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The influence of molecular adsorbate layers on
surface plasmon excitation in small supported
metal particles has been investigated and
exploited to study adsorption reactions on their
surfaces. For this purpose sodium nanoclusters
on quartz and LiF substrates served as model
systems. Their optical transmission spectra are
dominated by two maxima which are due to the
excitation of surface plasmon resonances in the
direction of the long and short axes of the oblate
particles. By recording the spectra under ultra-
high-vacuum conditions and, subsequently, after
exposure to gases such as O2, N2O, CO2, H2 and
N2, changes in the optical spectra can be
identified if the clusters are covered by as little
as half a molecular monolayer. Depending on the
adsorbed molecules, different modifications of
the maximum position, the width and the
amplitude of the surface plasmon resonances
are observed. The results of a series of measure-
ments together with calculations using the quasi-
static approximation indicate that the variations
in the spectra allow one to distinguish between
physisorption and chemisorption, i.e. to char-
acterize the strength of the chemical bond. In
addition, diffusion of the molecules into the bulk
of the particles can be detected. Particularly
interesting is the observation that the clusters
can experience a change in their shape if gases
such as O2 or CO2 react with their surface. #
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1 INTRODUCTION

Engineering and assembly of materials at the
nanometer scale is of great promise for the
production of smaller technological devices than
are currently available.1–3 In particular, research on
metal nanoparticles with size-dependent optical,
chemical and electronic properties is motivated by
such potential applications, which include for
example novel optical components or catalytic
converters with enhanced performance. For a
variety of scientific and practical reasons character-
ization of reactions between metal particles and
adsorbate molecules is of great value and interest.
For example, if metal clusters with tailormade
absorbance are embedded in devices such as optical
filters or components for ultrafast switching of
light, uncontrolled modifications of their electronic
and optical properties due to reaction with the
chemical surroundings must be excluded. In
addition, the particles are often protected by
organic ligands to prevent coagulation and interac-
tion between them or with other materials.4,5

Depending on the nature of the adsorption reaction,
the electronic and optical properties of the particles
can be strongly influenced due to the interaction
with ligand molecules.

In this paper we report studies with the objective
of clarifying whether and how the optical spectra of
small metal particles are changed by adsorption
reactions on their surface. The goal of this work is
to distinguish between the different physical
processes contributing to adsorbate-induced mod-
ifications. Understanding of these effects would
open the door to exploiting the optical spectra in
order to study chemical interface reactions on the
surface of supported metal particles and, further-
more, to predict possible variations of their
electronic and optical properties caused by adsorp-
tion.

In general the optical spectra of nanoparticles are
dominated by pronounced resonant features which
are commonly attributed to excitation of plasmon
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polaritons,i.e.collectiveoscillationsof theelectron
gas driven by the electromagneticfield.2,3 The
energeticposition,the width andthe amplitudeof
theseresonancesvary stronglyasa function of the
sizeandshapeof thenanostructuresandthusreflect
the influenceof theseparameterson their optical
properties.Measurementson clustersembeddedin
different matriceshave shown that the chemical
environmentalso influencesthe optical properties
drastically(seee.g. Refs 2, 6–9). For example,the
spectraof silver clustersexhibit an increasein the
width accompaniedby shifts in the positionof the
plasmonresonanceto lower energycomparedwith
the gas phaseif the particles are embeddedin
different materials.6–8 It could be shownthat the
major part of the peakshifts is broughtaboutby
modificationsof theMaxwell boundaryconditions.
However,the observedshifts exceedthis classical
electrodynamiceffect for most materialsinvesti-
gated,andmodificationsresultingfrom permanent
charge transfer from the metal cluster to the
moleculesof the surroundingmedium must also
betakeninto account.2,6,8Theincreasein thewidth
of the plasmon resonancewas interpretedby a
dynamic chargetransfer of conductionelectrons
from the metal cluster to partially unoccupied
levels of the adsorbedatoms or molecules,and
treatedtheoreticallyby Persson.10

In our experimentssodium(Na) particleswere
generatedwith variable,predeterminedsizesunder
ultrahigh-vacuum(UHV) conditionsby deposition
of atoms,subsequentsurfacediffusion andnuclea-
tion. As a secondstep, the optical transmission
spectrawere recordedin order to determinethe
averagecluster size and — by using s- or p-
polarizedlight — to determinetheir axial ratio, i.e.
the particle shape.11,12 Subsequently,the clusters
wereexposedto gasessuchasO2, N2O, CO2, H2 or
N2. The dosage being well defined, different
coveragesof moleculeson theclustersurfacecould
be chosen.After completionof the exposure,the
optical transmissionspectrawere recordedagain.
The main advantage of the investigations is
threefold: first, changes in the optical spectra
inducedby a single (contaminant-free)molecular
species can be studied, the experimentsbeing
performed in UHV at a base pressure of
P = 2� 10ÿ10 mbar.This opensup the possibility
of distinguishing between different processes
which are responsiblefor changesin the optical
spectra.Secondly,the dosageof the gasescan be
controlledin a sensitiveandreproduciblemanner,
makingpossibleagradualvariationof thedielectric
surroundingof the clustersand thus a systematic

study of the changesin the optical spectraas a
function of coverage.Third, modificationsof the
shapeof the clustersbrought about by chemical
reactionswith adsorbatescan be studiedusing s-
andp-polarizedincidentlight.

2 EXPERIMENTAL SET-UP AND
PROCEDURE

The experimental set-up is described in detail
elsewhere.11 In short, it consistsof an ultrahigh-
vacuum system with a base pressure of
2� 10ÿ10 mbar, the sample, a xenon-arc lamp
combined with a monochromatorfor measuring
the transmission spectra, a Knudsen cell for
evaporating Na atoms and a gas-inlet system.
Eitherquartz(100)or LiF(100) singlecrystalswere
usedassubstratesfor theNa clusters,thetransmis-
sion spectra of which were measured.Being
mountedon a manipulator,the substratecould be
cooledto T = 80K andheatedto aboutT = 750K.
A thermal atomic beamof Na atomswith well-
definedflux wasgeneratedby theKnudsencell and
directed onto the substratein order to deposit a
predeterminedcoverageof atomson the surface
held at T = 80K. The flux of the atomicbeamwas
about1012 atomspersecond.It wasmeasuredwith
a quartz microbalance. The deposited atoms
assembledinto small particlesby surfacediffusion
andnucleation.Theexperimentsreportedherewere
carriedoutunderconditionsin which thegenerated
clustersarewell separatedfrom eachotherandfar
from growingtogether.As thedefectsof thequartz
or LiF surfacewere‘decorated’during nucleation,
the number density of the clusters remained
essentiallyconstantduring their growth. Conse-
quently the coverage,i.e. the numberdensity of
depositedatoms,and the averageparticle sizeare
unequivocallyrelatedto eachother.Thedeposition
time waschosensuchthat the meanradiusof the
particleswasaboutR = 30nm.Becauseof different
diffusionconstantsof thedepositedmetalatomson
the substrateand on the surfaceof the growing
particles,the clusterswerenot sphericalbut could
bedescribedroughlyasoblaterotationalellipsoids
with the shortaxis pointing in the directionof the
surfacenormal.

As mentionedabove,thetransmissionspectraof
the Na clustersweremeasuredwith the light of a
xenon-arclamp and a grating monochromator.11

Thelight waspolarizedby a rotableGlanpolarizer
beforeit wasfocusedto a5 mmspotonthesample.
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Photonenergiesrangedfrom 1.0 to 4.5eV andthe
spectral resolution of the monochromatorwas
usually chosen to be DE = 10meV. The light
transmittedthroughthetransparentsubstratecrystal
wascollectedby a lensandfinally registeredwith a
photodiode.The measuredspectrawere corrected
for the spectralemissionprofile of the xenon-arc
lamp as well as the wavelength-dependenttrans-
missionof theoptical componentsandthespectral
responseof thephotodiode.

Subsequently,theclusterswereexposedto either
O2, N2O, CO2, H2 or N2. The gas enteredthe
vacuumsystemthrougha leakvalvewhichallowed
well-controlled and reproducible dosages.They
weremeasuredin Langmuir(L), i.e. theproductof
the chosenpressurerise in 10ÿ6 Torr (mTorr) and
the exposure time in seconds. If a sticking
coefficient of unity is assumed,a dosageof 1 L
implies formation of one monolayer. After the
dosagewas completed,recording of the optical
spectrawas repeated.As the last step of each
experimental run the substratewas cleaned by
heatingto 700K.

3 EXPERIMENTAL RESULTS

As an example,Fig. 1 presentsextinction spectra
measuredwith p-polarizedlight of bareNaparti-
cles and particles after different O2 and CO2
exposures.For clean particles two peaks are
measured. They are located at E = 1.83 and
E = 4.30eV. These resonancesare well-known,
dipolar,surfaceplasmonexcitations,i.e. collective
oscillationsof the free electrongasdriven by the
electromagneticfield.2,11,12The amplitudesof the
two resonancesdependon the polarizationdirec-
tion of the incident light: p-polarized light can
excite the (1,1) modeat E = 1.83eV andthe (1,0)
modeatE = 4.30eV, i.e.oscillationsof theelectron
gasin the direction parallel to the long and short
axes of the oblate particles, respectively. The
energetic separationbeing a fingerprint of the
particle shape,the averageaxial ratio of the Na
clusters can be determinedfrom the resonance
positions to be a/b = 0.24. For this purposethe
experimental results have been compared with
calculationsperformedby the Mie theory and the
quasi-staticapproximation.Furthermore,shifts in
theresonancesdueto influencesof thesubstrateand
the surrounding medium have been taken into
account.11 Upon exposureto oxygen of 5 L the
(1,1) mode shifts from E = 1.83eV for the bare

clustersto E = 1.74eV. In contrast,the (1,0) mode
shifts to higher energy for similar exposures.
Furthermore,the width of both resonancesin-
creasesand the amplitudeshrinks. In contrastto
oxygen,CO2 shiftsthe(1,1)modeto higherandthe
(1,0) mode to lower energy. The width and
amplituderemain unchanged(the spectrummea-
suredfor 10L CO2 exposureis shifted by 3% to
lower extinction values in order to illustrate the
modificationof the peakposition of both modes).
Figures2 and3 summarizetheresultsobtainedfor
all thegases.Figure2 displays(a) thepeakshift of
the (1,1) mode,(b) the shift of the (1,0) modeand
(c) their energeticseparationas a function of gas

Figure 1 Optical spectraof Na clusters.The upperpanel(a)
shows experimentalspectra of the bare clusters and after
different O2 dosages.The lower panelillustratesthechangein
the spectrumthat occursif the clustersarecoveredwith CO2.
Thespectrummeasuredfor 10L CO2 exposureis shiftedby 3%
to lower extinctionvaluesin orderto illustratethemodification
of thepeakpositionof bothmodes.
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exposure.An oxygendosagelower than1.0L gives
riseto apeakshift of bothmodesto lowerenergyby
20meV wherebythe energeticseparationremains
unchanged.Forexposuresabove1.5L theenergetic
shift of the (1,1) mode continues, but with a
growinggradient.In contrast,thecenterfrequency
of the(1,0)modeis nowdisplacedto higherenergy.
Consequently,the energetic separationstarts to
increase.Figure3 illustrateshow (a) thewidth and
(b) the amplitudeof the (1,1) mode changewith
increasinggasdosage.Oxygenexposurelowerthan
2 L leadsto a decreasein theamplitude.Thewidth
of the plasmonpeak remainsunchangedin this
exposurerange. For dosagesexceeding2 L the
amplitudedecreasesfurther andthe width startsto
increase.Finally, for an oxygenexposureof 15L
theplasmonpeakshavevanished.Similar changes

of thewidth andamplitudecanbeobservedfor the
(1,0) mode.

N2O inducesvery similar modificationsof the
optical spectra. The amplitude of both modes
decreasesand the widths grow for exposures
exceeding2.5L. In addition, the centerfrequency
of bothmodesis displacedto lowerenergyuntil, for
dosageslargerthan5 L, the(1,0)modeis displaced
to higher energyand the energeticseparationhas
increasedslightly.

In sharpcontrastto the dosageof O2 andN2O,
adsorptionof CO2 givesrise to a shift of the (1,1)
mode to higher and of the (1,0) mode to lower
energies,wherebythe width and the amplitudeof
theplasmonpeaksremainunchanged.Exposureof
the particles to N2 and H2 does not modify the
optical spectraat all.

4 DISCUSSION

We first note that measurementof the optical
spectraclearly providesa sensitivetechniquefor
detecting molecules on the surface of small
particles.As canbe seenfrom Figs 2 and3, even
coveragesbelow a single molecular layer can
inducemeasurableshifts in the peakposition and
noticeablyattenuatetheamplitudeof theplasmons.

As mentionedabove,the optical spectradepend
on the clustermaterial, the size and shapeof the
particles and the dielectric constant of their
environment.As aconsequence,avarietyof effects
can inducethe observedchangesin the energetic
position, width and amplitude of the surface
plasmonresonancesuponadsorptionof molecules.
First, adsorbatelayers can modify the dielectric
constantof theclusterenvironment,i.e. changethe
Maxwell boundaryconditions. Secondly,chemi-
sorption of molecules influences the electronic
structureof theclustersurface2,8 andthusgivesrise
to coverage-dependentspectra.Third, reactionof
molecules with the cluster surface can induce
variationsof the shapeof the oblateparticlesdue
to changesof surfacetension.Fourth,formationof
acompoundlayerby chemisorptionof moleculesis
accompaniedby shrinkingof the remainingmetal-
lic coreandadecreasein theaxial ratio.Thiseffect
is particularly pronouncedif the adsorbatemole-
culespenetrateinto the interior of the clustersby
diffusion and reactchemicallywith the core, thus
gradually reducing its size until, finally, the
particles generatedoriginally have been trans-
formed into clustersof the compoundmaterial.In

Figure 2 Shift of thecenterfrequencyof (a) the(1,1)and(b)
the(1,0)modeandtheirenergeticseparation(c) asafunctionof
exposureto O2, CO2, N2O, H2 andN2.
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orderto distinguishunambiguouslybetweenall of
theseeffects,theoreticalspectrahavebeencalcu-
lated for different particle sizes, axial ratios,
molecular adsorbatesand overlayer coverages.
For this purposethe quasi-staticapproximation2,12

hasbeenused.Figure4 illustrateshowtheparticles
andtheir adsorbatelayerweretreatedtheoretically.
The dielectricsurroundingof thebareclusters,i.e.
thequartzsubstrateon onesideandvacuumon the
other, is modeledby a weightedaveragefunction
m = 1.37 that falls betweenthe vacuumvalue and
thevalueof thesupportmaterial.2,11Uponexposure
to molecules, a shell grows consisting of the
adsorbedspeciesbound to the sodium atoms of
thesurface(Figure4b).In thecalculationsthisshell
hasbeentakeninto accountby adielectricconstant
shell different from em. For clusters without an
adsorbatelayer theplasmonresonancesarelocated
ataboutE = 1.8and4.3eV, in goodagreementwith
theexperimentalspectrumof Fig. 1. If theclusters
have an adsorbateshell, the resonancesshift to
higher photon energy for eshell< em. Conversely,

theplasmonpeaksexperiencearedshift if shell> em
is assumed(Fig. 4f). For constantshell thickness
the direction and magnitude of the peak shift
dependon the difference betweeneshell and the
dielectric function em of the surroundingmedium
withoutadsorbate.Theenergeticseparationof both
modesremainsalmostunchanged.In addition,Figs
4(c,g) and 4(d,h) present theoretical spectra
obtainedfor increasingshellthickness,i.e.decreas-
ing axial ratio a/b of the metal core. In these
calculationstheknowndielectricfunctionof Na2O
was used.13 Now, the plasmon resonancesare
displaced so that the separationof the modes
increasesif the thicknessof theNa2O shell grows,
Figs 4(g,h). Details of the calculations will be
publishedelsewhere.14

It is essentialto mention that the quasi-static
approximationappliedhereis basedon a step-like
changein thedielectricfunctione(!) at theparticle
surface.2,12 This assumption, however, is not
justified on a microscopicscale(seee.g.Ref. 15).
In particular,chargetransferfrom the clustersto
chemisorbedmolecules(see above) may induce
changesin the position and width of the plasma
resonancewhicharenotcontainedin thetheoretical
approach.Dependingon the occupationandover-
lap of the adsorbatestateswith the Fermi level in
the metalclusters,electronscantunnel to or from
the adsorbate, resulting in permanent charge
transfer and thus changing the density of the
conduction electrons in the metal.2,6,10 Charge
transferfrom the clusterto the adsorbatecausesa
redshift, sincetheenergyof theplasmonresonance
is proportional to N1/2, N being the diminished
numberof conductionelectrons.

Thespectraof theparticlesrecordedfor different
experimentalconditionstogetherwith theresultsof
the theoreticalcalculationsallow us to suggestthe
following interpretationof the variations in the
amplitude, position and width of the surface
plasmonresonancesuponadsorptionof molecules.

From measurementswith electron energy loss
spectroscopy,X-ray photoelectronspectroscopy,
low-energyelectrondiffraction andsecond-harmo-
nic excitation,16–18 O2 is known to react very
effectively with sodium surfaces. Oxygen is
chemisorbeddissociatively on Na(110) surfaces
and thin Na films with a considerablecharge
transferto theadsorbedoxygenatoms.Therefore,it
is not surprising that even an oxygen coverage
lower than one monolayer induces pronounced
changesof the optical spectraof the Na clusters.
Following an oxygen exposure of 0.25L the
amplitudeof the plasmonpeakstartsto decrease.

Figure 3 Full width at half maximum (FWHM) (a) and
amplitude(b) of the(1,1)modeasa functionof exposureto O2,
CO2, N2O, H2 andN2.
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The oscillator strength of the surface plasmon
shrinks,indicating that the numberof conduction
electronsin the Na cluster is reducedbecauseof
chargetransferto the adsorbedoxygenmolecules.
MostprobablyNa2O is formedby chemisorptionof
oxygen on the cluster surface.17,18 Furthermore,
evenin the lowestexposureregimea peakshift to
lower energy is observed.As alreadymentioned
above,this canbecausedby themodifiedchemical

environment, changesin the shape of the Na
clustersand chargetransferto the oxygenatoms.
Since the energeticseparationbetweenthe (1,1)
and (1,0) modesremainsunchangedbelow 1 L,
changesin the shapeof the particlesdo not play a
role in this exposurerange, i.e. for an oxygen
coveragelower thanonemonolayer.Furthermore,
comparisonbetweenthe calculatedspectraof the
bareNa clusters(Fig. 4) and the clusterswith an

Figure 4 Schematicrepresentationof supportedoblatespheroidalNa clusters(left-hand
side)togetherwith their calculatedabsorptioncross-sectionof surfaceplasmonexcitation
(right-handside).Thecomputationwasmadefor Na clustersembeddedin a mediumwith
dielectricconstantem (a,e)andwith ashellof dielectricconstant(b,f) eshell= 1 andeshell= 2.
In (c,g) and(d,h) the influenceof increasingshell thicknessof an Na2O layer is shown.
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Na2O shellof 1 nm thickness(not shownin Fig. 4)
indicatesthatthemodifiedchemicalenvironmentis
alsoof minor importance.In fact, the calculations
give a plasmonpeakshift of the modesto higher
energy.This is theresultof thedifferencebetween
the dielectric function of the Na2O shell and the
surroundingmedium em without adsorbate.This
displacementis in contrastto the experimentally
observedred shift and we thereforeinterpret the
measuredpeak shift as chargetransfer from the
sodiumclustersto the adsorbedoxygenatoms.It
overcompensatesan eventuallyexisting blue shift
broughtaboutby themodifiedenvironment.

Exposuresbetween1.5 and 4 L give rise to an
even larger diplacementof the (1,1) mode as a
functionof oxygenexposure.In additionto charge
transfer,a secondeffect clearly contributesto the
measuredred shift. In this exposureregime the
energeticdifference betweenthe (1,0) and (1,1)

modesalso startsto increase.Our calculationsof
thepeakpositionasa functionof increasingNa2O
shell thicknessreproducethe growing energetic
separationbetweenthe plasmonmodes,(seeFig.
4). Therefore,we interpretthe additionalred shift
of the (1,1) modeaccomplishedby the increasing
energeticdifferencebetweenboth modesasbeing
dueto a decreasein theaxial ratio of the(metallic)
Na cluster brought about by the growing Na2O
overlayerthickness.

For exposuresabove4 L the amplitudeof the
plasmon resonance drops off and the width
increasesdrastically. This can be understoodas
follows. As alreadymentionedabove,theadsorbed
oxygendoesnot simply form an overlayeron the
metalparticles.Rather,it penetratesinto thecluster,
thus gradually transformingthe metal into Na2O.
This interpretationis corroboratedby two argu-
ments.First, the disappearanceof the Na plasma
resonancesgoeshandin handwith thegrowthof a
new distinct resonancewhich is locatedat 3.8eV
and is characteristicof particlesconsistingof the
compoundformed,Na2O. Secondly,the dielectric
constantof Na2O beingknown,theoreticalspectra
of Na2O clusterscanbecomputedandalsoshowa
peakat 3.8eV (Fig. 5).

In summary,thefollowing modelfor thereaction
of oxygenwith Na clustersis proposed.In thelow-
exposureregimeup to 1–2L, chemisorptionoccurs
whereby the oxidation reaction is limited to the
very surfaceof the cluster. As a consequence,a
slight decreasein theamplitudeanda smallshift in
the energeticposition of the plasmonpeak,but a
constantwidth of the resonance,are observed.In
the regime between2 and 4 L, oxygen starts to
diffuse into the cluster.The thicknessof the Na2O
shell gradually increases.A transformationof the
Na clusterinto Na2O begins.In the high-exposure
regime this reaction continues; the sodium is
gradually oxidized. As a result, the plasmon
resonanceoriginating from Na disappears.At the
same time, a resonancecharacteristicof Na2O
emerges.

As already mentioned above, N2O induces
similar changesin the optical spectra,the main
difference being that the observedmodifications
occur at higher gas exposure compared with
oxygen.Molecularbeamexperimentshaveshown
thatN2O dissociatesinto nitrogenandoxygenif the
moleculesareadsorbedon Naclusters,13 a reaction
also observed, for example, on single-crystal
surfacesof transition metals. We interpret the
modificationsof the optical spectrastudied here
also by dissociationof N2O into N2 and O, the

Figure 5 Experimental(a) andtheoretical(b) optical spectra
of Na2O. Theopticalconstantsof Na2O usedin thecalculations
weretakenfrom Ref. 13.
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oxygenatomsbeingchemisorbedon theNa cluster
surface. As a consequence,the spectra exhibit
similar modificationsto thosealreadydiscussedfor
oxygen. The higher exposuresneededto induce
comparablechangesresult from the smaller dis-
sociationcross-sectionof N2O comparedwith O2.

13

On theotherhand,thenitrogenmoleculessplit off
from theN2O do not remainon theclustersurface.
This is confirmedby experimentsin which the Na
clusters were exposedto N2 and in which no
changesof the optical spectrawere found (Figs 2
and3).

A very interestingobservationis thedecreaseof
the energeticseparationupon exposureof the Na
particlesto CO2; seeFigs 1 and 2. As mentioned
above,this clearly indicatesa changein the shape
of theNa clusters,i.e. theparticlesmoreandmore
resemblespheres.Sincetheamplitudeandwidth of
theplasmonresonancesremainunchanged,notice-
ablechargetransferandformationof a compound
layerdonotseemto occur.Therefore,theobserved
shape change is probably brought about by a
variation in the surface tension of the metal
particles.It is known that adsorptionof molecules
can induceconsiderablestrain and tensionin thin
metal films and thereforemodify their morphol-
ogy.19,20 In the case of metal particles this
obviously leadsto a changein the axial ratio of
theoblateclusters.

Molecular hydrogendoesnot induceany mea-
surablechangesin the optical spectra.It is very
likely that thesemoleculesarenot adsorbedon the
particlesurface.

5 CONCLUSIONS

In conclusion,thepresentresultsshowthatoptical
spectroscopycan be effectively used for the
detectionand characterizationof adsorptionreac-
tionsonsupportedmetalclusters.Uponexposureto
moleculestheopticalspectrachangein a varietyof
waysdependingon the natureof the reaction.The
measurementsdo not only provide submonolayer
sensitivity but also allow one to distinguish
betweenphysicalcondensationandchemisorption,
i.e. the strength of the chemical bond can be
determined. Even diffusion of atoms into the
interior of the clustersandsubsequenttransforma-
tion of the clusters into Na2O can be detected.

Finally, to thebestof ourknowledgeshapechanges
brought about either by the formation of a
compoundlayer with increasingthicknessor by
changein surfacetensionhavebeenobservedfor
thefirst time.
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