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Size-dependent correlation effects in the ultrafast optical dynamics of metal nanoparticles
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We study the role of collective surface excitations in electron relaxation in small metal particles. We show
that dynamically screened electron-electron interaction in a nanoparticle contains a size-dependent correction
induced by the surface. This leads to channels of quasiparticle scattering accompanied by the emission of
surface collective excitations. We calculate the energy and temperature dependence of the corresponding rates,
which depend strongly on the nanoparticle size. We show that the surface-plasmon-mediated scattering rate of
a conduction electron increases with energy, in contrast to that mediated by a bulk plasmon. In noble-metal
particles, we find that the dipole collective excitations~surface plasmons! mediate a resonant scattering ofd
holes to the conduction band. We show that, with decreasing nanoparticle size, the latter effect leads to a strong
frequency dependence of the relaxation near the surface-plasmon resonance, while for even smaller sizes of a
few nanometers we predict a drastic change in the differential absorption line shape. The experimental impli-
cations of our results in ultrafast spectroscopy are discussed.@S0163-1829~99!08935-3#
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I. INTRODUCTION

The properties of small metal particles in the intermedi
regime between bulklike and molecular behavior have bee
subject of great interest recently.1–5 Even though the elec
tronic and optical properties of nanoparticles have been
tensively studied, the role of confinement in the electron
namics is much less understood. Examples of outstan
issues include the role of electron-electron interactions in
process of cluster fragmentation, the role of surface lat
modes in providing additional channels for intramolecu
energy relaxation, the influence of the electron and nuc
motion on the superparamagnetic properties of clusters,
the effect of confinement on the nonlinear optical proper
and transient response under ultrafast excitation.1,2,4,5 These
and other time-dependent phenomena can be studied
femtosecond nonlinear optical spectroscopy, which allo
one to probe the dynamics of the excited states on t
scales shorter than the energy relaxation or the polariza
dephasing times.

Surface collective excitations play an important role in t
absorption of light by metal nanoparticles. In large partic
with sizes comparable to the wavelength of lightl ~but
smaller than the bulk mean free path!, the line shape of the
surface-plasmon~SP! resonance is determined by the ele
tromagnetic effects.1 On the other hand, in small nanopa
ticles with radiiR!l, the absorption spectrum is governe
by quantum confinement effects. For example, the mom
tum nonconservation due to the confining potential leads
Landau damping of the SP and to a resonance linew
inversely proportional to the nanoparticle size.1,6 The nonlin-
ear optical properties of small nanoparticles are also affe
by the confinement: a size-dependent enhancement of
third-order susceptibilities, caused by the elastic surface s
tering of single-particle excitations, has been reported.7–9

Extensive experimental studies of the electron relaxa
in nanoparticles have recently been performed using ultra
pump-probe spectroscopy.10–17 Unlike in semiconductors
the dephasing processes in metals are very fast, and non
PRB 600163-1829/99/60~12!/9090~10!/$15.00
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librium populations of optically excited electrons and hol
are formed within several femtoseconds. These therma
into the hot Fermi-Dirac distribution within several hundre
of femtoseconds, mainly due toe-e andh-h scattering.18–21

Since the electron heat capacity is much smaller than tha
the lattice, a high electron temperature can be reached du
subpicosecond time scales, i.e., before any significant en
transfer to the phonon bath occurs. During this stage, the
resonance was observed to undergo a time–dependent
tral broadening.10,12,14Subsequently, the electron and phon
baths equilibrate through the electron-phonon interacti
over time intervals of a few picoseconds. During this inc
herent stage, the hot-electron distribution can be charac
ized by a time-dependent temperature. Correlation effe
play an important role in the latter regime. For example,
order to explain the differential absorption line shape, it
essential to take into account thee-e scattering of the opti-
cally excited carriers near the Fermi surface.12 Furthermore,
despite the similarities to the bulklike behavior, observ
e.g., in metal films, certain aspects of the optical dynamic
nanoparticles are significantly different.15,12,17For example,
experimental studies of small Cu nanoparticles revealed
the relaxation times of the pump-probe signal depe
strongly on frequency: the relaxation was considera
slower at the SP resonance.12,17These and other observation
suggest that collective surface excitations play an impor
role in the electron dynamics in small metal particles.

Let us recall the basic facts regarding the linear abso
tion by metal nanoparticles embedded in a medium with
electric constantem . We will focus primarily on noble-meta
particles containing several hundred atoms; in this case,
confinement affects the extended electronic states e
though the bulk lattice structure has been established. W
the particle radii are small,R!l, so that only dipole surface
modes can be optically excited and nonlocal effects can
neglected, the optical properties of this system are de
mined by the dielectric function1

ecol~v!5em13pem

e~v!2em

e~v!12em
, ~1!
9090 ©1999 The American Physical Society
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wheree(v)5e8(v)1 i e9(v) is the dielectric function of a
metal particle andp!1 is the volume fraction occupied b
nanoparticles in the colloid. Since thed electrons play an
important role in the optical properties of noble metals,
dielectric functione(v) also includes the interband contribu
tion ed(v). For p!1, the absorption coefficient of such
system is proportional to that of a single particle, and
given by1

a~v!529pem
3/2v

c
Im

1

es~v!
, ~2!

where

es~v!5ed~v!2vp
2/v~v1 igs!12em ~3!

plays the role of an effective dielectric function of a partic
in the medium. Its zero,es8(vs)50, determines the fre
quency of the SP,vs . In Eq. ~3!, vp is the bulk plasmon
frequency of the conduction electrons, and the widthgs char-
acterizes the SP damping. The semiclassical result@Eqs.~2!
and ~3!# applies to nanoparticles with radiiR@qTF

21 , where
qTF is the Thomas-Fermi screening wave vector (qTF

21

;1 Å in noble metals!. In this case, the electron densi
deviates from its classical shape only within a surface la
occupying a small fraction of the total volume.22 Quantum-
mechanical corrections, arising from the discrete ene
spectrum, lead to a widthgs;vF /R, wherevF5kF /m is the
Fermi velocity1,6 ~we set\51 throughout the paper!. Even
though gs /vs;(qTFR)21!1, this damping mechanism
dominates over others, e.g., due to phonons, for sizeR
&10 nm. On the other hand, in small clusters contain
several dozen atoms, this semiclassical approximation br
down and density functional orab initio methods should be
used.1–4

It should be noted that, in contrast to the surface coll
tive excitations, thee-e scattering is not sensitive to th
nanoparticle size as long as the conditionqTFR@1 holds.23

Indeed, for such sizes, the static screening is essentially b
like. At the same time, the energy dependence of the b
e-e scattering rate,24 ge}(E2EF)2, with EF being the Fermi
energy, comes from the phase-space restriction due to
momentum conservation, and involves the exchange of t
cal momentaq;qTF . If the size-induced momentum unce
tainty dq;R21 is much smaller thanqTF , thee-e scattering
rate in a nanoparticle is not significantly affected by t
confinement.25

In this paper we study the role of collective surface ex
tations in the dynamical response of metal nanoparticles.
provide a detailed account of our preliminary results pu
lished earlier,17 and present results on the size dependenc
the ultrafast dynamics in small metal particles. In particu
we derive an explicit expression for the dynamica
screenede-e interaction, and show that it contains a siz
dependent correction originating from the surface collect
modes excited by an electron inside the nanoparticle. T
opens up quasiparticle scattering channels mediated by
face collective modes. We then describe the effect of s
collective surface excitations on the scattering rate of
Fermi sea conduction electrons. We show that the latter
creases with energy, in contrast to the bulk-plasm
mediated scattering, and, with decreasing size, leads
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series of steps at the surface collective excitation energie
top of the smooth background of the bulklike scattering ra
We also study the size dependence of the differential abs
tion line shape, and show that, in noble-metal particles
should undergo a dramatic transformation, from the appa
SP redshift17 to an apparent SP blueshift with decreasi
size. This prediction points out the important role of the c
relations between single-particle and collective surface e
tations on the ultrafast pump-probe dynamics before the
set of the transition from metal to insulator~the molecular
cluster regime where discrete level quantization prevai!.
We also show that the relaxation times of the pump-pro
signal depend strongly on the probe frequency, and desc
the changes in such a frequency dependence as the nan
ticle size decreases.

The paper is organized as follows. In Sec. II we derive
dynamically screened Coulomb potential in a nanopartic
In Sec. III we calculate the SP-mediated quasiparticle s
tering rates of the conduction electrons and thed-band holes.
In Sec. IV we incorporate these effects into the calculation
the absorption spectrum and study their role in the size
frequency dependence of the time-resolved pump-probe
nal.

II. ELECTRON-ELECTRON INTERACTIONS IN METAL
NANOPARTICLES

In this section, we study the effect of the surface colle
tive excitations on thee-e interactions in a spherical meta
particle. We present the detailed derivation of the dyna
cally screened Coulomb potential,17 by generalizing a
method previously developed for calculations of local-fie
corrections to the optical fields.26

The potentialU(v;r ,r 8) at point r arising from an elec-
tron at pointr 8 is determined by the equation27

U~v;r ,r 8!5u~r2r 8!1E dr1dr2u~r2r1!

3P~v;r1 ,r2!U~v;r2 ,r 8!, ~4!

where u(r2r 8)5e2ur2r 8u21 is the unscreened Coulom
potential andP(v;r1 ,r2) is the polarization operator. Ther
are three contributions toP, arising from the polarization of
the conduction electrons, thed electrons, and the medium
surrounding the nanoparticles:P5Pc1Pd1Pm . It is use-
ful to rewrite Eq.~4! in the ‘‘classical’’ form

¹•~E14pP!54pe2d~r2r 8!, ~5!

whereE(v;r ,r 8)52¹U(v;r ,r 8) is the screened Coulom
field andP5Pc1Pd1Pm is the electric polarization vector
related to the potentialU as

¹P~v;r ,r 8!52e2E dr1P~v;r ,r1!U~v;r1 ,r 8!. ~6!

In the random-phase approximation~RPA!, the intraband po-
larization operator is given by
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Pc~v;r ,r 8!5(
aa8

f ~Ea
c !2 f ~Ea8

c
!

Ea
c 2Ea8

c
1v1 i0

3ca
c ~r !ca8

c* ~r !ca
c* ~r 8!ca8

c
~r 8!, ~7!

whereEa
c and ca

c are the single-electron eigenenergies a
eigenfunctions in the nanoparticle, andf (E) is the Fermi-
Dirac distribution~we set\51). Since we are interested i
frequencies much larger than the single-particle level sp
ing, Pc(v) can be expanded in terms of 1/v. For the real
part Pc8(v), in the leading order we obtain

Pc8~v;r ,r1!52
1

mv2
¹@nc~r !¹d~r2r1!#, ~8!

wherenc(r ) is the conduction electron density. In the fo
lowing we assume, for simplicity, a step density profi
nc(r )5n̄cu(R2r ), where n̄c is the average density. Th
leading contribution to the imaginary part,Pc9(v), is propor-
tional to v23, so thatPc9(v)!Pc8(v).

By using Eqs.~8! and~6!, we obtain a familiar expressio
for Pc at high frequencies,

Pc~v;r ,r 8!5
e2nc~r !

mv2
¹U~v;r ,r 8!

5u~R2r !xc~v!E~v;r ,r 8!, ~9!

wherexc(v)52e2n̄c /mv2 is the conduction electron sus
ceptibility. Note that, for a step density profile,Pc vanishes
outside the particle. Thed-band and dielectric medium con
tributions toP are also given by similar relations,
o

d

c-

,

Pd~v;r ,r 8!5u~R2r !xd~v!E~v;r ,r 8!, ~10!

Pm~v;r ,r 8!5u~r 2R!xmE~v;r ,r 8!, ~11!

where x i5(e i21)/4p, i 5d,m are the corresponding sus
ceptibilities, and the step functions account for the bound
conditions.28 Using Eqs.~9!–~11!, one can write a closed
form equation forU(v;r ,r 8). Using Eq.~6!, the second term
of Eq. ~4! can be presented as2e22*dr1u(r
2r1)¹•P(v;r1 ,r 8). Substituting the above expressions f
P, we then obtain, after integrating by parts,

e~v!U~v;r ,r 8!5
e2

ur2r 8u
1E dr1¹1

1

ur2r1u
•¹1@u~R2r !

3x~v!1u~r 2R!xm#U~v;r1 ,r 8!

1 i E dr1dr2

e2

ur2r1u

3Pc9~v;r1 ,r2!U~v;r2 ,r 8!, ~12!

with

e~v![114px~v!5ed~v!2vp
2/v2, ~13!

vp
254pe2n̄c /m being the plasmon frequency in the condu

tion band. The last term on the right-hand side of Eq.~12!,
proportional toPc9(v), can be regarded as a small corre
tion. To solve Eq.~12!, we first eliminate the angular depen
dence by expandingU(v;r ,r 8) in spherical harmonics
YLM( r̂ ), with coefficientsULM(v;r ,r 8). Using the corre-
sponding expansion of ur2r 8u21 with coefficients
QLM(r ,r 8)5@4p/(2L11)#r 2L21r 8L ~for r .r 8), we obtain
the following equation forULM(v;r ,r 8):
e~v!ULM~v;r ,r 8!5QLM~r ,r 8!14p@x~v!2xm#
L11

2L11 S r

RD L

ULM~v;R,r 8!

1 ie2 (
L8M8

E dr1dr2r 1
2r 2

2QLM~r ,r 1!PLM ,L8M8
9 ~v;r 1 ,r 2!UL8M8~v;r 2 ,r 8!, ~14!
of
the

tion
where

PLM ,L8M8
9 ~v;r 1 ,r 2!

5E dr̂1dr̂2YLM* ~ r̂1!Pc9~v;r1 ,r2!YL8M8~ r̂2!

~15!

are the coefficients of the multipole expansion
Pc9(v;r1 ,r2). For Pc950, the solution of Eq.~14! can be
presented in the form

ULM~v;r ,r 8!5a~v!e2QLM~r ,r 8!1b~v!
4pe2

2L11

r Lr 8L

R2L11
,

~16!
f

with frequency-dependent coefficientsa and b. Since
Pc9(v)!Pc8(v) for the relevant frequencies, the solution
Eq. ~14! in the presence of the last term can be written in
same form as Eq.~16!, but with modifieda(v) and b(v).
Substituting Eq.~16! into Eq. ~14!, after lengthy algebra we
obtain in the lowest order inPc9,

a~v!5e21~v!, b~v!5eL
21~v!2e21~v!, ~17!

where

eL~v!5
L

2L11
e~v!1

L11

2L11
em1 i ecL9 ~v! ~18!

is the effective dielectric function, whose zero,eL8(vL)50,
determines the frequency of the collective surface excita
with angular momentumL,1
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vL
25

Lvp
2

Led8~vL!1~L11!em

. ~19!

In Eq. ~18!, ecL9 (v) characterizes the damping of theL-pole
collective mode by single-particle excitations, and is giv
by

ecL9 ~v!5
4p2e2

~2L11!R2L11 (
aa8

uMaa8
LM u2@ f ~Ea

c !2 f ~Ea8
c

!#

3d~Ea
c 2Ea8

c
1v!, ~20!

whereMaa8
LM are the matrix elements ofr LYLM( r̂ ). Due to the

momentum nonconservation in a nanoparticle, the matrix
ements are finite, which leads to the size-dependent widt
the L-pole mode:6,26

gL5
2L11

L

v3

vp
2

ecL9 ~v!. ~21!

For v;vL , one can show that the widthgL;vF /R is inde-
pendent ofv. Note that, in noble-metal particles, there is
additional d-electron contribution to the imaginary part o
eL(v) at frequencies above the onsetD of the interband
transitions.

Putting everything together, we arrive at the followin
expression for the dynamically-screened interaction poten
in a nanoparticle:

U~v;r ,r 8!5
u~r2r 8!

e~v!
1

e2

R

3(
LM

4p

2L11

1

ẽL~v!
S rr 8

R2 D L

YLM~ r̂ !YLM* ~ r̂ 8!,

~22!

with ẽL
21(v)5eL

21(v)2e21(v). Equation ~22!, which is
the main result of this section, represents a generalizatio
the plasmon-pole approximation to spherical particles. T
two contributions to the rhs originate from two types of d
namical screening. The first describes the usual bulk
screening of the Coulomb potential by the electrons ins
the particle. The second contribution is an effective inter
tion induced by thesurface: the potential of an electron in
side the nanoparticle excites high-frequency surface col
tive modes, which in turn act as image charges that inte
with the second electron. It should be emphasized that,
like in the case of the optical fields, the surface-induced
namical screening of the Coulomb potential issize depen-
dent.

Note that the excitation energies of the surface collec
modes are lower than the bulk-plasmon energy, also gi
by Eq. ~19! but with em50. This opens up new channels
quasiparticle scattering, considered in Sec. III.
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III. QUASIPARTICLE SCATTERING VIA SURFACE
COLLECTIVE MODES

A. Conduction electron scattering

In this subsection, we calculate the rates of electron s
tering in the conduction band accompanied by the emiss
of surface collective modes, and discuss its possible exp
mental manifestations. In the first order in the surfac
induced potential, given by the second term on the rig
hand side of Eq.~22!, the corresponding scattering rate c
be obtained from the Matsubara self-energy:27

Sa
c ~ iv!52

1

b (
iv8

(
LM

(
a8

4pe2

~2L11!R2L11

uMaa8
LM u2

ẽL~ iv8!

3Ga8
c

~ iv81 iv!, ~23!

where Ga
c 5( iv2Ea

c )21 is the noninteracting Green func
tion of the conduction electron. Here the matrix eleme
Maa8

LM are calculated with the one-electron wave functio

ca
c (r )5Rnl(r )Ylm( r̂ ). Sinceua& and ua8& are the initial and

final states of the scattered electron, the main contributio
the Lth term of the angular momentum sum in Eq.~23! will
come from electron states with energy differenceEa2Ea8
;vL . Therefore,Maa8

LM can be expanded in terms of th
small parameter E0 /uEa

c 2Ea8
c u;E0 /vL , where E0

5(2mR2)21 is the characteristic confinement energy. T
leading term can be obtained by using the followi
procedure.6,26 We presentMaa8

LM as

Maa8
LM

5^c,aur LYLM~ r̂ !uc,a8&

5
^c,au†H,@H,r LYLM~ r̂ !#‡uc,a8&

~Ea
c 2Ea8

c
!2

, ~24!

whereH5H01V(r ) is the Hamiltonian of an electron in
nanoparticle with confining potentialV(r )5V0u(r 2R).
Since @H,r LYLM( r̂ )#52(1/m)¹@r LYLM( r̂ )#•¹, the nu-
merator in Eq.~24! contains a term proportional to the gra
dient of the confining potential, which peaks sharply at t
surface. The corresponding contribution to the matrix e
ment describes the surface scattering of an electron ma
the L-pole transition between the statesuc,a& and uc,a8&,
and gives the dominant term of the expansion. Thus, in le
ing order inuEa

c 2Ea8
c u21, we obtain

Maa8
LM

5
^c,au¹@r LYLM~ r̂ !#•¹V~r !uc,a8&

m~Ea
c 2Ea8

c
!2

5
LRL11

m~Ea
c 2Ea8

c
!2

V0Rnl~R!Rn8 l 8~R!w lm,l 8m8
LM ,

~25!

with w lm,l 8m8
LM

5*dr̂Ylm* ( r̂ )YLM( r̂ )Yl 8m8( r̂ ). Note that, forL
51, Eq. ~25! becomes exact. For electron energies close
the Fermi level,Enl

c ;EF , the radial quantum numbers ar
large, and the productV0Rnl(R)Rn8 l 8(R) can be evaluated
by using semiclassical wave functions. In the limitV0→`,
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this product is given by6 2AEnl
c En8 l 8

c /R3, whereEnl
c 5p2(n

1 l /2)2E0 is the electron eigenenergy for largen. Substitut-
ing this expression into Eq.~25! and then into Eq.~23!, we
obtain

Sa
c ~ iv!52

1

b (
iv8

(
L

(
n8 l 8

Cll 8
L

3
4pe2

~2L11!R

Enl
c En8 l 8

c

~Enl
c 2En8 l 8

c
!4

~4LE0!2

ẽL~ iv8!

3Ga8
c

~ iv81 iv!, ~26!

with

Cll 8
L

5 (
M ,m8

uw lm,l 8m8
LM u2

5
~2L11!~2l 811!

8p E
21

1

dxPl~x!PL~x!Pl 8~x!,

~27!

wherePl(x) are Legendre polynomials; we used propert
of the spherical harmonics in the derivation of Eq.~27!. For
Enl

c ;EF , the typical angular momenta are large,l;k
F
R

@1, and one can use the large-l asymptotics ofPl ; for the
low multipoles of interest,L! l , the integral in Eq.~27! can
be approximated by@2/(2l 811)d l l 8#. After performing the
Matsubara summation, for the imaginary part of the se
energy that determines the electron scattering rate we ob

Im Sa
c ~v!52

16e2

R
E0

2(
L

L2

3E dEgl~E!
EEa

c

~Ea
c 2E!4

Im
N~E2v!1 f ~E!

ẽL~E2v!
,

~28!

whereN(E) is the Bose distribution andgl(E) is the density
of states of a conduction electron with angular momentuml,

gl~E!52(
n

d~Enl
c 2E!.

R

p
A2m

E
, ~29!

where we replaced the sum overn by an integral~the factor
of 2 accounts for spin!.

Each term in the sum on the right-hand side of Eq.~28!
represents a channel of electron scattering mediated b
collective surface mode with angular momentumL. For low
L, the difference between the energies of modes with suc
sive values ofL is larger than their widths, so the differen
channels are well separated. Note that since allvL are
smaller than the frequency of the bulk plasmon, one
replace ẽL(v) by eL(v) in the integrand of Eq.~28! for
frequenciesv;vL .

Consider now theL51 term in Eq.~28!, which describes
the SP-mediated scattering channel. The main contributio
the integral comes from the SP pole ine1

21(v)53es
21(v),
s

-
in

a

s-

n

to

wherees(v) is the same as in Eq.~3!. To evaluate the inte-
gral in Eq. ~28!, we can in the first approximation replac
Im es

21(v) by a Lorentzian,

Im
1

es~v!
52

gsvp
2/v31ed9~v!

@e8~v!12em#21@gsvp
2/v31ed9~v!#2

.2
vs

2

ed8~vs!12em

vsg

~v22vs
2!21vs

2g2
, ~30!

where vs[v15vp /Aed8(vs)12em and g5gs1vsed9(vs)
are the SP frequency and width, respectively. For typi
widths g!vs , the integral in Eq.~28! can be easily evalu-
ated, yielding

Im Sa
c ~v!52

24e2vsE0
2

ed8~vs!12em

Ea
cA2m~v2vs!

~v2Ea
c 2vs!

4

3@12 f ~v2vs!#. ~31!

Finally, using the relation e2kF@ed8(vs)12em#21

53pvs
2/8EF , the SP-mediated scattering rate,ge

s(Ea
c )

52Im Sa
c (Ea

c ), takes the form

ge
s~E!59p

E0
2

vs

E

EF
S E2vs

EF
D 1/2

@12 f ~E2vs!#. ~32!

Recalling thatE05(2mR2)21, we see that the scattering ra
of a conduction electron issize dependent: ge

s}R24. At E
5EF1vs , the scattering rate jumps to the value 9p(1
1vs /EF)E0

2/vs , and thenincreaseswith energy asE3/2 ~for
vs!EF). This should be contrasted with the usual~bulk!
plasmon-mediated scattering, originating from the first te
in Eq. ~22!, in which case the rate decreases asE21/2 above
the onset.27

Note that the total electron scattering rate is the sum,ge

1ge
s , of the SP-mediated (ge

s) and bulklike (ge) scattering
rates. In order to be observable, the former should exceed
latter. The typical size at whichge

s becomes important can b
estimated by equatingge

s and the Fermi-liquide-e scattering
rate,24 ge(E)5(p2qTF/16kF)@(E2EF)2/EF#. For energies
E;EF1vs , the two rates become comparable for

~k
F
R!2.12

EF

vs
S 11

EF

vs
D 1/2S kF

pqTF
D 1/2

. ~33!

In the case of a Cu nanoparticle withvs.2.2 eV, we obtain
kFR.8, which corresponds to a radius ofR.3 nm. At the
same time, in this energy range, the widthge

s exceeds the
mean level spacingd, so that the energy spectrum is st
continuous. The strong size dependence ofge

s indicates that,
althoughge

s increases with energy more slowly thange , the
SP-mediated scattering should dominate for nanometer-s
particles. Note also that the size and energy dependence
the scattering in the different channels are similar: the rate
scattering via theLth channel is given by Eq.~32!, with vs
replaced byvL @Eq. ~19!#, and the numerical factor 9 re
placed by 3L(2L11).

Concluding this subsection, we have shown that the
mediated scattering is the dominant scattering mechanism
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conduction electrons in nanometer-sized nanoparticles
energies larger thanvs but smaller thanvp . The scattering
rate in theLth channel,ge

L , increases with energy, in shar
contrast with the bulk-plasmon-mediated scattering rate.
total scattering rate as a function of energy represents a s
of steps atE5vL , on top of a smooth energy increase. W
expect that this effect should be observable experiment
by measuringe-e scattering rate in size-selected clus
beams in time-resolved two-photon photoemiss
spectrum.29

B. d-band hole scattering

We now turn to the interband processes in noble-m
particles and consider the scattering of ad hole into the con-
duction band. The corresponding surface-induced poten
given by theLth term in Eq.~22!, has the form

ULM~v;r ,r 8!5
4p

2L11

1

eL~v!

e2

RS rr 8

R2 D L

YLM~ r̂ !YLM* ~ r̂ 8!,

~34!

whereeL(v) is given by Eq.~18!. With this potential, the
d-hole self-energy is given by

Sa
d~ iv!52

e2

R2L11 (
a8

uM̃aa8
LM u2

1

b (
iv8

Ga8
c

~ iv81 iv!

eL~ iv8!
,

~35!

whereM̃aa8
LM

5^c,aur LYLM( r̂ )ud,a8& is the interbandtransi-
tion matrix element@compare with Eq.~24!#. Since the final-
state energies in the conduction band are high~in the case of
interest here, they are close to the Fermi level!, the matrix
element can be approximated by a bulklike express
M̃aa8

LM
5daa8M̃aa

LM , the corrections due to surface scatteri
being suppressed by a factor of (kFR)21!1.

The largest contribution to the self-energy@Eq. ~35!#
comes from the dipole channelL51, mediated by the SP. In
this case, after performing the frequency summation,
Im Sa

d we obtain

Im Sa
d~v!52

9e2m2

m2~Ea
cd!2R3

Im
N~Ea

c 2v!1 f ~Ea
c !

es~Ea
c 2v!

,

~36!

where Ea
cd5Ea

c 2Ea
d and m is the interband dipole matrix

element.17 We see that the scattering rate of ad hole with
energyEa

d , gh
s(Ea

d)5Im Sa
d(Ea

d), has a strongR23 depen-
dence on the nanoparticle size, which is, however, differ
from that of the intraband scattering@Eq. ~32!#.

The most important difference between the interband
intraband SP-mediated scattering rates, derived in Sec
lies in their dependence on energy. Since the surface-indu
potential @Eq. ~34!#, only allows for vertical~dipole! inter-
band single-particle excitations, the phase space availabl
the scattering of ad hole with energyEa

d is restricted to a
singlefinal state in the conduction band, with energyEa

c . As
a result of this restriction, thed-hole scattering rategh

s(Ea
d)

exhibits apeakas the difference between the energies of fi
and initial states,Ea

cd5Ea
c 2Ea

d , approaches the SP fre
or

e
ies

ly
r
n

al

al,

n

r

nt

d
II,
ed

for

l

quencyvs @see Eq.~36!#. In contrast, the energy dependen
of ge

s is smooth due the larger phase space available
scattering within the conduction band. This leads to the
ditional integral over final-state energies in Eq.~28!, which
smears out the SP resonant enhancement of the intra
scattering.

As we show in Sec. IV, the fact that the scattering rate
a d hole is dominated by the SP resonance strongly affe
the nonlinear optical dynamics in small nanoparticles. Thi
the case, in particular, when the SP frequencyvs is close to
the onset of interband transitionsD, as, e.g., in Cu and Au
nanoparticles.1,12,14,16Indeed, if the optical pulse excites a
e-h pair with excitation energyv close toD, thed hole can
subsequently scatter into the conduction band by emittin
SP. According to Eq.~36! for v;vs, such a scattering pro
cess should be resonantly enhanced. In order to have an
servable effect on the absorption spectrum, the scattering
of the photoexcitedd hole should be comparable~or larger
than! that of the photoexcited electron. Close toEF the elec-
tron scattering in the conduction band comes from a tw
quasiparticle process; the corresponding rate in noble me
is estimated as29 ge;1022 eV. If one assumes the bul
value form(2m2/m;1 eV near theL-point30!, thengh

s ex-
ceedsge for R&2.5 nm. In fact, one would expect that, i
nanoparticles,m is larger than in the bulk due to the loca
ization of the conduction electron wave functions.1

IV. SURFACE PLASMON NONLINEAR OPTICAL
DYNAMICS

In this section, we study the effect of the SP-media
interband scattering on the ultrafast optical dynamics
noble-metal nanoparticles. In particular, we study thesize
dependenceof the differential absorption measured in th
pump-probe spectroscopy.

We are interested in the situation when the hot elect
distribution has already thermalized and the electron ga
cooling to the lattice. In this case the transient response
nanoparticle can be described by the time-dependent abs
tion coefficient a(v,t), given by Eq. ~2! with time-
dependent temperature.31 In noble-metal particles, the tem
perature dependence ofa originates from two different
sources. First is the phonon-induced correction togs , which
is proportional to thelattice temperatureTl(t). As mentioned
in Sec. I, for small nanoparticles this effect is relative
weak. Second, near the onset of the interband transitionsD,
the absorption coefficient depends on theelectron tempera-
ture T(t) via the interband dielectric functioned(v) @see
Eqs.~2! and~3!#. In fact, in Cu or Au nanoparticles,vs can
be tuned close toD, so the SP damping byinterband e-h
excitations leads to an additional broadening of the abso
tion peak.1 In this case, it is the temperature dependence
ed(v) that dominates the pump-probe dynamics. Below
show that, near the SP resonance, both the temperature
frequency dependence ofed(v)5114pxd(v) are strongly
affected by the SP-mediated interband scattering.

We start with the RPA expression for the interba
susceptibility,27 xd( iv)5x̃d( iv)1x̃d(2 iv),
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x̃d~ iv!52(
a

e2m2

m2~Ea
cd!2

1

b (
iv8

Ga
d~ iv8!Ga

c ~ iv81 iv!,

~37!

whereGa
d( iv8) is the Green function of ad electron. With

the d band fully occupied, the only allowed SP-mediat
interband scattering is that of thed hole. We assume here, fo
simplicity, a dispersionlessd band with energyEd. Substi-
tuting Ga

d( iv8)5@ iv82Ed1EF2Sa
d( iv8)#21, with

Sa
d( iv) given by Eq. ~35!, and performing the frequenc

summation, we obtain

x̃d~v!5
e2m2

m2 E dEcg~Ec!

~Ecd!2

f ~Ec!21

v2Ecd1 igh
s~v,Ec!

, ~38!

whereg(Ec) is the density of states of conduction electron
The scattering rate of ad hole,gh

s(v,Ec)5Im Sd(Ec2v), is
obtained from Eq.~36! with Ed5Ec2v:

gh
s~v,Ec!52

9e2m2

m2~Ecd!2R3
f ~Ec! Im

1

es~v!
, ~39!

where N(v) is neglegible for frequenciesv;vs@kBT.17

The rategh
s(v,Ec) exhibits a sharp peak as a function of t

frequency of the probe optical field. The reason for this
that the scattering rate of ad hole with energyE depends
explicitly on the difference between the final and initia
states,Ec2E, as discussed in Sec. III; therefore, for ad hole
with energy E5Ec2v, the dependence on the final-sta
energy,Ec, cancels out ines(E

c2E) @see Eq.~36!#. In other
words, the optically excitedd hole scatters resonantly int
the conduction band asv approachesvs . It is important to
note thatgh

s(v,Ec) is, in fact, proportional to the absorptio
coefficienta(v) @see Eq.~2!#. Therefore,a and gh

s should
be calculated self-consistently from Eqs.~2!, ~3!, ~38!, and
~39!.

It should be emphasized that the effect ofgh
s on ed9(v)

increases with temperature. Indeed, it can be seen from
~39! that the value ofgh

s is appreciable only ifEc2EF

*kBT. Since the main contribution tox̃d9(v) comes from
energiesEc;v2D1EF , the effect ofd hole scattering on
the absorption becomes important only for elevated elec

FIG. 1. Calculated differential transmission spectra at posi
time delays forR55 nm nanoparticles with initial electron tem
peratureT051000 K ~other parameters are given in the text!.
.

s

q.

n

temperatures:kBT*vs2D. As a result, near the SP reso
nance, the time evolution of the differential absorptio
which is governed by the temperature dependence ofa, be-
comes stronglysize dependent, as we show in the rest of thi
section.

In the numerical calculations below, we adopt the para
eters of Ref. 12, where pump-probe measurements oR
.2.5 nm Cu nanoparticles were performed. In this expe
ment, the SP frequencyvs.2.22 eV was slightly above the
onset of the interband transitions,D.2.18 eV. In order to
describe the time evolution of the differential absorpti
spectra, we first need to determine the time dependenc
the electron temperature,T(t), due to the relaxation of the
electron gas to the lattice. For this, we employ a simple tw
temperature model, defined by heat equations forT(t) and
the lattice temperatureTl(t):

C~T!
]T

]t
52G~T2Tl !, Cl

]Tl

]t
5G~T2Tl !, ~40!

where C(T)5GT and Cl are the electron and lattice he
capacities, respectively, andG is the electron-phonon
coupling.32 The parameter values used here wereG53.5
31016 W m23K21, G570 J m23K22, andCl53.5 J m23

K21, and the initial condition was taken asT051000 K. We
then self-consistently calculated the time-dependent abs
tion coefficienta(v,t), and the differential

e FIG. 2. Calculated differential transmission spectra forR
52.5 nm nanoparticles.

FIG. 3. Calculated differential transmission spectra forR
51.8 nm nanoparticles.
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transmission is proportional toa r(v)2a(v,t), where
a r(v) was calculated at room temperature.

We now study the size dependence of the optical dyn
ics originating from the SP-mediatedd-hole scattering. In
Figs. 1–4 we plot the calculated differential transmiss
spectra with decreasing nanoparticle size. Figure 1 shows
spectra at several time delays forR55.0 nm; in this case
the SP-mediatedd-hole scattering has no significant effec
Note that it is necessary to include the effect of the intrab
e-e scattering in order to reproduce the differential transm
sion line shape observed in the experiment.12 For optically
excited electron energy close toEF , this can be achieved b
adding the e-e scattering rate24 ge(E

c)}@12 f (Ec)#@(Ec

2EF)21(pkBT)2# to gh
s in Eq. ~38!. The difference in

ge(E
c) for Ec below and aboveEF then leads to a line shap

similar to that expected from the combination of redshift a
broadening. Note, however, thatge(E

c) is essentially bulk-
like, so that its effect on the absorption does not change w
decreasing nanoparticle size.

Figure 2 shows the differential transmission spectra
R52.5 nm. It can be seen that in this case the appa
redshift isreduced. This effect becomes more prominent f
smaller sizes. It can be seen in Fig. 3 that with further
crease inR, the redshift gives way to the apparentblueshift,

FIG. 4. Calculated differential transmission spectra at posi
time delays forR51.2 nm nanoparticles.

FIG. 5. Temporal evolution of the differential transmission
different frequencies close to the SP resonance forR55 nm nano-
particles withT051000 K ~other parameters are given in the tex!.
-
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and for even smaller sizes the latter becomes the domi
feature of the spectrum@see Fig. 4!#.

The above transition in the differential transmission li
shape with decreasing size can be explained as follo
Sincevs;D, the SP is damped by the interband excitatio
for v.vs , so that the absorption peak isasymmetric. The
d-hole scattering with the SP enhances this damping; s
thev dependence ofgh

s follows that ofa, this effect is larger
above the resonance. On the other hand, the efficiency o
scattering increases with temperature, as discussed ab
Therefore, for short time delays, thed-hole scattering leads
to a relative increase in the absorption forv.vs . This in
turn transforms the apparent redshift into the blueshift
small nanoparticle sizes. Note that such a transition can
be described within the RPA or with dielectric function
Ref. 12, in which case the change in the differential tra
mission line shape is mainly determined by the linear abso
tion spectrum.

Let us now turn to the time evolution of the differenti
transmission. An important feature of the measured pum
probe signal is that its relaxation depends on the pr
frequency.12 In Figs. 5–8 we show the time evolution of th
differential transmission at several different frequenc
close tovs . It can be seen that, for all sizes, the relaxation

e

t

FIG. 6. Temporal evolution of the differential transmission f
R52.5 nm nanoparticles.

FIG. 7. Temporal evolution of the differential transmission f
R51.8 nm nanoparticles.
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slowest at the SP resonance; this characterizes the robus
of the collective mode, which determines the peak positi
versus the single-particle excitations, which determine
resonance width. For larger sizes, at whichgh

s is negligible,
the change in the differential transmission decay rate w
frequencyis slower above the resonance@see Fig. 2~a!#. This
stems from the asymmetric line shape of the absorption p
mentioned above: the absorption is larger forv.vs , so that
its relativechange with temperature is weaker. For a sma
nanoparticle size, at which the SP-mediatedd-hole scattering
becomes relevant, the decay rates become similar above
below vs ~see Fig. 6!. This change in the frequency depe
dence is related to the stronger SP damping forv.vs due to
the d-hole scattering, as discussed above. Since this a
tional damping is reduced with decreasing temperature,
relaxation is faster above the resonance, despite the relat
weaker change in the absorption. This rather ‘‘nonlinea
relation between the time evolution of the pump-probe sig
and that of the temperature, becomes even stronger
smaller sizes~see Figs. 7 and 8!. In this case, the frequenc
dependence of the differential transmission decay below
abovevs is reversed. Note that a frequency dependence c
sistent with our calculations presented in Fig. 6 was, in fa
observed in the pump-probe experiment.12,17 At the same
time, the effects of this mechanism on the linear absorp
spectrum are relatively small.

Thus the correlations between the optically excited coll
tive and single-particle excitations~SP andd hole! pro-
foundly change the optical dynamics at smaller sizes. T
reason for this is the resonant dependence of thed-hole scat-
tering rate on the optical probe frequency. The above str
size dependence of the differential transmission origina
from theR23 dependence of thed-hole SP-mediated scatte

FIG. 8. Temporal evolution of the differential transmission f
R51.2 nm nanoparticles.
ess
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ing rate; reducing the size by a factor of 2 results in
enhancement ofgh

s by an order of magnitude.

V. CONCLUSIONS

In summary, we have theoretically examined the role
size-dependent correlations in electron relaxation in sm
metal particles. We identified a mechanism of quasipart
scattering, mediated by collective surface excitations, wh
originates from the surface-induced dynamical screening
thee-e interactions. The behavior of the corresponding sc
tering rates with varying energy and temperature differs s
stantially from that in the bulk metal. We have shown th
the conduction electron scattering rate increases with ene
in sharp contrast to the bulk behavior, which could be o
served in two-photon photoemission measurements. We
found that in noble-metal particles, the resonant energy
pendence of thed-hole scattering rate affects strongly th
differential absorption.

An important aspect of the SP-mediated scattering is
strong dependence on size. Our estimates show that it
comes comparable to the usual Fermi-liquid scattering
nanometer-sized particles. This size regime is, in fact, in
mediate between ‘‘classical’’ particles with sizes larger th
10 nm, where the bulklike behavior dominates, and v
small clusters with only dozens of atoms, where the meta
properties are completely lost. Although the static proper
of nanometer-sized particles are also size dependent, the
viations from their bulk values do not change the qualitat
features of the electrondynamics. In contrast, the size-
dependentmany-bodyeffects, studied here,do affect the dy-
namics in a significant way during time scales comparable
the relaxation times. As we have shown, the SP-media
interband scattering reveals itself in the size dependenc
the transient pump-probe spectra. In particular, as the na
particle size decreases, the calculated time-resolved diffe
tial absorption line shape shows a transition from an appa
redshift to a blueshift. This transition, absent in the RP
comes from the correlations between collective surface
single-particle excitations. At the same time, near the
resonance, this correlation leads to significant size-depen
changes in the frequency dependence of the relaxation
of the pump-probe signal. These results indicate the need
systematic experimental studies of the size dependenc
the transient nonlinear optical response, as we approach
transition from boundary-constrained nanoparticles to m
lecular clusters.
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