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Nonequilibrium electron dynamics in noble metals
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Electron-electron and electron-lattice interactions in noble metals are discussed in the light of two-color
femtosecond pump-probe measurements in silver films. The internal thermalization of a nonequilibrium elec-
tron distribution created by intraband absorption of a pump pulse is followed by probing the induced optical
property changes in the vicinity of the frequency threshold forditband to Fermi surface transitions. This is
shown to take place with a characteristic time constant of 350 fs, significantly shorter than previously reported
in gold. This difference is ascribed to a weaker screening of the electron-electron interactiondpahe
electrons in silver than in gold. These results are in quantitative agreement with numerical simulations of the
electron relaxation dynamics using a reduced static screening of the electron-electron Coulomb interaction, and
including bound electron screening. Electron-lattice thermalization has been studied using a probe frequency
out of resonance with the interband transitions. In both materials, the transient nonthermal nature of the
electron distribution leads to the observation of a short-time delay reduction of the energy-loss rate of the
electron gas to the lattice, in very good agreement with our theoretical model.

I. INTRODUCTION gations have thus been limited to a few probe frequency
regions, either in or out of resonance with the interband tran-
The interaction processes of conduction-band electronsitions, permitting a selective analysis of the energy redistri-
between themselves and with their environment play a keyution processes both in the electron gas and to the lattice.
role in the fundamental properties of metallic systems. Theyrhe obtained information is more global, but permits a pre-
have been extensively investigated in quasiequilibrium situcise determination of the characteristic thermalization times
ations using cw techniques that, however, only give globathat can thus be quantitatively compared to the prediction of
information on the electron scatterihgWith the advance of a theoretical modeling of the electron interactions.

femtosecond lasers, the different elementary scattering | particular, creating an athermal electron distribution by
mechanisms can now be selectively addressed using time;

; X ump pulse, and probing the induced sample transmissivity
resolved techniques. These are based on selective eIeC'[rBI'Preﬂectivity changes around the threshold for thHeand to
excitation on a time scale shorter than that of eIectron-F

electron and/or electron-lattice energy redistribution. The ermi-surface transitions, the time behavior of the electron
S _energy ' occupation around the Fermi energy can be followed. This
nonequilibrium electron relaxation is then followed by a

probe pulse monitoring an electron—distribution-dependen?erm'tS one to study the internal thermalization dynamics of

property of the metal sample, such as its optical respohse the elgctron. gas and thus the eIectron—eIectror_l interac_tions.
or the induced photoelectron emissidfité Properly choos- SUCh investigations have only been performed in gold film,
ing the probing conditions and pulse durations, differen2nd here we use a similar approach for studying electron-gas
mechanisms can be investigated, and information has bedfernal thermalization in silver. The properties of the con-
obtained, for instance, on electron-phonon coupfifg, duction electrons being similar in the two metals, the mea-
electron-electron scatterirfg; 1118 electron-spin  sured dynamics can be compared and interpreted using a
relaxation®?°and electronic transpoft:?? similar theoretical approach. Our modeling of the electron
In noble metals, it was demonstrated either directly, usingelaxation dynamics is based on a numerical resolution of the
time-resolved two-photon photoemisstbn'® or femtosec- Boltzmann equation with a reduced static screening of the
ond optical property modulatichor indirectly, investigating  electron-electron Coulomb interactio(Bec. I). The results
electron-phonon interactiods:>>that internal thermalization are compared to the experimental ones in silver, and to those
of the conduction electron6.e., establishment of an elec- previously reported in gold both for weak and strong pertur-
tronic temperaturetakes place on a time scale of a few hun- bations of the electron gd$* and to the electron-scattering
dred femtoseconds. The photoemission technique has thienes measured in silver by other techniqu8sc. 1\).
main advantage of yielding information on the energy depen- The short-time-scale athermal character of the electron
dence of the electron-scattering time, but with a limited pre-distribution leads to a transient reduction of the electron-
cision on its absolute value and a complicated signal intergas—lattice energy exchanges that have been studied per-
pretation due to simultaneous depopulation and repopulatioforming femtosecond experiments with a probe pulse out of
(cascadpeffects’>*8 Similar information can in principle be resonance with the interband transitidris Extension of
obtained by measuring the optical property changes in #hese measurements to both gold and silver films is discussed
large probe frequency range, provided that the metal sampla Sec. V, and the results are compared quantitatively to the
band structure is known over a large energy range. Investienes obtained using our theoretical model.
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Il. THEORETICAL MODEL TABLE I. Fermi energyEr (Ref. 32, conduction electron mass

L . . m (Refs. 28, 32, and 36 static interband dielectric functioag
After ultrafast energy injection in the conduction elec- (Ref. 29 and Debye temperatu@,, (Ref. 32 for silver and gold.

trons by a femtosecond pulse, the energy is redistributed_q_/q.. is the screening reduction factcg is the effective
among the electrons by electron-electrogre] scattering  geformation potential deduced from fitting the experimental results,
(internal thermalization and transferred to the lattice by andg s the corresponding effective electron-phonon coupling con-
electron-phononé-ph) interactionlexternal thermalization  stant[Eq. (16)].

The relaxation dynamics can be modeled using the quasipat
ticle approach of the Fermi-liquid theory and describing the ~ Eg (eV) m/my &) B ©p (K) E (eV) g (W/Km?)
conduction-electron system by a one-particle distribution
function f. Its time evolution is given by the Boltzmann Ag

equation Au  5.53 1 6.7 073 170 3.7 210
df(k)_df(k) +df(k)|
dt — dt | dt |

5.49 1 37 073 215 2.9 2310

+H(k,t), (1)
e-ph always being much smaller than the interband transition en-
wheref (k) is the occupation number of theelectron-state, €rgy threshold, thep dispersion can be neglected. As a first
and H(k,t) stands for electron-gas excitation by the pumpapproximation, we have also neglectedgtdependence, and
pulse. identified it with its long-wavelength static valus,(0,0)
The electron-electron scattering rate can be written as the-¢]. This has been estimated from the tabulated refractive
sum of two terms describing scattering in and out of khe indexes?’ following the procedure of Ehrenreich and

state, respectively: Philipp?®2° (Table .
df(k) The second term in Eq5) describes screening by the
a0 =[1—f(k)ISI (k) +f(K)S; (K), ) cpnduct!on electr_ons. Its expression is too complicated to be
e directly inserted into numerical simulations and, as usually

. - ,we h [ it by i ic limit f Il
where the scattering probabiliti€® and S, include both Sioerrdein\g/;ve ave approximated it by its static limit for sneg

normal and umklapp electron-electron-scattering processes.
Calculation of the latter is too computer time consuming to
be included in electron kinetic simulations; and although
they can significantly contribuf®, they will be neglected
here.S, is then given by

2

q

£(9,Ee)~£(q,00 =60 , (6)

. 2@ 11 whereqs is identical to the Thomas-Fermi wave vectgi- :
SI0=20 S IM(Kky kg kg[S 2 —f(ky) ds -
ok ks 272
x| T2 (ko) || = T2 — (k) |8 ® L~
272 211272 3) | O OE - Q3= OEE' 7)
go€p K

d and &g stand for momentum and energy conservations:

k+k,;—k,—ks;=0 and E(k)+E(ky) —E(ky)—E(k3)=0.

The quasiparticle interactions are described by a screenethe Thomas-Fermi expressigiq. (6)] yields a good ap-
Coulomb potential and, neglecting the exchange term, thgroximation of Lindhard’s expressionk,, is small as com-

scattering amplitude reads pared to the plasmon enerdf{y/This is the case in our con-
4 ditions where the maximum energy that can be efficiently
| |2:2—, (4) exchanged during a collision is the maximum nonequilib-

q480|8[quex]|2 rium electron energy relative tB¢ (i.e., the pump photon

energy for intraband excitationThe screening factors com-
puted using Eqgs(5) and (6) for an isotropic parabolic con-
duction band are compared in Fig. 1. The Thomas-Fermi

where the dielectric constantis a function of both the mo-
mentumqg=k —k, and energ¥.,= E(k) — E(k,) exchanged
during the collision. Calculation of the screening factorexpression reproduces well the dependence of ! but

2 . . - _ . . .
Ue|®is a key probllem in modeling-e _mteractlon. Using overestimates its absolute value and thus the effect of screen-
the self-consistent-field method or, equivalently, the random:-

S . ing. We have thus used the screening wave vegtoas an
ESaLSiﬁdahpapr[jo,glzxa;'rzr:'s?gﬁs been shown to be well described adjustable parameter, definiogg= Bqrr, whereg (<1) is

set by fitting the experimental results.
e? f(q')—f(g—q’) The conduction band of the noble metals around the
2 “~ PN n_ . Fermi level is well described by an isotropic free-electron
god” o B(Q=0a)~E(a) ~Eetifiy ) model®? f then only depends on the electron energy, greatly
simplifying the theoretical description of the energy redistri-
The first terme}, is due to screening by the core electrons,bution processes. Using standard calculation etieescatter-
and is dominated by thel-band electron contribution in ing rate can be transformed into an energy-dependent
noble metals. The energy exchanged duringeancollision  expressiofr=>*

S(qiEex)ZSg_l_
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pling (and the associated wave-vector dependence of the
scattering matrix elementsloes not influence the computed
dynamics, as long as theeph interaction amplitude is used
as a parameter set by reproducing the energy transfer rate
measured for long delays. This is due to the fact that, since

Nf the lattice temperatur@, is larger than the Debye tempera-

- ture, electron distribution changes on the energy scale of a

Z phonon have a minor influence on the overall dynamics.

- Neglecting umklapp processes, tkeph scattering rate
can be readily calculated for an isotropic phonon band:

df(E) Z2m (® q?
0 =———=—=| da=—{[1-f(E)][f(E-Egn
dt e-ph 4'77'p\/E 0 Eq A
q/2kg +T(E+Eg)(1+ng) |- f(E){[1-f(E—Eg)]
FIG. 1. Wave-vector dependence of the screening factor X(1+ng)+[1-f(E+EgIng}}, (13)

1/|e(q,Eey|? calculated using Lindhard’s expression 18g,/4E¢
=0.05(dashed lingand 0.1(dotted ling, and in the Thomas-Fermi . — ;
approximation(full line) for sg=1. The inset shows the same data ber of th_eq PhO”Q” with energyI_Eq._: is the effect.|ve
(except forEe,/4E-=0.1) on a linear scale, together with that for a deformation pqtentlal con;tant which is used as an aq]ustable
reduced static screenifgq. (6)], with B=0.73 (dash-dotted line ~ Parameter to fit the experimental data. In the following, the
Debye model will be used but, as for the coupling mecha-

wherep is the material density anal, the occupation num-

df(E) me nism, the results were found to be insensitive to the phonon
) = ff dE,dE, band structurgi.e., Debye, Einstein or sijeexcept for a
dt |, . 327%3%(eeed)?EsVE change of=.
- In our experiments the electrons are driven out of equilib-
[~ ~ 1E . . .
\/E 1 E | M rium by intraband absorption of a femtosecond pump pulse
X E+—E+ \/?arctan E- of frequencyw,,. This leads to the creation of an athermal
S S S Enin distribution where electrons with an energybetweenEg
—hw,, andEg are excited above the Fermi energy, with a
- — PP F ,
XA[1-HE)1-F(ED]H(E)f(Es) final energy betweekr andEg+#w, (Fig. 2. In an opti-

—f(E)f(Ep[1—f(Ex][1-f(Ey)]}, (8  cally thin sample, the excitation inhomogeneity along the
pump beam propagation direction can be neglected and the
whereES=ﬁ2q§/2m. The limits reflect energy and momen- excitation functionH (k,t) be written

tum conservations, and are defined by
H(K,1)=H(E,t) = Al ,(D){VE—frwppf (E— i wpp)

~Emax:.f E,+VE 2; E+VE 2’
int{(VE;+Ep)% (VE+VE2) X[1=1(E) ]~ VE+hwpf(E)
B —sud(VE—VEy)? (VE—VEp)2. 9 X[1—-f(E+hwpy)]}, (12

Note that taking into account only scattering out of the ; : :
: - . wherel ,(t) is the pump pulse intensity, adla constant.
m mi- ; p
state[Egs.(2) and(3)] and assuming a Fermi-Dirac distribu The electron distribution changef, computed using Egs.

tion at zero temperature, one obtains the usual expression f o : )
the electron lifetime in the vicinity of the Fermi surface due?i)’ (8), (1), and(12) for excitation of an Ag film by a 25-fs

(10

i . 3317 near-infrared ¢ w,,=1.45 eV} pulse, is shown in Fig. 2 for
to inelastice-e collisions: time delays of @maximum of the pump pul$e100, and 400
1 me}(E—Eq)? fs (the metal gh_gracteristics used in the simulations are given
— F in Table ). It initially extends over a very broad range, and
TeelE)  647%3:3(2)2EYER subsequently strongly narrows as the electron-gas internally
thermalizes, the perturbed zone being then limited to a re-
2\EfrEsg [AEE gion of the order ofkgT, around Er (where T, is the
X | ———— +arctam/ —|.
4E-+Eg Eg electron-gas temperatyre
Electron distribution changes induce alterations of the op-
In our previous simulations the-ph interactions were tical property that are detected experimentally. In the pertur-
introduced in the relaxation-time approximatidAlthough a  bative regime, the differential transmissiad/T and reflec-
good description of the experimental results has been ohjon AR/R at a probe frequency,, are linear combinations
tained, the short-time-scale features associated with the if the changes of the real and imaginary parts of the optical
teraction of a nonequilibrium electron gas with the lattice aregielectric function:
overlooked, since a constant energy-transfer rate is implicitly
assumed.Here we have introduceetph interaction, assum- ATIT(wp) =t1Aeq(wp) T toAe(wp,),
ing deformation potential coupling. Although it is a rough
approximation in metal® it turns out that the type of cou- AR/IR(wp)=r1Ag1(wp) T 12A85(wp), (13
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the nonequilibrium regime, including the electron dynamics,
@ is a complex many-body problem, and is beyond the scope of
this paper, where we are mostly dealing with features asso-
ciated withAg'™.

Ill. EXPERIMENTAL SYSTEM

Measurements were performed in optically thin sily23
nm) and gold(25 nm polycrystalline films. The experimen-
tal setup is based on a femtosecond Ti:sapphire oscillator,
generating 25-fs-frequency tunable near-infrared pulses with
an average power of 1 W at 80 MHz. Part of the pulse train
is used as the pump beam, and induced transmissiVithT
and reflectivity AR/R changes are measured using a probe
pulse either out or in resonance with the interband transi-
tions. The interband transition thresholds in silver and gold
being 7Qp,~ 4.1 eV and ~2.4 eV, respectively, off-
resonant condition can be realized using a near-infrared
probe at the same frequency as the pump pulse or, in silver,
® at its second harmonic.
To probe the interband transitions in silver, we have gen-
ALOF , . , . , . erated femtosecond UV pulses by frequency tripling the
3 4 5 Ti:sapphire oscillator pulses. Part of the pulse train was first
Probe Photon Energy (eV) frequency doubled in a 10@m-thick BBO (beta barium bo-
o ___ rate crystal, and the infraredg and bluewg pulses were
FIG. 2._(a) Computed eIe_ctron distribution change in silver in- subsequently independently recompressed in fused silica
duced by intraband absorption of a 25-fs puldeof,=1.34 e\, qrigm pairs. The UV pulses were then created performing the
for tl;nefd"ellgys of %fdgtetfd ling, 1(;0 fs(daSh_dc;t.tEd ling andd sum frequencyw,g+wg in a second 10Qem-thick BBO
400 S(u. ine) and ATg"=100 K. (b) qurespon Ing compute crystal and temporally recompressed in a prism pair. The
transmission changesT/T for a 23-nm-thick film. . .
typical UV average power was 1@W. Cross-correlation of
the IR pump and UV probe pulses was measured at the po-

where the coefficientsy, t,, ry, andrj are alsowy, depen- sition of the sample by difference frequency mixing in a
dent. They have been computed from the equilibrium dieleCBBO crvstal ield?n az UV pulse durac'ltion o¥about%0 fs
tric function® taking into account the Fabry-Perot effect in ysta, y 9 P :

optically thin films37 For all the probe wavelengths, a standard pump-probe

To compare thé experimental and theoretical resilts, setup has been used_, with a.mechanical chopping of the
andAe, have to be connected tbf. Using Lindhard’s e>'<- pump beam and !ock-m detection of the probe beam trans-
pression[Eq. (5)] for q=0, including the electron optical mission or reflection changes. The pump and probe beams

teri 1y 38 btains th | ion o were independently focused into the sample using fused
scattering ratey,” one obtains the usual expression sor silica lenses of 50- and 70-mm focal lengths, respectively.

0.0

(normalized)

AT/T

w2 The high repetition rat€80 MHz) and stability of our fem-
e(w)=eP(w)———, (14)  tosecond system permits noise levels &F/T and AR/R
o(wtiy) measurements in the 10 range, and thus investigations in

the low-perturbation regimé¢pump fluences in the 5-200
wdlcm 2 rangg. It is convenient to characterize the energy
#Q,,~4.1 eV in silvey, the interband term'® is dominated ~ Mected by the pump pulse by %‘iﬁning a maximum equiva-
by transitions from the uppet band to the Fermi surface in €Nt €lectron temperature riskT,™ as the temperature in-
the vicinity of theL point of the Brillouin zone. The change C€réase of a thermalized electron gas for the same injected
of £® can be related t&f using theL-point band-structure €Nergy- Using the measured pump pulse absor_pglo[lland the
models developed by Rosei and co-workers for interpretin(?le%tgon'c heat capacity of silver~65xT, Jm “K™7),
cw thermomodulation measurements in silver and gold® Te ranges from 2 to 80 K. The electron heat capaClty
films 34 The AT/T dispersion computed in silver using this Peing much smaller than the lattice o0g, the final tem-
approach is shown in Fig.(B). |AT/T| exhibits a large am- Perature rise of the fully thermalized electron-lattice system
plitude aroundiw,,=4 eV with a delayed maximum value, 1 always smaller than 0.7 K.
reflecting the strong rise diAf| aroundEg as the electron
gas reaches a Fermi distributipiig. 2(a)]. IV. INTERNAL ELECTRON-GAS THERMALIZATION

A change of the electron distribution also induces a modi-
fication of the efficiency of the different electron-scattering
processes entering, and thus of the intraband part of Eq. The temporal evolution of the induced differential trans-
(14)]. These changes are related to a weakening of the effestissivity AT/T measured in the silver film is shown in Fig.
of the Pauli exclusion principle, and have been computed i3 for different probe photon energiésw,, around#(l;, .
the thermalized regime Extension of these calculations to The maximum|AT/T| amplitude is observed arourﬁng"r

where w,, is the plasma frequency. In noble metals, for fre-
quencies around the interband transition threskidlg (with

A. Optical investigation: Low-perturbation regime
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(normalized)

AT/T

AT/T (normalized)

0.0 0.2 0.4 0.6 0.8 1.0 : : .
0.0 0.5 1.0 15

Probe Delay (ps) Probe Delay (ps)

FIG. 3. Measured time dependence of the differential transmis- FIG. 4. (a) Differential transmissiolAT/T measuredull line)
sion AT/T in a 23-nm-thick silver film for different probe photon L .
! . : a0 (;AT"I"lesl K. Th Id'ff Fi P and computeq(for B=0.73, open dofsat hwpr_:3.97 eV in a
energies around s, an e - 1Ne CIerent CUVes are 53 hm silver film for ATM®~50 K. The dotted line is the pump-

vertically displaced for clarity. The dashed line is a phenomenologl-lorobe cross-correlatiorb) ComputedAT/T atfiwy, =4 eV for

cal fit assuming an exponential signal rise and ddé&ay (15)]. — 0.63 (dash-dotted ling 0.73(full line), and 0.83(dashed ling

=4 eV, withAT/T<0, in good agreement with the cw ther-

motransmission measureméettand the theoretical model- ~850 fs. The second term accounts for the small residual
ing of Sec. II. The dependence of tAd/T temporal shape Signal B<A) due to the weak heating of the lattice, and
on iw,, is similar to that reported in gold filfiswith, in  thus rises withre 5, A good reproduction of th&T/T be-
particular, the same change of sign/of/T with time when ~ havior is obtained by convolving the pump-probe cross cor-
probing away fromi wy, [Fig. 2(b)]. This complex behavior relation with R using 7= Tﬁ]g§350 fs (Fig. 3. Probing

is a signature of the delayed internal thermalization of thearound#{);,, only the distribution change aroutttt is de-
nonequilibrium electron gas, and was discussed in detail ifected, and although, a priori reflects electron redistribu-
Ref. 6. A similar analysis can be performed for silver, andtion over the full excited region, it is actually essentially
thus will not be repeated here. We will focus on the timedetermined bye-e collisions around the Fermi surfaggig.
behavior of AT/T around#w! which contains quantitative 2(@]. Their probability being largely reduced by Pauli exclu-
information about the internal thermalization dynamics ofSion principle effects, they are the slowest scattering pro-
the electron gas. cesses involved in the internal thermalization and thus lead

The measured T/T is shown in more detail in Fig.(4  to the observed longy,.
for 7 wp,~3.97 eV andA T~ 50 K. Similar behaviors were The internal thermalization time in silver is significantly

observed forATT® in the range 80—2 KAT/T reaches its shorter than the one measured in 90@3%590 fs® The
maximum value after only-400 fs, and subsequently decays condu_cnon—electron properties pelng similar in the two met-
due to electron-lattice energy transfer. This delayed rise red!S; this difference can be ascribed to weaker screening by
flects the finite buildup time of the change of occupationth® Pound electrons in AgTable ). The e-e scattering effi-
number of the probed electron states arofiad and is thus ~ Ciency being roughly proportional to {£p [Eq. (10)], 7y is
a measure of the electron-gas internal thermalization dynanfxpected to be about 35% larger in gold than in silver
ics. (7Y 749~1.35), in agreement with the experimental result:
A characteristic internal thermalization timg, can be 7}/ 7}d~1.4.
defined by assuming a monoexponential signal rise, and fit- A more precise description of the transiehT/T mea-
ting the experiments with a response function of the form sured in silver can be obtained by comparing it to the one
computed with the model of Sec. Il. Using static screening
R(t) =H(){A[1— exp(—t/7y,) Jexp( =t/ 7e.pn) with =1, the temporal shape is qualitatively reproduced,
. _ with the results showing, as expected, a rise time essentially
TBL= expl =t Tepn) ]} (15 determined by the-e interactions and a decay time by the
where H(t) is the Heaviside function. The first term de- e-ph coupling. A much slower rise time is however com-
scribes the purely electronic response which rises with th@uted, indicating underestimation of tleee scattering effi-
time constantr,, and decays by energy transfer to the latticeciency consistent with screening overestimation in the static
with the effective electron-phonon coupling time.,,  approximation[Fig. (1)]. A quantitative reproduction of the
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= FIG. 6. Computed time delay,  for which|AT/T| has reached
g 90% of its maximum value &t w, =4 eV in silver as a function of
~ — ¢ the energy injected in the electron gas measured\Bif'®. The

0.0 . . Time IDe‘ay (PSI) . inset showsAT/T computed forAT'°=100 K (dotted ling and

0.0 0.5 1.0 1.5

Probe Delay (ps)

2.0

FIG. 5. (a) Measured differential reflectivitAR/R for fiwp,
=2.5 eV in a 20-nm-thick gold film foATL'®~15 K (full line,
from Ref. §. The dotted line is the computetiR/R for =0.73.
(b) MeasuredAR/R for ATJ'®~1300 K (full line, from Ref. 40.
The dash-dotted and dotted lines are computead i *= 1300 and

1100 K, respectively. The inset shows the same results on a se

logarithmic scale, together with the computadRr/R for ATL'®
=100 K (dashed ling

data is obtained using a reduced screening vdth0.73

the range of exchanged wave vect@rset of Fig. 2. How-

neglecting exchange effects and umklapp proceSseéhe
second parameter entering the model, i.e., the effeetiph

tent with its value for a free-electron g '=2/3E-~3.7

1000 K (full line).

B. Optical investigation: Strong-perturbation regime

The above investigation has been performed in the low-
perturbation regime, i.e., for typicallATZ'°<200 K, for
which nonequilibrium electron relaxation is essentially deter-
mined by the unperturbed electron properties, and is thus
almost independent of the incident pump power. For larger

mé’nergy injection, the impact of the induced electron distribu-
tion change on the scattering rates becomes significant lead-
ing to pump-power-dependent temporal shape of the mea-

sured signals:?*

The reflectivity chang& R/R measured by Suet al.in a
[Fig. 4@], which corresponds to renormalizing the static 20-nm-thick gold film forA T5'®=1300 Kathw,~2.5eVis
screening term to better match Lindhard’s expression oveshown in Fig. %b). It exhibits a faster rise time and a longer
decay time than for low perturbatioATg °=15 K, Fig.
ever, it has to be noted thatalso phenomenologically com- 5(a)]. AR/R, calculated using thed and E values deter-
pensates for the various approximations performed in modmined in Sec. IV A(Table |, shows the same type of behav-
eling e-e scattering, in the Born approximations and ior, though with a slightly faster rise and a slower decay than
the experimental ondg$=ig. 5(b)], indicating an overestima-
tion of ATJ'®. A quantitative agreement is obtained for both
deformation potentiaE, is given in Table |, and is consis- the signal decay and rise times using a slightly reduced value
AT{®*=1100 K in the simulations. This difference is likely

eV (Ref. 32]. As E is independently determined by the due to an overestimation of the film absorption and/or to the
long-time-scale signal decay, the short-time delay behavioaveraging effect due to the electron temperature gradient
is mainly determined by and is very sensitive to its value. over the probed region, as a consequence of the spatial pump
This is illustrated in Fig. &), displaying the time depen- intensity profile.
dence of AT/T at hw'g"r computed for=0.63, 0.73, and The signal rise time decrease with increasing the pertur-
0.83. bation can be related to the large induced smearing of the
The conduction-band properties of gold and silver beingelectron distribution around the Fermi energy and to the con-
similar (Table ), the same electron kinetic model can be comitant increase of the-e scattering efficiency due to
used to analyze the results of Seinal.in gold® Using Rosei  weakening of the effects of the Pauli exclusion. A significant
et al’s band structure model for gofd the transient differ- acceleration of the electron internal thermalization takes
ential reflectivity measured around its maximum amplitudeplace forATZ'®, typically larger than 300 K, as shown in Fig.
(ﬁwmwz.s e\) is quantitatively reproduced using the same® for silver, where the calculated delay for whickiT/T| has
screening reduction factoB=0.73%? the only remaining reached 90% of its maximum value has been plotted as a
free parameter here being the effectqph coupling[Fig.  function of AT¢'® (this only represents a crude estimation of
5(a)]. The same agreement is obtained for the transmissivityhe thermalization dynamics since the signal decay time is
change. The different electron thermalization time measuredlso changing; see the inset of Fig. 6
in gold and silver can thus be entirely ascribed to the larger The concomitant slowing down of the electron gas cool-
d-band electron screening in gold. ing is also very well reproduced by the simulations, and is a
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consequence of the temperature dependence of the electron
heat capacity.After internal thermalization, the electron dis- 100
tribution is entirely described by its temperatdrg (i.e., its
total energy, and thus its dynamics by thg dynamics. This 80
can be described by computing the energy-loss rate to the ~
lattice using the Boltzmann equatipig. (1)], leading to the o 60
well-known rate-equation system of the two-temperature
model®? F 4
™ -
Ce(Te)dTeldt=—g(Te—Ty), 20
CLaTLlat:g(Te_TL)v (16) 0 [P SRR SR N Sl SRral |
where T, is the lattice temperature. The effective electron- 03 10 13 20023 30
phonon coupling constamtis related to= by Electron Energy (eV)
k m2q4 =2 FIG. 7. Energy dependence of the electron relaxation tpg;
= B—DH_ (17) measured by femtosecond photoemissi@rniangles, Ref. 13;
16p73h3 squares, Ref. )5and calculated with3=0.73 (full line) and g8

=1 (dotted ling in Ag. The dashed line is the electron scattering
out

For_ a Wga_lk per_turbation, i'ET?_T0<T0’ Ce(Te) - YTeCaN  ate out of theE state,7c . The inset shows the electron dephasing
be identified withC¢(Ty) Ieadlng to an ex.ponennal decay of {ime 7. measured by a space-resolved techniguaiares, Ref. 44
the electron temperature with the time constanfyn  and 2% computed using the model of Sec.(#lashed lingand for
~7yTo/g, in agreement with the experimental resdfts. _ no bound electron screening= 1, dash-dotted line

In contrast, for large perturbations, a nonexponential be-

havior is obtained, with a large slowing down of tfg

short-time delay decrease, which is eventually followed b>P°p”"%“°” decay and buildup Ieads.to_a more complex time
- . ; behavior of the computed photoemission signal, with a de-
an exponential decay with the time constagy,, as T, ap-

roachesT. . This behavior is in adreement with the mea- layed maximum. Extraction of a characteristic relaxation
Fs)ured oneL .and with that com utgd using the aeneral a time is then more complex, and necessitates taking into ac-
: : put g general aRsount the coupled dynamics of the different stdfeBirect
proach of Sec. I[see the inset of Fig.(b)]. However in this

nonlinear regime, extraction of theph coupling constant or comparison of the experimental and calculated signals is
of an internal thermalization time is difficult, the observed more appropriate here, and thus we have limited Pt

. i ' i estimation to high-energy states. Note that for low-energy
gleef(l:?r\gﬁrgdaespendmg strongly on the energy injected into thPStates, diffusion effects that are neglected in our calculations

can also play an important rofé142+44
Surface electron state dephasing was recently studied in
C. Comparison with other measurements silver at low temperaturg5 K) using a space-resolved
Time-resolved two-photon photoemission has been extertechnique’® The measured dephasing times are smaller than
sively used to study electron relaxation in noble metiid®  the bulk 73% (see the inset of Fig.)7 This suggests either
In these experiments, the dynamics of conduction-electropure dephasing effectéieglected in our calculationor a
states excited by a femtosecond pulse is followed as a funsurface-induced enhancement of the scattering(the e-ph
tion of their energy by monitoring the number and energy ofcontribution is negligiblg In particular, because ai-band
electrons photoemitted by a delayed probe pulse. The precélectrons’ exclusion from the metal surféheir contribu-
sion of the results is limited by the difficulty in determining tion to the screening is strongly reduced. As a rough approxi-
the absolute relaxation time and electron energy, only theimation we have calculated"y for no d-band screening.e.,
relative variations being precisely obtainéig. 7). In the  for £=1), which yields a much better reproduction of the
case of silver, only intraband excitation takes place, and théata(Fig. 7). However, a more correct approach should take
experiments can be described using the model of Sec. linto account only partiald-band screening reduction and
Following the experimental approach, an effective electrorother surface-induced effects.
relaxation timerpp,, is defined by fitting the signal calcu-
lated for an equal-pulse correlation configuration, assuming a
monoexponential system respori8elthough no parameter V. ELECTRON-LATTICE COUPLING
is used here, the times calculated for a reduced screening
with 3=0.73 are in good agreement with the measured ones On a time scale of a few hundred femtoseconds, the ex-
while =1 leads to a large overestimation 9f,: (Fig. 7).  cited electron gas is athermal, and is thus expected to exhibit
Tonot IS €ssentially determined bg-e collisions, but is  modified properties as compared to the thermal situation
significantly larger than the scattering timré_‘fet of an elec-  which is usually investigated. This can be shown by probing
tron out of its state bg-e collisions calculated using E¢B), the transient transmissivity and reflectivity of a metal film
with 8=0.73 (dashed line in Fig.)7 due to repopulation of well below Q;,. In particular, using off-resonant conditions
the lower-energy states during relaxation of the higher{i.e., wy,+ 0, <Q;p), it has been shown in silver that the
energy electrongcascading effe¢t!*1§. For low electron athermal character of the distribution leads to a slowing
energy E<0.6 e\), this competition between electron state down of the electron gas energy losses to the lattice.
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FIG. 8. (8) Measured transient changes of the i@all line) and  film atiwp,=1.45 eV on a logarithmic scalgull line). The dotted

imaginary (dotted ling parts of the dielectric functios for Ziw,, and dashed lines are the interband contributiof 49 computed for
=hwyp=1.45 eV andATM®=55 K in a 25-nm-thick Au film.(b) the transient electron distribution and for a thermal electron gas,
Computed changes ef due only to its interband term. respectively(b) MeasuredAe; in a 23-nm Ag film forfiw,,=2.9

eV (full line). The dashed line shows an exponential decay with
Te.on= 850 fs. The dotted line is the average of the calculateq

We have investigated this effect in a 25-nm-thick gold gjng the Rosei and parabolic models.

film by exciting the electron gas with an infrared pulse
(A pp=850 nm), and probing the induced transmissivity and behavior is observed, an exponential decay with a time con-
reflectivity changes at the same wavelength. The changestantr,.,;~950 fs being recovered only on a long-time scale
Aey and Ae,, deduced using Eq13), are shown in Fig. (t=1 p9. This demonstrates that the electron-gas—Ilattice
8(a). The off-resonant condition being not satisfied for goldenergy-transfer rate increases with time to reach a maximum
(hwppthwy>hQi,~2.4 eV), interband absorption ab,, constant value when the electron gas is internally thermali-
involves final conduction-band states arourf,=Er  zed. In a simple qualitative approach, this behavior can be
—h(Qi,— wp), in the energy region where the electron oc-related to the increase of the number of electrons out of
cupation number is reduced during excitati¢inom Eg equilibrium with the lattice during redistribution of the in-
—hwp, to Eg; Fig. 2). Interband absorption ab, is thus  jected energy:>*" The number of electrons that can emit a
induced, and relaxes in a few femtoseconds as short livinghonon and, consequently, the electron-gas energy-loss rate
states far from the Fermi energy are involveB-(-E. to the lattice, thus increases with time. This single-electron
~0.95 eV; the “holes” belowEg having a similar dynamics description is only valid for a strongly athermal distribution,
as the corresponding electrons ab&e, Fig. 2), leadingto and a constant rate is reached as the electron temperature is
a fast rise and fall oA e,. After this transientAe, reaches a established, corresponding to a collective description of the
plateau, that can be attributed to an increase of the averagdectrons via their temperatufgq. (16)]. .
electron scattering ratg [and thus of the Drude term con- A very good agreement with the computed trans'ztsasafJ
tribution, Eq.(14)] induced by an increase of tleeph inter-  is obtained(Fig. 9), using the model of Sec. Il with, as ex-
action due to thé rise?® pected, a time shape almost identical to the calculated one
Using the measurefl e, amplitude and Eq(14), one can  for AE.,. Using the same factor to normalize the computed
easily show that the Drude contribution4e ; is negligible® As'lb and As'zb, the amplitude of the transient peak of the
Aeg, is thus essentially due to a modification of the interbandatter is also correctly reproduceéig. 8b)]. The origin of
term Ae'lb. When probing away fronf);, , As'lb is almost  the transient slowing down of the electron-gas—Ilattice energy
proportional to the excess energyE,, in the electron gas transfer is confirmed by simulations performed assuming
(i.e., the difference between its transient total energy and itguasi-instantaneous electron thermalizatioe., artificially
quasiequilibrium one when thermalized with the latti@nd  increasinge-e coupling in the simulations A monoexpo-
the Ae; dynamics is a measure of the electron-lattice energylentiaIAa'lb decay with the time constant_,, is then ob-
transfer’ The time evolution ofAe; can be more clearly tained (Fig. 9), consistent with the two-temperature model
analyzed by plotting its amplitude on a logarithmic scale[Eq. (16)]. In addition, a negligible induced interband ab-
(Fig. 9. As in silver films, a nonexponential short-time delay sorption is calculated[i.e., Asizb(hwp,)~0], since the
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can also take place in other regions of the Brilloun zone, as
states well belowEg are perturbed. This leads to a larger
density of states for the transitions, and thus to a larger tran-
sientAeg,. To estimate the role of this effect, we have com-
putedAe™®, assuming undispersatibands and a parabolic
isotropic conduction band. As expected, is then overes-
timated (Fig. 10), this model overestimating both the joint
density of states for the transitions and the occupation num-
ber reduction of the final states due to neglectirgand
dispersion. A very good reproduction of baNt, andAe;
is obtained by phenomenologically averaging the results ob-
tained for the two band-structure modé#sg. 10. Note that
both models yield a good qualitative description of the mea-
sured features, with a transient interband contributiof 49
and a short-time-scale nonexponential decayAef; (Fig.
00 05 10 13 10), consistent with the results in gold and the off-resonant
Probe Delay (ps) measurements in silver.

L : . . VI. CONCLUSION
0.0 0.2 0.4

Probe Delay (ps)

Ultrafast electron-electron and electron-lattice interactions
have been investigated in noble metals using two-color fem-
) ) ) tosecond pump-probe techniques, and modeled performing

FIG. 10. Measured transient changes of the arand imagi-  gjectron kinetic simulations. Experiments were performed in
nary (b) parts of the dielectric function dtw, =2.9 €V in a23-nM e 1o\y-perturbation regime in optically thin films by creat-
Ag film (full lines) for iwp,=1.45 eV andATe"=18 K; the inset - 3 o athermal electron distribution by intraband absorption

shows the same results on a longer time scale. The dotted an a near-infrared pump bulse. and probing the optical brop-
dashed lines are the interband induced changes computed using tﬂet ed pump p ' P gt P prop
rty changes either in or out of resonance withdh®and to

Rosei and parabolic band-structure models, respectively, and th duction-band t iti In the f th
dash-dotted line is their average. conduction-band transitions. In the former case, the response

is sensitive to the conduction-electron distribution around the
Fermi surface, and thus to the internal thermalization of the
changes off are restricted to a small energy range of theelectron gas. This is found to take place with a characteristic
order ofkgT, aroundEg . time 7,,~ 350 fs in silver, smaller than previously reported in
To confirm our interpretation, we have performed similargold r,,~500 fs. This difference is ascribed to smaller
measurements in silver exciting the electron gas with an inscreening of the electron-electron Coulomb interactions by
frared pulse, and probing the transmissivity and reflectivitythe d-band electrons in silver than in gold.
changes at the double frequency. The off-resonant conditions The electron relaxation dynamics has been modeled by
are also not satisfied here and, as expectesl, and A,  numerically solving the Boltzmann equation for quasi-free
show similar behaviors as in gold with, in contrast to ourelectrons. Electron-electron interactions are described using
previous off-resonant study in silvera transientAe, peak @ statically screened Coulomb potential, and phenomenologi-
due to induced interband transitioff&g. 10. The small am-  cally reducing the screening wave vector to take into account
plitude of the long delay\e, is consistent with the small conduction —electron screening overestimation by the

intraband contribution te in the blue region of the spectrum | homas-Fermi model. Electron-phonon interactions have
[Eq. (14)] been modeled assuming deformation potential coupling, and

Both Ag; and Ae, being dominated by the interband using a Debye _model for the _ph(_)no_n band structure. The
. . : . . computed transient electron distribution are related to the
term, their experimental and theoretical time behaviors can .. . .
be quantitatively compared here. The absolute amplitude ptlce_ll property chanqes observed experimentally using the
ib : T osei and co-workers’ band-structure modé&’
the computedie™ is set byb normalizingAey’ to the mea- In both silver and gold, the computed changes are found
sured value at~0.5 ps,Ae’ then being multiplied by the {5 reproduce the experimental ones quantitatively, using the
same factor. Using the band structure model of Rosei , @ame screening reduction factor and taking into account the
qualitative reproduction of the measured data is obtainediifferent d-band electron screening. The results were found
with however, a clear underestimation of the, amplitude  to be very sensitive to the screening efficiency by both the
as well as of the short-time deldye, (Fig. 10. Rosei model conduction and bound electrons. The internal thermalization
has been developed to describeehanges arounfl;, in a  time 7, is essentially determined by electron-electron scat-
quasiequilibrium regime. Only alterations of the interbandtering in the vicinity of the Fermi energl(, whose prob-
transitions involving final states close g thus have to be ability is strongly reduced by band-filling effects. In the low-
considered, and the band-structure description can be limiteperturbation regime(equivalent electron temperature rise
to the vicinity of theL point3® For strongly athermal distri- <300 K), the dynamics is determined by the unperturbed
butions and probing off resonance, the induced absorptiorlectron properties, and thg, decrease from gold to silver
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reflects decrease of tltkband electron screening. For larger has been studied using a probe frequency well below the
energy injection, the induced large smearing of the electroimterband transition threshold. The change of the real part of
distribution aroundgg significantly weakens the electron- the dielectric function deduced from differential transmission
electron-scattering blocking effect due to the Pauli exclusiorand reflection measurements thus essentially reflects the tran-
principle. A faster electron internal thermalization is thussjent excess energy in the electron gas. The results in both
calculated, in very good agreement with the experimentakijlver and gold films show a reduction of electron-gas energy
results previously reported for gofd. losses to the lattice during the first few hundred femtosec-
To test the validity of our theoretical approach, we havegnds, when the electron distribution is athermal. The transfer
used it to model two-photon femtosecond photoemission eXrate increases with time, and eventually reaches a constant
periments in silvef*° The calculated effective electron re- yajue as the electron gas internally thermalizes. In both met-
laxation times are in good agreement with the experimentad|s, the results are in quantitative agreement with our simu-
ones in the electron energy ran@gpically E-Er=0.6 €V),  |ations and reflect the change from an individual to a collec-

where a simple fitting procedure can be used and diffusioive electron behavior during electron-gas internal
effects neglected. The results of our model have also beejmermalization.

compared to the surface electron dephasing times recently
determined by a spatially resolved technique. The computed
times have been found to be larger than the experimental ACKNOWLEDGMENTS
ones, probably because of surface effects.
The impact of the short-time-scale athermal character of The authors wish to thank M. Aeschlimann for helpful
the distribution on the electron-gas—Ilattice energy exchangdasformation on femtosecond photoemission measurements.
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