NANO
LETTERS

Size Dependent »® for Conduction Vol 4 No. 8

Electrons in Ag Nanoparticles 1535-1539

Vladimir P. Drachev,*" Andrei K. Buin,* Heinz Nakotte,* and Vladimir M. Shalaev’

School of Electrical and Computer Engineering, Purdue Jdénsity,
West Lafayette, Indiana 47907, and Physics Department, New Mexico Stakerdiyi
Las Cruces, New Mexico 88003

Received April 15, 2004; Revised Manuscript Received June 30, 2004

ABSTRACT

Our theoretical study of the third-order susceptibility () for Ag dielectric composite reveals a critical role of saturation of optical transitions
between discrete states of conduction electrons in metal quantum dots. The calculated size dependence of the x® for Ag nanoparticles
reproduces the published experimental results. Saturation effects lead to a decrease of the local field enhancement factor that is of particular
importance for surface-enhanced phenomena, such as Raman scattering and nonlinear optical responses.

Plasmonic nanomaterials have attracted much recent researcthe metal, and is the dielectric function of a host medium.
interest because of their unique optical properties, such asNote that the zero in the denominator in eq 1 is the surface
nonlinear optical activity,the chirality of plasmon modés,  plasmon resonance condition for a spherical particle embed-
and the quantum-size effect in two-photon excited lumines- ded in a host.

cence’ Current state-of-the-art nanofabrication techniques In a composite with a small volume fraction of metal
allow the development of novel applications based on such particles, the third-order nonlinear susceptibility can be
properties. Of particular importance for applications are the computed b$y

large local-field enhancements for metal particle aggregates

that lead to surface-enhanced Raman scattering (SERS) and @) _ 2 2 (3

a number of nonlinear optical phenoménicluding the X = PH@) H@) )
polarization nonlinearitie3.

The optical response of a nanosized metal particle is awherep is a volume fraction of the metal particles agif}
core of all aforementioned phenomena. The confinement of is the nonlinear susceptibility term of the metal particle itself.
electrons in a metal quantum dot leads to energy quantizationlt should be noted that both intraband (within conduction
of conduction band and appearance of collective plasmonband) and interband (betweenahd s-p conduction bands)
modes. It is well-known that the energy quantization affects transitions contribute tqfﬁ). Utilizing the degenerate four-
most of the physical properties of metal nanoparti€lds, wave mixing technique, thg® values and its size depen-
and in particular its nonlinear optical resporige. dence were extracted from recent detailed experimental

The optical properties of a nanosized metal particle can studies for nanosized Ag, Au, and Cu particlés*®*Some
be described in terms of electron transitions between theof these results were taken to compare the findings with
discrete energy states in a quantum well subjected to theexisting theoretical models in order to resolve the origin of
enhanced local field. Large enhancements of the local field the optical nonlinearity. Doing so, it was concluded that the
inside a particle can be realized at the plasmon resonanceconduction electron intraband transitions play a relatively

frequency. The local field inside a spherical partidtg,is minor role. This conclusion was based on a theoretical size
related to the applied fieldso, by the local field (enhance-  dependence derived by Hache, Ricard, and Flytzanis (HRF),
ment) factorf(w) as follows?! with the Hamiltonian that uses a description in terms of a

vector potential and electron momentum.
h In this letter, we will demonstrate that the opposite
E =—5E =) (1) - :
' eyt 26, conclusion can be made if one adopts the quantum well
theory with the Hamiltonian of electron-field interaction

whereen = €, + i€’ is the complex dielectric response of ~aking the form
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Recently, Rautiald showed that, for nanosized spherical
particles, the use of the Hamitonian given in eq 3 is preferred,

and that this Hamiltonian is no longer equivalent to the 4
standard Hamiltonian in terms of a vector potential. Here, _ | 30 em™

we compare the approaches based on the Rautian and HRFZ

models and calculate the size dependencies of gptand
f(w) for nanosized Ag particles. Our results reaffirm the
Rautian model, and we find good agreement of the size-
dependenty® with the experiment, a result that is not
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achieved with HRF’s approach. & -
The characteristic separation between the levels near the=3— . °'“|
[~ 60 cm

Fermi energyEr, can be estimated as = 2,/E.E,, where

Eo = h?%2me is the energy separation found at the bottom
of the conduction band of particles with radasUnder the 0 R T S R R
conditionfiw > g, which is the case for the particle radii 0 2 4 6 s 10 12
ranging from about 2 to about 100 nm and visible frequencies
w, one can distinguish two kinds of transitions between

discrete states, resonant;jt-w) and nonresonantuj<w). Figure 1. Dependence of, .. on Ag particle size at a fixed

M, XXXX

The potential saturation of optical transitions between the ratio of I'/I'; = 10 for various values of, ranging from 30 to

discrete levels in metal nanoparticle is a second crucial factor.70 cnt.

Saturation effects result in a decrease of the local field

enhancement factor, and a subsequent decrease in thghen the energy difference is close to the photon energy.

enhancements for SERS as well as for nonlinear effects. an analysis of eq 4 shows that for linear polarization the
Using the degenerate electron gas model in an infinite two terms in eq 5 are given by

spherical well in the limit ¢/27C) 1 < a << A (wherevg is

70 cm™

Ag particle radius (nm)

the electron speed near the Fermi surface), Rautian was able 2 o1 or
to derive the linear and nonlinear dipole moments for a gazé(_”)(ﬂ) 21 — i—2] Fs
spherical particle induced by field compondht 15\mw?/\w| T’y
2 2r 0 and
—_ &N —it?) —ig lF
d= o Fl(l i w) Iglha)
ea\2 I 20 [ @?\Y o) @_ _i2 e&n e_azgizis

AI(%) |OF—1[F3(1 - IK) - Igs(z—rz % Ei (4) Xmr |15 ITYUZ haw rl 2r2 hw O3 (6)
In eq 4,a denotes the particle radius, is the frequency of ~ wheren is the electron density. Althougkf) andy) have
the field, mis the electron mass,is the electron chargéy different dependencies on the particle size, i) O a2
is the number of electrons in the particle,= Y |Ei T'y and ¥ 0 a3 (note the dependence anfor o), their

andT’; represent the relaxation rates for the population and contributions can be quite similar when dealing with nano-
coherence, respectively. We focus on a linearly polarized sized particles. Underestimating the contribution due to
field, whereA; = 2/5. For our case, the parametéis gu, nonresonant transitions can cause an incorrect value and size-
Fs, andgs are only weakly size dependent (if at allfyis  dependence for>. To find the magnitudes of%), andy?,
approximately unityg: = 0.6 athw/Er ~ 0.5, F3 ranges e need to know the parametefs and I, The electron
from 0.30 to 0.33 for particles varying between 2 and 15 re|axation in a metal nanoparticle can be expected to be
nm, andgs = 0.64. A detailed discussion of how to calculate - energy- and size-dependéhgnd it is reasonable to consider
these parameters can be found in ref 10. Basically, thethe effective relaxation constants as two fitting parameters.
parametersy; and gs result from the integration over the  Nevertheless, it is useful to obtain some idea about possible
resonant states, wherefsandF; result from the summation  ranges off; and I, beforehandI'; can be extracted from
of the nonresonant terms close e’ _ thekinetic rate of the linear optical response or multiphoton
(33“ componenixxxxof the nonlinear tensor susceptibility, electron photoemission under femtosecond excitation. These
Yoo CAN then be written as the sum of the nonresonant, studies provide a range of values forbetween 2.5 and 10
7 and resonant®, contributions, i.e. cm L for Ag.5-17 T, is sometimes being associated with the
mean free path in a metal, which can be deduced from
3 3 3 electrical conductivity studies. For bulk Ag, it is found that
2D o, —, 0) = 15+ ) ®) I'; is of the order of >7/0 cmt8 It is thereforg reasonable to
assume thafl’; is of the same order of magnitude for
Nonresonant contributions can be calculated by integrating nanosized Ag particles.
over transitions close to the Fermi energy, and resonant Figure 1 shows a typical size-dependence for various
contributions are derived by integration from zero to infinity relaxation constantE, and for a fixed ratio of /"y = 10.
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Figure 2. Dependence of® _on Ag particle size at a fixed  Figure 3. Wavelength dependence of the enhancement fégtty)

m,XXXX

value ofl, = 70 cnmt and various values df; ranging from 2 to for 3-nm Ag particles at various intensitigsranging from 0.1 to
10 cnl, 120 MW/cn.

It is obvious from the figure that nonresonant and resonant superscripts indicates the linear approximation. Since the
contributions compete with each other, and this results in medium modifies its properties due to the Kerr effect, higher-

the formation of a minimum irxﬁﬁ?xxxx order corrections to metal dielectric constants are needed.

Next, we explored the dependence ;gﬁ)xxxx for fixed As can be seen from eqs 7 and:g,andf(w) are coupled,
values ofl’; at various ratios of »/T';. An exemplary result  and the local field enhancement factor becomes strongly
is shown in Figure 2, which demonstrates that the position intensity dependent at high intensities. In general, eq 7 will
of the minimum is rather insensitive to the rafig/T'; and be cubic on the enhancement factor, and can be solved
that it is mostly determined by the vallig in the region of numerically. After some algebra, eq 7 reads as
interest.
. The calculated siz_e dependencqﬁfxxxxdiﬁers substan- Alf(@)° + BIf(w)|* + Clf(w)?+ D =0 )
tially from the behavior predicted by the HRF approach. As
will be shown below, their model predicts a continuous
decrease of,,,, With increasing particle size, with be-
havior similar to our approach only for very small particle
sizes (less than 3 nm or so). A=c*+d% B=2(ac+ bd), C=a’+ b% D= —9¢ (10)
After deriving the expression fogD,., the next task
remaining is to compute the local field enhancement factor : :
f(w), which would allow us then to obtain a value for the | PAameters in eq 10 are given as
third-order nonlinear susceptibility as given in eq 2.
As can be seen from eq 1, the local field enhancementa= RegY) + 2¢,, b=Im(e2), c = I,127Re¢?), d =

factor can be written as I012nlm(xfﬁ)) (11)

with the coefficients

3¢,

f(w) = T2 (7) with _xﬁﬁ) given by eqgs 5 and 6. For giveFy and I, the
solutions at different incident intensities can be computed
numerically for different particle sizes and some exemplary

where results are given in Figures 3 and 4. According to refe9,
= 5, and according to ref 13, = 2.2.
en =2+ 127 yDif(w)A, For all particle sizes, there is a decrease in the maximal
enhancement factor, even at relatively small intensities.
However, the behavior for large particles can be quite
different from the one for small particles. For small particles
} (Figure 3), the position of the maximumfifw) is unchanged,

with

and there is only a decrease of enhancement factor with
increasing intensity. For relatively large particles (Figure 4),
(8) on the other hand, the resonance condition can be substan-
tially altered as a function of the intensity. This leads to an
Here, ¢4 is the interband contribution. The zero in the irregular “distorted” shape fd{w), and as a result, nonunique

2 o
0 _ @ . _ 4-JT€2n ] F
eEm=€q T 4T =€ (_mwz ){ Fl[l I_a) Iglh_a)
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Figure 6. Comparison of the dependence;@,)/a on Ag particle

size using two different theoretical approaches, the one discussed
in this paper (solid line), and the one based on the HRF model
(dashed line), with the experimentally determined values (solid
circles) from Uchida et & Note that a logarithmig-axis has been
used for clarity.

Using the computed wavelength dependencies of the
enhancement factors as a function of intensity and particle
size, we can calculatg?/a, where o is the absorption
coefficient andxfff? is the experimentally measured nonlin-
ear effective susceptibility of a composite as given in eq 2.
The absorption coefficient is related to the volume fraction
p sincea = pw|f(w)|%em"'Inc, with n = (er)¥2 The calculated
values ofxfff?/(x are then compared with the experimental
results by Uchida et &f The only fitting parameters used
in our calculation werd™; andI';, and the intensity, was
fixed to the experimental value of 0.1 Mw/ém

Figure 6 shows the experimental data together with our
best fit that resulted in reasonable valuesTer~ 60 + 3
cmtandl’; ~ 5+ 0.2 cnTl. For comparison, we have also
included the predictions arising from the HRF model. Unlike
our results, the HRF model predicts a continuous decrease
of y%a as a function of Ag particle size, which is not
corroborated by the experimental data by Uchida et al. Their
experimental results were reported without an estimate of
potential error bars, and considering the complexity of such

solutions for the enhancement factor at higher wavelength €xperiments relatively large errors (up to-380%) could

are possible.

be expected. Even so, we find that the HRF model does not

To better understand this behavior, we determine the reproduce the experimental results in qualitative size depen-
intensity dependence of the enhancement factor at the surfacélence and shows 2 orders of magnitude discrepancy in
plasmon wavelength for different particle sizes. The result absolute value for large particles, while our approach is in
is shown in Figure 5, and we see that larger particles exhibit good agreement with the overall behavior.
saturation effects at far lower intensities when compared to  Our approach provides additional evidence that the field-
smaller particles. In fact, we find that the saturation manifests induced processes in the conduction band are responsible

itself for the enhancement factor at 100 kWdior isolated

for the nonlinear behavior of the optical response in Ag

particles with sizes larger than 7 nm. It is this saturation nanoparticles. The underlying mechanism is a decrease in

tendency that is at the origin of the optical bistability (multi-

the population difference for the coupled energy levels, which

ple solutions) in materials, as has been discussed by Yoonultimately causes the saturation effect for optical transitions
et al’® It should be noted that the formula (8) is generally in a system with discrete levels. In general, discrete energy
valid only if nonlinear contributions are small compared with levels can be considered if their spectral width,,ds less

linear ones. At very high intensity, nonlinear contributions than the transition energy. For nanosized Ag particles, our

higher than third-order have to be taken into account.
1538

best fit yields values fof; that are more than one order of
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