total scattering probability. In a later stage we varied the screening. We analyzed a variety
of data for Ag and Au. A good description of the temperature dependence of the transient reflectivity for
various excitation powers could be obtained. Also the time evolution of the Fermi surface showed fair agree-
ment with the experiment. In the case of Ag the lifetime of an electron above the Fermi sea was predicted
correctly. For Au, however, it was necessary to increase the screening to obtain the correct lifetimes of
electrons excited above the Fermi sea. Using this adjusted screening the description of the other experiments no
longer was appropriate. Finally also the resistivity due to electron-phonon scattering was predicted quite well
using the deformation potential extracted from the ultrafast reflectivity experiments.
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[. INTRODUCTION but at different temperatures. This method has the virtue of
accounting for the changes in the phonon system during the
The study of nonequilibrium processes in solid-staterelaxation of the electron gas. The assumption of a perma-

pects not accessible otherwise. For example, in semiconduguires an infinitely fast electron-electron and phonon-phonon

tor physics the study of the cooling of photoexcited carriersscatterr]'rf'g.'I ny n?w It TJaSI bein well hestabllstp]ed that this Iap-
or of the carrier capture into quantum wells has delivere roach fai's for imes below L ps, whereas the energy relax-

. ) S ; .~ "ation times also are in the order of 1 ps or less.
valuable information and new physical insights. The rich his- A second method is solving the Boltzmann equation more

tory can be found in the_ procegdlngs of t_he conferences .ogxplicitly. Various attempts have been reported on in the
hot carriers: The analysis a_nd interpretation 01_‘ the eXPeri-|itarature. Groeneveld, Sprik, and Lagena#jjlhave solved
mental _results_ greatly benefitted fr.om the t(_echnlque of Montg Boltmann equation but with the simplifying assumptions
Carlo simulatiorf, where one studies the time developmentof oth isotropic electron-electron and electron-phonon scat-
of a cloud of representative particles. This method has foungering. Sunet al’ used a realistic electron-electron interac-
a widespread application in this field and has been developegbn but treated the electron-phonon scattering in a
to a high degree of sophisticatidri. relaxation-time approximation. These authors also accounted

The investigation of similar phenomena in metals had tcfor the presence of the band 2 eV below the Fermi level in
wait for the advent of ultrafast femtosecond lasers because gfu. Bejan and RaseéVinvestigated the thermalization of
the much smaller times involved. While in semiconductorsthe electron gas but in the absence of electron-phonon cou-
the cooling of excited carriers proceeds on a picosecongling. It is clear that magnetic systems present an even
scale, in metals the time scale is well below the picosecondyreater challenge. Up untii now a transient MOKE
Notably the carrier-carrier scattering is considerably fasteexperiment® has been analyzed in terms of a three-
due to the much larger number of electrons present. But byemperature model, where in addition a “spin temperature”
now ultrafast experiments have become a flourishing anthas been introduced. Very recently Knorrenal?® calcu-
rapidly expanding area of research. At present good experlated the electron lifetimes for nonmagneticu) as well as
mental results on transient reflectivity on both thihand ferromagnetidFe, Co, and Nimaterials using realistic den-
thick films®~'%of noble metals are available. Also, the devel-sity of states. Only the electron-electron scattering was ac-
opment of the Fermi surface after laser excitatfdiand the  counted for while assuming a scattering probability indepen-
lifetime of an electron above the Fermi $&d®have been dent of the energy transfer. The authors also assumed the
measured by two-photon photoemission experiments. Nagcattering for parallel and antiparallel electron spins to be the
only films of noble metals but also films of magnetic mate-same. As we will show further on, this assumption is highly
rials have been used in these types of experiments. guestionable.

Most of the earlier experiments have been analyzed in the To our knowledge no attempt has been made to apply the
two-temperature (2) model?® Here one assumes that the technique of the Monte Carlo simulation to this field, though
electron and phonon systems are both in internal equilibriunit has proved its value in semiconductor physics. This ap-
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proach has the advantage that it tries to describe all expera spherical Fermi surface, though we know that the real
mental data using the same microscopic interactions. HowFermi surface has a neck at thepoint?’ Another simplifi-
ever, a considerable coding effort is involved and one als@ation is the neglect of thd band. This might be justified
needs good computing facilities. On the other hand, the albetter in Ag, where thd band is 4 eV below the Fermi level,
ternative methods often introduce an effective couplingthan in Au, where this distance is only 2 éVActually the
strength, which from the microscopic point of view is a com-same approximations have been made, although implicitly,
plicated integral over interactions and the distribution func-in the 2T model and in some of the solutions of the Bolt-
tion. Different observables have their “own” parameter andmann equation.

it is difficult to relate these numbers with each other. In an
analysis using Monte Carlo simulations inconsistencies in
parameters, etc., appear, directly pointing to deficiencies in
the underlying physical model. The electron-phonon coupling proceeds via deformation

The aim of this paper can be seen as twofold. First wePotential scattering by longitudinal acoustic phonbfin
present an analysis to selected examples, viz., thgontrast with semiconductors, we should not include screen-
temperature-dependent reflectivity data of Groenevelding explicitly, since the deformed crystal potential already
Sprik, and Lagendifkon Ag and Au and of Juhast al® on  contains these effects via the Born-Oppenheimer approxima-
Au, the two-photon photoemission results of Fatral?on  tion. The matrix element reads
Au, and finally the lifetime measurements on Ag by Wolff
and Aesclimanh and on Au by Cacet al® All these ex- Ve or(@) =Vpa[ (7i/2pwg){Ng+ 3 = 3}1"2 )
periments have been performed with very thin films, so we
can assume a homogeneous heating. At the same time w¢here the plus and minus sign refer to emission and absorp-
gain insight about the applicability of the Monte Carlo tion, respectively, and\, stands for the phonon occupation
method as a tool for the analysis of ultrafast experiments imumber, which in thermal equilibrium is given by the Bose-
metals. Einstein distribution. In this expressignis the density and

The organization of this paper is as follows. In the nextw, the phonon frequency. The strength is governed by the
section we expose the theory and the other ingredients thaleformation potential/,, which is an adjustable parameter.
are part of our simulations. We then present the results of an The intrinsicq dependence in Eq1) together with the
example and discuss them extensively to see to see what ve&ailable phase space results in a phonon production peaking
can learn. Section |V is the main part of this paper. Here weat largeq. This feature makes the choice of the dispersion
analyze a number of experimental results. Finally we drawelation especially at the end of the Brillouin zone important.
some conclusions about the models involved and about th@/e used the following approximation:
applicability of the Monte Carlo simulations in this field of

ultrafast processes in metals. Eq=fiwq=Eosin(7q/2Qy). 2)

B. Electron-phonon scattering

Il. THEORY AND MODELING HereQq is the limit of the Brillouin zone. With the empirical

. value of the longitudinal sound velocity (= mE/24.Qg)
In the ultrafast laser experiments one generates hot ele e maximum energf, is 10-20% too high. Due to the

trons above the Fermi level. These electrons rapidly distrib- eaking of W (q) at high q this may overestimate the

ute their energy by electron-electron collisions. The hot ga%nergy relaxation. We therefore used in E2).the empirical

subsequently cools down by transferring its energy to the o .
phonon system. Roughly speaking this cooling process W”F?fergy fa|t5 theledg% c;f the Il'D’r”I.OU'r:' zoﬁ%‘l’hg corrf1b|ned|
depend on the number of electrons excited above the Fermi ecto qs._( ) r;\]n (2) res_uhts In the production of nearly
sea, because only these are able to lose their energy by Ctjg_onoenergetm phonons with energy. .

ating phonons. In the very first stages of the relaxation wi As the momentum transfers are rather high, umklapp scat-

expect this number to increase due to electron-electron scafz]ng c;r; C:T(]:gz:'e:,:gvmvet\; :;{stfhe (;?]rgbtw:t:(;& O:ot(t]ael-lrgt?irg(aen_
tering, leading to an increase in the energy-loss rate and th gm X, the . P
Vector G is such that energy is conserved. Analogous to

(strong nonlinear effects in the cooling process. So we hav . . Lo )

an interplay between electron-electron and electron-phono ragg reflectmn this restriction gives only a few allowed

scattering. It is worthwhile to point out here that one of thepOInts in phase space. We Fherefore neglec.ted.the.f,e pro-

basic assumptions of theT2model is that the electron ther- cesses. Moreover, the possible small contribution i ac-
counted for in the fitted value of, .

malization process is infinitely fast. We therefore have to ; !
P y Due to the phonon creation the phonon occupatign

specify the electron-phonon and the electron-electron intefs o itk time and thus does the electron-phonon scatter-
action. Before doing so we briefly discuss the band structur§"2"9 . P "
In our calculations we accounted for these “hot-

; : : ing.
used in our simulations. phonon” effects® by frequently updatingVe,(q). There

are several arguments why it may be important to incorpo-
rate these effects even at low excitation densities. First, due
All noble metals have a fcc crystal structure. We use &o the Pauli principle the absorption of phonons is hindered
simple spherical Brillouin zone as a model. We also assumeuch less than the emission. So even the presence of a small
that the electrons can be described as a free-fermion gas withumber of extra phonons may have a noticeable effect. Sec-

A. Band structure
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ond, the created phonons are at the edge of the Brillouin Thomas-Fermi Screening
zone and have a low group velocity and do not escape fron

the interaction volume. This implies that we are dealing with ~ 2000 [ T

an accumulating phonon distribution. There is clear experi- i I

mental evidence that these effects are important. Even in th@ 4599 |- 000, ]

experiments with very low intensity by Groeneveld, Sprik, = L o ]

and LagendijR the transient reflection did not return to its : i 1 © Antipar.

initial value. @ 1000 F .° 1 e Pparallel
In our calculations we did not account for phonon-phonon® S

interactions. This means that we allowed the accumulatecs Lo

phonon distribution to be far from equilibrium. An alterna- ¢ 500 [ - ]

tive would have been to thermalize the phonon distribution ro

permanently as is done in th& 2Znodel. With respect to the 0 e _.,,.7-7'7.‘ i

2T model the coupling to longitudinal phonons only has im- 0.00 0.50 1.00 1.50 2.00 2.50

plications for the specific heat entering the rate equations. Ir
the absence of phonon-phonon interaction the specific heau
fhould beC, for the longitudinal phonons only viz., about |G, 1. Comparison between electron scattering with spins par-
5 of the normal totalC, due to the lattice. If there is energy ajlel and with spins antiparallel for the case of Ag as dependent on
transfer to the transversal branches one has to complemetfie relative momentum. A screened Coulomb poterifidlomas-
the equations with a third one describing this transfer. Fermi screeninghas been used as tleeeinteraction.

Rel. Mom. (Units K)

C. Electron-electron scattering between particles with parallel spins is strongly suppressed

Coulomb potential. The matrix element between plane wave'e €xchange term. We find a ratio of 6 between the average
reads scattering with antiparallel spins and with parallel spins. It is

clear that the assumption of spin-independent scattériag
Ve.ol @) =€ e, (g% +\2), (3)  highly incorrect. One can neglect the parallel spin scattering
whereq is the transferred momentum. There is some uncerpette.r' - .
tainty about the value of the screening paramatefor the It is very difficult to |.ncorporat§ the qorrect anguIa}r d.e-

) . . pendence of the scattering of particles with parallel spins into
present we adopt fax the inverse Thomas-Fermi screening Monte Carlo simulation. We therefore adopted the follow-
length A\ ¢ given by?® a Monte ~-a ' > adop _

TF ing hybrid procedure. The total scattering cross section has
(4) been calculated with inclusion of the exchange terms in order
to obtain the correct total scattering rates. For the differential
Here kg is the Fermi momentum. Of course this static cross section, however, we used E8), viz., we neglected
screening is a crude approximation to the real situation. Es-

N2e=e’m* ke [ mege, .

pecially on very short time scales one would like to use TABLE |. Parameters.

dynamical screening. One of the aims of this paper is ta

investigate the limits of the static approach. Ag Au Units
A few remarks, however, already can be made.kpss :

nearly temperature independent due to the high electron cohlumber carriers 5.86 5.89 fom

centration, the same holds fak:. So the exact shape of the Fermi energyEg 5.50 5.52 ev

distribution function is not very important. This, however, Fermi momentunkg 12016 12036 pm

may not be the case when the number of particles changes Gyomas-Fermi screeningr 17 015 17030 pmt

excitations from thed band. We therefore expect this ap- Lattice constana 4.09 4.08 A

proximation to be better in the case of Ag than in the case oBrillouin zone O, 15362 15400 pm~t

Au. Indeed as will be shown later when discussing the life-Density p 10.40 19.32 g/crh

time experiments we need additional screening for Au, probMax. phonon energ§g, 19.96 19.07 meV

ably due to rearrangements of the holes insidedh®and. v, (longitudina) 3650(3100 3240(2955 m/s

Therefore at the end of this paper we shall treahs an  Deformation potentiaVp? 3.7 (0.2) 4.6 (0.1 eV

adjustable parameter. Resistivity’ (300 K) 1.62(1.65 2.24(1.53 uQlcm
In electron-electron scattering one has to discern betweeRgjustedv,, 5.8(0.1) eV

scattering with parallel spins and scattering with antiparaIIeIAdjusted screening /A ¢ 150

spins. In scattering with parallel spins terms due to antisymEXponemy in fit Vp 212 226

metrization arise. Usually they are omitted because of the
difficulties involved®! We have investigated their contribu- 2The number in parentheses is the value deduced from the maxi-
tion using the formalism described elsewh&aVe calcu-  mum phonon energg,.

lated separately the scattering probability for parallel and anThe number in parentheses is the estimated error.

tiparallel spins. The results are given in Fig. 1. The scatteringThe number in parentheses is the theoretical value.
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Electron-Phonon Scattering Silver T=25 K, 1=25 J/ cm®
i """""""i:, ;
100 1 'IllmlIlllll}ﬂﬂuu;',;ﬁ',%
| ””ﬂl ’Immﬁ?ﬁfﬂ
a) \h = "g 0.50 II””””
0
lll_llll_l.l_lI,IIIIIIIII/{W%%%{%
N
3
b) S FIG. 3. Three-dimensional plot of the time development of the

distribution function for Ag after excitation with & laser pulse.
The laser energ¥, is 1 eV, the temperaturg is 25 K, and the
dissipated powet is 25 J/cni.
FIG. 2. Feynman diagrams fda) the emission of a phonon by
an electron, in which the final state is below the Fermi l¢dakhed D. Particle-hole representation

line) &!nd(t?) thehemli:SSionloflé phr?n(;)? téy: h(l)l.e’ in.WhiCh the final An important obstacle in the feasibility of the Monte
state Is above the Fermi levi@ashed lin pplying time symme- . . .
try gives the same diagram, viz., the recombination of an electrorigi[:g Ir;;athod fo{) SIm]chIatlo.n of.uItLafast %rOC?SS%S |ndmetals_
and a hole with the emission of a phonon. 'ge numDber ot carriers in the con uction band. Com
pared with semiconductors this number is at least 4 orders of
) ) ~magnitude larger. This would imply that also the number of
the change in shape due to exchange terms. This approximgayticies used in the simulation had to be larger by the same
tion is not a serious one. The value fr (see Table)lis  factor. Moreover, the collisions of particles deep inside the
larger than the Fermi momentuky. This gives a rather Fermj sphere are Pauli forbidden, making the simulation in
weak dependence of the scattering on the angle. addition very inefficient. We generally circumvented this
The electron-electron scattering rate is often parametrizegroplem as follows.
as follows. According to Pines and Nozst’ the lifetime of First, we assumed that electrons deeper in the Fermi sea

a quasiparticle with energlf above the Fermi seeE(-Er)  than the laser energl, are not involved in the relaxation
is given by processes as nearly all their collisions are Pauli forbidden. So
we could restrict our model space to the outer part of the
_ 2 Fermi spherdviz., E,>E—E,).
7=7o{Br/(E=ER)}, (53 Secoﬁd, we hav:choFsen a different representation of the
system. Besides the standard formulation with electrons, one
70:128A/3772wp, (5b) also can characterize the distribution functiop in terms of
electrons above and holes below the Fermi energyl at
=0 K. Especially at low temperatures this results in a tre-
w,%:nez/fom (the plasmon frequengy (50 mendous reduction of particles participating in th(nT simula-
tion. However, the program becomes more complicated. In
addition to the electrons, the holes interact with phonons and
In this expression the scaling factey is given by the Fermi  each other. Moreover, we have to allow for the creation and
liquid theory (FLT) under the assumption that the mean dis-annihilation of electron-hole pairs, so the number of particles
tance between the electrons is small compared to the Botis not constant with time. Nevertheless, we gained a factor of
radius® These conditions are not met in Ag and Au, where5-25 in efficiency, depending on the temperature and exci-
the ratio is about 3. The value af, following from Eq. §b)  tation density. Moreover, since we simulate the disturbances
is 0.55 ps. It also can be determined empirically by means obf the distribution function and not the distribution as a
Monte Carlo simulations, where one records the evolution ofvhole, we also gain in accuracy.
the number of electrons in a small interval arolthee also However, one has to be careful to avoid double counting.
the discussion of the lifetime experiments in Sec).IWe  As an example, an electron emits a phonon and is scattered
found the dependence ePbn E as given by Eq. &) but with  below the Fermi level. When the collision is not Pauli for-
a value for the scaling factory of 1.04 fs. bidden there is a hole at that energy and so pair annihilation
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Silver T=25 K, 1=25 J/cm“ Silver T=25 K, 1=25 J/cm3
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FIG. 4. (a) Time development of phonon and electron temperatures. For the definitions of the temperatures (& éteion emission
and absorption rategc) The time dependence of the phonon spectridnThe excess energ§E and and energy-loss ratkE/dt, R is the
ratio betweerd E/dt and SE.

occurs. Similarly a hole can emit a phonon and end abovenergy-loss rate—so we also recorded this quantity. In addi-
the Fermi level. If we draw the corresponding diagrams agion we calculated the slope of the distribution function
shown in Figs. ) and 2b), we see that these processes arearound the Fermi level and thus found the temperafijref
equivalent—the recombination of a hole and an electron withhe electron gas. A way to define the electron temperétére
the emission of a phonon. In order to avoid double countings to look at the total energy content of the electron gas, as is
we have to skip one of the channels. Similar diagrams occugione in the I model. Only if the distribution is thermalized
in electron-electron scattering. This happens whenever wgompletely do these two temperatures coincide. Analogously
deal with the annihilation of a pail’, since we can start Wlthwe can assign a ternperatljfan| to the phonon System based
either an electron or with a hole. on the total energy, though the phonons are not in a thermal
equilibrium. The parameters used in our simulations together
Il SIMULATIONS with derived quantities can be found in Table I.

The basic result of our simulations consisted of time-
dependent distribution functions. From these distribution A. Example
functions we derived various quantities. First, we calculated We now want to illustrate the foregoing process with an
the difference in energgE(t) as compared with the energy example. We have chosen a low temperature and a relatively
E, of a Fermi-Dirac distribution alT =0 K. The relaxation strong excitation with & pulse of 1 eV to emphasize the
time of this excess energy is the same as the relaxation timearious features. In Fig. 3 we give the three-dimensional plot
seen in the transient reflection experimeiit® However, a  of the distribution function. The excitation of electrons from
warning should be given. This equivalency has been derivethe Fermi sea at zero time is hardly visible, but the subse-
under the assumption of a thermalized distribution. As stateduent thermalization can be seen clearly. It should be noticed
before, in the first few hundreds of femtoseconds after thehat this thermalization takes about 0.5 ps, clearly indicating
laser excitation this certainly is not the case. the insufficiency of the Z model. After 3 ps we end with an

Nonlinear effects can be better seen in the derivative—thelectron distribution, which is still quite h¢®7 K) due to the
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hot-phonon effects. This is illustrated more clearly in Fig. T=300 K, 1=1.3 Jjem?, V_=3.7eV
4(a), where we plot the electron and phonon temperatures
(due to the discretization the electron temperafliedoes

not have the nominal value of 25 K at zero tim&he two —
electron temperatures only coincide after 2 ps. The therma® 1500 | .
equilibrium between phonons and electrons is reached afte® i ] = SIM
2.5 ps at a temperature around 97 K. The numbers of createiz

and absorbed phonons are now again the same, but at a leve 1000 ]
more than 2 orders of magnitude larger than at the originalg 1 -—— 700 fs
temperaturgsee Fig. 4b)]. This is due to a large increase in 3§ - ‘\-\_\.\ 1
Ng and accordingly in the-ph scattering ratefEq. (1)]. In 2 500 ¢ '
Fig. 4(c) we show the phonon spectrum as a function of time C 1
together with the spectra for thermalized distributions at 25 A T,
and 97 K. The enhancement of scattering with lacgas 2 3 4 5

discussed previously is clear and results in a nonthermal dis V. (eV)

tribution. ?

It should be noted that the energy-loss rate—in the begin- FIG. 5. Results of the search faf, in the case of Ag. The
ning equivalent to the number of emitted phonons—still in-assumed relaxation time is 700 fs. The solid curve is a fit with
creases during the first 0.2 ps and decreases only slowly 700(3.7Vp).>"?
afterwards. In these circumstances one cannot expect an ex-
ponential relaxation of the electron excess ened(t).

This is clearly visible in Fig. &), where we showsE to-  error of 7 as given in the graphs is a combination of all these
gether with the fit derived for the region between 0.3 and 1.%ffects. Moreover a visual impression can be obtained from
ps. It also is instructive to plot the rat®between the excess the scatter and smoothness of the theoretical results when we

energysE(t) and the energy los$E/dt. For a purely expo-  compare them with experimental data in the next section.
nential decay this quantity should be time independent. In

the same graph we see tHRincreases with time during the
most relevant part of the energy relaxation, clearly indicating
a faster than exponential decay during the first 1.5 ps as more IV. RESULTS AND DISCUSSION
and more electrons participate in the cooling process. In the
first 400 fs the number of excited electrons increases by a A. Search forVp
factor of 3. The first step in our analysis is the searchVgy. For this

we used the values of the relaxation time as obtained by

B. Analysis Groeneveld, Sprik, and LagendikThe excitation density

. . ) _was quite low(1.3 J/cni). We chose a temperature of 300 K,
The energy relaxation times were derived from the timeyacause we expect the effects of hot phonons here to be

dependence oBE(t). After folding with the experimental ninima| A series of calculations with differelt, has been
resolution the curves were analyzed assuming performed. From Eq(1) we expect a dependency ofas
_ _ 1INY, with the exponent around 2. So we fitted the results
SE()=Aexp(~t/7)+8, © accordingly. As can be seen from the results in Tabkeig
where the constant backgrouri®l has been introduced to only slightly higher. The uncertainty i is about 0.1 eV,
account for the zero-time energy and for hot-phonon effectsapart from the error due to the experimental uncertainty

There exist various sources of uncertainty in the extractedabout 5%. An example of the calculated relaxation times
value of 7. To begin with—as we have seen—the decay istogether with the fit is displayed in Fig. 5. These calculations
nonexponential. This means that the valuerafill depend  have been done with statistics equivalent to P particles
on the interval used for the fit. We therefore varied the in-in the model space for a particle Monte Carlo simulation.
terval used in the fit between 0.2 and 1.2 ps and between OlSote that the theoretical results are averages over four
and 1.5 ps. From the variation inwe deduced the uncer- equivalent calculations with a different random sequence.
tainty. Moreover, the fit is far from perfect, resulting in an
additional error.

Furthermore, it should be noticed that although the results
of the simulation are processed as if they were independent The first experimental item we investigated is the tem-
and uncorrelated experimental data, in fact they are highlperature dependence of the energy relaxation time. In Figs.
correlated, because the value 8E(t) emerges from the 6(a) and &b) we show the experimental data of Groeneveld,
value att— ét. This means that another random sequencéprik, and Lagendifk together with our theoretical results.
may give a different value of. This intrinsic uncertainty is Here again we performed four equivalent simulations with
due to the statistical nature of the Monte Carlo procedure3x 10° particles and averaged the results. The agreement
We tried to estimate this uncertainty by performing four between experiment and theory is quite good, though for Au
equivalent simulations and averaging the results. The totahe calculated low temperature results are a bit too high.

2000 T

] — FIT

L3

B. Energy relaxation
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Power = 1.3 J/cm?3 Power = 20 J/cm?

800 —— T T 1200

* EXP
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] 900 1
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| —o- sim2

Relaxation Time (fs)
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L 600

400 ————————t—— 0 100 200 300
() 100 200 300
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FIG. 7. Comparison of experimental and calculated relaxation
times. SIM1: Vp=4.6eV, N=Aqg; SIM2: Vp=5.8eV, \
— =1.50\1¢. Experimental results of Juhast al. (Ref. 6 for Au.

Power 1.3 J/cm?

1000

of temperature and incident power. So the electron thermal-
ization of the electron distribution is responsible for the tem-
e EXP perature and power dependence. This thermalization is
1 slower if more electrons are above the Fermi le¢@hh
| —o— sIM1 temperatures and high powgrs/hich, due to the Pauli prin-
| ciple, hinder the excitation of cold electrons. As will be dis-
—b-— SIM2 cussed below, we also performed calculations with a stronger
1 screening. These calculatiofmdicated by SIM2 in Figs.
6(b) and 7. This weaker interaction does not describe the
temperature dependence of the relaxation time. The fact that
! - - - our calculations describe the temperature and power depen-
0 100 200 300 dence quite well justifies our choice of the electron-electron
(b) Temperature (K) interaction, viz., the Thomas-Fermi screening.

750

Relaxation Time (fs)

500

FIG. 6. (@) Comparison of experimental and calculated relax- o _
ation times. Experimental results of Groeneveld, Sprik, and La-  C. Photoemission experiments: Electron temperature

gendijk (Ref. § for Ag. (b) As in (&) for Au. SIM1: Vp=4.6eV, A different type of experiment has been performed by
A=N1g; SIM2:Vp=5.8€V,A=1.50r¢. Fannet al!''2 By a two-photon emission experiment these
6 _authors measured the time dependence of the distribution
Juhaszet al” also have measured the energy relaxationfynction in Au. In particular the slope around the Fermi level
time for Au but at a considerable higher laser flueli2@  has been measured and parametrized in terms of a tempera-
Jicn?). We expect a slower relaxation because of two reatre analogous to our definition df;,. As has been shown
sons. I_:irst, the hot-phonon effe_cts are much stronger hergyhove, the time development t, is very sensitive to the
[see Figs. @) and 3c)]. In addition, we have seen that a e-e scattering. In Figs. @) and §b) we compare their ex-
higher temperature gives a slower relaxatiéigs. §a) and  perimental points with our theoretical resulisdicated by
6(b)]. A stronger excitation results after the first few hun- S|M1). Unfortunately the experimental laser fluence had an
dreds of femtoseconds in a thermalized electron gas with @ncertainty of 30%. We therefore also performed simulations
higher temperature and a corresponding slower relaxation. Kt the upper and lower limits. It seems that at low excitation
is also clear that the temperature dependence will be weakedensities the theoretical thermalization is somewhat faster
when the excitation becomes stronger. All these features cahan the experimental one, resulting in higher peak tempera-
be seen when we compare Figbpwith Fig. 7. Our calcu- tures. At higher laser power the theoretical values match the
lations (denoted by SIM1 give an excellent description of experimental ones well. This overall agreement between ex-
the data, especially when one takes into account that theg¥riment and calculations, however, is quite satisfactory and
calculations did not involve any fitting of parameters. also corroborates the applicability of our approach and of the
First, one would like to attribute the temperature depenfarameters used/p and\).
dence toN,. However, we deal with the net phonon emis-
sion, viz, W (q)—W*(q), which is temperature indepen- o . .
dent since the terms With cancel[Eq. (1)]. When we turn D. Photoemission experiments: Electron lifetimes
off the electron-electron scattering the relaxation times are In a two-photon photoemission experiment one can also
about one order of magnitude higher and largely independemheasure the lifetime of an electron far above the Fermi level.
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FIG. 8. (a) Experimental and calculated time development of the  FIG. 9. (a) Experimental and calculated lifetimes of electrons in
slope of the Fermi surface expressed as an effective temperatur8g. FLT: Results using the Fermi liquid theoffeg. (5)]. SIM1:
SIM1:Vp=4.6eV,A=\g; SIM2: Vp=5.8eV,A=1.50 1. Ex- Results withe-ph ande-e scattering. SIM2: Results witk-e scat-
perimental results of Fanet al. (Ref. 12. (b) As in (a) for a higher  tering only. Experimental results of Wolff and AesclimatiRef.
laser fluence. 17). (b) Experimental and calculated lifetimes of electrons in Au.

) _ FLT: Results using the Fermi liquid theofq. (5)]. SIM1: Results
We analyzed the experiments of Wolff and AesclimHrfor using Vp=4.6eV and\=\qz; SIM2: results using/p=>5.8eV

Ag and of Caoet al® for Au. In these analyses we varied and\ =1.50\r¢. Experimental Results of Caat al. (Ref. 18 using

the laser energ¥, and recorded the content of the energythe empirical relation given by the authors.

bin at the upper end of the spectruhE =100 meV). This

is in contrast with experiment, where one uses a rather higlvell. At high energies the-e scattering dominates, while at

laser energy(for examplet® 3.2 eV) and measures all the low energies the inclusion od-ph scattering is necessary.

lifetimes simultaneously. The energy bins wiEk<E, , how- ~ When we compare the resuftsof the FLT [Eq. (5)] with

ever, suffer from interscattering, and an elaborate analysis ihose obtained withow-ph scattering, we see that the FLT

necessary to extract the lifetimes. In all simulations we usegbredicts lifetimes roughly a factor 2 too low. As said before,

a modest excitation density, viz., 10 J&m this might be due to the assumptions used to derive(Eq.
We restricted our calculations to lifetimes fr<2.0 eV We now compare experiment and theory for see Fig.

for two reasons. First, at higher energies we come outside th&(b)]. However, in contrast to Ag the experimental and cal-

range of validity of our modelviz., the neglect of thel culated values do not match at all. Roughly speaking there is

band. Moreover, it is highly dubious if these classical Monte a difference of about a factor of 4. A reason for this discrep-

Carlo simulations are valid when the lifetimes are below 10ancy can be the following. Our choice of the Thomas-Fermi

fs. The appropriate analysis is then solving the Blochscreening length is somewhat arbitrary. If the electrons of the

equations’’ d band are involved, they certainly also contribute to the
The results for Ag have been depicted in Figa)9to-  screening. These experiments on Au have been performed

gether with the results of Wolff and AesclimahhThese with a laser energy of 3.2 eV, so a substantial fraction of the

consist of two series of data, which differ somewhat. It canexcited electrons originates from tldeband. This certainly

be seen that the complete calculations describe the data quitéll affect the results. We therefore increased the inverse
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Vy,3.7eV scattering the excited electrons can relax only by emission of
phonons. As argued above under these circumstances the net

10 A o 3 emission is temperature independent, leading to a
- 1k temperature-independent relaxation time. This effect is
g i ] clearly visible when we decrease the strength ofetfescat-
g 0.1 1 e EXp tgring(roughly speaking, the strength is propottional m“ll
g 0.01 o viz., abqut a factor of ¥ Sp we are dealmg v_wth an incon-
3 TUE i — cALC sistent picture. The two different photoemission experiments
:g 0.001 L _ require different strengths of theee interaction.
] 3 3 A solution to this dilemma may be the following. Shortly
©  0.0001 after the excitation we have holes in tidand. This may be
d 3 a large number due to the high density of states. In such a
0.00001 5' : "1'0 EEE— '1'(')0 ‘ 3(‘)0 situation thed band contributes to the screening. The holes
are rapidly scattered into treband and diffuse to the Fermi
(@ Temperature (K) surface. The now completely filledi band does not contrib-
V,=4.6eV ute to the screening. So we start with a strong screening,
which decreases gradually. The lifetime experiments investi-
10 gate the first 100 fs, when the-e interaction is relatively
_ 1 weak. On the other hand, the “temperature” and relaxation
E experiments deal with longer times, where #iescattering
P 0.1 is stronger. In Ag the situation is different. We do not have
2 E * EXp excitations out off thed band and we can simply use the
-‘E 0.01 ¢ — CALC Thomas-Fermi screening of tleeeinteraction.
% 0.001 ¢ F. Resistivity
*  0.0001 The electron-phonon scattering is also responsible for the
i , , ‘ resistivity at higher temperatures. We calculated this resistiv-
0.00001 “———- e L C L :
5 10 100 300 ity in momentum relaxation-time approximatf§rusing the
(b) Temperature (K) value_of Vp extracted from the analysis of the ultrafast
experiments.
FIG. 10. (8 Comparison of experimentéRef. 30 and calcu- The results can be found in Figs.(&@0and 1@b). For Ag
lated resistivity for Ag.(b) As in (a) for Au. the agreement between experiniérand calculation at 300

K is surprisingly good. For Au the predicted resistivity is
screening length with a factor 1.5 and repeated the calcula30% too low, but the agreement should still be considered as
tions[SIM2 in Fig. 9b)]. Now there is a very good agree- quite satisfactory. One has to keep in mind tiigthas been
ment between experiment and calculations. As said earligderived from a femtosecond transient reflectivity experiment
both e-ph ande-escattering contributes to the energy relax- analyzed by a Monte Carlo simulation in which approxima-
ation, so we have to check the effect of the increased screetions had to be mad@ee Sec. )l As mentioned above these
ing in the calculations of the energy relaxation and of theapproximationsthe neglect of thel band are more severe in
electron temperature. the case of Au than in the case of Ag.

E. Calculations with adjusted screening V. CONCLUSIONS

Changing the screening necessitates an adjustment of the In the previous sections we have discussed in detail the
deformation potential/, . So we repeated for Au the search analysis of experimental data on the energy relaxation and
for Vp following the procedure described earlier in this sec-electron thermalization in Ag and Au using ensemble Monte
tion. We found an increase &fp from 4.6 to 5.8 eV. Carlo simulations. In these calculations we started with only

This trick, however, is somewhat questionable, as thene free parameter, viz., the deformation potential in the
amount of extra screening by tlieelectrons will depend on electron-phonon coupling. We have obtained a consistent de-
the experimental conditions, in particular on the laser energyscription for the available experimental data on Ag. It turned
Nevertheless we adopt the increase of the screening by 50%ut that, we could have determined the deformation potential
for all experiments. With these adjusted valued/gfand\N  from the resistivity and the screening parameter from the
we repeated the calculations for Au. The results can be founbigh-energy lifetimes. These values give a good description
in Figs. 6b), 7, 8a), and 8b) and are indicated with SIM2. of those experiments, where both interactions play a role.

In fact the results are quite disappointing. First, the thermal- For Au we had more experimental data at our disposal. If
ization of the electron gas is too sldWigs. §a) and 8b)].  we apply the same procedure for Au as we did for Ag, we
Furthermore, the temperature dependence of the relaxati@nd up with an inconsistent picture, though a lot of the ex-
time is now much too weakFigs. 8b) and 7. We can un- perimental data could be described quite well. The two dif-
derstand this as follows. In the limit of the absenceeed  ferent photoemission experiments, however, required a dif-
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ferent strength of the electron-electron scattering asve can investigate the diffusion mechanism. In conclusion,
expressed by the screening parameter. It is undecidetthe technique of Monte Carlo simulation has proven its value
whether a two-band Monte Carlo simulation solves thisagain and is a promising tool in the area of ultrafast pro-
problem. In such a calculation not only tleeph scattering cesses in metals.
has to be updatedhot-phonon effects but also a dyn-
amical screening has to be incorporated. This item is not
unimportant, since a simulation of magnetic-optical
phenomen¥~?! requires the incorporation of the exchange- The author wishes to thank his colleagues Wim de Jonge,
split d bands, which also will give time-dependent screeningHenk Swagten, Maarten van Kampen, Bart Smits, and Bert
From this information we draw the important conclusion Koopmans for a critical reading of the manuscript. In par-
that we can use this technique for ultrafast processes in meticular, discussion with Bert Koopmans has been a great
als. This opens the possibility to apply the Monte Carlostimulus for this work. llluminating discussions with Rogier
method to other experimental data such as two-photon phdsroeneveld, Rudolf Sprik, and Julius Hohlfeld also are
toemission lifetime measurements or to thick films, wheregratefully acknowledged.
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