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ABSTRACT Nanomaterials exhibiting plasmonic optical responses are impacting
sensing, information processing, catalysis, solar, and photonics technologies. Recent
advances have expanded the portfolio of plasmonic nanostructures into doped
semiconductor nanocrystals, which allow dynamic manipulation of carrier densities.
Once interpreted as intraband single-electron transitions, the infrared absorption of
doped semiconductor nanocrystals is now commonly attributed to localized surface
plasmon resonances and analyzed using the classical Drude model to determine carrier
densities. Here, we show that the experimental plasmon resonance energies of
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classical Drude model predictions at small sizes, revealing quantum plasmons in these nanocrystals. A Lorentz oscillator model more adequately describes

the data and illustrates a closer link between plasmon resonances and single-electron transitions in semiconductors than in metals, highlighting a

fundamental contrast between these two classes of plasmonic materials.
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arrier-doped semiconductor nano-

crystals are envisioned as essential

components of future information
processing, solar energy conversion, and
other technologies. Nanocrystal carrier dop-
ing generates new infrared (IR) absorption
bands similar to localized surface plasmon
resonances (LSPRs) of metal nanoparticles.
Semiconductor nanocrystals showing such
LSPRs have recently attracted broad atten-
tion,"? in part because of the wide range of
carrier densities achievable in such systems.
Over just the past few years, LSPRs have
been reported in many semiconductor nano-
crystals with excess charge carriers intro-
duced by aliovalent,>~” vacancy-induced,2~'°
or redox'""'? doping. Central to any analysis
of these LSPRs is an assessment of the
carrier density. Many investigations have
applied the classical Drude model to esti-
mate carrier densities from IR absorption
energies> 5819712 Others have assumed
stoichiometric relationships between de-
fects and carriers.’ In semiconductor
nanocrystals, however, a large fraction of
aliovalent dopants or electronic defects
can be compensated by localized sur-
face charges,'® and impurity doping of
any type perturbs carrier wave functions.'
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Additionally, in some cases the carriers may
be partially localized.”® These factors com-
plicate determination of carrier densities
using the Drude model. Moreover, the Drude
model itself may not even be adequate for
semiconductor nanocrystals, which have
much smaller carrier densities than metals,
but this model has not been quantitatively
tested. Finally, quantum confinement ef-
fects are not accounted for in the Drude
model and have also not yet been investi-
gated in LSPR-supporting semiconductors.
Here, we analyze the IR absorption spectra
of photodoped colloidal ZnO nanocrystals
with tunable radii (r) and carrier densities
(Ne) to assess the applicability of the Drude
model in this case. These experimental data
expose fundamental shortcomings of the
Drude model when applied to semiconduc-
tor nanocrystals, revealing the existence of
quantum plasmons in semiconductor nano-
crystals and highlighting important con-
trasts between LSPRs in semiconductor
and metal nanostructures.

Photodoped ZnO nanocrystals are among
the best characterized carrier-doped colloi-
dal semiconductor nanocrystals'*'¢~2* and
offer a unique platform for turning on,
tuning, and investigating semiconductor
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Figure 1. IR absorption spectra of r = 1.75 and 6 nm
colloidal photodoped ZnO nanocrystals. For each sample,
the increased IR absorption corresponds to progressively
greater photodoping. Both samples display the same max-
imum photodoping level of (1.4 + 0.4) x 10*° cm 2. This
density corresponds to a maximum average occupancy of
3.2 + 0.9 and 116 + 22 electrons per nanocrystal for the
small and large nanocrystals, respectively. Inset: TEM
images of the r = 1.75 nm (left) and r = 6 nm (right)
nanocrystals.

LSPRs. Anaerobic UV irradiation in the presence of an
appropriate hole quencher allows accumulation of
delocalized conduction-band electrons, achieving aver-
age carrier densities tunable from zero up to ~6 x
10%° cm~3.2® Unlike in other systems investigated to
date, these carrier densities are readily determined by
direct titration against mild redox reagents,'>8202324
providing a model-independent measure of this critical
quantity. Previous studies have described a new IR
absorption band that accompanies the added conduc-
tion-band electrons,'”'9?%2% put its interpretation re-
mains ambiguous. It has generally been interpreted
in terms of single-electron intra-conduction-band
transitions,'”'92%2> put has recently also been inter-
preted in terms of LSPRs,'? and similar IR absorption in
AP*-doped ZnO nanocrystals has also been described
as LSPRs.?*?’ If indeed this IR band is due to LSPRs, the
relationship between these collective excitations and
the anticipated single-electron excitations has yet to
be revealed.

RESULTS AND ANALYSIS

Figure 1 shows IR absorption spectra of two anaer-
obic ZnO nanocrystal suspensions (r = 1.75 and 6 nm),
each prepared and photodoped using ethanol for hole
quenching as detailed previously (see Supporting In-
formation for details).?* Spectra collected at various UV
irradiation times are shown, with increasing IR absorp-
tion reflecting increasing electron density.®?° The
maximum photodoping corresponds to an electron
density of (1.4 + 0.4) x 10%° cm 2 for both samples.?®
With added electrons, the IR absorption maxima blue
shift while increasing in intensity. A similar blue shift
has been reported in r = 2.1 nm ZnO nanocrystals,'®
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Figure 2. Room-temperature (a) absorption and (b) MCD
spectra of heavily photodoped colloidal r = 1.55 nm ZnO
nanocrystals. The arrow indicates increasing magnetic field
strength in 1 T steps. The dip in panel (a) at ~0.55 eV is due
to imperfect subtraction of solvent vibrations. Inset: Rela-
tive 2 KIR MCD intensities plotted as a function of magnetic
field strength. The MCD spectra terminate at the instru-
mental limit of ~0.6 eV.

where it was interpreted as arising from the increased
energy spacings of intra-conduction-band single-
electron transitions. The experimental shifts are slightly
greater than predicted from tight-binding calcula-
tions,'® but are comparable to expectations from the
classical Drude model (Figure S4a). Similar shifts are
observed in all sizes of nanocrystals (Figure S4b), even
though the smallest have a maximum of ~3 conduction-
band electrons, while the largest have up to ~130. This
similarity suggests that the blue shift is correlated with
electron density rather than number. Additionally, from
tight-binding calculations,'® a significant blue shift is
not expected in large nanocrystals, where intraband
spacings are nearly constant. Although it is conceivable
that the blue shift reflects preferential reduction of
larger nanocrystals, because intraband spacings are
size-dependent and electrons can transfer rapidly from
one nanocrystal to another,'*?' the average radius
(6 nm) for the larger ZnO nanocrystals of Figure 1 is
well beyond the quantum confinement size regime
(=3.5 nm), allowing the conclusion that size hetero-
geneity is not responsible. On the basis of these
considerations, the IR blue shift with increased photo-
doping is consistent with assignment of this IR band as
an LSPR.

Magnetic circular dichroism (MCD) spectroscopy
provides strong support for assignment of the IR
band in photodoped ZnO nanocrystals as an LSPR.
Figure 2 shows room-temperature absorption (a) and
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variable-field MCD (b) spectra of photodoped r =
1.55 nm ZnO nanocrystals. The MCD intensity is very
large (|AA/Ao| ~ 0.01) but does not maximize at the
absorption maximum, instead crossing zero close to
the absorption maximum. The MCD intensity is tem-
perature independent (Figure S5) and shows a linear
dependence on magnetic field, even at 2 K (Figure 2,
inset). Strikingly similar MCD data have been reported
for the LSPRs of colloidal Au nanoparticles,?® which also
show very large (JAA/Ao| =~ 0.001) and temperature-
independent derivative-shaped MCD intensities. These
similarities support the assignment of the ZnO IR peak
as an LSPR.

Temperature-independent derivative-like band shapes
are typically characteristic of A-term MCD intensities,*®
which derive from the effects of magnetic fields on
excited states rather than from magnetization of the
ground state (C-term).?® Previous MCD spectra of
plasmons in Au nanoparticles have been interpreted
in this way.?® For the photodoped ZnO nanocrystals,
this interpretation is surprising because of the strong
correlation between IR absorption and the ground-
state g = 1.96 electron paramagnetic resonance (EPR)
intensity from the delocalized electrons within these
nanocrystals.2%>° Paramagnets typically display C-term
MCD intensity that increases rapidly with decreasing
temperature (in proportion to 1/T for simple Curie-type
paramagnets; see Figure S6) and therefore dominates
at low temperatures. The MCD of these photodoped
ZnO nanocrystals is thus not typical of paramagnetic
chromophores. We propose that the temperature in-
dependence of the plasmon MCD intensities in these
nanocrystals may alternatively reflect Pauli-type para-
magnetism, a characteristic of conduction electrons in
most nonferromagnetic metals.>"’

Several samples of colloidal ZnO nanocrystals were
prepared with average radii ranging from 1.75 to 6 nm
and all photodoped to the same independently verified
electron density of (1.4 4+ 04) x 10° cm—3% Figure 3a
shows IR absorption spectra of these nanocrystals and
illustrates a key result of this study: At a constant carrier
density, the IR absorption blue shifts substantially with
decreasing nanocrystal radius. Figure 3b plots the ener-
gies of the absorption maxima as a function of nanocrystal
radius (blue circles). For large radii (=5 nm), this energy
approaches an asymptote of ~0.25 eV, agreeing well with
the LSPR energies of ZnO thin films>? (which should be
greater by a factor of ~1.2). This size dependence is very
similar to that observed for the first excitonic absorption
maximum in ZnO nanocrystals arising from quantum
confinement,® but it is qualitatively different from that
anticipated by the classical Drude model.

The LSPR frequencies predicted by the classical
Drude model are given by

wDrude _ Neez _ ,}/2 (M)
® £0Me(€w + 2€m)
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Figure 3. (a) IR absorption spectra of a series of colloidal
ZnO nanocrystals with different radii, each photodoped to
an average carrer density of No = (1.4 + 0.4) x 102 cm 3,
Dotted lines indicate the region of intense C—H stretches.
(b) IR peak maxima versus nanocrystal radius (blue circles).
The dotted black line shows the Drude model (eq 1) predic-
tion for LSPR energies at No = (1.4 + 0.4) x 10?° cm 3. The
dashed red line extends this model to account for increased
surface scattering in small nanocrystals (eq 2). Inset: Pre-
dicted (diamonds, from eq 1) and experimental (shaded
region) carrier densities plotted versus nanocrystal radius.
Solid lines are guides to the eye.

This relationship has been widely employed in the
analysis of heavily doped semiconductor nanocrystals.
Here, v = ypui is the bulk scattering frequency, e is the
elementary charge, g, is the permittivity of vacuum, ¢,
is the medium dielectric (estimated as 2.25 for toluene),
£..is the high-frequency dielectric (3.72 for Zn0),>* and
me = 0.28mg is the mass of an electron in Zn0.3*
Application of eq 1 to predict the LSPR frequencies of
Zn0 nanocrystals photodoped to Ne = 1.4 x 102 cm ™3
yields the dotted line in Figure 3b. The Drude model
accurately estimates w,p, for the largest ZnO nanocryst-
als but fails for smaller nanocrystals. Equivalently, the
inset of Figure 3b compares the experimental carrier
densities (shaded) with those estimated from eq 1.
Here, N, values were calculated from the IR absorption
using wsp and y as the maxima and half-widths-at-half-
maxima (hwhm), respectively. The Drude model accu-
rately estimates the carrier density of the largest ZnO
nanocrystals, yielding a value of 1.2 x 10%*° cm ™3, but it
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predicts a carrier density roughly 4 times too large
(4.2 x 10%° cm~3) for the smallest nanocrystals. Further-
more, an extended Drude model that accounts for size-
dependent surface scattering through modification of
the scattering frequency,

Y = Vbuk +¥ 2
actually predicts an absorption red shift with decreas-
ing radius for a constant N, (Figure 3b, dashed line).
Here, v¢ is the Fermi velocity (8.4 x 10° m/s in Zn0)*
and A is an empirical constant whose value is debated
in the literature.3® Drude models thus fail to describe
the IR absorption spectra of carrier-doped ZnO quan-
tum dots. For accurate interpretation of this IR absorp-
tion, a more sophisticated model is needed.

To address these shortcomings, we introduce a
quantum mechanical correction to the driving force
on a classical Lorentz electron in an external electric
field.3” A similar semiclassical approach was recently
used to model a blue shift of Ag nanoparticle LSPR
energies with decreasing radius.3® We model electron
motion within a spherical semiconductor nanocrystal
as a collection of damped and driven harmonic oscil-
lators, where the driving force is dependent on both
the incident electric field and quantum mechanical
responses to the boundary. Quantum confinement
also alters the harmonic restoring force by discretizing
the set of available transition frequencies, w;;, where i
and fare composite labels for initial and final quantum
states. This model yields the dielectric function

Sif

2
= - T2 i — 2 3
elw) = eplw) —wp ;wz +iyw — wi? R

where o, = (Nee’/eom¢)'? is the bulk plasma frequency,
Si is the oscillator strength obeying the Thomas—
Reiche—Kuhn sum rule, y is the size-dependent scat-
tering frequency (eq 2), and gg(w) represents contribu-
tions from interband transitions.

To apply this dielectric function to photodoped ZnO
nanocrystals, conduction electrons are modeled as
noninteracting particles within an infinite spherical
potential well. The quasi-spherical shapes of our nano-
crystals are verified by transmission electron micro-
scopy (Figure 1, inset). The many-electron character is
introduced by imposing the Pauli exclusion principle
and a hydrogenic shell-filling scheme with degeneracy
2n” for each principle quantum number, n. Under these
assumptions, the Fermi level, ng, is determined by
finding the nearest integer to the solution of

3
ne =y 2n’ (4)
n=1

where n. = (4/3)r’N is the total number of conduc-
tion electrons. Dominant contributions to the sum in
eq 3 come from low-energy excitations around this
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value of ng (see Supporting Information). Finally, inter-
band transitions in ZnO occur above ~3.5 eV, far from
the IR region. Therefore, it suffices to replace ¢;g(w) with
£, to impose consistency with the behavior of bulk
ZnO. With this approach, LSPRs are found according to
the Clausius—Mossotti relation at frequencies where

Rele(wsp)] = —2em (5)

Only frequencies in normal dispersion regimes
((0/0w)Rele(w)] > 0) are considered. All calculations use
the experimental carrier density of 14 x 10%° cm 2.

Figure 4a presents the spectral dependence of the
real part of the ZnO dielectric function for various
nanocrystal sizes (see Figure S7 for the imaginary
parts). The corresponding normalized absorption effi-
ciencies are shown in Figure 4b. LSPR energies, A,
were determined according to eq 5 and are plotted on
top of the absorption efficiencies (black circles). The
single-electron transition energies, hw;, are also
plotted in Figure 4b (white circles), with symbol opa-
cities proportional to Si=. Only LSPRs are found in
regions of high absorption efficiency, supporting the
conclusion that plasmons dominate the ZnO nanocrys-
tal IR absorption spectra at these experimental carrier
densities. The single-electron transitions are relatively
weak at these high carrier densities because they
involve only one electron, whereas the plasmon ex-
citations involve many. As the radius decreases, the
LSPR and lowest-energy single-electron transition en-
ergies converge. A similar convergence occurs for fixed
radius as N, is reduced (Figure S7). The discontinuities
in these calculations, which appear as jumps in
Figure 4b, are a consequence of the shell-filling ap-
proximation used in our model (eq 4).

As observed experimentally, the calculated results of
Figure 4b show an increase in hwg, with decreasing
radius, starting from bulk. We conclude that this model,
although idealized and without any adjustable param-
eters, successfully captures the essence of the experi-
mental observations. The calculated size dependence
is steeper than observed experimentally, possibly be-
cause of the model's inability to account for elec-
tron tunneling beyond the nanocrystal surface (“spill-
out”).3® Tunneling makes the smallest nanocrystals
effectively larger and weakens the size dependence.
Another factor could be the existence of delocalized
surface states, such as Shockley or Tamm states.*
Surface states could be important at high electron
densities, particularly if the electron-charge-compen-
sating protons from photodoping all reside at the ZnO
nanocrystal surfaces. Confinement of such surface
states is documented in metals, where electrons be-
have as particles in two-dimensional boxes.*' The
calculations of Figure 4 are based on an idealized
model and do not account for surface states. We
note that the experimental size dependence of the IR
absorption is similar at both high and low electron
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Figure 4. Spectral dependence of (a) the real part of the ZnO dielectric function for various nanocrystal radii and of (b) the
corresponding normalized absorption efficiencies as a function of nanocrystal radius. The dotted black line in panel (a) is
positioned at —2¢,,,. The crossings of this line with Re[s(w)] in regions of normal dispersion correspond to LSPR energies, Awp,
which are displayed as black open circles in panel (b). The white circles in panel (b) correspond to single-electron transitions, and
their opacities are scaled to their oscillator strengths. Also shown are the spectral dependencies of the real part of the dielectric
functions for (c) ZnO and (d) Ag calculated with the Drude (dashed lines) and Lorentz (solid lines) models for two different sizes. The
dotted vertical lines indicate the crossings of the Lorentz model with —2¢,,, = —5.5 for the two different sizes (red and blue). All ZnO
calculations use the experimental carrier density of 1.4 x 10%° cm 3.

densities (Figure S4b), arguing against major contributions
from surface states. Additional deviations from ideality
may arise from nanocrystal shape anisotropies, surface
ligation, and changes in the local dielectric function at the
nanocrystal surface. Expansion of the model to include
adjustable parameters accounting for such effects can
indeed improve quantitative agreement with the experi-
mental data (eg., Figure S8), but it does not provide
greater insight into the physical problem. Overall, the data
in Figure 3b reveal large quantum size effects manifested
in the LSPRs of doped semiconductor nanocrystals. This
result constitutes the first experimental demonstration of
quantum confinement effects on LSPRs in semiconductors.
We stress that this size dependence is identified only
because carrier densities could be measured indepen-
dently. Application of the Drude model to deduce carrier
densities would have yielded a qualitatively different
understanding of these semiconductor LSPRs.

SCHIMPF ET AL.

Itis interesting to note that, unlike in metals, LSPRs in
photodoped ZnO nanocrystals occur spectrally near
the regions of large anomalous dispersion (Figure 4c),
placing them close to the most allowed single-electron
transitions. In this regime, the Lorentz dielectric model
is strongly non-Drude in character, and the free-
electron picture used for metallic plasmons is qualita-
tively incorrect. Instead, the ZnO LSPRs become very
sensitive to the most-dominant single-electron transi-
tions and converge to their energies in the limit of low
carrier occupancy. Moreover, because this spectral
proximity is a result of the relatively low carrier den-
sities, it is not specific to ZnO or to nanocrystals. Carrier
densities achievable in semiconductors are generally
2—3 orders of magnitude smaller than in metals,
making this relationship between LSPRs and single-
electron transitions universally significant. Figure 4c
and d highlight this important contrast, comparing the
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calculated dielectric functions of photodoped ZnO
nanocrystals and Ag nanoparticles at two radii. Because
of its high carrier density, collective excitations in Ag
occur far from the dominant single-electron transitions,
within the free-electron (Drude) part of the Lorentz
dielectric function. Consequently, they are spectrally
distant from and relatively insensitive to the most-
allowed single-electron transitions (Figure S9). In stark
contrast, the lower carrier densities of photodoped ZnO
nanocrystals link the plasmons to dominant single-
electron excitations, making them difficult to distin-
guish energetically. When these single-electron transi-
tions shift due to changing nanocrystal radius, the
collective excitations follow. These insights reconcile
conflicting evidence for interpretation of the IR bands
of doped semiconductor nanocrystals as plasmon reso-
nances versus single-electron excitations.

CONCLUSION

In summary, carrier-doped semiconductor nano-
crystals offer a unique platform for tuning plasmons

METHODS

Colloidal ZnO nanocrystals were synthesized by base-in-
itiated hydrolysis and condensation as described in detail
previously.*>** Dropwise addition of 22 mmol of tetramethyl-
ammonium hydroxide pentahydrate dissolved in 40 mL of EtOH
to 13 mmol of zinc acetate dihydrate in 135 mL of dimethylsulf-
oxide at room temperature leads to nanocrystal nucleation and
growth. After appropriate growth times, the reaction is stopped
by precipitation with ~300 mL of ethyl acetate, and the
nanocrystals are centrifuged, resuspended in EtOH, and pre-
cipitated with heptane. To suspend the nanocrystals in non-
polar solvents, the surface ligands are exchanged by adding
dodecylamine (DDA) heated to above its melting point (29 °C).
The DDA-capped nanocrystals are precipitated with EtOH and
collected by centrifugation, and their ligands exchanged by
heating in 90% trioctylphosphine oxide (TOPO) at ~100 °C for
30 min. These nanocrystals are then washed/resuspended with
EtOH/toluene as described above. To achieve the largest radii,
the nanocrystals are left in DDA at 180 °C under N, for 0.5—24 h
prior to TOPO ligand exchange. For small nanocrystals (r <
3.2 nm), radii were estimated from their UV electronic absorp-
tion spectra using established empirical relationships.3® For
larger nanocrystals, radii were estimated from pXRD line widths
and by statistical analysis of TEM images. All nanocrystals
used in this study were roughly spherical, with more deviation
from spherical shape in the larger nanocrystals (see Supporting
Information). ZnO nanocrystal concentrations were deter-
mined analytically. Briefly, 200 uL of the nanocrystal suspension
was dried and digested in 400 uL of ultrapure nitric acid
(TraceSELECT, Fluka). The resulting solution was diluted with a
known amount of ultrapure water (~10.00 g, measured to two
decimal places on a balance), and the Zn%* concentration
measured using inductively coupled plasma atomic emission
spectroscopy (Perkin-Elmer 8300). The nanocrystal concentra-
tion was then calculated using the known dilution factors and
nanocrystal radii to convert from Zn*" concentration to nano-
crystal concentration.

For infrared absorption measurements on photodoped nano-
crystals, nanocrystal solutions were prepared anaerobically to
be ~0.15 M Zn*" in toluene. These solutions were loaded into
an air-free IR cell in an inert-atmosphere glovebox, which was
then removed from the glovebox for subsequent experiments.
The nanocrystals were photodoped by placing the IR cell in

SCHIMPF ET AL.

on nanometer length scales. The ability to control and
quantify carrier densities in colloidal ZnO nanocrystals
has allowed experimental assessment of the classical
Drude model commonly applied to interpret IR absorp-
tion spectra of doped semiconductor nanocrystals.
Investigating the relationship between nanocrystal
size and IR absorption energy at constant carrier
density has revealed that the Drude model fails for
small nanocrystals in which electron wave functions
are quantum confined. A Lorentz oscillator model that
accounts for quantum-mechanical corrections qualita-
tively reproduces the experimental size dependence.
Both the experimental and theoretical results bridge
the single-electron and LSPR regimes, displaying quan-
tum confinementin small nanocrystals and converging
to classical bulk LSPRs in large nanocrystals. These
findings shed new light on semiconductor plasmonics,
with important ramifications for both fundamen-
tal investigations of doped semiconductor nanocrys-
tals and future applications of this emerging class of
materials.

front of a 100 W Hg/Xe Oriel photolysis lamp for short times
(1—20 s between spectra). The IR absorption was monitored
during photodoping until it stopped increasing. Residual EtOH
from the synthesis and purification procedures is the hole
quencher.??

For MCD measurements, a 200 uL sample of nanocrystals was
prepared anaerobically in 2-methyltetrahydrofuran, and to it
was added 2 uL of 1 M Li[Et3BH], which serves as a hole
quencher.”® The sample was prepared in the glovebox by
dropping a small amount of this solution onto a polished quartz
disc holding a Teflon spacer and placing another quartz disc on
top. These nanocrystals were photodoped as described above
and placed into the magneto-cryostat.

Electron densities in photodoped ZnO nanocrystals have
been determined via titration against a mild oxidant, [FeCp*,]-
[BArg]."318202324 Aliquots of [FeCp*,][BArg] were added to
photodoped ZnO nanocrystals under anaerobic conditions, and
electron transfer from the photodoped ZnO nanocrystals to
[FeCp*,1* was followed spectroscopically to determine the average
number of electrons per nanocrystal and, hence, the electron
density. Further details are provided in the Supporting Information.

UV/visible/near-IR absorption spectra were collected using a
Cary 500 spectrometer. pXRD data were collected using a Bruker
D8 Discover diffractometer. TEM images were collected using a
FEI Tecnai G2 F20. MCD spectra were measured using an Aviv
40DS spectropolarimeter with an InGaAs detector (Teledyne-
Judson), with samples mounted in a high-field superconducting
magneto-optical cryostat (Cryo-Industries SMC-1659 OVT) with
a variable-temperature sample compartment oriented in the
Faraday configuration.
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Supporting Information Available: Detailed methods of elec-

tron density determination, plots of LSPR energy as a function of
electron density, additional MCD spectra and calculated field/
temperature dependence, additional details for the theoretical
model, real and imaginary parts of the Lorentz dielectric func-
tion, plot of calculated energy shift with increasing electron
density, and absorption efficiency as a function of size and
energy for Ag nanoparticles. This material is available free of
charge via the Internet at http://pubs.acs.org.
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