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Nonequilibrium Electron Interactions in Metal Films
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Ultrafast relaxation dynamics of an athermal electron distribution is investigated in silver films using
a femtosecond pump-probe technique with 18 fs pulses in off-resonant conditions. The results yield
evidence for an increase with time of the electron-gas energy loss rate to the lattice and of the free
electron damping during the early stages of the electron-gas thermalization. These effects are attributed
to transient alterations of the electron average scattering processes due to the athermal nature of the
electron gas, in agreement with numerical simulations. [S0031-9007(98)06720-9]

PACS numbers: 78.47.+p, 78.20.—e, 78.66.Bz

The average properties of a free electron gas, such ascillator (Ao ~ 1.45 eV). Electrons are thus excited
the average electron scattering rate and the electron-g&®m below to above the Fermi energy, creating a strongly
energy losses, play a central role in the fundamental andthermal distribution (Fig. 1, inset) that internally thermal-
technological properties of metallic and semiconductoiizes by electron-electron scattering on a 500 fs time scale
systems. Although these are basically determined byl,3,6]. The induced reflectivityAR /R, and transmissiv-
the individual electron interactions, a collective behavior,ty, AT /T, changes are measured at the same wavelength
related to the electron temperature, is observed for asing atime-delayed probe pulse. This off-resonant prob-
thermalized electron gas. A drastically different behavioring permits measurements of weak features associated with
is expected for an athermal electron gas with thus stronglghanges of the electron-gas average properties.
modified average electron properties. A conventional pump-probe setup has been used with

With the advance of femtosecond lasers, such transiemtifferential and lock-in detection of the probe beam trans-
athermal electron distribution can now be created andnission and reflection changes. The two cross-polarized
probed. In particular, in the case of noble metal systemdyeams are focused over a focal spo36fum in diame-
it has been shown that screening of the Coulomb interter on a 20 nm thick polycrystalline silver film grown on a
action and the Pauli exclusion principle effect drasticallysapphire substrate. The high repetition rate (80 MHz) and
reduce the electron-electron scattering probability, leadingtability of our femtosecond system permits noise levels
to a slow internal thermalization of the electron gas on dor AT /T andAR/R measurements in thie)~° range.
few hundred femtosecond time scale [1-4]. This long- The measured transient reflectiviyR /R, and trans-
lasting nonequilibrium situation offers the unique possi-missivity, AT /T, changes are shown in Fig. 1 for a pump
bility of analyzing the interactions of an athermal free
electron gas with its environment and their dynamic evo-
lution during electron internal thermalization.

Using silver as a model system, we have investigated
the properties of a nonequilibrium electron gas using a
femtosecond pump-probe technique. We show that off-
resonant probing (i.e., far from the interband transitions)
of the optical property changes of a metal film after
ultrafast perturbation of its electron distribution, permits 04
selective investigation of the free electron-gas energy loss
rate to the lattice and of the average electron scattering
rate. The results yield evidence for an increase of
both of these rates as the initially athermal electron gas
evolves to a thermalized distribution, due to the interplay
between the different scattering processes for strongly L L ) 1
nonequilibrium electron distributions. 0.0 0.4 0.8 1.2

Measurements were performed in silver using a fem-
tosecond pump-probe technique with near-infrared pulses
to satisfy the off-resonant conditions (the threshold for in-FIG. 1. Transient transmission (solid line) and reflection
terband transitions in silver iQ;, ~ 4 eV [5]). The (dashed line) changes measured in a 20 nm thick Ag film

AT . Lok for infrared excitation and probin¢iew ~ 1.45eV) at T, =
electron distribution of an optically thin film is perturbed 595 " The pump fluence 1990 wJ/cn?. The inset shows

py_intraband _(free electron) abs_orption of the_transfo_rmhe equilibrium electron distributionf, dotted line) and the
limited 18 fs infrared pulses delivered by a Ti:sapphireperturbed onef, solid line); Er indicates the Fermi energy.
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FIG. 2. Short-time behavior of the normalized’/T (solid  FIG. 3. Induced changes of the real patte(, solid line)

line) andAR/R (dashed line). Also shown are the pump-probeand imaginary partAe,, dotted line) of the metal dielectric

cross correlation (dash-dotted line) and its integral (dotted line)constant obtained from the measured transmission and reflection
changes in the 20-nm-thick film.

fluence of190 uJ/cn? that would correspond to a maxi-

mum electron temperature risdf, ~ 90 Kforathermal-  y qiea origins of the induced changes of the dielectric
;Ized elect_ronhgas. Similar result;\z/ve_re ot&talned for pum onstant dispersive and absorptive parts.
uences in the range 500—4J/cnr (i.e., AT, ~ 200 The metal dielectric constant = &; + ie, can be

2 K). The observed changes show very different short timg, .t as the sum of free (intraband) and bound (inter-
delay behaviors. ThAT/T rise closely follows energy band) electron contributions:

injection in the electron gas [i.e., the integral of the pump-

probe correlation (Fig. 2)]. In contrasiR/R exhibits a Y w/%
delayed rise and reaches its maximum value after about e(w) = &”(0) — (@ + 1)’ 1)

120 fs, indicating thaR/R and AT /T are sensitive to
different electronic property changes. No modificationwhere w, is the plasmon frequency ang is the free
of the measured responses was observed with silver filralectron optical scattering rate. In noble metals the
aging, indicating that oxidation does not significantly in-interband terme® is dominated by transitions from the
fluence our results. full d bands to the Fermi surface states. Energy injection
In the weak perturbation regime investigated herejnto the electron gas results in a spreading of the electron
AR/R andAT/T are linear combinations of the changesdistribution around the Fermi energg{), and thus to
of the real,Ae;, and imaginaryAe,, parts of the metal an induced (reduced) absorption for interband transitions
dielectric function. The coefficients of these combinationgo electron states below (abovej)r. These transitions,
can be calculated from the known optical properties ofowever, take place at large photon energies and hence,
silver [7] taking into account Fabry-Pérot effects [3]. Forfor sufficiently small pump and probe photon energy
our probe wavelength\7 /T essentially reflectd e, (the (i.e., 2hiw < hiQ;,), As, is only due to changes of
contribution ofAe; to AT /T is about 5 times larger than the intraband term{Ae5 = 0). In contrast,Ae;, which
that of Ae,) while AR/R reflects bothAe; and Ae,, is sensitive to the integrated absorption spectrum, is
whose transient behaviors can thus be determined (Fig. 3jominated by changes of the interband terh (the
A striking difference here is that, as7 /T, Ae; exhibits  change of the real part of the free electron contribution
no rise time while, ad\R/R, Ae, reaches its maximum Ae™™ is negligible; see below). This can be calculated
value after about 120 fs. This demonstrates the differ|ermsing the Kramers-Kronig relation:

(@ = Qp + Qa)'g(@"[ folio) = fia")] |
Asi(@) = [ (@ = QF + Qp)? — 2 do @

where undispersed bands have been assumeg, and | proportional to the electron-gas excess enefgy, [4]:
f are the equilibrium and transient electron distribution

functions andg is the conduction band density of states. b 532 , , ,

In off-resonant conditions, one can show that? is Agy = [ o[ f(ho') — fo(hw')]de' < AE,. (3)
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The short time delay increase dfe; thus essentially
reflects the time evolution of the excess energy stored in
the electron gas and is expected to rise instantaneously, in
agreement with the experimental results. Furthermore, its
delay yields information on energy transfer to the lattice
permitting direct investigation of its dependence on the 3
electron distribution.

The temporal dependence dfs; is shown in Fig. 4
on a logarithmic scale after subtraction of its final back-
ground value. The initial decay dfe; clearly shows that
the electron-gas energy losses to the lattice are initially
slow and increase over a time scale of a few hundred fem-
toseconds (Fig. 4). For longer times, a constant rate is
reached, corresponding to an exponential decay (Fig. 4),
in agreement with the theoretical results for a thermal-
ized electron gas (two-temperature model [8,9]) in the
weak perturbation regime [3]. The time constant of the
long term exponential decay yields an effective electron-
phonon coupling time of900 fs, consistent with pre-
vious measurements [4]. A similar behavior has been
observed in gold films with, however, an additional fast
transient peak due to transient induced interband absorp- ot
tion at the probe photon energy (in contrast to silver, 0.0 0.5 10 15
2fiw > FEQ; in gold and Aeb(w) # 0 for very short Time Delay (ps)

tlmeh_del_ays). ith ti f the effecti | FIG. 4. (a) Measured transient change of the real part
This increase with time of the effective electron gas-uf the dielectric constant on a logarithmic scale. The dashed

lattice coupling is a direct consequence of the noninjine corresponds to an exponential decay with 900 fs. (b)
stantaneous internal thermalization of the electron gasCalculated evolution of the real part change of the interband
During the excitation process, a very small number of eleccontribution to the dielectric constanke! (solid line), and of
trons gains a large excess energy as compared T. the excess energy stored in the electron g4, (dotted line).

As a crude approximation, separating the electron gas intﬂal decay to be identical to the measured one. The time

unperturbed and nonequilibrium electrons, only the IatteEje endent changes of the interband texet are calcu-
ones can lose energy by phonon emission. Their numb% P 9

) e ; ted from the electron distribution using the band struc-
increases with time as electron-electron scattering redlst-u

tributes energy among the carriers: this leads to an over- < model of Roseét al. [S].
) 9y 9 : . . The results are in very good agreement with the ex-
all increase of the energy loss rate to the lattice durin

. .. perimental ones, showing in particular the same transient

the early stages of the internal electron-gas thermalizatio : . .
; o evolution of the signal decay to an exponential behav-
[2,4]. As internal thermalization is approached, the above . . . o
or (Fig. 4). As expected, this behavior is very similar to

separation is no longer valid and a constant energy loss rakﬁat of the excess energy stored in the electron gas with

is eventually reached, corresponding to collective electron- : . o . D
gas-lattice interaction as described by the two—temperaturoenIy a slight short time delay deviation (Fig. 4). This is

X ) A a consequence of the initial perturbation of the occupa-
model. This evolution from a quasi-individual to a collec- . X
t{on number of electron states far below the Fermi en-

tive electron behavior is responsible for the observed shor . o
: . ergy that leads to more resonant transient contributions
time nonexponential excess energy decay.

b - )
The above description of the interplay between eIec-.to &1 [Ea. (2)]. S'T”"af calculatlon_s p_erformed assum

o ing instantaneous internal thermalization of the electron
tron thermalization and energy losses can be made MOIE’ " 1w onlv an exponential decavo’  in aareement
guantitative by computing the electron-gas relaxation dygvith the two-t)émperariure model YRET 9
namics using the Boltzmann equation for electrons, in- The conduction band electron states probed from the

cluding electron-electron and electron-phonon scattering .
Numerical simulations were performed for a free electrond bands are not perturbed and, in contrasiMey, Ae;

gas using statically screened electron-electron Coulomfects only the modification of the intraband optical

interaction [3]. Deformation potential electron-phonon in_absorlptlon_. Usllcngr;]the Drude moqlell, this is _connectfed to
teraction has been introduced using the Debye model fott'E: (?I;?:;?gr?g of the average optical scattering rate

the phonon dispersion. The only parameter is the ampli- )
tude of the deformation potential coupling which has been Agy (a)2 - y2> Ay Ay

set by imposing the computed long time (exponential) sig- & w?+y2) 5 y

(arb.units)

AE,

b .
Agp

(4)
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Our results thus demonstrate a noninstantaneous increadg/wAe>(w). With the probe photon frequency be-
of y with energy injection in the electron gas (Fig. 3), anding much larger than the electron scattering rage~(
thus the modification of the efficiency of the scattering20 meV [7]), Ae™™ estimated from the measurelk,
processes with the electron distribution character (atheiis thus much smaller than the obseruid,, indicating a
mal or thermal). Ae,, and thusAy, subsequently decays negligible intraband contribution tAe;.
and reaches a plateau with a temporal behavior com- In conclusion, transient optical reflectivity and trans-
parable to that measured far;. missivity changes have been investigated in silver films

For short time delays all of the excess energy is storedsing a femtosecond pump-probe technique with 18 fs
in the electron gas, and the increaseyotan thus be at- resolution. Experiments were performed in the weak per-
tributed to changes of the electron scattering process effturbation regime in off-resonant conditions, permitting
ciency as the electron distribution broadens in the vicinityone to connect the deduced changes of the real and imag-
of the Fermi energy (weakening of the Pauli exclusioninary parts of the metal dielectric constant to fundamental
effects). Although at room temperature electron-phonorproperties of the free electron gas, i.e., respectively, the
interaction is the dominant process, the other scatteringlectron-gas energy losses and the electron optical scatter-
mechanisms (i.e., electron-defect and umklapp electroring rate.
electron scattering) can also contribute to the observed The results demonstrate that the electron-gas energy
changes. Their computation in the general situation ofosses to the lattice increase with time during the early
a nonequilibrium electron distribution is far beyond thestages of the electron-gas internal thermalization, in very
scope of this paper, and we have only performed crude egood agreement with numerical simulations of the free
timates using the results for thermal systems [10,11]. Foelectron dynamics. This behavior reflects evolution from
our probe photon energy, the dominant changes of the ofan individual to a collective electron-lattice type of cou-
tical electron scattering rate is expected to originate fronpling, mediated by electron-electron interactions. Induced
the temperature dependent part of the electron-electrofinee electron optical absorption has also been demonstrated
scattering rate [10]. For an electron temperature risavith a rise time of about 100 fs, showing a noninstanta-
of 90 K and a relative contribution of electron-electron neous increase of the average electron scattering rate. This
scattering to the total scattering rage./y ~ 5 X 1072 indicates a strong dependence of the probability of the elec-
[11], Ay/y is estimated to be of the order ®0>, cor-  tron scattering on the electron distribution, and theoreti-
responding toAe, ~ 4 X 107* [Eq. (4) with e; ~ 0.5  cal investigations of these processes for off-equilibrium
[7]l. This is consistent with the measured value whendistributions would be particularly interesting here. The
one takes into account the approximations in computingnduced scattering is likely dominated by the increase
umklapp electron-electron scattering and the possible rolef electron-electron scattering for short time delays and
of the interfaces. The observeXle, rise time suggests electron-phonon scattering due to the lattice temperature
that, as for electron-lattice energy exchanges, the electromise as the full system reaches thermal equilibrium.
electron collision rate also evolves during energy redistri-
bution in the electron gas with its probability increasing
on a 100 fs time scale.
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