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Electron Dynamics in Copper Metallic Nanoparticles Probed with Femtosecond Optical Pulses
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The thermalization of electrons in copper nanoparticles embedded in glass is investigated using
femtosecond pump-probe spectroscopy. The time dependent induced transmission is enhanced near
the surface plasmon resonance of the nanoparticles, as opposed to the static one obtained with
thermomodulation measurements. In addition, a slowing of the process of electron cooling to the
lattice temperature is observed at the plasrnon resonance. These observations show the importance of
quasiparticle collisions in confined metallic structures.

PACS numbers: 78.47.+p

The scattering and absorption of light by metallic
nanoparticles embedded in a transparent matrix depend
on both the complex dielectric function of the metal
and the boundary conditions at the metal surface. In
particular, in the spectral region corresponding to the first
order plasmon mode obtained from the theory of Mie
[1], the optical susceptibility is resonantly enhanced [2].
Regarding the electron dynamics in metal spheres, the
surface scattering of electrons leads to a linewidth of the
plasma resonance inversely proportional to the particle
size. It can be taken into account by an effective mean
free path of electrons propagating at the Fermi velocity
[3—5]. This geometrical effect is, a priori, not related
to the thermodynamics of the electron distribution. The
aim of the present work is to investigate the dynamics of
hot electrons in copper spheres when a nonequilibrium
quasiparticle population is created by ultrashort optical
pulses. The dominant scattering processes involved in
this temporal domain are electron-electron (e-e) and
electron-phonon (e-p) collisions. Unique information on
the dynamics of metallic confined structures is obtained
by comparison with measurements in thin metal films.

The dynamics of the electron gas in the nanoparticles is
investigated with femtosecond pump-probe spectroscopy
as reported in the study of metal films [6—8]. The pump
pulse initially heats the electron gas which subsequent ther-
malization and relaxation to the lattice is temporally and
spectrally resolved with the probe pulse. Thermalization
refers here to the temporal regime during which e-e colli-
sions are very effective in redistributing the initial nonequi-
librium quasiparticle distribution. An important aspect in
the case of copper spheres is the transition d ~ EF from
the filled d band to the Fermi level of copper (energy FF)
and the plasmon resonance which energy E&&„ is close
to this transition. Two main results are reported. First,
the time dependent transmission spectra are compared with
those obtained with a static thermomodulation technique
on the same sample. These measurements show that the
differential transmission is enhanced near the plasmon res-
onance during several hundred femtoseconds. This con-
firms the results of Farm et al. [9] who have shown that in

gold films the initial non-Fermi-Dirac electronic distribu-
tion persists for a very long time (-1 ps) after excitation.
It clearly establishes that the electron dynamics in metal
nanoparticles must include e-e interactions and not only
the energy relaxation to the lattice, as recently proposed in
a similar system [10]. Second, the relaxation of electrons
to the lattice is slower at the surface plasmon resonance.
This effect is absent in copper films in the same energy
range. A Landau damping mechanism is proposed to ex-
plain this process.

For the femtosecond pump probe experiment, we use
pump pulses of 80 fs duration generated by a 620 nm col-
liding pulse mode-locked cavity, amplified by a 5 kHz
copper-vapor laser. The probe pulses of 10 fs duration
come from a fiber-generated, third-order-compensated
continuum using part of the amplified beam [11]. The
maximum pump energy density is 0.5 mJcm corre-
sponding to a rise of the electronic temperature of sev-
eral hundred kelvin. The differential transmission spectra
AT/T(Rau, t) are measured with a spectrograph and dual-
array multichannel analyzer as a function of the time delay
t between the pump and probe pulses. For the static ther-
momodulation experiments, we use the 488 nm line of a
cw argon laser as a heating source and a stabilized tung-
sten lamp as the probe. The 200 mW unfocused pump
beam corresponds to a sample heating of a few kelvin.
The same detection is used to measure the static ther-
momodulation spectra AT„„/TThe samples are c. opper
nanoparticles with spherical shape of 10 nm diameter as
measured by transmission electron microscopy. They are
embedded in a 150-p,m-thick glass matrix with a volumic
concentration of 2 X 10, so that interparticle effects
can be neglected. In addition, we compare the dynamics
obtained in the spheres with the one obtained from copper
films. We use 30-nm-thick polycrystalline films freshly
deposited on a glass substrate. All the measurements are
performed at room temperature.

Figure 1(a) shows the optical density of the sample con-
taining the nanoparticles, the pump and probe spectra,
and the spectral positions of the plasmon resonance and
d ~ EF transition. The choice of copper as the active
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FIG. 1. (a) Absorption spectrum (full line) of the copper
l near the Mie resonance and spectra ofnanoparticle sample near e

h (dotted) and probe (dashed) pulses. ( ) ump-prothe pump o e
o er nano articles withdifferential transmittance from the copper n p

0.5 mJ/cm pump intensity.

metal is determine yd b the proximity of these two energies,
wh h is an important requirement for the present stu y.
EdF = 2.19 eV, Epi„~= 2.22 eV). In Fig. 1(b), the

differential transmission b T/T(hru, )
'

pt~ is re resented for
various pump-pro e eb d lays. This series of spectra shows
the overall electron redistribution around the Fermi leve

states, respective y). ni
'

1 & I itially and during about 700 fs,
the spectra broaden on both sides of the Fermi level an
narrow later on uringd the cooling process. Another im-
portant eature is ef is the asymmetric spectral shape of T

oint AT/T = 0),with respect to the energy crossing point (
cond. This iswhich is observed during the first picosec

in Fi . 2(a) where we have plotted AT T
he dela 0.5 ps (dashed line) together with t e sta icfort e eay

thermomodulation signal hT„„/T(Firu)i,u ine .
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tributions, AT/T(hru, t = 0.5 ps) is enhanced in the en-

ergy range c ose to e1 the plasmon resonance. is be-
fhavior is proper to the nanoparticles. In the case o

the thin copper ms, efil th dynamical and static measure-
ments both presen e sh t th arne spectral features in transmis-
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embedded particles the very weak differential reAectiv-
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different energies Fi~ = 2.255, 2.18, and . e
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where x ip eff an ye ff ard are the effective plasma frequency
and inverse collision time of the collective mode, ta-
ing into accoun et th surface scattering of the electrons
at the metal-glass interface. They can be derived within
a quantum description of the confined electronic states
in the sphere [4,13]. For the interband term, we as-
sume a dispersionless d band and a parabolic conduc-

with respect to the d band. y„is the inverse scattering
time between quasiparticles. The constant K is equal to

*p'2 *y' h where p, is the dipole moment
which is supposed wave vector independent for all transi-
tions and obtained from the f-sum rule.

Equations (1) and (2), together with the Mie theory,
allow one to reproduce the static thermomodulation mea-
surements. The differential spectra are obtained via the
variation of the lattice temperature O'L in the electron oc-
cupation number g(hru, 0'I.) and via a linear tempera-
ture dependence of the effective plasma damping (y,ff

0' ). This procedure is analogous to the one
used by Rosei and Lynch [14] to explain thermomodu-
lation in thin copper films, except for the additional e-e

th 'ntegral of the interband dielectric
function Even though in the static regime of excitation,
and at room temperature, the dominant damping mech-
anism is due to intraband processes via e-p scattering
15], we find that a weak e-e damping enables one to

better fit the experimental curves. This is due todue to the fact
that, in copper, the Debye temperature 0&, which deter-
mines the relative importance of e-e and e-p collisions,
is slightly higher than the room temperature at which the

15 K~. The lass-experiments are performed (Ort = 3 ). e g
nanoparticle transmission is calculated using the Mie scat-
tering coefficients a~ and b~ for the electric and magnetic
modes [16] up to order l = 5:

r
T(hew, OL) = exp

2mR2LN
2

Xp

X g (2l + 1)Re[ai(xp, x;)
/=i

+ bi(xp, x;)], (3)

with

CcP CO

Xp = QEintra + e inter ~rg lass ~ i
C C

where R is the particle diameter, N the volume density
of nanoparticles, L the sample thickness, c the speed

1' h, the refractive index of the glass ma-
trix. Figures 3(a) and 3(b) show the compute opti-
ca ens1 d nsity and thermomodulation spectra using Eqs. 1—

T Ittu(3), together with the experimental ones. AT, t t/ ( rtt)
correspon s to an incd t ncrease of the lattice temperature
501. of 15 K. The parameter values are R = 5 nm,
I. = 0.15 mm, es»„=2.25 (the weak frequency dis-
persion of the glass matrix being neglected),
005 eV, yeff = 01 eV, yeff = 10 " eVK ~ heff =
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FIG. 3. Modelization of static and dynamical spectra of the
er nanoparticles: (a) fit of the linear absorption; (b) staticcopper nanopa

hT/T corresponding to a lattice temperature eleva
'

c dynamical /ttT/T corresponding to a pump-probe delay of
500 fs.

9.4 eV, Fg = 1.55 eV, and F.F = 2.19 eV. The above
value of the plasmon damping y, ff is in agreemreement with
recent measurements on Ag islands [17] where the relax-

40 fs.ation time of plasma oscillations is of the order o
Introducing a size distnbution in Eq. 3 we found that
this fast damping process has the same spectral effects as
an inhomogeneous broadening.

We now discuss the dynamical results. A first ap-
proach is to assume a time dependent electronic temper-
ature O, (t), and to compute the corresponding dielectric
function for each temporal delay without considering e-e
scattering processes. This procedure, although employed
in many works on the dynamics of thin metallic films, is
not sufficient to explain the asymmetrical spectral shape
of Fig. 2(a) (dotted curve). This is straightforward from
Eq. (2) since, in the limit of small damping y, „andus-
ing 2 (1/x + iy) = 1/x —i7r6(x), one readily obtains

(R co —E~)
r)0'e k0' [1 + exp(pro —EF)/k0, ]

(4)

This function has equal contributions aroun E and
therefore cannot reproduce the asymmetrical spectra
shapes at short delays. A more realistic approach is to
intro uce a amd d mpin~ due to e-e collisions. For instance,
in the Fermi liquid theory, the spectrotemporal variation
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of the e e-collision time is given by [12]

~
(m*)'(w) (r~ —z, )' + (~i O, )'

167r4Fi [I + exp(EF —hco)/kO', ],
'

(5)

where (W) is the average transition probability for a
two-quasiparticle scattering process. This formulation of
the e-e scattering takes into account the Pauli exclusion
near the Fermi level during the energy redistribution of
the quasiparticles. In addition, one has to consider the
e-p scattering as an efficient mechanism for the energy
relaxation of the hot electron gas. We obtain a qualitative
description of AT/T(pro, t) using Eqs. (1)—(3) and (5),
together with the heat equations for the electronic and
lattice temperatures [18]:

C, (O~ ) = —G(O~ —O~t) + p(r)e

Bt

Ci = G(O~, —O~i), (6)
Bf

where C, and C~ are the electronic and lattice heat ca-
pacities, G the e pcoupli-ng constant, and P(t) the laser
power density. The differential transmission is repre-
sented in Fig. 3(c) for the delay 500 fs. The param-
eters used are G = 3 X 10'6Wm 3K ', C, = I O„
with I' = 71 J m 3 K, and Ct = 3.5 J m K

The above model allows one to explain the main spectral
features of Fig. 2. Two temporal regimes can be distin-
guished. During the first one, e-e collisions are very effec-
tive, leading to the asymmetrical spectral shape AT/T at
short delays [Fig. 3(c)]. After about 1 ps, AT/T becomes
symmetrical as in the static case [Fig. 2(a)] which corre-
sponds to the second regime of electronic relaxation to the
lattice. The existence of the initial long-lived e-e collision
regime is more and more accepted in metals [9,19,20]. We
demonstrate here that it is a very important mechanism in
small metal spheres. This is seen in Fig. 2(b), where the
rising part of the signal is much longer than the pulse dura-
tion. Upon reaching the maximum signal, a long plateau is
observed before the exponential decay takes place. Such
a nonequilibrium situation cannot be described by a RPA
dielectric function as used in Eq. (2). These refinements,
which can be developed in the context of a many body
theory, are far beyond the scope of the present Letter. In
addition, the results of Fig. 2(b) show that the electron re-
laxation at the plasmon resonance is longer. We attribute
this effect to a long lasting energy exchange between the
collective excitations of the copper spheres (surface plas-
mon mode) and quasiparticles. This mechanism, analo-
gous to the Landau damping in bulk materials, can prevent
efficient thermalization of the electrons to the lattice tem-
perature. Another possible mechanism is a surface trap-
ping of the electrons at the metal-glass interface as reported
in semiconductor quantum dots [21]. We leave these in-

terpretations as open questions until more theoretical and
experimental work is done.

In conclusion, we have studied the electron dynamics
in copper metallic nanoparticles and compared it to the
one obtained in thin films. The resonant spectral features
associated with the plasmon resonance of the copper
spheres, show large differences as compared to lattice
heating under cw laser excitation. These differences
reveal the strong and long-lived electron-electron collision
regime inside the nanoparticles. In addition, a slowing
of the electron cooling to the lattice temperature is
reported at the plasmon resonance. These results bring
new information on the nonequilibrium dynamical regime
of electrons in confined metallic structures.
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