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Size-Dependent Surface Plasmon Dynamics in Metal Nanoparticles
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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 leads
to quasiparticle scattering with collective surface excitations. In noble-metal nanoparticles, it results
in an interbandresonant scatteringof 4 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

The absorption of light by metal nanoparticles is domi-induced dynamical screening. This leads to a possibility
nated by the surface plasmon (SP) resonance. In small pasf quasiparticle scattering accompanied by the emission
ticles, the strong three-dimensional confinement changesf SP’s. We show, in particular, that in noble-metal par-
both the static and dynamic optical properties. For exiicles, this novel size-dependent many-body mechanism
ample, the scattering of single-particle excitations at theesults in a resonant scattering of tdnole into the con-
surface leads to SP damping and to a resonance linewidttuction band. The latter effect manifests itself in a strong
inversely proportional to the nanoparticle size [1]. Anotherfrequency dependence of the optical dynamics close to the
static effect is the size-dependent enhancement of the no&P resonance, and can be observed experimentally with
linear optical susceptibilities [2,3]. At the same time, theultrafast pump-probe spectroscopy.
effect of confinement on dynamical properties is much less We consider spherical metal particles, embedded in a
understood [1]. Ultrafast optical spectroscopy allows onamedium with dielectric constant,,, with radii R suffi-
to address the dynamical aspects by probing the time evaiently small, so that only dipole surface modes can be
lution of the excited states with a resolution shorter tharoptically excited. The optical properties of such a colloid
the dephasing or energy relaxation times. are determined by the dielectric functian, + 3pe,,(e —

Recently, electron relaxation in nanoparticles attracted,,)/(e + 2¢,,), wheree(w) = €/(w) + i€’ (w) is that of
much interest [4—9]. Ultrafast pump-probe experimentsa single metal particle angd < 1 is the volume fraction
[6,8] performed on noble-metal particles reported a time-occupied by the nanoparticles. For noble metals) in-
dependent spectral broadening of the SP resonance, origitudes the (complex) interband dielectric functiep(w),
nating from the pump-induced heating of the electron gasassociated with the electrons. The absorption coefficient
The inelastic carrier scattering was found to be essentialis then given by [1]
for understanding the differential transmission line shape w
[6]. Similar to metal films [10—12], the dynamics revealed a(w) = —9p — €/*Im
an initial nonequilibrium stage during which tlaee scat- ¢
tering leads to thermalization of the electron distribution,with
followed by a relaxation to the lattice. However, certain _ 2 .
aspects of the optical dynamics in nanoparticles were ob- €p(@) = €s(w) = w)/w(w + i) + 2en. (2)
served to differ significantly from films. In particular, ex- Herey, ~ vr/R characterizes the SP damping by intra-
perimental studies of small Cu nanoparticles [6] revealedbande-h excitations due to the surface scattering, and
considerably faster relaxation above and below the SI the plasmon frequency of the conductiefp) electrons.
resonance. These observations suggest that, in stronglhe SP frequencyws,, is determined by, (ws,) = 0.
confined systems, collective surface excitations should Equation (1) describes the linear absorption by large
play an important role in the electron dynamics. metal clusters. When the electron gas is in the quasiequi-

In this paper we address the role of collective surfacdibrium with the lattice, the temperature dependence of
excitations in the electron relaxation in metal nanoparw(w) also determines the time evolution of the differ-
ticles. We demonstrate that thee interactionsinside  ential absorption measured by pump-probe spectroscopy.
small particles are strongly modified due to a surfaceThis is the case for time delays between the pump and the
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probe optical pulses longer thanl ps [10—12]. Since U, (r.r)) Ur —r') N e_2 Z 4o (rr! L
for electron temperatur@ much smaller than the Fermi ~“* "7 ¢(p) R &; 2L + 1 \R?
energyEr, the intraband contribution te,,(w) is nearly
T independent, the SP dynamics comes mainly from the X Yim(B)Y] (B [L _
T dependence of thimterbanddielectric functione(w). erlw) e(w)
The latter is typically approximated by its bulk expres- e €(©) = e4(w) — 2/0? Here e (w) =
sion calculated for noninteracting electrons [1]. In such a;, t )i d f t!’ d'.I tric f t'L h
model, the SP dynamics is essentially size independent. er(w) ; ZGL(‘_") 15 an enective diefectric Iupion, w gse
Here we point out that in small particles, there is2€70S:€L(w) = 557 [€a(w) — 0,/ ] + 557 €, =0
a size-dependent contribution g (w) that arises from determine the _frequenmes of the /r/nultlpole c_ollectlve
an interbandd-hole scattering mechanism, absent inSurface excitations [1]. Note that/(w) contains a
bulk metals. This many-body effect originates from correction due to the damping of collective excitations

the fact that the collective surface excitations stronglyPy €lectron-hole pairs, which can be obtained by adding

modify the dynamically screenegre interactions inside M 15, to the rhs of Eq. (5). o
nanoparticles, as we demonstrate below. Equation (6) represents a generalization of the plasmon

The screened Coulomb potential at pointarising pole approximatic_)n for sphgri(_:al partick_as. _The two terms
from an electron at point’ inside a spherical particle in the rhs describe two distinct contributions. First is

U, (r,v'), is determined by the equation [13] the usual bu_Iinke screening o_f th_e Coulomb potential.

The secondsize-dependertontribution describes a new

effective e-e interaction induced by thesurface the

potential of an electron inside the nanoparticle excites
collective surface modes, which in turn act as image
+[dr1 dro Ur =)l (r.r2)Uo (2.1 charges that interact with the second electron. For
3) frequencies close to that of the SP, it is sufficient to retain

only the resonant dipole termi, = 1. The corresponding

where U(r — r') is the unscreened Coulomb poten- syrface-induced-e interaction potential is then
tial and II,(r;,r;) is the polarization operator. The

latter includes contributions from the conduction and UP(r,r)=3— — ——,
d band, as well as from the surrounding mediuth, = R R* ep(w)
1€, + H‘j) + I12. For simplicity, we assume here step where e, (») = 3€;(w) is the same as in Eq. (2).
density profilesp;(r) = 7,6(R — r),i = ¢,d, whereii. s for sufficiently smalR, the dynamically screened
(74) is the average density of the conductiah) elec-  cqy1omb potential in the nanoparticle is dominated by
trons. For the high frequencies of interellt, can be ex- e Sp pole. This leads to the possibility of quasiparticle

| ®

U,r,x)=Ur —1')

e2r-r 1

()

panded igﬂ/“" yielding to lowest order [14T{,(r,r1) =  geattering accompanied by the emission of a SP.
—(1/m@?)V[n.(r)Vé(r — r)]. Thed-band contribution | harticular, consider the SP-mediated scattering of the
to the right-hand side (rhs) of Eq. (3) can be found from; poje into the conduction band. This process is described
the relation by the Matsubara self-energy due to the potential (7) [13]
2 2
2 d N — d I d: e 1 |daa/| c /el .
- dry 11 s Uw s - VPw s 5 4 = -3 - . G, + .
e ] r % (e, v )U, (ry,v') rr), @ Sio) e ; 5 ;ﬁp(lw,) Clio' + iw)

8
wherePé (r,r') = — y4(@)VU, (r,r') is the d-band po- ®)
larization vector P4 = 0 outside the nanoparticle) and Here duo = {c,alrld,a') = (c,alpld, a’)/im(E; —
xa = (€4 — 1)/4m is the interband susceptibilityII”  E&) (we set/i = 1), where |c,a’) (Id,a') and E
can be obtained from a similar relation (witt' = 0in-  (E4) are the conduction d¢) band eigenstates and

side the nanoparticle). After some algebra, Eq. (3) take§igenenergies, respectively, and; is the Green
the form function of noninteracting conduction electrons.

For a quasicontinuous spectrum, the matrix ele-
w) , , €1 — €n €M, ment can be approximated by a bulklike expression,
€= "2 Up(r,x)=U(r —r) + <T - —> (c,alpld, a’) = S4q/clpld) = 840, the corrections
1 due to the surface scattering beirgR ~!. After the
X / dr1 Vy T |V10(R -r) frequency summation, I8¢ takes the form
-

mw?

9e? u? N(ES — E) + f(ES)
X Uw > ! ’ 5 | d E)=— | @ a
(ry.r') B mIE) = e M e e )
with w? = 4me*i./m. We solved Eq. (5) by expand- ©)
ing U, in spherical harmonicsYy(#). The solution where E¢? = E¢ — E¢, and f(E) and N(E) are the
reads [15] Fermi and Bose distributions, respectively.
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We see from Eqg. (9) that the scattering rate af hole
with energyE?, y,(EY) = Im34(E?), depends strongly
on the nanopatrticle size. Importantly, it exhibitpeakas
the interband separatidiy? approaches the SP frequency
wp. The reason for such a sharp energy dependence is
that the surface potential (7) induces only vertical (dipole)
transitions, thus restricting the number of allowed final
states.

Let us turn to the absorption spectrum. Consider an
optically excitede-h pair with excitation energy» close
to the onset of interband transitiond, As discussed

0.02
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diff. transmittance (arb. scale)

above, thed hole can subsequently scatter into the -0.01 ‘ ‘ ‘
conduction band by emitting a SP. Equation (9) indicates 18 20 ener2'2 V) 24 26
that for o ~ wy, ~ A, this process will be resonantly ay
enhanced. In particular, this is the case in Cu and Au, =)
where oy, and A are close to each other [6,8]. At _g o sisev
the same time, the electron scatters in the conduction © 1.0 ‘ (b) — 220ev
band via the usual two-quasiparticle process. &or A, % A T 2,268V
the electron energy is close By, and the scattering £ 08 r
rate isy, ~ 1072 eV [16]. Using the bulk value ofa, Q
2u?/m ~ 1 eV near theL point [17], we find thaty, % 06
exceedsy, for nanoparticles smaller than5 nm. E=]
We now calculate the effect of the SP-assisted in- % 04 1
terband scattering on the absorption coefficiant For S o2 |
noninteracting electrons, the interband susceptibility, s
ya(iw) = ya(iw) + y4(—iw), has the standard form £ o0 ‘ ‘ ‘ ‘
2 T o0 04 08 1.2 1.6 2.0
Talio) ==Y 7’%;(:”)2 5 S Gl(iw)GE (i +iw). time delay (ps)
a a iw' =
(10) §
] ) ] ) o - . (©) . *214ev |
Since thed band is occupied for all energies, it is £ 1.0 . *218eV
sufficient to include only the effect af-hole scattering S S Tazmlev
into q(iw) [18]. SubstitutingG4(iw') = [ie' — E¢ + £08r . . 1
Er — 24(iw")]7!, with 24¢(iw) given by Eq. (8), we 8 el . ]
obtain after the frequency summation S .
_ 62,LL2 dE€ g(EC) f(EL) -1 é 04 t -.D DD..'.. 1
Xa(w) = —5 f cd)2 — fed 4+ o)’ 2 .
m (E<? @ — E“d + iyy(w, E) S on | o0 e ]
(11) f K oy n'D.D_D .
where g(E°) is the density of states in the conduction = O'(20,4 00 04 08 12 16 20 24 28
band, and we assumed a dispersionldsband with time delay (ps)

energy E4. Here y,(w,E) = Im34(E¢ — w) is the
scattering rate of & hole with energyt“ — w,

. 9e? u? ‘ 1 10 k(@ e
W@, B = - (geyim Y. —
’ meapr T ey AN B

04 r
FIG. 1. (a) Calculated differential transmission spectra for

positive time delays with initial hot electron temperatiig=

800 K, €, = 2.25, andy, = 0.1 eV. (b) Temporal evolution

of the differential transmission for frequencies equal, above,

and below the SP resonance. (c) Experimental temporal evo- b0 04 0‘8 1‘2 16 20
lution of the pump-probe signal [6]. (d) Calculated differential ’ R del ' : :

transmission in the absence of interbaitiole scattering. time delay (ps)
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The comparison of Egs. (12) and (1) shows that theoriginates from the line shape of the absorption peak:
scattering ratelepends on the frequengythe same way since ws, ~ A, the absorption is larger fow > w,
as the absorption coefficient: both,(w, E°) and a(w)  due to the interband transitions, and thereforeréiative
exhibit a peak atw = w,. This implies that thed  change in the absorption is smaller. This, however,
hole experiencesesonant scatteringnto the conduction changes withd-hole scattering turned onyf # 0). To
band as the optical field frequency approaches the SEnderstand this difference, one should note that away from
frequency. We thus arrive at a self-consistent problemo,,, the relaxation characterizes the temperature-induced
defined by Egs. (1), (2), (11), and (12). change in the SWidth. The latter acquires an additional
The main role of the SP-assistafthole scattering frequency dependence near the resonance, originating
is to change the absorption line shape in the vicinityfrom that of y,(w). This effect is enhanced above the
of the SP resonance. The SP width is determined byesonance due to the similar frequency dependenagg, of
€)(w) = 4wy} (w), which now, according to Egs. (12) and a. Furthermore, the efficiency of this mechanism
and (11), acquires a sharp frequency dependence fer  increases withl’, as discussed above. This results in a
wgp. It is also important that the effect af;, on ej(w)  strong frequency dependence of the relaxation (or
increases with temperature. Indeed, the Fermi functiom,) for shorter time delays, which correspond to higher
in the rhs of Eq. (12) implies thay, is small unless T [see Fig. 1(b)].
E¢ — Ep < kgT. Since the main contribution t§.(w) In conclusion, we have shown that surface-induced
comes from energieB“ — Er ~ w — A, the scattering electron-electron interactions in small metal particles lead
becomes efficient for temperaturesl’ = ws, — A. The to quasiparticle scattering mediated by collective surface
combined effect of the abovew and T dependence excitations. In noble-metal particles, this size-dependent
manifests itself strongly in the differential absorption mechanism results in a surface-plasmon-assisted reso-
dynamics, as illustrated below. nant scattering ofd holes into the conduction band.
In Fig. 1 we show the results of our self-consistentThe latter effect can be observed with ultrafast pump-
numerical calculations of the differential transmissionprobe spectroscopy. Our work points out the increasing
dynamics. We use the parameters of the experimenble of many-body correlations with decreasing size, im-
[6], performed on~5 nm Cu nanoparticles, with the portant for understanding the transition from boundary-
SP frequencyws, = 2.22 eV, slightly above the onset constrained nanoscale materials to molecular clusters.
of the interband transitionsA = 2.18 eV. Figure 1(a) This work was supported by NSF CAREER Award
shows the spectra at various time delays, calculated a$o. ECS-9703453, and, in part, by ONR Grant
the difference betweewm(w) at T = 300 K and 7'(z), No. N00014-96-1-1042 and by ARL, Hitachi Ltd.
the pump-induced hot electron temperature. The latter
was obtained from the two-temperature model with bulk
Cu parameters [19] and initial temperatufg = 800 K.
The d-hole scattering leads to a steeperdependence [1] U. Kreibig and M. Volimer, Optical Properties of Metal
of the differential transmission fow > w,,; its effect, Clusters (Springer-Verlag, Berlin, 1995), and references
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f( Y [6] J.-Y. Bigotet al., Phys. Rev. Lett75 4702 (1995).
in y.(E€) for E¢ smaller and larger thaiky leads to 7] T 5. Ahmadiet al., J. Phys. Cheml00, 8053 (1996).
an asymmetric differential transmission line shape, in [g] M. Perneret al., Phys. Rev. Lett78, 2192 (1997).
agreement with experiment [6]. [9] M. Nisoli et al., Phys. Rev. Lett78, 3575 (1997).
In Fig. 1(b) we show the calculated time evolution of [10] W.S. Fanret al., Phys. Rev. B46, 13592 (1992).
the differential transmission. The relaxation is slowest af11] C.K. Sunet al., Phys. Rev. B50, 15337 (1994).
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