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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 excitatidssrface plasmonamediate a resonant scattering af
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 discu$S€d.63-18209)08935-3

I. INTRODUCTION librium populations of optically excited electrons and holes
are formed within several femtoseconds. These thermalize
The properties of small metal particles in the intermediatdnto the hot Fermi-Dirac distribution within several hundreds

; ; ) : 1821
regime between bulklike and molecular behavior have been &f femtoseconds, mainly due e andh-h scattering'

subject of great interest recently’ Even though the elec- Since the electron heat capacity is much smaller than that of
tronic and optical properties of nanoparticles have been e)g_he lattice, a high electron temperature can be reached during

; : : : subpicosecond time scales, i.e., before any significant energy
tensively studied, the role of confinement in the electron dygeansfer to the phonon bath occurs. During this stage, the SP

amties inciude the role of slectron-eleciion interactions in thiSSONaNCe Was observed (o ndergo a time-dependent spec-
%ral broadening®21*subsequently, the electron and phonon

process of clus_te_r fragm_e_ntanon, the role of_surface latticg, g equilibrate through the electron-phonon interactions
modes in providing additional channels for intramolecularyer time intervals of a few picoseconds. During this inco-
energy relaxation, the influence of the electron and nucledherent stage, the hot-electron distribution can be character-
motion on the superparamagnetic properties of clusters, andeq py a time-dependent temperature. Correlation effects
the effect of confinement on the nonlinear optical properties|ay an important role in the latter regime. For example, in
and transient response under ultrafast excitatfoh’ These  order to explain the differential absorption line shape, it is
and other time-dependent phenomena can be studied wilssential to take into account teee scattering of the opti-
femtosecond nonlinear optical spectroscopy, which allowsally excited carriers near the Fermi surfaéé&urthermore,
one to probe the dynamics of the excited states on timelespite the similarities to the bulklike behavior, observed,
scales shorter than the energy relaxation or the polarizatioa.g., in metal films, certain aspects of the optical dynamics in
dephasing times. nanoparticles are significantly differefit*?1’ For example,
Surface collective excitations play an important role in theexperimental studies of small Cu nanoparticles revealed that
absorption of light by metal nanoparticles. In large particleshe relaxation times of the pump-probe signal depend
with sizes comparable to the wavelength of light(but  strongly on frequency: the relaxation was considerably
smaller than the bulk mean free patthe line shape of the slower at the SP resonante.’ These and other observations
surface-plasmoriSP resonance is determined by the elec-suggest that collective surface excitations play an important
tromagnetic effects.On the other hand, in small nanopar- role in the electron dynamics in small metal particles.
ticles with radiiR<\, the absorption spectrum is governed Let us recall the basic facts regarding the linear absorp-
by gquantum confinement effects. For example, the momertion by metal nanoparticles embedded in a medium with di-
tum nonconservation due to the confining potential leads to electric constang,,. We will focus primarily on noble-metal
Landau damping of the SP and to a resonance linewidtparticles containing several hundred atoms; in this case, the
inversely proportional to the nanoparticle stZeThe nonlin-  confinement affects the extended electronic states even
ear optical properties of small nanopatrticles are also affectethough the bulk lattice structure has been established. When
by the confinement: a size-dependent enhancement of thibe particle radii are smalR<<\, so that only dipole surface
third-order susceptibilities, caused by the elastic surface scatnodes can be optically excited and nonlocal effects can be
tering of single-particle excitations, has been repoftéd. neglected, the optical properties of this system are deter-
Extensive experimental studies of the electron relaxationmined by the dielectric functidn
in nanoparticles have recently been performed using ultrafast
pump-probe spectroscopy:1’ Unlike in semiconductors,
the dephasing processes in metals are very fast, and nonequi-
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wheree(w)=€'(w)+i€"(w) is the dielectric function of a series of steps at the surface collective excitation energies on
metal particle angp<1 is the volume fraction occupied by top of the smooth background of the bulklike scattering rate.
nanoparticles in the colloid. Since thlkelectrons play an We also study the size dependence of the differential absorp-
important role in the optical properties of noble metals, thetion line shape, and show that, in noble-metal particles, it
dielectric functione(w) also includes the interband contribu- should undergo a dramatic transformation, from the apparent
tion e4(w). For p<1, the absorption coefficient of such a SP redshift’ to an apparent SP blueshift with decreasing
system is proportional to that of a single particle, and issize. This prediction points out the important role of the cor-
given by relations between single-particle and collective surface exci-
tations on the ultrafast pump-probe dynamics before the on-
_ 3? 1 set of the transition from metal to insulat@the molecular
a(w)=—9pey Elm e(w)’ @) cluster regime where discrete level quantization preyails
We also show that the relaxation times of the pump-probe
signal depend strongly on the probe frequency, and describe
3) the changes in such a frequency dependence as the nanopar-
ticle size decreases.
plays the role of an effective dielectric function of a particle ~ The paper is organized as follows. In Sec. Il we derive the
in the medium. Its zerogi(ws)=0, determines the fre- dynamically screened Coulomb potential in a nanoparticle.
quency of the SPws. In Eq. (3), w, is the bulk plasmon In Sec. Il we calculate the SP-mediated quasiparticle scat-
frequency of the conduction electrons, and the widtlchar-  tering rates of the conduction electrons anddizand holes.
acterizes the SP damping. The semiclassical r¢Ejs. (2) In Sec. IV we incorporate these effects into the calculation of
and (3)] applies to nanoparticles with radﬂ>q;|:1, where the absorption spectrum and study their role in the size and
O7e is the Thomas-Fermi Screening wave Vect(q’_ﬁ::t frequency dependence of the time-resolved pump-probe Sig-
~1 A in noble metals In this case, the electron density nal-
deviates from its classical shape only within a surface layer
occupying a small fraction of the total volurf@Quantum-
mechanical corrections, arising from the discrete energy
spectrum, lead to a widths~vg /R, wherevp=kg/m is the
Fermi velocity® (we setz=1 throughout the paperEven In this section, we study the effect of the surface collec-
though ys/ws~(qreR) "1<1, this damping mechanism tive excitations on the-e interactions in a spherical metal
dominates over others, e.g., due to phonons, for sies particle. We present the detailed derivation of the dynami-
=10 nm. On the other hand, in small clusters containingcally screened Coulomb potentidl, by generalizing a
several dozen atoms, this semiclassical approximation breaksethod previously developed for calculations of local-field
down and density functional ab initio methods should be corrections to the optical field§.
used:~* The potentiall(w;r,r’) at pointr arising from an elec-
It should be noted that, in contrast to the surface collectron at pointr’ is determined by the equatith
tive excitations, thee-e scattering is not sensitive to the
nanoparticle size as long as the conditipgR>1 holds?®

where

€)= €q(0) — Wil w(w+iys) + 26y

Il. ELECTRON-ELECTRON INTERACTIONS IN METAL
NANOPARTICLES

Indeed, for such sizes, the static screening is essentially bulk- U(w;r,r")=u(r—r')+ f drdrou(r—ry)
like. At the same time, the energy dependence of the bulk
e-e scattering raté* y,o(E— Eg)?, with E¢ being the Fermi XTI (:r1,f)U(@iFp,r'), @)

energy, comes from the phase-space restriction due to the
momentum conservation, and involves the exchange of typ
cal momentag~q+g. If the size-induced momentum uncer-
tainty 5g~R ™! is much smaller than¢, thee-e scattering

Where u(r—r")=e?r—r'|"! is the unscreened Coulomb
potential andI(w;r4,r,) is the polarization operator. There
rate in a nanoparticle is not significantly affected by thedr® three co_ntributions td, arising from the polarization_ of

the conduction electrons, the electrons, and the medium

- 5
corllrfllr;re]ir:erf. er we study the role of collective surface exci—Surrounding the nanoparticlel.= Il + 1T+ Iy, Itis use-
pap y ful to rewrite Eq.(4) in the “classical” form

tations in the dynamical response of metal nanoparticles. We
provide a detailed account of our preliminary results pub-
lished earliert” and present results on the size dependence of V- (E+4nwP)=4me?5(r—r"), (5)
the ultrafast dynamics in small metal particles. In particular,

we derive an explicit expression for the dynamically whereE(w;r,r')=—VU(w;r,r') is the screened Coulomb
screenecde-e interaction, and show that it contains a size-field andP=P.+ P4+ Py, is the electric polarization vector,
dependent correction originating from the surface collectiveelated to the potentidl as

modes excited by an electron inside the nanoparticle. This

opens up quasiparticle scattering channels mediated by sur-

face c_ollective modes._ We then describe thg effect of such VP(w:r,r')= _ezj dryT(@:r,r)U(w:r,r').  (6)
collective surface excitations on the scattering rate of the

Fermi sea conduction electrons. We show that the latter in-

creases with energy, in contrast to the bulk-plasmonin the random-phase approximati@RPA), the intraband po-
mediated scattering, and, with decreasing size, leads to larization operator is given by
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Py(w;r,r")=60(R—r1)xg(w)E(w;r,r'), (10
Pm(a);r,l")=H(I’—R)XmE(w;I’,I”), (11)

where x;=(¢,—1)/4w, i=d,m are the corresponding sus-
ceptibilities, and the step functions account for the boundary

whereES and ¢ are the single-electron eigenenergies andconditions®® Using Egs.(9)—(11), one can write a closed-

eigenfunctions in the nanopatrticle, af¢E) is the Fermi-
Dirac distribution(we setz=1). Since we are interested in

frequencies much larger than the single-particle level spac-

ing, I .(w) can be expanded in terms ofdl/For the real
partIl/(w), in the leading order we obtain

1

H{(w;r,r)=——=VIn(nVvé(r—ry], tS)

Mo
wheren(r) is the conduction electron density. In the fol-
lowing we assume, for simplicity, a step density profile,
ne(r)=n.0(R—r), wheren, is the average density. The
leading contribution to the imaginary paH, (), is propor-
tional to w3, so thatll!(w)<I1.(w).

By using Egs(8) and(6), we obtain a familiar expression

for P, at high frequencies,

e’ne(r)

2

Pe(w;r,r’)= VU(w;r,r")

Mw

=0(R—r)x(w)E(w;r,r'), 9

where y.(w)=—e’n./mw? is the conduction electron sus-
ceptibility. Note that, for a step density profile, vanishes
outside the particle. Theé-band and dielectric medium con-
tributions toP are also given by similar relations,

€(w)ULM(w;r,r')=QLm(f,f’)+47T[X(w)—)(m]m

) 2.2 ” . .
+l1e E drldrzrlerLM(r,rl)HLM‘L/M,(w,rl,rz)ULer(w,rz,r,),

L'™m’

where
Iy Lo (@37 1,72)
:f dFldFZYtM(Fl)HIcI(w;rlarz)YL’M’(FZ)
(15
are the coefficients of the multipole expansion of

I (w;rq,r,). For II{=0, the solution of Eq(14) can be
presented in the form

4me? rbr't
2L+1 get+1’
(16)

Um(o;r,r’)=a(w)e’Quu(r,r')+b(w)

form equation folU (w;r,r"). Using Eq.(6), the second term
of Eq. (4 can be presented as—e 2fdrju(r
ry)V-P(w;r,,r'). Substituting the above expressions for
, we then obtain, after integrating by parts,

P

e2
—+
r'|

e(w)U(w;r,r’)=|
r—

1

X x()+60(r—R)xm]U(w;ry,r")

eZ
+if drldrzm
XTg(w;ry,r)U(w;rp,r"), (12)
with
€(0)=1+4mx(0)= ey 0) — w)/ w?, (13

w§:47-re2nclm being the plasmon frequency in the conduc-
tion band. The last term on the right-hand side of B@®),
proportional toll;(w), can be regarded as a small correc-
tion. To solve Eq(12), we first eliminate the angular depen-
dence by expandindJ(w;r,r’) in spherical harmonics,
Y, m(r), with coefficientsU, y(w;r,r’). Using the corre-
sponding expansion of [r—r’|~1 with coefficients
Qum(r,r’)=[4m/(2L+1)]r -~ %'t (for r>r"), we obtain
the following equation folJ y(w;r,r'):

L+1(r

L
ﬁ) ULM(w;R,I")

(14

with frequency-dependent coefficienta and b. Since

I (w)<II.(w) for the relevant frequencies, the solution of
Eq. (14) in the presence of the last term can be written in the
same form as Eq(16), but with modifieda(w) andb(w).
Substituting Eq(16) into Eq. (14), after lengthy algebra we
obtain in the lowest order ifil,

a(w)=€ o), blw)=¢ (0)—€ ), (17
where
L L+1 .
e (w)= mé(a)) + mém‘f' I e'c’l_(w) (18

is the effective dielectric function, whose zekd(w )=0,
determines the frequency of the collective surface excitation
with angular momentunh,*
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L w2 lIl. QUASIPARTICLE SCATTERING VIA SURFACE
P (19) COLLECTIVE MODES

w, — .
b Lel(w)+(L+1)enm _ .

A. Conduction electron scattering
I £6,09), €, () characterizes the camping of tapole 1" s aubsecton, we caeute he raes of ecton sl
collective mode by single-particle excitations, and is given 9 . mpanied by e ,
of surface collective modes, and discuss its possible experi-

by mental manifestations. In the first order in the surface-
induced potential, given by the second term on the right-
4m2e? " hand side of Eq(22), the corresponding scattering rate can
€ (w)=——— MM I12rF(ES) —f(ES, be obtained from the Matsubara self-enet{y:
)= e 2 Mo | 2LF(ES) — F(EG)]
c 1 4me?  IMEV2
X 8(E;—E_ +w), (20 Sim=-=3 S T Maar
“ Big v o (2L+1)R* e (iw')
whereM Z';", are the matrix elements of Y, (r). Due to the XGZ'(i o' t+io), (23

momentum nonconservation in a nanoparticle, the matrix el- . R ) )
ements are finite, which leads to the size-dependent width dthere G, =(iw—E;) "~ is the noninteracting Green func-
the L-pole modé®2® tion of the conduction electron. Here the matrix elements

MY, are calculated with the one-electron wave functions
Y5 (r)=Rn(r)Yim(r). Since|a) and|a’) are the initial and

3
7L22l__+1 al €l (). (21) final states of the scattered electron, the main contribution to
L wg ¢ the Lth term of the angular momentum sum in E&3) will
come from electron states with energy differeriege—E,,/
LM .
For o~y , one can show that the widty ~ve /R is inde- L Therefore,M ., can be expanded in terms of the

pendent ofw. Note that, in noble-metal particles, there is ansmall  parameter Eq/|E;—E{,|~Eq/w , where E,
additional d-electron contribution to the imaginary part of =(2mR?) ! is the characteristic confinement energy. The
e (w) at frequencies above the ons&tof the interband leading term can be obtained by using the following

transitions. proceduré:?® We presenM ", as
Putting everything together, we arrive at the following
expression for the dynamically-screened interaction potential MM =(calrtY u(D)c,a’)
aq 1 )

in a nanoparticle:
_ (c,a|[H,[H,r*Y () 1]lc,e’)

, 24
Utairrry= 201, € (EL-E.)’ =
w;rr')y=———+—
€(w) R whereH=H,+V(r) is the Hamiltonian of an electron in a
A e\t nanoparticle with confining potentiaV/(r)=Vy6(r —R).
I I AY* (r! ; L S T L N7 _
X% 2L+1’E,_(a))( R2 Yim(DYiu(r’), Since [H,r-Y_ u(n)]=—(1/m)V[r-Y_ mu(r)]-V, the nu

merator in Eq.(24) contains a term proportional to the gra-
(22 dient of the confining potential, which peaks sharply at the

surface. The corresponding contribution to the matrix ele-
Lo~ 1 _ o ment describes the surface scattering of an electron making
with € “(w)=¢ (@) —e (o). Equation(22), which is e | pole transition between the statisa) and |c,a'),

the main result of this section, represents a generalization of, gives the dominant term of the expansion. Thus, in lead-
the plasmon-pole approximation to spherical particles. The : c - : ' '
P P pp P P §ng order in|ES—EC,| 1, we obtain

two contributions to the rhs originate from two types of dy-
namical screening. The first describes the usual bulklike L - ,
screening of the Coulomb potential by the electrons inside ;LM :<Cv“|V[r Yim(r)1-VV(r)c,a’)

the particle. The second contribution is an effective interac- aa! m(ES—ES,)?
tion induced by thesurface the potential of an electron in-
side the nanoparticle excites high-frequency surface collec- LR-*1

LM
tive modes, which in turn act as image charges that interact VoRni(R)Ru/(R) @y »

with the second electron. It should be emphasized that, un- m(E,~E,)

like in the case of the optical fields, the surface-induced dy- (25
namical screening of the Coulomb potentialsize depen- LM . . R .
dent with o= LdrYR(r) You(r) Yy m(r). Note that, forl

Note that the excitation energies of the surface collective=1, Eq. (25 becomes exact. For electron energies close to
modes are lower than the bulk-plasmon energy, also givethe Fermi level,ES,~Eg, the radial quantum numbers are
by Eqg.(19) but with €,,=0. This opens up new channels of large, and the produd?yR,(R)R,//(R) can be evaluated
quasiparticle scattering, considered in Sec. Ill. by using semiclassical wave functions. In the lidg— o,
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this product is given 2/ ﬁlEﬁ,l,/R{ whereE°|=w2(n whereeg(w) is the same as in E@3). To evaluate the inte-

n . . . . .
+1/2)2E, is the electron eigenenergy for large Substitut- ~ 9ral in Eq. (28), we can in the first approximation replace

ing this expression into Eq25) and then into Eq(23), we M € *(w) by a Lorentzian,

obtain s 5.
m 1 _ Yswpl 0+ €4(w)
i 1 € ((l)) ’ +2 2+ 2/ 3+ " 2
Sio)=—=> > > ct, s [€'(0)+2€m] "+ [yswy/ 0+ €4(w)]
“ Bio T o 5
Ws sy
2 c ¢ 2 =— , 30
% 4e r‘llEn'I’ £4LE0) eé(ws)+26m (C!)Z_O)g)2+(1)§’)/2 ( )
(2L+1)R (Ercﬂ—Erc],l,)4 e (iow') - . B ,
where ws=w1= w,/\€y(ws) + 26y and y= ys+ wseg(ws)
XGZ,(iw’-i-iw), (26) are the SP frequency and width, respectively. For typical
widths y<wg, the integral in Eq(28) can be easily evalu-
with ated, yielding
. Mo . 24?0 E5  ESV2m(w—wy)
Civ=2 lemiml M2 (w)=—— S 2
M,m’ eij(ws)+2€y, (0—E,—wy)

B (2L+1)(21"+1)
B 8

X[1-f(w—ws)]. (3D

1

f dxP(X)PL(X)Py/(X),
-t Finally, using the relation e*kg[e)j(ws)+2€m] *
(27)  =37w?8E:, the SP-mediated scattering rate3(ES)

—_ Cc C
whereP(x) are Legendre polynomials; we used properties M2 o(E,), takes the form

of the spherical harmonics in the derivation of E2j7). For Eé E (E—w )1/2
S

E;,~Eg, the typical angular momenta are larde; k_R yg(E)zgw—E— E [1-f(E-ws)]. (32
ws Ef F

>1, and one can use the largesymptotics ofP,; for the
low multipoles of interestl-<I, the integral in Eq(27) can  Recalling thaE,=(2mR%) !, we see that the scattering rate
be approximated by2/(2l"+1)4,.]. After performing the of a conduction electron isize dependentyxR™4. At E
Matsubara summation, for the imaginary part of the self-=E_+ w,, the scattering rate jumps to the valuer(@
energy that determines the electron scattering rate we obtain o /E) ES/va and therincreaseswith energy a£%? (for
ws<Ef). This should be contrasted with the usubulk)

IMSS(w)=— L‘ezEzz L2 plasmon-mediated scattering, originating from the first term
al@ R 04 in Eq. (22), in which case the rate decreasesas’? above
the onset’
EE] N(E—w)+f(E) Note that the total electron scattering rate is the sy,

E-E) " e(E-v)

X J dEg(E) : ++3, of the SP-mediated)€) and bulklike (y,) scattering

rates. In order to be observable, the former should exceed the
(28 latter. The typical size at which becomes important can be
estimated by equating? and the Fermi-liquice-e scattering
rate?® yo(E)=(72q:/16ke)[ (E—Eg)%/Eg]. For energies
E~Er+ wsg, the two rates become comparable for

whereN(E) is the Bose distribution angl (E) is the density
of states of a conduction electron with angular momentum

R /2m E E_\Y2/ ko \12
g(E)=2>, 5(Eﬁ|—E)z—\/F, (29 (k R)2=12—"| 1+ —F> ( x (33
n ™ F Ws Wg TqTF
where we replaced the sum oueby an integralithe factor  In the case of a Cu nanoparticle with=2.2 eV, we obtain
of 2 accounts for spin keR=8, which corresponds to a radiusR=3 nm. At the

Each term in the sum on the right-hand side of E28)  same time, in this energy range, the widgp exceeds the
represents a channel of electron scattering mediated by raean level spacing, so that the energy spectrum is still
collective surface mode with angular momentunfor low  continuous. The strong size dependencedindicates that,

L_, the difference_ between the ene_rgie_s of modes wit_h succegithoughyS increases with energy more slowly thag, the

sive values ofL is larger than their widths, so the different sp.mediated scattering should dominate for nanometer-sized
channels are well separated. Note that sincecall are  particles. Note also that the size and energy dependences of
smaller than the frequency of the bulk plasmon, one cafhe scattering in the different channels are similar: the rate of
replacee (w) by € (w) in the integrand of Eq(28) for  scattering via thé_th channel is given by Eq32), with w,
frequenciesn~ w, . replaced byw, [Eq. (19)], and the numerical factor 9 re-

Consider now thé =1 term in Eq.(28), which describes placed by 3 (2L+1).
the SP-mediated scattering channel. The main contribution to Concluding this subsection, we have shown that the SP-
the integral comes from the SP pole éh!(w)=3e; '(w),  mediated scattering is the dominant scattering mechanism of
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conduction electrons in nanometer-sized nanoparticles foquencyws[see Eq(36)]. In contrast, the energy dependence
energies larger thams but smaller thanw,. The scattering of 7 is smooth due the larger phase space available for
rate in theLth channel,ys, increases with energy, in sharp scattering within the conduction band. This leads to the ad-
contrast with the bulk-plasmon-mediated scattering rate. Theitional integral over final-state energies in Eg8), which
total scattering rate as a function of energy represents a serigfears out the SP resonant enhancement of the intraband
of steps aE=w_, on top of a smooth energy increase. We scattering.
expect that this effect should be observable experimentally aAs we show in Sec. IV, the fact that the scattering rate of
by measuringe-e scattering rate in size-selected clusterg g pole is dominated by the SP resonance strongly affects
beams n time-resolved  two-photon  photoemissione nonlinear optical dynamics in small nanoparticles. This is
spectrunt. the case, in particular, when the SP frequengyis close to
the onset of interband transitiods, as, e.g., in Cu and Au
B. d-band hole scattering nanoparticles:*214%6|ndeed, if the optical pulse excites an
We now turn to the interband processes in noble-meta¢-h pair with excitation energy close toA, thed hole can
particles and consider the scattering af bole into the con-  subsequently scatter into the conduction band by emitting a
duction band. The corresponding surface-induced potentiaSP. According to Eq(36) for o~ w, such a scattering pro-
given by thel th term in Eq.(22), has the form cess should be resonantly enhanced. In order to have an ob-
L servable effect on the absorption spectrum, the scattering rate
Ax A of the photoexcitedl hole should be comparabler larger
Yim(MYim(r'), than that of the photoexcited electron. CloseEp the elec-

(34)  tron scattering in the conduction band comes from a two-
quasiparticle process; the corresponding rate in noble metals
is estimated & y,~10"2 eV. If one assumes the bulk
value foru(2u?/m~1 eV near the.-point?), then y;, ex-

o2 1 ceedsy, for R<2.5 nm. In fact, one would expect that, in
S9(iw)=— E |IVI"M,|2 - 2 , nanoparticlesu is larger than in the bulk due to the local-

“ RATL D Bl e(io) ization of the conduction electron wave functidns.
(35

4 1 €frr’
Um(w;r,r')=

2L+1 ¢ (w) R| R2

where ¢, (w) is given by Eq.(18). With this potential, the
d-hole self-energy is given by

GZ,(iw’+iw)

wherel\?li'lf,=(c,a|rLYLM(F)|d,a’> is theinterbandtransi-
tion matrix elemenfcompare with Eq(24)]. Since the final-
state energies in the conduction band are Higlithe case of
interest here, they are close to the Fermi Igvide matrix In this section, we study the effect of the SP-mediated
element can be approximated by a bulklike expressiofinterband scattering on the ultrafast optical dynamics in
MY, =5, MEM | the corrections due to surface scatteringnoble-metal nanoparticles. In particular, we study iiee

IV. SURFACE PLASMON NONLINEAR OPTICAL
DYNAMICS

aa !

being suppressed by a factor ¢-R) 1<1. dependencef the differential absorption measured in the
The largest contribution to the self-enerdizq. (35)] pump-probe spectroscopy.

comes from the dipole channek 1, mediated by the SP. In We are interested in the situation when the hot electron

this case, after performing the frequency summation, fodistribution has already thermalized and the electron gas is

Im E‘i we obtain cooling to the lattice. In this case the transient response of a
nanoparticle can be described by the time-dependent absorp-
m39(w) 9e?u? . N(ES —w)+f(ES) tion coefficient a(w,t), given by Eg. (2) with time-
m W)= — m y _ i _
mz(EZd)st e(ES— w) dependent temperatuteIn noble-metal particles, the tem

(36) perature dependence af originates from two different
sources. First is the phonon-induced correctiorydp which

where ES°=ES—EJ and u is the interband dipole matrix s proportional to théattice temperaturd(t). As mentioned
element’ We see that the scattering rate oflahole with  in Sec. |, for small nanoparticles this effect is relatively
energyE?, y3(E9)=Im34(EY), has a strondR~3 depen-  weak. Second, near the onset of the interband transitions,
dence on the nanoparticle size, which is, however, differenthe absorption coefficient depends on #iectrontempera-
from that of the intraband scatterifgqg. (32)]. ture T(t) via the interband dielectric functioay(w) [see

The most important difference between the interband anggs.(2) and(3)]. In fact, in Cu or Au nanoparticlesys can
intraband SP-mediated scattering rates, derived in Sec. llhe tuned close ta\, so the SP damping binterband eh
lies in their dependence on energy. Since the surface-inducegkcitations leads to an additional broadening of the absorp-
potential [Eq. (34)], only allows for vertical(dipole) inter-  tion peak! In this case, it is the temperature dependence of
band single-particle excitations, the phase space available fef,(w) that dominates the pump-probe dynamics. Below we
the scattering of al hole with energyEY is restricted to a show that, near the SP resonance, both the temperature and
singlefinal state in the conduction band, with eney. As  frequency dependence ef(w)=1+4my4(w) are strongly
a result of this restriction, theé-hole scattering rate(E9)  affected by the SP-mediated interband scattering.
exhibits apeakas the difference between the energies of final We start with the RPA expression for the interband
and initial states ES°=E¢—EY, approaches the SP fre- susceptibility?” xq(i )= yq(i @)+ xa(—iw),

!
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FIG. 1. Calculated differential transmission spectra at positive FIG. 2. Calculated differential transmission spectra fr
time delays forR=5 nm nanoparticles with initial electron tem- =2.5 nm nanoparticles.
peratureT,=1000 K (other parameters are given in the jext
temperatureskgT= ws—A. As a result, near the SP reso-
_ e2u? 1 nance, the time evolution of the differential absorption,
Xdlio)==2 ———= =2 GYio)Gi(io +iw), which is governed by the temperature dependence, dfe-
@ mAE)? B iy comes stronglpize dependenas we show in the rest of this
(37 section.
whereGY(iw') is the Green function of d electron. With In the numerical calculations below, we adopt the param-
the d band fully occupied, the only allowed SP-mediatedeters of Ref. 12, where pump-probe measurementRon
interband scattering is that of tlkhole. We assume here, for =2.5 nm Cu nanoparticles were performed. In this experi-
simplicity, a dispersionlesd band with energye®. Substi- ment, the SP frequenays=2.22 eV was slightly above the
tuting Gg(iw’)=[iw’—Ed+ EF—Eg(iw’)]‘l, with ~ onset of the in_terband trqnsitions,zz.l's ev.In order to
Ei(iw) given by Eg.(35), and performing the frequency describe the_tlme evolution of Fhe dlffe_rentlal absorption
summation, we obtain spectra, we first need to determine the time dependence of
the electron temperaturd@(t), due to the relaxation of the
_ ez'uzf dECg(E®) f(ES)—1 electron gas to the lattice. For this, we employ a simple two-

xa(w)=— , (38)  temperature model, defined by heat equationsTi@) and

dy2 dy i
m (E°D*  o—E“+iyy(w,E%) the lattice temperatur€(t):

whereg(E®) is the density of states of conduction electrons.

The scattering rate of@hole, yi(,E®) =Im 2%(E - w), is C(T)ﬂz -G(T-T)), C [?—T'zG(T—T|), (40)
obtained from Eq(36) with Eq=E°— w: ot ot
2 2 where C(T)=T'T and C, are the electron and lattice heat
e 1 i~ : -
S(w ES)=——— "  §(E° 39 capacities, respectively, an@ is the electron-phonon
’}/h(w! ) 2 cd2p3 ( ) m ’ ( ) . 32
m<(E®%)“R (o) coupling® The parameter values used here w&e 3.5

X10 Wm 3K, I'=70 Jm 3K 2, andC,=3.5 Jm3

K~1, and the initial condition was taken @g=1000 K. We
then self-consistently calculated the time-dependent absorp-
Stion coefficienta(w,t), and the differential

where N(w) is neglegible for frequencie®~ w>kgT.’
The ratey;(w,E®) exhibits a sharp peak as a function of the
frequency of the probe optical field. The reason for this i
that the scattering rate of @ hole with energyE depends

explicitly on the difference between the final and initial

statesE°—E, as discussed in Sec. lll; therefore, fod hole % ' ' '

with energy E=E°— w, the dependence on the final-state & 0.02

energy,E®, cancels out ires(E°—E) [see Eq(36)]. In other ¥e}

words, the optically excited hole scatters resonantly into S o001

the conduction band as approachesos. It is important to 8

note thatyp(w,E®) is, in fact, proportional to the absorption 5 0.00

coefficienta(w) [see Eq.(2)]. Therefore,a and y; should = '

be calculated self-consistently from Ed8), (3), (38), and %

(39). § -0.01 .
It should be emphasized that the effectgf on ej(w) et

increases with temperature. Indeed, it can be seen from Eq. 3J _0_021 2 2-0 2-2 2-4 S

S H H C . . . B -
(39 that the value ofy, is appreciable only ifE°—Eg energy (6V)

=kgT. Since the main contribution t?;}g(w) comes from
energiesE®~w— A+ E, the effect ofd hole scattering on FIG. 3. Calculated differential transmission spectra fRr
the absorption becomes important only for elevated electros-1.8 nm nanoparticles.
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FIG. 4. Calculated differential transmission spectra at positive
time delays forR=1.2 nm nanoparticles. FIG. 6. Temporal evolution of the differential transmission for
R=2.5 nm nanoparticles.
transmission is proportional tay,(w)— a(w,t), where

a;(w) was calculated at room temperature. and for even smaller sizes the latter becomes the dominant
We now study the size dependence of the optical dynamfeature of the spectrufsee Fig. 4].
ics originating from the SP-mediatedthole scattering. In The above transition in the differential transmission line

Figs. 1-4 we plot the calculated differential transmissionshape with decreasing size can be explained as follows.
spectra with decreasing nanoparticle size. Figure 1 shows tf@'ncews~A, the SP is damped by the interband excitations
spectra at several time delays f@=5.0 nm; in this case, for w>ws, so that the absorption peak asymmetric The

the SP-mediated-hole scattering has no significant effect. d-hole scattering with the SP enhances this damping; since
Note that it is necessary to include the effect of the intrabanghe , dependence of; follows that ofa, this effect is larger

e-e scattering in order to reproduce the differential transmisgpove the resonance. On the other hand, the efficiency of the
sion line shape observed in the experiménor optically  scattering increases with temperature, as discussed above.
excited electron energy close i, this can be achieved by Therefore, for short time delays, tlichole scattering leads
adding thee-e scattering raté yo(E®)<[1-f(E9)I[(E° {0 a relative increase in the absorption foFw.. This in
—Eg)?+(mkgT)?] to vy in Eq. (38). The difference in  turn transforms the apparent redshift into the blueshift for
Ye(E€) for E€ below and abové& then leads to a line shape small nanoparticle sizes. Note that such a transition cannot
similar to that expected from the combination of redshift andbe described within the RPA or with dielectric function of
broadening. Note, however, that(E®) is essentially bulk- Ref. 12, in which case the change in the differential trans-
like, so that its effect on the absorption does not change witlnission line shape is mainly determined by the linear absorp-
decreasing nanoparticle size. tion spectrum.

Figure 2 shows the differential transmission spectra for Let us now turn to the time evolution of the differential
R=2.5 nm. It can be seen that in this case the apparerttansmission. An important feature of the measured pump-
redshift isreduced This effect becomes more prominent for probe signal is that its relaxation depends on the probe
smaller sizes. It can be seen in Fig. 3 that with further defrequency!? In Figs. 5—-8 we show the time evolution of the
crease irR, the redshift gives way to the appardatieshiff  differential transmission at several different frequencies

close tows. It can be seen that, for all sizes, the relaxation is
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FIG. 5. Temporal evolution of the differential transmission at
different frequencies close to the SP resonancd&fe’5 nm nano- FIG. 7. Temporal evolution of the differential transmission for
particles withT,=1000 K (other parameters are given in the jext R=1.8 nm nanopatrticles.
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ing rate; reducing the size by a factor of 2 results in an
enhancement of; by an order of magnitude.

----214eV

1.0
V. CONCLUSIONS

0.8 In summary, we have theoretically examined the role of

size-dependent correlations in electron relaxation in small
metal particles. We identified a mechanism of quasiparticle
scattering, mediated by collective surface excitations, which
originates from the surface-induced dynamical screening of
the e-e interactions. The behavior of the corresponding scat-

tering rates with varying energy and temperature differs sub-
stantially from that in the bulk metal. We have shown that

L the conduction electron scattering rate increases with energy,

0.6

0.4

0.2

diff. transmittance (normalized)

0.0 1 1 1 i
00 04 08 12 16 20 24 in sharp contrast to the bulk behavior, which could be ob-
time delay (ps) served in two-photon photoemission measurements. We also

) ) ) o found that in noble-metal particles, the resonant energy de-
FIG. 8. Temporal_evolutlon of the differential transmission for pendence of thel-hole scattering rate affects strongly the
R=1.2 nm nanoparticles. differential absorption.

An important aspect of the SP-mediated scattering is its
slowest at the SP resonance; this characterizes the robustnes®ng dependence on size. Our estimgtgs 'show tha_t it pe-
of the collective mode, which determines the peak positioncomes comparable to the usual Fermi-liquid scattering in
versus the single-particle excitations, which determine théanometer-sized particles. This size regime is, in fact, inter-
resonance width. For larger sizes, at whighis negligible, mediate between “classical” particles with sizes larger than
the change in the differential transmission decay rate wit-0 nm, where the bulklike behavior dominates, and very
frequencyis slower above the resonanaee Fig. 2a)]. This small clusters with only dozens of atoms, where the metallic
stems from the asymmetric line shape of the absorption peaROPerties are completely lost. Although the static properties
mentioned above: the absorption is largerdor w,, so that of nanometer-sized particles are also size dependent, the de-

. Sy . . . . .
its relative change with temperature is weaker. For a smallel/iations from their bulk values do not change the qualitative
nanoparticle size, at which the SP-mediatieable scattering features of the eIect][;)rdynamlcg Inhcontrafft, th(ha slze-
becomes relevant, the decay rates become similar above af§Pendenmany-bodyeffects, studied herelo affect the dy-
below w, (see Fig. 6 This change in the frequency depen- namics in a significant way during time scales comparable to

dence is related to the stronger SP dampingJorwg due to f[he relaxation times. As we .have.shown,. the SP-mediated
the d-hole scattering, as discussed above. Since this addmterbanq scattering reveals itself in the size dependence of
tional damping is reduced with decreasing temperature, thg‘e Fr?ns[entdpump-probehspe(itral. Indpgrtlcular, Ias ctjhc?ﬁnano-
relaxation is faster above the resonance, despite the relatively rtlcesm_a epreases,t e calculate t'lr.ne-reso ved ditreren-
weaker change in the absorption. This rather “nonlinear”tal absorption line shape shows a transition from an apparent

relation between the time evolution of the pump-probe signa{echhIft to a blueshift. Th's transition, absent in the RPA,
and that of the temperature, becomes even stronger f OMes from the cqrre_lanons between collgctwe surface and
smaller sizegsee Figs. 7 and)8In this case, the frequency single-particle excitations. At the same time, near the SP

dependence of the differential transmission decay below anigsonance, this correlation leads to significant size-dependent

abovew is reversed. Note that a frequency dependence Cor*:_hanges in the frequency dependence of the relaxation time

sistent with our calculations presented in Fig. 6 was, in fact,of the pump-probe signal. These results indicate the need for

observed in the pump-probe experim&t’ At the same systematic experimental studies of the size dependence of

time, the effects of this mechanism on the linear absorptior,ﬁhe tr.?nsuefnt I’IOEHI”IEE;I‘ optical :es_pogse, as wet_alpprct)ach the
spectrum are relatively small. ransition from boundary-constrained nanoparticles to mo-

Thus the correlations between the optically excited collec-IeCUIar clusters.

tive and single-particle excitation€SP andd hole) pro-
foundly change the optical dynamics at smaller sizes. The
reason for this is the resonant dependence oflthele scat- The authors thank J.-Y. Bigot for valuable discussions.
tering rate on the optical probe frequency. The above stron@his work was supported by NSF Grant No. ECS-9703453,
size dependence of the differential transmission originateand, in part, by ONR Grant No. N00014-96-1-1042 and by
from theR ™3 dependence of thé-hole SP-mediated scatter- ARL, Hitachi Ltd.
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