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Abgract: Problem statement: Metal nanoparticles confine the motion of conductaectrons and
exhibit a strong optical absorption of electromdignediation in the UV-vis-NIR region. The absaoopt

is classically derived from the collective oscithais of free electrons in a metallic nanostructasea
consequence of incident electromagnetic radiatiolarjzing the particle optically embedded in a
dielectric matrix. These oscillations, known as ibealized surface Plasmon resonance has been
modelled by Gustav Mie in 1908 using the Maxwe#guations. Nevertheless, the electrodynamics
approach cannot account for the electronic tramstioften displayed in experiment as a broad UV-vis
optical absorption spectrum originated from thedeation electrons of metal nanopatrticles. A quantum
mechanical approach is required to address thecabpsibsorption spectra of metal nanoparticles
systemically Approach: In this study, an attempt was made to calculatefitieal absorption spectra of
conduction electrons of metal nanoparticle quanimethanically using the density functional theory.
The particle was an isolated spherical metal natigfgacontaining N atoms confined in a face-cesder
cubic lattice structure. When light strikes thetisle, the occupied ground-state conduction elestro
absorbed the energy and excite to the unoccupgtthienergy-state of the conduction band. In this
development, we used time-independent Schrodingeaton for the ground-state energy of Thomas-
Fermi-Dirac-Weizsacker atomic model for the totaémgy functional and the density function in the
Euler-Lagrange equation is algebraically substitutéth the absorption function. The total energy
functional was computed numerically for silver ayudd nanoparticles at various diameté&tssults: The
results showed broad absorption spectra derived fhe occupied ground-state conduction electrons at
the orbital {n = 5 and | = 0 or 5s} for silver afid = 6 and | = 0 or 6s} for gold, which excite tbet
unoccupied higher energy of conduction band abthéal {n>6 and | = 0 or 1} for silver and &v and |

=0 or 1} for gold. A nonlinear red-shift of thesadsption peal ., appearing at 404.79, 408.36, 412.55,
415.73, 418.42 and 420.96 nm for silver and atZR,(%20.91, 533.11, 542.35, 549.74 and 556.04 nm fo
gold when the particle diameter varies at 4, 510, 15 and 25 nm respectively. The quantum
confinement effect of the conduction bands is gfeorior silver and gold nanoparticles of less thhout

20 nm in diameteiConclusion: The optical absorption spectra of silver and galdaparticles have been
successfully calculated using a quantum treatmedt this calculation could be extended to other
transition metal nanopatrticles of interest in narge and nanotechnology.

Key words: Metal nanoparticles, optical absorption theoryamfum mechanical, density functional
theory, numerical calculation

INTRODUCTION optics (Kambhampati and Knoll, 1999), optoelectcsni
(Tanabe, 2007), spectroscopy (Cheh al., 2007;
Metal nanoparticles, typically 1-100 nm in Cannoneet al., 2007), biomedical applications

dimension and containing 3a0® atoms demonstrate (Khlebtsov and Dykman, 2010) and electrochemical
different physical and chemical properties fromirthe sensors (Korotcenkowet al., 2009). Noble metal
bulk and atomic counterparts due to the surface andanoparticles of silver (Ag) and gold (Au) confitiee
quantum confinement effectBanfi et al., 1998; motion of free electrons in conduction band andlakh
Banyai et al., 1988; Takagahara, 1989). They havea strong optical absorption of electromagnetic atigln
attracted considerable attention owing to theieptal  in the UV-vis-NIR region. This phenomenon has baen
applications in such as catalysis (Zhaogtgal., 2010), challenge to scientists for the last one hundreats/e
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According to the classical electrodynamics theohg, states. In metal nanoparticles, the electron-hole
absorption is derived from the collective osciliais of interaction is screened off and the conductiontedes
free electrons in metallic nanostructures as @ehave as nearly free.
consequence of incident electromagnetic radiation The present study describes a fully quantum
polarizing the particles. These oscillations, knoasy mechanical calculation of the optical absorptioactma
the Localized Surface Plasmon Resonance (LSPR), ard Ag and Au nanoparticles based on time-independen
unique to metallic nanostructures and their resoman DFT. The particle is an isolated single solid metal
frequency is dependent on the particle charadiesist nanosphere containing N atoms arranged in a face-
such as the size, shape and chemical compositidn arantered cubic lattice structure. The total energy
the surrounding medium’s dielectric properties. functional is the ground-state energy functionalthaf
Light extinction in a single spherical nanopagicl Thomas-Fermi-Dirac-Weizsacker atomic model to
of arbitrary size embedded in an optically dieliectr allow for the ground-state conduction electron @gns
matrix has been modelled by Mie (1908) using theto be finite at the lowest energy state of the cotion
Maxwell's equations. The theory provides excellentband. The optical absorption of conduction eletron
results for very small nanoparticles of few nanoe®t may be calculated by DFT because there is a
in diameter. Several methods have been developed telationship between the electron density functma
determine the optical properties of non-sphericathe absorption function. In this development, the
particles based on the electromagnetic theorelectronic density function in the final Euler-
(Bruzzoneet al., 2003; Okamoto and Yamaguchi, 2003; Lagrangian equation is algebraically substitutedhwi
Noguez, 2005; Renteria and Garcia-Macedo, 2006he absorption function. Our study includes the
Nevertheless, the electrodynamics-based theoriesalculation of Lagrange multipliers, lattice comdta
cannot account for the energy discretization ofnuclear and electronic potentials, ground-state ewav
conduction electrons, which is the fundamentalvectors, number of atoms and conduction electrores i

electronic property of metal nanopatrticles. given particle size and optical absorption spectrum
A more satisfying treatment of light interaction
with conduction electrons of metal nanoparticles MATERIALSAND METHODS

requires a quantum theory consideration. Considierab
efforts have been made to calculate the opticall heoretical and numerical smulation: The schematic
absorption and excitation of the valence electrims version of the band structure of metal nanopartisle
metal nanoparticles based on the Time-Dependerghown in Fig. 1. When light strikes the particlagt
Density Functional Theory (TD-DFT) (Hakkinen and occupied ground-state conduction electrons absorbed
Moseler, 2004; Sarasola al., 2004; Negrutet al.,  photon energy and excite to the unoccupied higher
2006; Samal and Harbola, 2006; Aikegtsal., 2008; energy-state of the conduction band. These everts a
Gonzalez and Noguez, 2007; Huang and Cartegeen in UV-visible absorption spectra measurements
2008; Chen and Zhou, 2008; Zheegal., 2009). The and can be used to study the conduction band efectr
optical absorption spectra of metal nanoparticlstoe  structures of the metallic nanoparticles.

determined from the ground-state density through th ~ In quantum mechanical calculation, Hohenberg-
Hamiltonian operator because it characterizesfathe@ Kohn-Sham DFT (Thomas, 1927) has been most widely
energy states of a system. However, quantumised to study the electronic structures of mangteda
mechanical approach to quantify the optical absmmpt Systems such as nanostructures. The early foumdatio
of conduction electrons of metal nanoparticles hais 0of DFT are due to the Hohenberg and Kohn theorem
been addressed systemically. The discrete absprpti®@nd Kohn-Sham equations, where the ground state
spectra of conduction electron transitions havebean  electron density(r) is the basic variable, from which
seen in optical measurements. Instead, UV-visibleall ground state properties could be derived. Fiical
absorption spectra of metal nanoparticles are ofteabsorption of metal nanoparticles, the ground-state
displayed as a broad spectrum originated from thenergy functional Ej(r)] may be taken from the
conduction electron transitions with exceptionally Thomas-Fermi-Dirac-Weizsacker atomic model
degenerate states. This is in marked contrast witliThomas, 1927; Kohn and Sham, 1965; Fermi, 1927
absorption properties of the valence electrons efam Dirac, 1930; Von Weizsacker, 1935), written as:
nanoparticles such as luminescence (DracHewl.,

2004) and fluorescence (Roqeteal., 2006), where the  E[p(r)]=Tre[p(r) ]+ 2Ty [ p(r) ]

guantized states are readily observed due to well-

defined energy gap between two occupied energy +J'p(r)v(r)dr+vee[p(r)]
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S Fermi energy and Zhou, 2008; Yang, 1986; Engel and Dreizler9198
Uv-visible light, hv N Chattaraj and Sengupta, 1997). The third term of1Eq
| conduction band is the potential energy of the system and the fourt

} term, expressed as.3p(n] = J[p(N]-Kteo[p(N)], is the
valence band

potential energy functional for the effective eteat
electron repulsion. g[r)] is the classical Coulomb
energy of electron-electron interactions angdkp(r)]

Fig. 1: Schematic version of the energy band strect IS the Thomas-Fermi-Dirac (TFD) model, which refers
of a metal nanoparticle showing only four atomst© the non-classical exchange-correlation energy of
of Ag nanoparticles. The optical absorption mayhomogenous free electron gas system defined as
be represented by absorption of UV-visible light containing all remaining quantum effects not cagdur
by the occupied ground-state conductionPy J and kinetic energies T:
electrons at the orbital {n =5 and | = 5} or 5s
electron state and promoted to the .unoccupied‘][p(r’ 9] :lﬂp(r)p(r') drr @
higher energy states of the conduction band at 2% |r-of
the minimum orbital of either{n=6and =0 or
6s} state or {n = 6 and | = Dbr 6p} state
according to quantum numban=1 andAn = 0,
1. The number of the ground-state conduction
electrons increases corresponding to the numbeKTFD[p(r)] = cej'p(r)
of atoms that made up the sizes of the
nanoparticles

and

1/3
4/3dr;ce = é%[é} (5)

T

By taking atomic units: =m=e= c= 1 throughout,
The first term, Te[p(r)] is the kinetic energy of the the total energy functional, in the differentialrifo to
Thomas-Fermi (TF) model in its original formulatioh  the second order is:
a local density approximation and expressed as a

function of electron densitg(r) for an infinite number |N (r)|2
of homogenous free electron gas systems at a givea[p]zckjp(r)sxgdﬁl P dr+jp(r)v(r)dr
coordinate r, given by: 8 P(r) (6)
1 p(r)p(r') . 413
T [p(1)]=C, fo(r)ar @ # M arar-Gle(r) ar
Where: The exact ground state energy of the metal
Ce = iﬂ(gnz)m nanoparticles is the global minimum value ofp]]
10m and the densityp(r) that minimizes Ej(r)] is the exact

ATu[p(r)] = The Von Weizsacker (1935) correction to ground state densify, namely:
the kinetic energy of the TF model by
inclusion exchange and correlation energy - _ o . _
terms for the inhomogeneity of the EO_E[pO]_mm{ E[p(r)].pO,Jp(r)dr—N} ()
electron density as a gradient correction

about the uniform electron gas Where:
o o . E, = The exact ground state energy
This is the correct kinetic energy functional for g[p] = The minimized energy functional (Hohenberg
metal nanoparticles where the conduction electrons and Kohn, 1964)
resemble a one-electron or two-electron Hartee-Fock| = The number of electrons in the conduction
atom, given by: band
~ 2

112 ¢[Np(r) The ground-state electron density must satisfy the

Tw[p(r)]:g—judr 3) _The ground-sta y fy
m? p(r) variational principle:

The parameterA may be obtained by some i i _
empirical arguments for the ground state energye(Ch S{E[p] u“p(l’)dr NJ} 0 ®)
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where,u is the Lagrange multiplier associated with theAl = 0, 1 for angular quantum number, conduction
normalized density functional. For completely electrons receive a plane electromagnetic wafr®m
degenerate conduction electrons at absolute zenghotons and must overcome the ground-state
temperature is the Fermi energy. This yields the electromagnetic wave vectofto promote to the higher
Euler-Lagrangian equation and is written as: energy states of the conduction band. The lattice
constants a calculated for Ag and Au nanopartiates
0.408 and 0.407 nm, respectively. The ground-state

_3E[p(r)] _ (1) + 3T 43 Tu, Ve,

p= + energy of the conduction electrons has the priacipl
5p(1) 5p(r) on(r) 3n(r) ©) quanq[zm number n = 5 and 6 for Ag arrJ1d A'\Du
nanoparticles respectively. The Fermi levels
The Euler-Lagrangian Eq. 6 may be presented ialculated for Ag and Au atoms to be 5.49 and 883
terms of functional derivatives: respectively. By using Bloch’s theorem and the Born
von Karman conditions, we reach the boundary
5 B |Np(r)|2 R%p(r) conditions at the end points of the nanocrystadef 0
ECkI (r)d F) pz(r) - p(r) anday = 0, where the two end points overlap to form a
(10) lattice loop. For numerical calculation, the absiom
r V3 and wavelength in the Euler-Lagrangian equation are
+v(r)+ezj'ﬁdr_g C%Ip(r) dr=p discretized (Yang, 1986) intm and X, by:

2 2 _ _ 2
where, r, the displacement coordinate of the cotioluc 0%(x)/0x*= (0, +0,, -20,) /A

electrons from the centre of nanosphere and is
dependent on the Bohr radiug atomic number Z, the and
principle quantum number n and the angular quantum

number |. For ground-state conduction electrons at 00(x)/ox =(0,, -0,4)/ 20
absolute zero temperatung,is the Fermi energy. We
found that the density of conduction electrpfiy of an  where, i = 0, 1, 2,...... N are integers representirg th

atom is a function of atomic number Z and absorptio number of atoms that made up the spherical voluime o
a(r) or p(r) = p{Z, o(n}. Since bothp(r) anda(r) are a given diameter. The multivariate equations may be
continuous functions, the transformation of thesityn  solved numerically by a trapezoid integration metho
functional energy Ei(r)] to the absorption functional using the Newton iterative program with a mesh,slze
energy E[p(r)] can be made by algebraically = 0.01. Numerical simulations are carried out owgls
substituting the electron density function in thelée-  particle of different sizes.

Lagrangian Eq. 10 with the absorption function:
RESULTSAND DISCUSSION

620(r) c, 60(r) i Figure 2 depicts the calculated optical absorption
LS +c,(v-n)o (1) - l
ar o(r){ or (11) spectra as a function of wavelength of the incident
2 photons for a 4 nm Ag nanoparticle containing Slvet.
+co(r) "+c,=0 The absorption spectra are derived from the ocdupie
ground-state conduction electrons at the orbitgl 5s
where, g, ¢, c; and g are constants. The final Euler- Which excite to the unoccupied higher-energy stafes
Lagrangian Eq. 11 is the second order differentiaconduction band at the orbital ns or np or bothhwit
equation in terms of the absorption function. many possible transitions ak@é and | = Oor 1. Here
The absorption functional energy dff)] of the  shown only for ten transitions from 5-10s, 13, 26,
conduction electrons is dependent on the partighe t and 25s (86, Al = 0) and from 5s to10p, 13, 15, 20 and
described by the atomic number, Fermi energy25p (&6, Al = 1). Each spectrum represents transitions
potential energy and electron density, on the garti made by 50 conduction electrons to produce an
size described by the number of atoms that madeeip absorption peak ol It is interesting to note that
spherical volume, lattice constant and ground-statelespite many possible transitions, the discreteéss
wave vector and on the quantum number selecti@srul the conduction band does not clearly manifestdfitse
for the principle and angular quantum numbers. Theéyecause the absorption peak., of each transition
transitionAn>1 for the principle quantum number and spectrum is very close to the otheansitions.
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Fig. 3: Calculated optical absorption spectra @ am

Fig. 2: Calculated optical absorption spectra @ am Au nanosphere, showing the absorption peaks of
Ag nanosphere, showing the absorption peaks of ten transitions from 6-11s, 14, 16, 21 and 26s
ten transitions from 5-10s, 13, 15, 20 and 25s (n=7, Al = 0) and from 6s tol1p, 14, 16, 21 and
(n=6, Al = 0) and from 5s to10p, 13, 15, 20 and 26p (&7, Al = 1). The energy bands of s-
25p (26, Al = 1). The energy bands of s- electrons and p-electrons at the higher energy
electrons and p-electrons at the higher energy states of the conduction band are confined very
states of the conduction band are confined very close to each other and any possible transitions
close to each other and any possible transitions with quantum number >¥ and Al = 0 or 1
with quantum number 36 andAl = 0 or 1, produces the absorption peak revolves around
produces the absorption peak revolves around Amax = 510.28 nm corresponds to the conduction
Amax= 404.79 nm corresponds to the conduction band energy of 2.432 eV

band energy of 3.065 eV
The spectra are derived from the ground-state

The absorption peaks,.x of the transitions shown for 4 cogdzugt|on7elglc£rc())ns frgrfn the60rb|t?I16-11::s,11:,§IiEs q
nm Ag nhanoparticles appear in narrow Wavelengthan s (@ ’I T )an_ .zom Stﬁ P, 24 ’f an
regimes between 404.77 and 404.81 nm. It seems thgﬁp (m?' Al = 1). Simi ar.to the situation of Ag
the band gap between immediate electronic tramsitio Eggggg:gg:z' aSB:ari?ls?hrgtlr?grrop\i\?a\l/vk?\nlleer?éth Arggime
say forAn =5, 8, 10, 15 and 20) is insignificant. This ; .
EneZns that at the higher energy )states o%‘ the ctindu between 510.27 and 510.29 nm. The final absorption
band, the s-electrons and p-electrons are confieeyl spectrum of the Au .nanoparticle shoulld be a more
cIose, to each other and can overlap. This is becatis broader spectrum owing to many possible transitions
i : : Il d b t b lecti les7@nd
the distance far from the particle center and ctoshe atowe Y. guantum number selection rules7em

. : . Al = 0). For the 4 nm Au nanoparticle the absorption
Fermi level, the nuclear potential of the conduttio _
) . peak revolves arountl,,, = 510.28 nm corresponds to
electrons is the weakest and any transition allotwed

. ) the conduction band energy of 2.432 eV.
the quantum number selection rules will have A red-shift of the absorption peak based on LSPR

degenerate states, i.e., the absorption energyl égua i, metal nanoparticles has been well documented
the conduction band energy. The final absorptlortpanet al., 1993; Sakagt al., 2009). We found that the
spectrum of the Ag nanoparticle from all pOSSib|eabsorption peaksn. appear at 404.79, 408.36, 412.55,
transitions is somewhat broadened but revolvesnarou 415 73, 418.42 and 420.96 nm for Ag nanoparticfes o
Amax = 404.79 nm corresponds to the conduction bangjiameters 4, 5, 7, 10, 15 and 25 nm respectivete T
energy of 3.065 eV. absorption spectra become higher and broaden kéth t
Fig. 3 depicts the calculated optical absorptionincrease in particle size. For Au nanoparticles the
spectra of ten possible transitions as a functibn oabsorption peaks...x appear at 510.28, 520.91, 533.11,
incident photon wavelength for a 4 nm Au nanopketic  542.35, 549.74 and 556.04 nm for particle diamefer
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4,5, 7,10, 15 and 25 nm respectively. An incréase 3087
the absorption peak;,.x with the increase of particle 3.064
sizes is attributed to the increase in the numbatans 3.04
that made up the particle sizes. The is an absorpti = ;|
peak red shift, which is longer for the smallertjote = 300
sizes than the larger sizes, indicating the abmorpt £
phenomenon of Ag and Au nanoparticles is nonliyearl £ 8
size dependence (Pahal., 1993; Anno and Tanimoto, £ 2%
2006). 3 204
The appearance of the absorption peéak, at 2,92
distinct regimes between Ag and Au nanoparticlesafo 200,
given particle size is worth mentioning. The ab$iorp 5 58 . ‘ ‘ ‘ . . .
peaksi . for 4 nm Ag and Au nanoparticles appear at 0 20 10 60 80 100 120
404.79 and 510.28 nm, respectively, while for 25 nm Sphere diameter (nm)

Ag and Au nanoparticles they appear at 420.96 and
556.04 nm, respectively. The discrepancy in the,:ig

) g ! . 4: Conduction band of Ag nanoparticles as a
absorption peaks of the two metallic systems is

function of sphere diameter, showing the

attributed to several factors, such as the mutipli quantum confinement effect of the conduction
parametery, lattice constant a, atomic number Z, band is stronger at the smaller particle sizes than
nuclear potential and number of atoms. We notetl tha the larger sizes

the Fermi energy and lattice constant of Ag andafei

about equal, but the absorption peaks, of the two 2451

systems appear at different wavelength regimes. The
reason is that the nuclear potential of the system
proportional to the atomic number Z and inversely
proportional to the radius, r. The numbers of pnotd

Ag and Au atoms are 47 and 79 respectively. Au
nanoparticle has a stronger nuclear potential thgn
nanoparticle. Thus, the conduction electrons of Au
nanoparticle are attracted stronger towards theecen

the particle than Ag nanopatrticle, reducing thes

the conduction band of Au nanoparticle than the Ag 215 : : . : : : .
nanoparticle. Consequently, the absorption peakof 0 204060 80100 120
Au nanoparticle is longer than the Ag nanopartide Sphere diameter (am)

also observe that for nan_opart|cle dlgmeters batwee Fig. 5:Conduction band of Au nanoparticles as a
and 25 nm, the absorption pedka INCcreases from function of sphere diameter, showing the
404.79-420.96 nm for Ag nanoparticles z_;md from quantum confinement effect of the conduction
510.28 and 556.04 nm for Au nanoparticles. An band is stronger at the smaller particle sizes than
increase in the number of atoms produces largeicfzar the larger sizes

sizes, which increase the nuclear potential enefglye

system. An increase in the number of atoms produces Quantum confinement effects on some properties
larger particle sizes, which increase the nucleap nanostructures have been reported (Anno and
potential energy of the system and thus decrease thranimoto, 2006; Hagluncet al., 1994; Pejova and
conduction band by 1/r. This increases the abspvpti Grozdanov, 2004). Figure 4 depicts the conduction
peak as the particle size increases. This increi®es pand energy of the Ag nanoparticles as a functibn o
absorption pealnax as the particle size increases. Indiameter. It shows that as the particle diameter
neighboring metallic systems, such as Pt and Aigiwh increases from 4-100 nm, the conduction band
are different only by one conduction electron itea decreases from 3.065-2.895 eV. Figure 5 depicts the
atom, we expect that the influence of the nucleaconduction band energy of Au nanoparticles at wario
potential is not so dominant when compared to othetiameters. As the particle diameter increases fdlom
factors such as the ground-state conduction elgictro 100 nm, the Au nanoparticle conduction band deeeas
structure and multiplier parameter from 2.432-2.183 eV. The change in conduction band
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very significant for the smaller particle sizesrthhe  Anno, E. and M. Tanimoto, 2006. Size-dependent
larger particle sizes. This means strong quantum change in energy bands of nanoparticles of white
confinement conduction band effects of the Ag and A tin. Phys. Rev., 73: 155430-155436.

nanoparticles occurred for smaller particle sizeWw  Banfi, G.P., V. Degiorgi and D. Ricard, 1998.
about 20 nm. This effect is less significant witte t Nonlinear optical properties of semiconductor
larger particle sizes. This suggests that Ag and Au nanocrystals. Adv. Phys., 47: 447-510.
nanoparticles become more relevant in manyBanyai, L., Y.Z. Hu, M. Lindberg and S.W. Koch, B8
applications at the smaller sizes because their Third-order optical nonlinearities in semiconductor
conduction bands can be tuned more widely with  microstructures. Phys. Rev. B., 38: 8142-8153.

smaller particle diameters. Bruzzone, S., G.P. Arrighini and C. Guidotti, 2003.
Theoretical study of the optical absorption
CONCLUSION behavior of Au/Ag core-shell nanoparticles. Mater.

Sci. Eng. C., 23: 965-970.

none, F., M. Collini, L. D’Alfonso, G. Baldinind

G. Chirico et al., 2007. Voltage regulation of

fluorescence emission of single dyes bound to gold

nanoparticles. Nano Lett., 7: 1070-1075.

Chattaraj, P.K. and S. Sengupta, 1997. Dynamics of
chemical reactivity indices for a many-electron
system in its ground and excited states. J. Phys.
Chem. A., 101: 7893-7900.

Chen, H. and A. Zhou, 2008. Orbital-free density

functional theory for molecular structure

calculations. Num. Math.: Theory Method Appli.,

1:1-28.

%hen, Y., K. Munechika and D.S. Ginger, 2007.

Dependence of fluorescence intensity on the

spectral overlap between fluorophores and Plasmon

resonant single silver nanoparticles. Nano Lett.

7: 690-696.

In summary, we successfully used a quantumC
mechanical approach to simulate numerically thécalpt an
absorption spectra of the Ag and Au nanopartickesed
upon time-independent DFT. The optical absorpt®n i
derived from light impinging on the metal nanopaeti
causing the occupied ground-state conduction elestr
to excite to the unoccupied higher energy statethef
conduction band. The calculated absorption peaks
are sensitive to the particle type, which charaserby
the atomic number, Fermi energy, absorption fungtio
potential energy of the system and absorption and
electron density and on the particle size, whicscdbes
by the number of atoms and lattice constant. Th
absorption peaks,,, red-shift to the higher wavelengths
by increasing the particle diameter and appeaf4i79,
408.36, 412.55, 415.73, 418.42 and 420.96 nm for Ag
nanoparticles and at 510.28, 520.91, 533.11, 542.35
549.74 and 556.04 nm for Au nanoparticles when-. ;
simulated for diameter sizes of 4, 5, 7, 10, 15 2Hham rb|rafHeP_.rAr\1.(|;/ln.],a192t()dmNolt/(lea?hn g;&g:pngb?ighgn;mgga n
respectively. The change in the absorption wavékteng Soc..26: 376-385.. ’ g '
shift is substantlal at.the smaller particle sitresn _the Drachev, V.P., E.N. Khaliullin, K. Kim, F. Alzoulsind
larger sizes. There is a strong quantum confinement S.G. Rautiaret al., 2004. Quantum size effect in
effect on the conduction band energy for the smaite tV\./o-.photon exci;t,ed Iuhinescence from silver
and Au _nanoparticlgs below abou_t 20 nm. The guantum nanoparticles. Phys. Rev. B., 69: 1-5.
mechanical calculations of the optical absqrptpex:ka, Engel, E. and R.M. Dreizler, 1989. Extension of the
presented here for Ag and Au nanoparticles could be gy, .o Fermi-Dirac-Weizsacker model:  four-
%’;ﬁgg,{e% r:gn(?;ggnCtera::g'2gnoT;éﬁLo?£;part'des of order gradient _corrections to the kinetic energy. J

Phys. B.: Atomic Mol. Opt. Phys., 22: 1901-1912.
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