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Surface plasmon dispersion of a cluster-assembled silver nanoparticle film
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Birmingham B15 2TT, United Kingdom
~Received 19 August 1998!

We report an investigation with high-resolution electron-energy-loss spectroscopy of a thin Ag film grown
by deposition and aggregation of Ag3

2 clusters on graphite. We find the plasmon mode of the nanostructured
film ~particle size;10 nm! at about 3.85 eV near the Brillouin-zone center, representing a blueshift of 0.15 eV
with respect to the surface of a bulk Ag crystal. With increasing momentum parallel to the surface, the plasmon
shows a very shallow positive dispersion and a distinct broadening. The results suggest a decrease in thes-d
coupling in our nanoparticle film compared with the bulk.@S0163-1829~99!15215-9#
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Collective electronic excitations at surfaces have been
subject of considerable interest.1–4 In particular, surface plas
mons not only represent a topic of fundamental interes
surface physics,4–13 but are also the basis of the probe su
face plasmon resonance technique~see, for example, Ref
14!. The surface plasmon of silver has an energy of;3.7 eV,
which is easily accessible to optical and electron sp
troscopies. The coupling of the plasmon to optical radiat
allows one to monitor changes in the surface and its envir
ment, and can be exploited15 in biosensing,5,14,16 gas
sensing,17 characterization of thin films,6,7,18 and
electrodeposition.19 Now that our understanding of the be
havior of the surface plasmons of single crystal surfa
~e.g., of silver! has greatly improved as a result of rece
experiments,8,20 there is an opportunity to characterize t
plasmon modes of interesting surfaces, such as the n
structured film explored here.

We have used high-resolution electron-energy-loss sp
troscopy~HREELS! to characterize the surface plasmon e
citation of a thin, nanostructured silver film made by dep
sition and aggregation of Ag3

2 clusters, produced with a
cluster beam source, on the basal plane of graphite. Grap
is a relatively inert substrate, and has been well character
by HREELS.21,22 The measured surface plasmon dispers
~as a function of the component of momentum parallel to
graphite surface! is compared with that of single-crystal si
ver surfaces,8,20 and to the Mie resonance in free A
clusters.23

Silver clusters were produced with a home built clus
source based on the principle of sputtering by positive
sium ions.24,25 The source produces a beam of small clus
anions which is extracted at 1.5 kV and mass-selected b
Wien filter. In these experiments silver trimers were p
duced with a typical intensity of 20 nA and decelerated to
eV for deposition onto a substrate of highly oriented pyroli
graphite at room temperature in an ultrahigh-vacuum ch
ber ~pressure during deposition: 131029 mbar!. Prior to
deposition, the graphite substrate was cleaved in air and
cleaned in ultrahigh vacuum by electron bombardment h
ing up to;900 °C. The amount of silver on the surface co
responds to 631016 atoms per cm2, and forms a visible film
on the substrate. HREELS measurements were performein
situ at a pressure of;5310210 mbar using a spectromete
PRB 590163-1829/99/59~15!/9874~4!/$15.00
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~L.K. 2000! operated with an energy resolution of 25 me
The incident electron-beam energy was 32 eV, the angle
incidence 60° with respect to the surface normal, and
sample current typically 800 pA. HREELS spectra were
corded at different detection angles; each spectrum took
eral hours, and the whole experiment extended over sev
weeks. In order to avoid thermally driven changes of t
silver film morphology, the sample was not heated af
deposition. The position and width of the surface plasm
peak were checked at regular time intervals, and did
present any significant changes during the whole period
measurement. However, some residual adsorption~water/
hydrocarbons! was inevitably observed. After completion o
the HREELS experiments the sample was removed from
UHV chamber and imaged with a benchtop scanning tunn
ing microscope~DME Rasterscope 4000! which revealed; as
expected,26 that the trimers coalesce on the surface to fo
rafts of Ag particles of average size;10 nm together with
areas of bare graphite.

Figure 1 displays energy-loss spectra from the sample
corded in the specular geometry before and after depos
of the clusters. The spectrum of clean graphite~taken in the
specular direction! is shown in Fig. 1~a!, and shows the char
acteristic energy-loss tail due top-p* electron-hole pair
excitations21 and a broad peak near 6.6 eV. The latter h
been attributed to ap plasmon mode of graphite.22 No en-
ergy loss feature is visible in the energy range of spe
interest here~3–4 eV!. Deposition of the silver clusters lead
to the spectrum of Fig. 1~b!. Three distinct features ar
present:~i! a sharp, well-defined energy-loss peak at ab
3.85 eV; ~ii ! a rather constant signal level above this pe
creating a plateau; and~iii ! a second, broader energy-los
peak at;7.5 eV. A slowly sloping background, presumab
coming from the graphite substrate, is still present, althou
strongly damped.

Optical-absorption and energy-loss spectra of silver fil
and silver crystal surfaces8,10–12,20,27,28present features simi
lar to those evident in Fig. 1~b!. The main loss peak at 3.8
eV in Fig. 1~b! can be attributed to the well-known surfac
plasmon of silver, which has an energy close to 3.7 eV at
Brillouin-zone center on crystal surfaces.29 The plateau in
Fig. 1~b! results from intraband and interband transition
electron-hole pair excitations within thesp band of bulk sil-
9874 ©1999 The American Physical Society
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ver occur above 3.86 eV, while excitations between thd
and sp bands appear above 3.98 eV.27 The apparent asym
metry of the surface plasmon peak is a result of th
electron-hole pair excitations just above the plasmon p
energy. We associate the broad, weak second peak whic
observe at;7.5 eV with the feature previously predicted an
observed in the case of Ag~001!,30 possibly also of plasmon
character.

We will now focus on the silver surface plasmon pe
observed at 3.85 eV in Fig. 1~b!. In this case, the specula
angle of collection of the scattered electrons corresponds
parallel momentum transferqi of 0.16 Å21. By varying the
collection angle we can investigate the dispersion of the
face plasmon. Note that for a particle diameter of;10 nm,
qi should be conserved to within;2p/100 Å21

50.06 Å21, which is a small fraction~;4.5%! of the width
of the Brillouin zone.31 Figure 2 shows the surface plasmo
peak for three values ofqi . The change in plasmon fre
quency is small, whereas a clear broadening of the pea
visible. These spectra are part of a set of measurem
which covers the range 0.09–0.31 Å21 in qi . The frequen-
cies and widths~full width at half maximum! obtained with-
out subtraction of the electron-hole pair excitations are d
played as a function of parallel momentum in Fig. 3. The
graphs confirm the trends observed in Fig. 2, i.e., we find~at
most! a very weak positive dispersion of the plasmon ene
while the increase of the peak width with increasingqi is
more marked.

FIG. 1. HREELS spectra taken in the specular direction~a! be-
fore and ~b! after deposition of Ag3

2 clusters ~dose, 3.75
31011 atoms per cm2; time, 420 min! on the graphite substrate a
room temperature. Incident electron-beam energy, 32 eV; im
angle, 60°.
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As a basis for the discussion of these results, we s
briefly review the plasmon excitation behavior of free A
clusters and single-crystal Ag surfaces. The plasmon exc
tion ~Mie resonance! in positively charged silver clusters i
the gas phase has a limiting value of 3.5 eV for a large
particle, and shows an increase of frequency with decrea
size.23 Similar behavior is observed in large Ag clusters e
bedded in a rare-gas film.32 Electrons in thesp band at the
surface of the cluster are less strongly screened by thed band
than aresp electrons in the cluster core; since thed-band
screening lowers the plasma frequency, the frequency r
as the cluster becomes smaller and the surface effect m
important. Intriguingly, the same basic physics28 explains the
positive dispersion of the Ag surface plasmon as a funct
of qi for all crystal surfaces reported;8,20 for larger qi the
electric field penetrates less deeply into the Ag surface.

In our case@Fig. 3~a!#, the value of the plasmon frequenc
asqi tends to zero, 3.85 eV, is blueshifted with respect to
plasma frequency~at qi50! for the single-crystal surfaces o
Ag ~3.7 eV!. Moreover, the plasmon energy of our film in
creases much more slowly withqi than for all reported
single-crystal surfaces of Ag~for a review, see Ref. 8!. Note
also that the widths which we obtain for the plasmon of t
Ag cluster film@see Fig. 3~b!# are somewhat~typically ;100
meV! larger than for the single-crystal surfaces, perhaps
cause we have not attempted to remove the peak asymm

ct
FIG. 2. HREELS spectra obtained at different collection ang

showing how the surface plasmon broadens in frequency with
creasing parallel momentumqi . du is the collection angle measure
from the specular direction towards the surface (du,0) and the
normal to the surface (du.0).
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in the analysis, or because of inhomogeneous broade
~due to varying film thickness and roughness20! or ‘‘chemical
interface damping.’’18,33 However, our primary aim here i
to explain~a! the~small! blueshift of the plasma frequency a
low qi , and~b! the flatter dispersion of the plasma frequen
in the case of our cluster-assembled film.

FIG. 3. Plot of ~a! the surface plasmon energy of the cluste
assembled film of Ag~squares!, compared with the Ag~111! surface
~circles!, and ~b! the surface plasmon peak width of the cluste
assembled film, as a function of parallel momentum transfer.
experimental error bar~0.08 Å21! on the measure ofqi arises from
the finite angular width~;3°! of the reflected electron beam.
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n

R
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Particularly helpful in the analysis of the experimen
dispersion results are studies of the plasmon behavior in
Ag films on Cu, Al, and Si substrates.9–11 In each of these
cases a shift of the plasma resonance to higher frequen
was observed in optical reflectivity measurements. HREE
measurements of a 5-nm Ag film on Si~111! show a blueshift
of ;50 meV at allqi with respect to Ag~111!.12 Calculations
by Liebsch for a few layers of Ag on Al predict a bluesh
~at small values ofqi! arising from reduceds-d coupling in
the thin Ag film and from coupling to the higher frequenc
plasmon of the substrate.13 Both these effects should apply i
the case of our thin nanostructured film of Ag on graphi
and provide an appealing qualitative explanation of the m
sured blueshift~;0.15 eV! at small qi . Interestingly, the
calculations for thin layers of Ag on Al also predict a muc
flatter dispersion than for Ag crystal surfaces, consistent w
Fig. 3~a!. Finally, we note that, in addition to the blueshi
expected of a thin Ag film, dielectric screening by a slab
layer of material with«.1 ~e.g.,«'3 for graphite34! should
lower the plasma frequency across thewhole widthof the
Brillouin zone.13 This effect would compete with the blue
shift expected at smallqi , while it would drag down the
plasmon frequency of the Ag nanoparticle film below that
the Ag~111! surface for high values ofqi , as observed in
Fig. 3~a!.

We have shown that high-resolution electron-energy-l
spectroscopy can be used to characterize the plasmon m
of a nanostructured film of Ag produced by deposition a
coalescence of Ag3

2 clusters on the graphite surface. Th
observation of plasmon dispersion confirms thatqi is ap-
proximately a good quantum number for particle sizes on
scale of 10 nm. The measured blueshift of the plasma
quency at smallqi and the flatter dispersion as a function
qi mirror calculations for thin Ag films, and suggest a d
crease in thes-d electron coupling in the nanoparticle film
As HREELS measurements of the plasmon modes of na
structured films and deposited clusters become more c
mon, an extension of the theory dealing with the coupli
between the plasmon modes of clusters or nanoparticles
the substrate35 will be most valuable.

We thank the EPRSC and Johnson Matthey for finan
support of this work.
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