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We study the effect of Coulomb correlations on the ultrafast optical dynamics of small metal particles.
We demonstrate that a surface-induced dynamical screening of the electron-electron interactions lead
to quasiparticle scattering with collective surface excitations. In noble-metal nanoparticles, it results
in an interbandresonant scatteringof d holes with surface plasmons. We show that this size-
dependent many-body effect manifests itself in the differential absorption dynamics for frequencies
close to the surface plasmon resonance. In particular, our self-consistent calculations reveal a
strong frequency dependence of the relaxation, in agreement with recent femtosecond pump-probe
experiments. [S0031-9007(98)07279-2]

PACS numbers: 36.40.Gk, 36.40.Vz, 61.46.+w, 78.47.+p
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The absorption of light by metal nanoparticles is dom
nated by the surface plasmon (SP) resonance. In small p
ticles, the strong three-dimensional confinement chang
both the static and dynamic optical properties. For e
ample, the scattering of single-particle excitations at t
surface leads to SP damping and to a resonance linew
inversely proportional to the nanoparticle size [1]. Anoth
static effect is the size-dependent enhancement of the n
linear optical susceptibilities [2,3]. At the same time, th
effect of confinement on dynamical properties is much le
understood [1]. Ultrafast optical spectroscopy allows o
to address the dynamical aspects by probing the time e
lution of the excited states with a resolution shorter tha
the dephasing or energy relaxation times.

Recently, electron relaxation in nanoparticles attract
much interest [4–9]. Ultrafast pump-probe experimen
[6,8] performed on noble-metal particles reported a tim
dependent spectral broadening of the SP resonance, o
nating from the pump-induced heating of the electron ga
The inelastic carrier scattering was found to be essenti
for understanding the differential transmission line sha
[6]. Similar to metal films [10–12], the dynamics reveale
an initial nonequilibrium stage during which thee-e scat-
tering leads to thermalization of the electron distributio
followed by a relaxation to the lattice. However, certai
aspects of the optical dynamics in nanoparticles were o
served to differ significantly from films. In particular, ex
perimental studies of small Cu nanoparticles [6] reveal
considerably faster relaxation above and below the
resonance. These observations suggest that, in stron
confined systems, collective surface excitations shou
play an important role in the electron dynamics.

In this paper we address the role of collective surfa
excitations in the electron relaxation in metal nanopa
ticles. We demonstrate that thee-e interactionsinside
small particles are strongly modified due to a surfac
0031-9007y98y81(15)y3120(4)$15.00
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induced dynamical screening. This leads to a possibili
of quasiparticle scattering accompanied by the emissio
of SP’s. We show, in particular, that in noble-metal par
ticles, this novel size-dependent many-body mechanis
results in a resonant scattering of thed hole into the con-
duction band. The latter effect manifests itself in a stron
frequency dependence of the optical dynamics close to t
SP resonance, and can be observed experimentally w
ultrafast pump-probe spectroscopy.

We consider spherical metal particles, embedded in
medium with dielectric constantem, with radii R suffi-
ciently small, so that only dipole surface modes can b
optically excited. The optical properties of such a colloid
are determined by the dielectric function,em 1 3pemse 2

emdyse 1 2emd, whereesvd  e0svd 1 ie00svd is that of
a single metal particle andp ø 1 is the volume fraction
occupied by the nanoparticles. For noble metals,esvd in-
cludes the (complex) interband dielectric function,edsvd,
associated with thed electrons. The absorption coefficient
is then given by [1]

asvd  29p
v

c
e3y2

m Im
1

espsvd
, (1)

with

espsvd  edsvd 2 v2
pyvsv 1 igsd 1 2em . (2)

Heregs , yFyR characterizes the SP damping by intra
bande-h excitations due to the surface scattering, andvp

is the plasmon frequency of the conductionss-pd electrons.
The SP frequency,vsp , is determined bye0

spsvspd  0.
Equation (1) describes the linear absorption by larg

metal clusters. When the electron gas is in the quasieq
librium with the lattice, the temperature dependence o
asvd also determines the time evolution of the differ-
ential absorption measured by pump-probe spectrosco
This is the case for time delays between the pump and t
© 1998 The American Physical Society
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probe optical pulses longer than,1 ps [10–12]. Since
for electron temperatureT much smaller than the Fermi
energyEF , the intraband contribution toespsvd is nearly
T independent, the SP dynamics comes mainly from t
T dependence of theinterbanddielectric functionedsvd.
The latter is typically approximated by its bulk expres
sion calculated for noninteracting electrons [1]. In such
model, the SP dynamics is essentially size independen

Here we point out that in small particles, there
a size-dependent contribution toedsvd that arises from
an interbandd-hole scattering mechanism, absent
bulk metals. This many-body effect originates from
the fact that the collective surface excitations strong
modify the dynamically screenede-e interactions inside
nanoparticles, as we demonstrate below.

The screened Coulomb potential at pointr arising
from an electron at pointr0 inside a spherical particle,
Uvsr, r0d, is determined by the equation [13]

Uvsr, r0d  Usr 2 r0d

1
Z

dr1 dr2 Usr 2 r1dPvsr1, r2dUvsr2, r0d ,
(3)

where Usr 2 r0d is the unscreened Coulomb poten
tial and Pvsr1, r2d is the polarization operator. The
latter includes contributions from the conduction an
d band, as well as from the surrounding medium,Pv 
Pc

v 1 Pd
v 1 Pm

v . For simplicity, we assume here ste
density profiles,nisrd  n̄iusR 2 rd, i  c, d, wheren̄c

(n̄d) is the average density of the conductionsdd elec-
trons. For the high frequencies of interest,Pc

v can be ex-
panded in1yv, yielding to lowest order [14]Pc

vsr, r1d 
2s1ymv2d=fncsrd=dsr 2 r1dg. Thed-band contribution
to the right-hand side (rhs) of Eq. (3) can be found fro
the relation

2e2
Z

dr1 Pd
vsr, r1dUvsr1, r0d  =Pd

vsr, r0d , (4)

wherePd
vsr, r0d  2xdsvd=Uvsr, r0d is the d-band po-

larization vector (Pd
v  0 outside the nanoparticle) and

xd  sed 2 1dy4p is the interband susceptibility.Pm
v

can be obtained from a similar relation (withPm
v  0 in-

side the nanoparticle). After some algebra, Eq. (3) tak
the form√

ed 2
v2

p

v2

!
Uvsr, r0d  Usr 2 r0d 1

µ
ed 2 em

4p
2

e2n̄c

mv2

∂
3

Z
dr1 =1

1
jr 2 r1j

=1usR 2 r1d

3 Uvsr1, r0d , (5)

with v2
p  4pe2n̄cym. We solved Eq. (5) by expand-

ing Uv in spherical harmonics,YLMsr̂d. The solution
reads [15]
he
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Uvsr, r0d 
Usr 2 r0d

esvd
1

e2

R

X
LM

4p

2L 1 1

µ
rr 0

R2

∂L

3 YLMsr̂dYp
LMsr̂0d

∑
1

eLsvd
2

1
esvd

∏
, (6)

where esvd  edsvd 2 v2
pyv2. Here eLsvd 

e
0
Lsvd 1 ie

00
Lsvd is an effective dielectric function, whose

zeros,e0
Lsvd 

L
2L11 fe0

dsvd 2 v2
pyv2g 1

L11
2L11 em  0

determine the frequencies of the multipole collectiv
surface excitations [1]. Note thate00

Lsvd contains a
correction due to the damping of collective excitation
by electron-hole pairs, which can be obtained by addi
Im Pc

v to the rhs of Eq. (5).
Equation (6) represents a generalization of the plasm

pole approximation for spherical particles. The two term
in the rhs describe two distinct contributions. First i
the usual bulklike screening of the Coulomb potentia
The second,size-dependentcontribution describes a new
effective e-e interaction induced by thesurface: the
potential of an electron inside the nanoparticle excit
collective surface modes, which in turn act as imag
charges that interact with the second electron. F
frequencies close to that of the SP, it is sufficient to reta
only the resonant dipole term,L  1. The corresponding
surface-inducede-e interaction potential is then

Usp
v sr, r0d  3

e2

R
r ? r0

R2

1
espsvd

, (7)

where espsvd  3e1svd is the same as in Eq. (2).
Thus, for sufficiently smallR, the dynamically screened
Coulomb potential in the nanoparticle is dominated b
the SP pole. This leads to the possibility of quasipartic
scattering accompanied by the emission of a SP.

In particular, consider the SP-mediated scattering of t
d hole into the conduction band. This process is describ
by the Matsubara self-energy due to the potential (7) [1

Sd
asivd  23

e2

R3

X
a0

1
b

X
iv0

jdaa0 j2

espsiv0d
Gc

a0 siv0 1 ivd .

(8)

Here daa0  kc, ajrjd, a0l  kc, ajpjd, a0lyimsEc
a 2

Ed
a0d (we set h̄  1), where jc, a0l (jd, a0l) and Ec

a

(Ed
a) are the conduction (d-) band eigenstates and

eigenenergies, respectively, andGc
a is the Green

function of noninteracting conduction electrons
For a quasicontinuous spectrum, the matrix el
ment can be approximated by a bulklike expressio
kc, ajpjd, a0l  daa0kcjpjdl ; daa0m, the corrections
due to the surface scattering being,R21. After the
frequency summation, ImSd

a takes the form

Im Sd
asEd  2

9e2m2

m2sEcd
a d2R3 Im

NsEc
a 2 Ed 1 fsEc

ad
espsEc

a 2 Ed
,

(9)

where Ecd
a  Ec

a 2 Ed
a , and fsEd and NsEd are the

Fermi and Bose distributions, respectively.
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We see from Eq. (9) that the scattering rate of ad hole
with energyEd

a , ghsEd
ad  Im Sd

asEd
ad, depends strongly

on the nanoparticle size. Importantly, it exhibits apeakas
the interband separationEcd

a approaches the SP frequency
vsp . The reason for such a sharp energy dependence
that the surface potential (7) induces only vertical (dipole
transitions, thus restricting the number of allowed fina
states.

Let us turn to the absorption spectrum. Consider a
optically excitede-h pair with excitation energyv close
to the onset of interband transitions,D. As discussed
above, thed hole can subsequently scatter into the
conduction band by emitting a SP. Equation (9) indicate
that for v , vsp , D, this process will be resonantly
enhanced. In particular, this is the case in Cu and Au
where vsp and D are close to each other [6,8]. At
the same time, the electron scatters in the conductio
band via the usual two-quasiparticle process. Forv , D,
the electron energy is close toEF , and the scattering
rate isge , 1022 eV [16]. Using the bulk value ofm,
2m2ym , 1 eV near theL point [17], we find thatgh

exceedsge for nanoparticles smaller than,5 nm.
We now calculate the effect of the SP-assisted in

terband scattering on the absorption coefficienta. For
noninteracting electrons, the interband susceptibility
xdsivd  x̃dsivd 1 x̃ds2ivd, has the standard form

x̃dsivd  2
X
a

e2m2

m2sEcd
a d2

1
b

X
iv0

Gd
asiv0dGc

asiv0 1 ivd .

(10)

Since the d band is occupied for all energies, it is
sufficient to include only the effect ofd-hole scattering
into x̃dsivd [18]. SubstitutingGd

asiv0d  fiv0 2 Ed
a 1

EF 2 Sd
asiv0dg21, with Sd

asivd given by Eq. (8), we
obtain after the frequency summation

x̃dsvd 
e2m2

m2

Z dEc gsEcd
sEcdd2

fsEcd 2 1
v 2 Ecd 1 ighsv, Ecd

,

(11)

where gsEcd is the density of states in the conduction
band, and we assumed a dispersionlessd band with
energy Ed . Here ghsv, Ecd  Im SdsEc 2 vd is the
scattering rate of ad hole with energyEc 2 v,

ghsv, Ecd  2
9e2m2

m2sEcdd2R3 fsEcd Im
1

espsvd
. (12)

FIG. 1. (a) Calculated differential transmission spectra fo
positive time delays with initial hot electron temperatureT0 
800 K, em  2.25, and gs  0.1 eV. (b) Temporal evolution
of the differential transmission for frequencies equal, above
and below the SP resonance. (c) Experimental temporal ev
lution of the pump-probe signal [6]. (d) Calculated differential
transmission in the absence of interbandd-hole scattering.
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The comparison of Eqs. (12) and (1) shows that th
scattering ratedepends on the frequencyin the same way
as the absorption coefficient: bothghsv, Ecd and asvd
exhibit a peak atv  vsp. This implies that thed
hole experiencesresonant scatteringinto the conduction
band as the optical field frequency approaches the
frequency. We thus arrive at a self-consistent proble
defined by Eqs. (1), (2), (11), and (12).

The main role of the SP-assistedd-hole scattering
is to change the absorption line shape in the vicinit
of the SP resonance. The SP width is determined
e

00
d svd  4px̃

00
d svd, which now, according to Eqs. (12)

and (11), acquires a sharp frequency dependence forv ,
vsp . It is also important that the effect ofgh on e

00
d svd

increases with temperature. Indeed, the Fermi functio
in the rhs of Eq. (12) implies thatgh is small unless
Ec 2 EF & kBT . Since the main contribution tõx 00

d svd
comes from energiesEc 2 EF , v 2 D, the scattering
becomes efficient for temperatureskBT * vsp 2 D. The
combined effect of the abovev and T dependence
manifests itself strongly in the differential absorption
dynamics, as illustrated below.

In Fig. 1 we show the results of our self-consisten
numerical calculations of the differential transmissio
dynamics. We use the parameters of the experime
[6], performed on,5 nm Cu nanoparticles, with the
SP frequency,vsp . 2.22 eV, slightly above the onset
of the interband transitions,D . 2.18 eV. Figure 1(a)
shows the spectra at various time delays, calculated
the difference betweenasvd at T  300 K and T std,
the pump-induced hot electron temperature. The latt
was obtained from the two-temperature model with bu
Cu parameters [19] and initial temperatureT0  800 K.
The d-hole scattering leads to a steeperv dependence
of the differential transmission forv . vsp ; its effect,
however, is best seen in the time evolution as describ
below. We also included the effect of the intrabande-e
scattering; for electron energy close toEF , this can be
achieved by adding thee-e scattering rategesEcd ~ f1 2

fsEcdg sEc 2 EFd2 to gh in Eq. (11). The difference
in gesEcd for Ec smaller and larger thanEF leads to
an asymmetric differential transmission line shape,
agreement with experiment [6].

In Fig. 1(b) we show the calculated time evolution o
the differential transmission. The relaxation is slowest
v  vsp , which can be attributed to the robustness o
the SP mode; the corresponding relaxation time is 3.5 p
More importantly, for short time delays, the relaxation
is significantly faster belowand above vsp, with a
characteristic time of 1.4 ps. These results are consist
with the experimental data shown here for compariso
in Fig. 1(c) (the experiment also revealed an initia
nonequilibrium regime not addressed here). In contra
in the absence ofd-hole scattering [gh  0 in Eq. (11)],
the frequency dependence would be smoothabove the
resonance [see Fig. 1(d)]. Such a smooth dependen
e
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originates from the line shape of the absorption peak
since vsp , D, the absorption is larger forv . vsp
due to the interband transitions, and therefore therelative
change in the absorption is smaller. This, howeve
changes withd-hole scattering turned on (gh fi 0). To
understand this difference, one should note that away fro
vsp, the relaxation characterizes the temperature-induc
change in the SPwidth. The latter acquires an additional
frequency dependence near the resonance, originati
from that of ghsvd. This effect is enhanced above the
resonance due to the similar frequency dependence ofgh

and a. Furthermore, the efficiency of this mechanism
increases withT , as discussed above. This results in a
strong frequency dependence of the relaxation (forv .

vsp) for shorter time delays, which correspond to highe
T [see Fig. 1(b)].

In conclusion, we have shown that surface-induce
electron-electron interactions in small metal particles lea
to quasiparticle scattering mediated by collective surfac
excitations. In noble-metal particles, this size-depende
mechanism results in a surface-plasmon-assisted res
nant scattering ofd holes into the conduction band.
The latter effect can be observed with ultrafast pump
probe spectroscopy. Our work points out the increasin
role of many-body correlations with decreasing size, im
portant for understanding the transition from boundary
constrained nanoscale materials to molecular clusters.
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