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Origin of bulklike optical response in noble-metal Ag and Au nanoparticles
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The origin of bulklike optical response of noble (silver and gold) metal nanoparticles has been studied using
classical (Mie) and time-dependent density-functional theories. We find that the bulklike optical response in the
noble-metal nanoparticles is determined more strongly by the electronic d character of the valence electrons
than the atomic coordination or size of the nanoparticles. The importance of Coulomb and exchange-
correlation interactions to model optical responses is also discussed.
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I. INTRODUCTION

Noble nanoparticles (gold and silver) are well known to
alter the visual appearance of dielectric host materials when
their size, shape, and spatial distribution are modified.!? This
physical phenomenon can easily be described using theories
based on classical electrodynamics when the particles are
several nanometers in diameter.? But as the nanoparticle size
decreases, quantum effects become more important and clas-
sical theories become insufficient to describe optical excita-
tions. It was recently reported that the optical absorption of
some Ag nanoparticles formed by as few as ten atoms in
vacuum could be modeled by phenomenological classical
(Mie) theory.* In contrast, a similar theoretical study of the
optical properties of Au nanoparticles, of equivalent size as
the Ag nanoparticles, shows that Au nanoparticles have in-
trinsic quantumlike optical behavior that cannot be captured
by classical theories.>® It can be argued that the difference in
the optical response between silver and gold nanoparticles
arises from intrinsic differences in their atomic and elec-
tronic structures. The obvious question is then, what are
those intrinsic differences that allow only some Ag atomic-
scale particles to show a classical-like optical response?
Similarly, why Au nanoparticles do not present a classical-
like optical response at the same size regime as the Ag nano-
particles?

In this paper, we investigate the origin of the bulklike
optical response of noble (silver and gold) metal nanopar-
ticles in vacuum using classical (Mie) and time-dependent
density-functional theories (TDDFTS). We calculate the ab-
sorption spectra of particles with fcc and non-fcc (lowest-
energy isomers in vacuum) bonding configuration. The par-
ticles are composed between 12 and 55 atoms and their
diameter ranges from 0.8 to 1.2 nm. We find that the bulklike
optical response of Ag and Au nanoparticles is strongly cor-
related with the d-like character of the valence electrons, i.e.,
the larger the electronic d character the stronger the bulklike
optical response. We find that atomic coordination and par-
ticle size are less important than the d character of the va-
lence electrons in determining the bulklike optical response
of the Ag and Au nanoparticles. We also investigated the role
of Coulomb and exchange-correlation interactions in the
nanoparticles’ optical excitations within time-dependent
density-functional theory. We find that in the absence of
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Coulomb interactions, the absorption spectra of the Au and
Ag nanoparticles shift a few electron volts to lower energies,
while their oscillator strengths get enhanced. When
exchange-correlation interactions are not taken into account,
the absorption spectra shift slightly (fractions of electron
volts) to higher optical excitations while the oscillator
strengths decrease only moderately. These results show how
the intrinsic quantum properties of noble-metal nanoparticles
become dominant in optical excitations as particle size de-
creases.

We start by discussing the differences and similarities of
the absorption spectra of Ag and Au nanoparticles of two
previous theoretical studies.*® Figure 1 shows the atomic
structure and the absorption spectra of Ag;, and Aus,. Both,
Agi, and Ausy do not have bulklike fcc structures. All their
atoms are either undercoordinated or overcoordinated. The
absorption spectra of the Ag;, and Aus, nanoparticles were
calculated using first-principles calculations within TD local-
density approximation (TDLDA) and classical (Mie) theo-
ries. The details of those two theoretical methods will be
discussed shortly. It can clearly be seen in Fig. 1(a) that the
quantum and classical predictions of the Ag;, absorption
spectra (in particular, the energy and intensity of the main
plasmon peak ~3.5 eV) agree extraordinarily well between
each other and with the experimental measurement. In the
case of the Ausy nanoparticle, there exists no experimental
data. However, it can clearly be seen [Fig. 1(b)] that the Mie
and TDLDA predictions differ drastically from each other.
While the classical absorption spectrum shows a Mie plas-
mon peak at ~2.4 eV the absorption spectrum calculated
within TDLDA shows only a monotonic increase in the os-
cillator strength as a function of energy. It is probable that
the different optical properties of Ag and Au nanoparticles
could arise from their shape, size, or/and intrinsic electronic
properties. Therefore, in order to understand how particle
size and shape, atomic and electronic configuration affect the
optical response of silver and gold nanoparticles, we have
performed the following set of calculations. First, we se-
lected atomic-scale particle sizes that are comparable with
those of the Ag;, and Aus, nanoparticles but with a fcc bond-
ing configuration. Figure 2 shows the atomic structure of the
two nanoparticles studied (either 13 atoms of Ag/Au for the
smaller particles and 55 Ag/Au atoms for the larger particles,
respectively). Then, we calculated their optical spectra using
the TDLDA and Mie theories.
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FIG. 1. (Color online) Theoretical (classical-Mie- and quantum-TDLDA-) and experimental optical spectra of Ag;, and Aus, nanopar-
ticles. Both nanoparticles are the calculated lowest energy structures in vacuum. The diameter of Ag;, and Ausg is 0.8 nm and 1.2 nm,

respectively. Data obtained from Refs. 4 and 6.

II. METHODS
A. Quantum theory

In order to obtain the optical response of the Ag and Au
nanoparticles within a first-principles approach, we solved
the Kohn-Sham equations of the nanoparticles in real space
within the framework of the higher-order finite-difference ab
initio pseudopotential method,® and utilizing a Chebyshev-
Davidson eigenvalue algorithm.” A three-dimensional
Cartesian grid with a uniform spacing was used, and the
nanoparticles were placed in a large spherical domain,
outside of which their wave functions were required to
vanish. We employed scalar-relativistic Troullier-Martins
pseudopotentials'® in nonlocal form!! generated from the ref-
erence configurations 4d'%5s'5p° and 5d4'°6s'6p° for silver
and gold, respectively. The optical-absorption spectra of the
nanoparticles were calculated using a linear-response formal-
ism within TDDFT.1213 In this formalism, and in the limit of
a very weak external potential, the system (nanoparticle) re-
sponds only through the dynamical polarizability, a(w),
which is defined as

a(w) =2, szf"wz (1)

), are the optical excitation energies of the system and f,
are the oscillator strengths. Following Casida’s notation for
unpolarized spin systems,'? €),’s are calculated by diagonal-
izing the full interaction matrix which includes all collective
excitations,

(wizjaik,jl + 2\’mKij,k1\’)\kzwk1)F =OF,, (2)
where (i,k) and (j,l) refer to Kohn-Sham occupied and un-
occupied states, respectively. w;=¢€;—¢; and \;;=n;—n; are
the differences of the eigenvalues and the occupation num-
bers, respectively. The oscillator strengths f, are calculated
from the eigenvectors F, with the following relationship:

2, 3)

2 A
fo=o 2 |B(8, 18, Nywi) °F,,
B={x.y.z}t

where /;’ is a unit vector pointing in any of the three orthogo-
nal Cartesian coordinates. Kj;j; is the coupling kernel that
describes the screening of the electromagnetic field by the
system. It is defined by

2
Kij,k1=fj¢?¢j<|ri—r,| +fxc) ¢repydrdr’ . (4)

The first term on the right-hand side of Eq. (4) is the
electrostatic screening produced by electrons and holes inter-
acting via a Coulomb mechanism (K ) while the second term
is the screening produced by electrons and holes interacting
through quantum-mechanical exchange and correlation (K ).
In the random-phase approximation, the exchange and corre-
lation is ignored and set to zero. In TDDFT, the exchange
and correlation kernel is a functional derivative of the
exchange-correlation  potential, f,.=06V,./dp. Within
TDLDA, f,. becomes local and energy independent. Both the
ground-state Kohn-Sham wave functions and the absorption
spectra were calculated using the PARSEC code.? The impor-
tant parameters that control the convergence of the optical

FIG. 2. (Color online) Atomic structure of silver and gold nano-
particles with a fcc bonding configuration.
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FIG. 3. (Color online) Real €;(w) and imaginary €,(w) part of the dielectric function of bulk silver and gold bulk (fcc). The dashed lines
highlight the €;(w) value when the Mie resonance peak condition is satisfied in vacuum. Experimental data obtained from Ref. 7.

spectra and, consequently, the extent of the memory and
computational requirements are the grid spacing £, the radius
of the sphere R, and the total number of the valence-
conduction Kohn-Sham pairs, N,.. N,. determines the final
size of the interaction TDLDA matrix. In the present calcu-
lations, we used a grid size /=04 a.u. and R,,,,=30 a.u.,
which gives a total number of grid points of ~1 760 000 that
later were reduced to ~220 000 due to symmetry operations.
The size of the TDLDA matrices ranged from ~16 000 to
~90 000 for the Ag;3/Auj; and Agss/Auss nanoparticles,
respectively. The above choice of parameters allowed us to
obtain absorption spectra converged up to 6 eV. The suitabil-
ity of TDLDA to calculate optical spectra of nanoparticles
has been validated repeatedly for many different species (Na,
Si, Ag, and Au).*>13-16

B. Classical theory

To calculate the optical spectra within classical methods,
we used Mie theory, which was developed by Gustav Mie in
the early 1900s to explain the absorption and scattering of
small metallic particles embedded in dielectric media.! Mie
theory consists in solving Maxwell’s equations for electro-
magnetic plane waves interacting with metallic particles that
are smaller than the wavelength, X, of light (dipole approxi-
mation). The solution to that problem is a complicated series
expansion in powers of R/\, (where R is the particle radius).
The first term of that expansion is the absorption cross sec-
tion, which is given by

9wV &(w)
c [e(w)+ 21+ Ez(w)z’

O-abs(w) = (5 )
when the dielectric medium is vacuum. €,(w) and &(w) are
the real and imaginary parts of the dielectric function of the
constituent material (silver or gold), ¢ is the speed of light,
and V is the volume of the nanoparticles. The contribution of
higher-order R/\ terms in Eq. (5) are negligible for particles
of ~1 nm in diameter and therefore are not taken into ac-
count in this study, i.e., the smallest R/\ ratio in the energy

range of the calculated absorption spectra (1-5 eV or a \ of
1240-248 nm, respectively) is R/A=1/248=0.004. The
resonance condition in vacuum (Mie or plasmon peak) oc-
curs when €;(w)=-2 and &,(w) is small. The Mie condition
is reached at w~3.2 eV and w~2.4 eV for bulk silver and
bulk gold, respectively, as it is shown in Fig. 3.

III. RESULTS

Figure 4 shows the optical response of four particles
(Ag3, Agss, Aups, and Auss) obtained by TDLDA and Mie
theories. The optical response obtained using Mie theory for
both fcc-structure Ag nanoparticles is in reasonably good
agreement with the TDLDA calculations, indicating an in-
trinsic bulklike optical response of the Ag nanoparticles.
More specifically, the TDLDA spectra of the fcc-structure Ag
nanoparticles exhibit a peak at the same energy (3.2 eV) as
the plasmon (Mie) peak predicted by Mie theory. The agree-
ment between both theoretical predictions is better for Agss
than Ag,s, indicating that particle size plays a stronger role
in controlling the optical excitations of the smaller particle.
We also noticed that among the three Ag nanoparticles (Ag;,,
Ag,s;, and Agss), the optical response of the non-fcc Ag,
(which has a similar particle size than Ag;s) nanoparticle is
the one that has the strongest intrinsic bulklike optical be-
havior.

In the case of the Au nanoparticles, only the TDLDA
optical response of the Auss nanoparticle exhibits features
that are similar to what is expected for a nanoparticle with a
bulklike optical response. In particular, the fcc Auss TDLDA
spectrum has a Mie peak but it is shifted to higher energies
by 0.8 eV with respect to the classical prediction (2.4 eV).
While for the smaller Au nanoparticle (Au,;z), the TDLDA
spectrum has two peaks and therefore cannot be associated
with the gold Mie peak. Since we find that particles of the
same size, shape, and bonding configuration but with differ-
ent constituent material, (i.e., Agss vs Auss) have a different
optical response, we proceeded to investigate the role of
electronic interactions in controlling the optical excitations
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FIG. 4. (Color online) Calculated optical spectra of fcc-like bonded (a) Ag;s, Agss and (b) Au,s, Auss nanoparticles using classical (Mie)

and quantum (TDLDA) theories.

of the Ag and Au nanoparticles. As it was mentioned earlier,
within the TDLDA formalism, there are only two interac-
tions (or kernels) that contribute to the optical response of
the nanoparticles, Coulomb interaction (K.), and exchange
and correlation interaction (K,.). Thus, we proceeded to cal-
culate again the optical response of all the nanoparticles (fcc-
like structures and the non-fcc structures) but by explicitly
switching off the K. and the K. kernels in the interaction
matrix shown in Eq. (1). Figure 5 shows the optical response
of Agss and Auss calculated with both K- and K. kernels
and with only one of the kernels. As it is shown in Fig. 5, as
soon as K. is switched off the Mie peaks of the Agss and
Auss nanoparticles are strongly shifted to lower energies and
their intensity overestimated. Electronic exchange and corre-
lation only shifts slightly (tenths of electron volts) the spectra
to higher energies for both nanoparticles. We find the same
kind of behavior for the rest of the nanoparticles. The small
contribution of the K. kernel to the optical response of the
noble-metal nanoparticles indicates that the bulklike optical

response in the Ag and Au nanoparticles is mainly arising
from an electronic Coulomb-type interaction. However, after
all the analysis just mentioned, we still do not know the
reason why some nanoparticles have an intrinsic bulklike
optical response and some not.

To address how electronic interactions control the optical
response of the gold and silver nanoparticles, we have pro-
jected the ground energy spectrum of all the nanoparticles
according to their electronic s, p, or d character. Then we
mapped the states that contribute explicitly to the optical
excitations that form the Mie peak using the method de-
scribed in Ref. 15, which is given by the following formula:

2 PP, dl o)
> f ’

%Elec

(6)

s,p.d =

where f,, are the oscillator strengths and the coefficients |F"¢|
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FIG. 5. (Color online) Optical response of the fcc-like bonded (a) Agss and (b) Auss nanoparticles when both Coulomb (K.) and
exchange and correlation (K,.) kernels are used in the TDLDA formalism (black line) compared with the optical response obtained when
only K (red line) or K. (green line) kernel are used to calculate the optical spectra.
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FIG. 6. (Color online) Ground-state energy spectrum of the fec
Agss nanoparticle decomposed accordingly with its electronic s, p,
and d characters. The shaded (purple) area highlights the states that
contribute the most (81%) to the Mie peak, i.e., when both kernels
K¢ and K, are calculated [solid black line in Fig. 5(a)] while the
black arrow highlights the states that contribute (99%) to the Mie
peak when only K, is calculated [solid green line in Fig. 5(a)]. The
dotted line indicates the energy value of the highest-occupied mo-
lecular orbital.

are the weight factors of the valence-conduction vc orbital
pairs contributing to the optical excitations Q. (¥, , ;[ ,)
are either the s, p, or d projection of the valence orbitals ¢,.
The sum in n includes all the optical excitations that form the
Mie peak. The electronic character mapping of the optical
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excitations was done for the cases when the optical spectra
were calculated with both K- and K, kernels and with only
one of the kernels at the time. Figure 6 shows the ground-
state energy spectrum of the fcc Agss nanoparticle when the
K¢ and K. kernels and when only K. are used to calculate
the optical spectra. It can be observed in Fig. 6 that when
both electronic interactions, K- and K,., are present in the
optical spectra, 81% of the valence states that contribute to
the Mie peak have a strong d character. But when the Cou-
lomb interaction is turned off, 99% of the states that contrib-
ute the Mie peak have a really low d character. We also
observed the same general behavior for the other Ag and Au
nanoparticles. However, the d character present in the Mie
peak is smaller for both fcc Ag;; and Au;; nanoparticles than
that of their larger counterparts, Aus; and Ausy nanoparticles.
In other words, the increase in d contribution in the optical
spectra results in a screening of the s electrons and conse-
quently a reduction in the oscillator strengths. Similar behav-
ior in the optical spectra of Ag,, n=1-8 clusters has also
been reported.'d

A more interesting correlation arises when we compare
the states contributing to the Mie peak, their electronic char-
acter, and the optical spectra between nanoparticles. For in-
stance, Fig. 7 shows the ground-state energy spectrum and
contribution to the Mie peak of fcc Auss and non-fcc Ausg
nanoparticles. It can be clearly seen that 84% of the states
that contribute to the Mie peak for the fcc Auss nanoparticle
have a strong d character and even several of those states
reach a 100% d character. In contrast, for the non-fcc Aus,
nanoparticle, only 46% of the states that contribute to the
optical excitations, in the energy range where the Mie peak
should be present ~2.4 eV, have a large d character, and
none of them actually reach a 100% d character. Analyzing
the electronic character of the ground-state energy spectrum
of the non-fcc Ausy nanoparticle it can be understood why its
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FIG. 7. (Color online) Ground-state energy spectrum of the Auss and Ausy nanoparticles decomposed accordingly with its electronic s,
p, and d characters. The shaded (purple) area highlights the states that contribute the most (84% and 46%, for Auss and Aus, respectively)
to the Mie peak, i.e., when both kernels K- and K,. are calculated. The dotted line indicates the energy value of the highest-occupied

molecular orbital.
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optical spectrum [Fig. 1(b)] does not present a Mie peak. The
total overall d character of the states that contribute to the
optical excitations below ~3 eV in the non-fcc Ausy nano-
particle is really small.

Figure 8 shows the ground-state energy spectrum and
contribution to the Mie peak of fcc Agss and non-fcc Ag,
nanoparticles. For the Agss nanoparticle 81% of the states
that contribute to the Mie peak have a large d character while
for the Ag;, nanoparticle that value only reaches 35%. How-
ever, the great majority of the Ag;, states contributing to the
Mie peak have a d character close to 100% while for the
Agss states the d character varies in a range between 55%

and 100%. We also calculated the percent electronic charac-
ter for bulk fcc Ag and Au within density-functional theory
using the projector augmented wave method!” as it is shown
in Fig. 9. Using Fig. 9 as a reference, it can clearly be seen
that the electronic character of all the Ag and Au nanopar-
ticles resembles those of Ag and Au bulk, respectively. How-
ever, the nanoparticles that present the stronger bulklike op-
tical responses are the ones that have their electronic d
character closer to that of their respective bulk, indepen-
dently of their size or bonding configuration. That is the case
for the non-fcc Ag;, nanoparticle when compared with re-
spect to the other nanoparticles of this study.
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FIG. 9. (Color online) Ground-state energy spectrum of bulk fcc Ag and Au decomposed accordingly with its electronic s, p, and d

characters. The dotted line indicates the value for the Fermi energy.

085420-6



ORIGIN OF BULKLIKE OPTICAL RESPONSE IN NOBLE-...

IV. SUMMARY

In summary, our theoretical calculations show that in or-
der for noble-metal nanoparticles to present an intrinsic bulk-
like optical response in their absorption spectra, the optical
electronic interaction at low energies has to be mainly domi-
nated by valence states with a strong electronic d character.
We find that as long as that condition is satisfied, atomic
coordination, particle size, and shape become secondary in
contributing to a bulklike optical response for Ag and Au
nanoparticles smaller than 1.2 nm. We have also investigated
the role of Coulomb and exchange-correlation interactions in
the optical excitations within time-dependent density-
functional theory. We find that Coulomb interactions control
the optical excitation energy and oscillator strengths in the
absorption spectra of the Au and Ag nanoparticles. Exchange
and correlation interactions are less important in the optical
excitations. We find that the absence of exchange and corre-

PHYSICAL REVIEW B 82, 085420 (2010)

lation in the TDLDA interaction matrix shifts slightly (frac-
tions of electron volts) the spectra to higher optical excita-
tions and also decreases the oscillator strengths moderately.
The present results show how the intrinsic quantum proper-
ties of noble-metal nanoparticles become dominant in optical
excitations as particle size decreases.
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