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Riassunto 
 
La comprensione delle proprietà catalitiche, elettroniche e di adsorbimento di 
interface metallo/metallo è uno dei principali scopi della scienza delle 
superfici. Infatti, attraverso la manipolazione delle caratteristiche del substrato 
è possible ottenere catalizzatori più selettivi e dispositive elettronici più 
efficienti. 
Il presente lavoro di tesi è basato sullo studio delle proprietà vibrazionali ed 
elettroniche di vari sistemi metallo/metallo, investigate tramite la 
spettroscopia ad alta risoluzione di perdita di energia di elettroni. Innanzitutto, 
sono stati investigate l’adsorbimento di metalli alcalini e il loro 
coadsorbimento con CO, O e gruppi OH su superfici di metalli di transizioni e 
di metalli nobili. Gli atomi di metalli alcalini adsorbono su superfici 
metalliche come particelle neutre ma polarizzate. L’adsorbimento di CO 
induce la ionizzazione del metallo alcalino. L’interazione a corto raggio tra 
coadsorbati è predominante nei sistemi di coadsorbimento dei metalli alcalini. 
L’ossidazione dei metalli alcalini è più facilmente ottenuta tramite 
l’adsorbimento e la dissociazione di CO che tramite esposizioni dirette a 
ossigeno. La stabilizzazione del sito di adsorbimento sotto la superficie è stata 
raggiunta per superfici di Cu(111) derogate con piccolo quantità di metalli 
alcalini, mentre su superfici di metalli di transizione modificate 
dall’adsorbimento di alcalini gli atomi di ossigeno rimangono in siti sopra la 
superficie. In quest’ultimo caso il legame tra substrato e ossigeno si 
indebolisce nella fase coadsorbita. Inoltre, abbiamo studiato le reazioni 
chimiche che avvengono su superfici bimetalliche (in presenza e in assenza di 
drogaggio con metalli alcalini) formate dalla deposizione di un monostrato di 
argento su Ni(111) e Cu(111).  
L’analisi delle eccitazioni elettroniche collettive può dare importanti 
informazioni sulle superfici e le interfacce metalliche. La dispersione del 
plasmone di superficie è stata studiata in sistemi metallo/metallo in cui 
esistono elettroni confinati. Gli effetti di schermaggio dinamico sono 
incrementati dal confinamento elettronico ed esiste una correlazione tra la 
densità di stati ad elettrone libero del sistema, la sua reattività chimica e i 
processi di schermaggio dinamici. Sono state anche effettuate misure su strati 
sottili cresciuti sia strato dopo strato sia nano strutturati in isole. La risposta 
elettronica dipende fortemente dalla modalità di crescita del sistema.  
I risultati presentati nella presente tesi hanno implicazioni dirette sulla 
comprensione dei processi che avvengono presso le interfacce metallo/metallo, 
con conseguenti potenziali applicazioni tecnologiche. 
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Abstract 
 
Understanding the adsorption, catalytic, and electronic properties of metal/metal interfaces is one of the 
foremost aims of surface science. In fact, through the tailoring of the characteristics of the substrate it 
should be possible to obtain more selective catalysts and more effective electronic devices. 
This thesis is focused on the vibrational and electronic properties of various metal/metal systems, 
studied by high-resolution electron energy loss spectroscopy. Firstly, alkali adsorption and their 
coadsorption with CO, O, and OH on transition-metal and noble-metal surfaces have been investigated. 
Vibrational measurements demonstrated that alkalis adsorb as neutral and polarized adatoms on metal 
surfaces. The adsorption of CO induces alkali ionization. Short-range effects dominate in alkali 
coadsorption systems. Alkali oxidation is more readily achieved upon CO adsorption or dissociation 
than by direct exposures to oxygen. The stabilization of subsurface O was obtained on alkali-doped 
Cu(111), while on alkali-modified transition-metal catalysts O adatoms remain in on-surface sites. In 
the latter case a softening of the O-substrate bond occurs. Moreover, we studied chemical reactions at 
clean and alkali-doped bimetallic surfaces obtained by depositing monolayers of silver on Ni(111) and 
Cu(111).  
Important information on the metal surfaces and interfaces could be provided also by the analysis of 
collective electronic excitations. Surface plasmon dispersion was investigated in metal/metal systems 
exhibiting electron quantum confinement. Screening effects are enhanced by the presence of quantum 
well states and a direct correlation between the free-electron density of states of the system, the 
chemical reactivity, and dynamical screening processes exists. Measurements have been performed on 
both flat thin films and films nanostructured in islands in order to shed light on the influence of the 
growth mode on the electronic response of the system.  
The knowledge gained herein has far-reaching implications to the general understanding of processes at 
metal/metal interfaces. 
 
Keywords: chemisorption, alkali metals, carbon monoxide, oxygen, metallic thin films, silver, bimetallic 
surfaces, electronic excitations, electron energy loss spectroscopy, surface chemical reactivity, charge 
transfers, electron confinement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Preface 
 
The thesis is divided into two parts. The first part represents an introductory section, with the aim of 
giving the reader a background to the subject. The second part contains the papers which this thesis is 
based on. 
 
Published or accepted papers included in the thesis: 
 
1. High resolution energy loss measurements of Na/Cu(111) and H2O/Na/Cu(111): Dependence of 

water reactivity as a function of Na coverage 
Politano A. , Agostino R. G. , Colavita E. , Formoso V. , Chiarello G.  
Journal of Chemical Physics, 2007, Vol. 126, n. 24, pp. 244712-1-244712-5. 
 

2. Influence of CO adsorption on the alkali-substrate bond studied by high-resolution electron 
energy loss spectroscopy 
Politano A. , Formoso V. , Agostino R. G. , Colavita E. , Chiarello G. ,  
Physical Review B, 2007, Vol. 76, n. 23, pp. 23340-23340. 
 

3. Electronic properties of self-assembled quantum dots of sodium on Cu (111) and their 
interaction with water 
Politano A. , Agostino R. G. , Colavita E. , Formoso V. , Chiarello G.   
Surface Science, 2007, Vol. 601, n. 13, pp. 2656-2659. 

 
4. Purely quadratic dispersion of surface plasmon in Ag/Ni(111): the influence of electron 

confinement       
Politano A. , Agostino R. G. , Colavita E. , Formoso V. , Chiarello G. ,  
Physica status solidi RRL - Rapid Research Letters, 2008, Vol. 2, n. 2, pp. 86-88. 

 
 
5. Electronic properties of (3/2x3/2)-Na/Cu(111)     

Politano A. , Agostino R. G. , Colavita E. , Formoso V. , Chiarello G.   
Journal of electron spectroscopy and related phenomena, 2008, Vol. 162, n. 1, pp. 25-29. 

 
6. Evidences of alkali-induced softening of the oxygen-substrate bond  

Politano A. , Formoso V. , Agostino R. G. , Colavita E. , Chiarello G.   
The Journal of Chemical Physics, 2008, Vol. 128, pp. 074703-1-074703-5. 
 

7. Vibrational measurements of Na/Ni(111) and (Na+CO)/ Ni(111)  
Politano A. , Agostino R. G. , Colavita E. , Formoso V. , Tenuta L. , Chiarello G.   
Journal of Material Science, 2008, Vol. 43, pp. 3447-3451. 

 
8. Short-range interactions in Na coadsorption with CO and O on Ni(111)  

Politano A., Agostino R. G., Formoso V., Chiarello G.    
ChemPhysChem, 2008, Vol. 9, pp. 1189-1194. 

 
9. Collective excitations in nanoscale thin alkali films: Na/Cu(111)  

Politano A., Agostino R. G., Colavita E., Formoso V., Chiarello G.  
Journal of Nanoscience and Nanotechnology, 2008, doi:10.1166/jnn.2008.SBN28. 

 
10. The nature of the alkali-surface bond at low coverages investigated by vibrational 

measurements  
 Politano A., Agostino R. G., Colavita E., Formoso V., Tenuta L.,Chiarello G.      

The Journal of Physical Chemistry C, 2008, Vol. 112, pp. 3977-3980. 
 
11. Temperature effects on alkali-promoted CO dissociation on Ni(111)  

Politano A, Formoso V., Chiarello G. 
Surface Science, 2008, Vol. 602, pp. 2096-2100. 

 
12. Alkali adsorption on Ni(111) and their coadsorption with CO and O  

Politano A., Formoso V.,  Chiarello G.,       
 Applied Surface Science, 2008, Vol. 254, pp. 6854-6859.  



 
13. Unexpected alkali-promoted CO dissociation on Cu(111) at room temperature 

Politano A., Formoso V., Chiarello G. 
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14. Dispersion and damping of gold surface plasmon 

Politano A., Formoso V., Chiarello G. 
Plasmonics, 2008, Vol. 3, pp. 165-170. 

 
15. Mechanisms leading to alkali oxidation on metal surfaces 

Politano A., Formoso V., Chiarello G. 
The Journal of Physical Chemistry C, 2008, Vol. 112,pp. 17772-17774. 

 
16.  Dispersion and damping of surface plasmon in Ag thin films grown on Cu(111) and Ni(111) 

Politano A., Formoso V., Chiarello G. 
Superlattices and Microstructures, doi:10.1016/j.spmi.2008.10.017. 
 

17.  Chemical reactions at clean and alkali-doped mismatched metal/metal interfaces 
 Politano A., Formoso V., Chiarello G. 

The Journal of Physical Chemistry C, in press. 
 
18. Interference effects in the excitation of collective electronic modes in nanoscale thin Ag films 
 Politano A., Formoso V., Chiarello G. 

Superlattices and Microstructures, doi:10.1016/j.spmi.2008.10.003. 
 

19. Effects of O adsorption on the Na+CO coadsorption system 
 Politano A., Formoso V., Chiarello G. 

Superlattices and Microstructures, in press. 
 

Submitted papers included in the thesis:  
 
 

1. Alkali-promoted stabilization of subsurface oxygen on Cu(111) 
Politano A., Formoso V., Chiarello G. 

 
2. Comparative vibrational study on alkali coadsorption with CO and O on Ni(111) and Cu(111) 

Politano A., Formoso V., Chiarello G. 
 

3. Chemical interface damping in thin Ag films 
Politano A., Formoso V., Chiarello G. 

 
4. CO-promoted formation of the alkali-oxygen bond on Ni(111) 

Politano A., Formoso V., Chiarello G. 
 

5. Probing collective electronic excitations in ultrathin  Ag layers grown on Cu(111) 
Politano A., Formoso V., Chiarello G. 
 

6. Tuning the lifetime of the surface plasmon upon sputtering 
Politano A., Formoso V., Chiarello G. 

 
7. Annealing effects on the plasmonic excitations of metal/metal interfaces 

Politano A., Formoso V., Chiarello G. 
 

8. Collective electronic excitations in nanoscale  thin silver layers 
Politano A., Formoso V., Chiarello G. 

 
Related papers, not included in the thesis: 
1. Plasmon of Shockley surface states in Cu(111): a high resolution electron energy loss spectroscopy 

study            
Politano A. , Chiarello G. , Formoso V. , Agostino R. G. , Colavita E.  
Physical Review B, 2006, Vol. 74, n. 8, pp. 081401(R)-081404(R).   
Selected for Virtual Journal of Nanoscale Science and Technology, Vol. 14, n. 7. 



 
2. Collective electronic excitations in systems exhibiting quantum well states 

Politano A., submitted to Surface Review and Letters (Review Paper) 
 
Introduction 
 
The adsorption of chemical species onto metallic substrates has attracted considerable interest in recent 
years for both fundamental interest and technological applications [1-4]. The presence of adsorbed 
atoms significantly changes the physical and chemical properties of the substrate. Understanding the 
electronic properties of surfaces and interfaces would imply the tailoring of more selective catalysts and 
an improvement of electronic devices.  
Despite the progress in surface science during last decades, there are still important unsolved questions 
regarding atomic adsorption, charge transfers at surfaces, and the emerging field of electron 
confinement. 
Atoms or simple molecules adsorbed on metal single crystals and, moreover, flat ultrathin films 
deposited onto metallic substrates are model systems currently used by both experimentalists and 
theoreticians. 
The hybridization between the bonding and anti-bonding molecular states and the metal d-states would 
lead to the activation of charge transfers which strongly influence the occurrence of the dissociation of 
the molecules and the formation of other chemical species [5]. Quantum confinement of electrons in 
quantum well states play a key role in these phenomena as it was demonstrated that confined electrons 
may mediate charge transfer [6].  
The best description of quantum well states can be achieved using an extended phase accumulation 
model that takes into account scattering of electron waves on the film–substrate boundary [7-9]. 
Alternatively, in substrates exhibiting energy gaps within the projected bulk band structure adsorbates 
may induce states within the energy gap [10-12]. Electrons occupying such states are confined at the top 
layer of the bulk sample and form a two-dimensional nearly free-electron gas. Even though both kinds 
of systems are characterized by the existence of confined electronic states, their character differs 
substantially. In fact, quantum wells are characterized by standing wave patterns only in the presence of 
a gap in the substrate [13]. Such significant dissimilarities in the electronic properties of apparently 
similar bimetallic surfaces should imply a quite different catalytic activity.  
On the other hand, collective electronic oscillations are localized within the metal/metal interface [14, 
15]. The confinement of collective charge oscillations influences electronic dynamics and electron-
phonon coupling [16]. They also enhance the local electromagnetic field, so as to lead to high 
sensitivity in the surface-enhanced Raman scattering spectroscopy [17].  
Furthermore, novel properties in metallic systems may emerge also with the reduction of the 
dimensionality. One well-known example is gold which is inert in its bulk form while gold 
nanoparticles are excellent catalysts in CO oxidation [18, 19]. Also the electronic properties are notably 
affected by the reduced dimensionality, as evidenced by the various colours that gold nanoparticles may 
assume, depending on the size. 
The oscillation of charge within nanoparticles may support a Mie plasmon [20-22]. It could be excited 
by both light and electrons. In principle, Mie plasmons could be used as a very sensible sensor of gas 
adsorption. In general, it is quite expected that the growth mode and the geometrical properties of the 
system could influence the occurrence of chemical reactions. 
In this thesis, we used high-resolution electron energy loss spectroscopy (HREELS) to investigate both 
the vibrational and electronic properties of metal/metal systems and the interaction of these interfaces 
with reactive species such as carbon monoxide, oxygen, and water. As concerns the vibrational 
measurements, we studied alkali adsorption and their coadsorption with reactive species on Ni(111) and 
Cu(111) surfaces and on bimetallic surfaces obtained adsorbing single layers of silver on these 
substrates. 
Our results indicated that alkali adsorption is well described within the framework of the covalent 
model. The adsorption of CO has a dramatic effect on the vibrational properties of alkalis as it induces 
the ionization of alkali adatoms and enhances the efficiency of alkali oxidation, i.e. the formation of a 
direct alkali-oxygen bond. On alkali-modified transition-metal surfaces, the O-substrate bond is 



weakened in the coadsorbed phase. Instead, on copper substrates alkali doping reverses the energetic 
conditions for oxygen adsorption, so as to render energetically favourable the subsurface site. 
Moreover, the dispersion and damping relation of collective electronic excitations in flat sodium, silver, 
and gold films grown on metal surfaces were investigated in order to find the relationship between 
electron quantum confinement and dynamic screening processes.  
In addition, we carried out similar measurements on nanostructured sodium and silver films which put 
in evidence the influence of the growth mode on the electronic response of metal/metal systems. A joint 
analysis of vibrational and electronic properties revealed that supported metal clusters allow a 
remarkable charge transfer between coadsorbates compared with flat films.  
The first part of the thesis presents an introductory section, where the physical background is given to 
the second part which contains the papers.  
 

Experimental 
 
In Figure 1 is shown the UHV chamber (with a base pressure of 5·10-9 Pa) used for our experiments. It 
is equipped with an electron analyser (Phoibos 100, Specs), a high-resolution electron energy loss 
spectrometer (Delta 0.5, Specs), an apparatus for low-energy electron diffraction, a quadrupole 
spectrometer, and an ion gun for sputtering. Leak valves are used for controlled gas inlet in the UHV 
chamber.  

                       
Figure 1: (left panel) UHV chamber used for experiments (right panel) HREELS spectrometer in the 
straight-trough position. It has a double-step monochromator and a single-step analyzer. Its ultimate 
energy resolution is 0.5 meV. 
 

Auger electron spectroscopy (AES) and low-energy electron diffraction (LEED) were used as control 
techniques for checking the cleanliness of the order of the surface.  
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 2: AES spectrum of the clean Cu(111) surface. The correspondent LEED pattern is also shown.  
 

In HREELS experiments, a primary electron beam impinges with energy Ep onto a surface and 
the back-scattered beam emerges with energy Ep-Eloss where Eloss is the loss energy, that is the energy 
lost by electrons by exciting phonons, single-particle transitions, vibrations of atoms or molecule 
adsorbed onto the surface or plasmons [23-25]. 

Conservation of both energy and momentum leads to: 
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From the above equations, it is possible to calculate the parallel momentum transfer q||: 
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In most cases, the inelastic event occurs far from the surface. This process is called “dipole scattering” 
as the long-range electric field of primary electrons interacts with the fluctuating dipolar field associated 
with the induced surface charges. 
The scattering intensity is peaked at angles in the close nearness of the specular direction. For 
calculating the cross section, the dipole approximation allows neglecting the electron-substrate 
interaction. 
On the other hand, if the loss occurs during the impact of impinging electrons with the ion cores (impact 
scattering), a fully microscopic calculation is required for theoretically describing the cross section. 
A complete description of EELS theory can be found in Ref. 23-27. 

 

 

 

 
 

 

 

Figure 3: Scattering geometry in HREELS experiments 
 

Adsorption on metallic surfaces 
The surface science approach to heterogeneous catalysis is based on the step-by-step investigation of 
reaction pathways (adsorption, surface diffusion, chemical transformation and desorption of the 
adsorbed species). A chemisorbed atom, locally influencing the surface electronic structure, may affect 
the bond between the substrate and other coadsorbates. Adsorbates are used for tailoring the catalytic 
properties of substrates. They may behave as promoters or inhibitors of chemical reactions. Alkalis are 
generally promoters as they enhance the chemical reactivity of the system. Moreover, due to their 
simple electronic structure [28-30], they are used as model for chemisorption. Alkalis did not 
complicate the theoretical treatment by intermixing with the substrate (except for Al surfaces [31]) but 
they adsorb in over-surface sites [32]. Accordingly, several studies were performed for alkalis adsorbed 
on single-crystal surfaces and coadsorbed with reactive species as CO, O, and OH [30]. Alkalis often 
activate charge transfers (direct [33] or substrate-mediated [34]) between coadsorbates. For example, 
their peculiar electronic structure enhance the back-donation processes [35, 36] whenever coadsorbed 
with CO, so as to weaken the C-O bond (Figure 4).  
Despite the considerable effort, several issues remained unresolved. The main challenge about alkali 
adsorption is to establish whether the alkali-substrate bond at low coverages has ionic [37], covalent [28, 
29] or metallic character . The behaviour of the alkali-substrate vibration frequency as a function of the 
alkali coverage could provide important information on this point. However, the experimental findings 
disagree [38-48] with calculations [29]. As concerns the alkali coadsorption systems, recently more and 
more works [49-52] are invoking the predominant influence of nonlocal effects even though a short-
range and local interaction of alkalis with coadsorbates had been taken for granted in most previous 
studies [53-55].  

 
 
 
 
 
 
 
 
 

Figure 4: The mechanism for CO adsorption on metal substrates, which implies a back-donation process 
[35, 36] from 5σ to anti-bonding 2π* orbitals of CO, so as to weaken the intramolecular bond of CO 
molecules. 



 

Furthermore, while alkali effects on coadsorbates have been widely investigated, the influence of 
coadsorbates on the vibrational properties of alkalis has been completely disregarded. Such approach 
could in principle show up novel effects that may lead to a decisive advancement in understanding 
adsorption processes at metal surfaces. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: On-surface and subsurface adsorption sites [58] 
 

In addition, alkalis may reverse the sign of the adsorption energy of chemisorbed species and stabilize 
metastable species, such as subsurface oxygen, whose pivotal role in many surface chemical reactions 
has been recently demonstrated [55-59]. 
 
Collective electronic excitations at metal surfaces 
 
Surface plasmons are the normal modes of charge fluctuation at a metallic surface excited by an 
external electromagnetic field. They are localized at the surface and, like their bulk counterpart, are 
longitudinal modes. Collective electronic excitations have been experimentally investigated over a 
variety of different systems by means of different spectroscopic techniques [24, 25]. 
Time-dependent density-functional theory reasonably describes collective electronic excitations in 
simple metals. However, the available theoretical models are not able to completely describe more 
complex systems. In particular, the presence of d electrons and the subsequent s-d polarization [25] has 
a strong influence on the dynamical response at the surface. 
Important information on the surface response is given by the dispersion relation of the surface plasmon. 
According to the Feibelman’s model [60-63], the position of the surface screening charge relative to the 
jellium edge has to be considered to correctly describe the surface plasmon dispersion. Simple metals 
(alkalis, aluminium, alkaline-earth metals) exhibit an initial negative dispersion curves as the position of 
the centroid of the induced charge lies outside the surface. However, in the presence of a polarizable 
medium, as d-electrons in silver, the centroid is pushed well inside the geometrical surface and, thus, 
the initial dispersion of the surface plasmon became positive. It should be noticed that according to 
another model proposed by Liebsch [64], the centroid lies always outside the geometrical surface. 

 

 
Figure 6: Position of the centroid of the dynamical screening charge d(ωs) with respect to the geometric 
surface. n+(z) represent the positive jellium background, n(z) the negative charge density and δn the 
induced density. In the left panel the centroid of the induced charge lies outside the geometrical surface 
(z>0). But in the presence of a polarizable medium, represented by εd, the centroid is shifted inside the bulk 
(right panel). 
 
 



Summary of the papers 
The papers summarized below treat vibrational and electronic properties of various metal/metal 
interfaces: 
 
- Alkalis/Ni(111)  
In paper I the vibrational properties of alkali adatoms were investigated. Measurements taken on very 
clean alkali layer revealed that the alkali adatoms adsorbs on Ni(111) in a neutral charge state, being the 
alkalis essentially polarized towards the surface. This was argued by the behavior of the alkali-substrate 
vibration energy as a function of the alkali coverage, which agrees with theoretical predictions within 
the framework of the covalent model. The adsorption of carbon monoxide leads to the ionization of the 
alkali adatoms. Moreover, a softening of the alkali-substrate bond was revealed in the alkali+CO 
coadsorbed phase (Paper II and III), in agreement with structural studies. Alkalis enhance the 
dissociation rate of CO molecules. A temperature-dependent critical alkali precoverage for CO 
dissociation was found to exist on Ni(111) (Paper IV). Contrary to all previous experimental findings, 
CO desorption is non-coincident with that of alkali (Paper IV and V). 
As concerns alkali coadsorption with oxygen, alkalis promote the population of O 2 pz antibonding 
orbitals, so as to weaken the O-Ni bond (Paper VI). Local effects were found to dominate alkali 
coadsorption with reactive species (Paper VII). Oxygen adsorption onto a CO-modified Ni(111) surface 
causes a blue-shift of the C-O stretching frequency (Paper VIII). On the other hand, alkali oxidation is 
more readily achieved upon CO adsorption (Paper IX) or CO dissociation (Paper X) than by direct 
exposures to oxygen. 

 
-Alkalis/Cu(111) 
Charge-density waves were suggested to occur on a single layer of Na on Cu(111) (Paper XI and XII). 
Increasing Na coverage beyond the monolayer, Na self-assembled quantum dots appeared. Mie 
plasmons exist within Na supported clusters (Paper XIII). They were found to be significantly reactive 
towards OH groups. For thicknesses higher than two layers, the film is flat and the ordinary surface 
plasmon was observed. Its dispersion relation is quite different from that of thick alkali films. We argue 
that this is a consequence of screening effects enhanced by electron quantum confinement in Na 
quantum well states (Paper XIV). 
A softening of the alkali-substrate bond in the alkali+CO coadsorbed phase was recorded also on 
Cu(111) (Paper XV). On Cu(111), CO adsorption is dissociative also at the lowest alkali precoverages, 
due to the enhanced short-range character of the alkali-CO interaction on copper substrates (Paper XVI). 
Moreover, even small amounts of alkali doping reverses the energetic conditions for O adsorption, so as 
to stabilize subsurface O (Paper XVII).  
 
-Silver ultrathin films on Ni(111) 
A purely quadratic dispersion of the surface plasmon was measured for thin Ag films. As a consequence 
of the enhanced free-electron density of states due to the presence of Ag 5 sp-derived quantum well 
states, the position of the centroid of the induced charge lies less inside the geometrical surface 
compared with other Ag systems (Paper XVIII). The damping processes of the surface plasmon are 
enhanced in thin films and, moreover, the first experimental evidence of chemical interface damping of 
the surface plasmon in the presence of reactive species was reported (Paper XIX). Furthermore, the 
intensity of the surface plasmon underwent to a nonmonotonous behaviour as a function of the 
impinging energy, thus revealing interference effects between the incoming and the reflected field 
(Paper XX). The occurrence of Ag multipole surface plasmon is discussed in Paper XXI. It is excited 
only under very stringent kinematic conditions enhancing surface sensitivity. A similar excitation was 
observed also for Ag and Au films grown on Cu(111). 
 
-Silver ultrathin films on Cu(111) 
For two layers of Ag on Cu(111), the surface plasmon was not excited in the long-wavelength limit. At 
higher momenta a dispersionless surface plasmon was observed, in agreement with s-d polarization 
theory for ultrathin films (Paper XXII). For higher coverages, Ag islands appear on the flat bilayer. 
Surface plasmon is confined within Ag grains (Paper XXII and XXIII). Annealing removes the 



confinement of surface plasmon and induces a negative linear term of the dispersion curve (Paper 
XXIII).  
The lifetime of the surface plasmon could be tuned upon sputtering (Paper XXIV).  
A comparative investigation between Ag films on Cu(111) and Ni(111) was reported in Paper XXV.  
  
-Alkali-doped bimetallic surfaces: Ag/Cu(111) and Ag/Ni(111) 
A giant increasing of the CO dissociation rate was obtained for the alkali-doped Ag/Ni(111) interface 
(Paper XXVI). A different behavior was found on the alkali/Ag/Cu(111) system. For higher Ag 
thickness (ten Ag layers), the alkali-modified bimetallic surface was found to be strongly reactive 
towards water molecules.  
 
-Gold thin films on Cu(111) 
In analogy with silver, a positive dispersion of the Au surface plasmon was observed (Paper XXVII). 
Damping processes of the Au surface plasmon are enhanced with respect to the case of Ag. 
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A B S T R A C T

The adsorption of alkalis (Na, K) on Ni(1 1 1) and their coadsorption with CO and O were studied by high-

resolution electron energy loss spectroscopy. Loss measurements of clean alkali adlayers provided the

expected behaviour of the alkali-substrate vibration energy as a function of the alkali coverage. This

result was achieved by eliminating any trace of CO contamination from the alkali adlayer. As a matter of

fact, a significant softening of the alkali–Ni vibration energy was revealed in the alkali + CO coadsorbed

phase. Moreover, alkali coadsorption with oxygen caused a weakening of the O–Ni bond and a

strengthening of the alkali–Ni bond.
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1. Introduction

The study of the adsorption and the coadsorption of alkali-
metal atoms on single-crystal metal surfaces is a topic of surface
science, both for the importance of technological applications
(promotion of catalytic reactions, enhanced electron emission
rates, and oxidation rate) and for fundamental interest [1–6].
Alkalis are used as a model system for understanding the
properties of adsorption on metal surfaces [7–11] as it was
demonstrated that the adatom would not complicate the system
by intermixing with the substrate (except for Al surfaces [12]), but
would stay in over-surface adsorption sites [13].

For a long time, alkali adsorption on metal surfaces was
explained in the framework of the Langmuir–Gurney model [7]. It
involves a donation of charge from the alkali-metal atoms to the
substrate and the formation of an ionic bond at low coverages,
followed by a back-donation of some of this charge to alkali
adatoms at higher coverages. However, this model was questioned
on the basis of some experimental [14] and theoretical [8,9] studies
showing evidences for a covalent character of the alkali-substrate
* Corresponding author. Tel.: +39 984 496157; fax: +39 984 494401.

E-mail address: chiarello@fis.unical.it (G. Chiarello).

0169-4332/$ – see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2008.04.080
(A–S) bond, thus suggesting the occurrence of the polarization of
adatoms. Successively, other theoretical calculations re-proposed
the occurrence of charge transfers [15,16]. Nonetheless, there is
still a debate to establish whether the adatom is partly ionic or it is
neutral but strongly polarized. It was argued that very likely the A–
S bond must contain an element of both these extreme ‘model’
situations [4]. The answer to this point would imply a great
advancement in our understanding of the surface chemical bond
and of catalytic reactions occurring whenever alkalis are coad-
sorbed with other chemical species. Hence, systematic studies of
coadsorption systems are essential for a more complete under-
standing of heterogeneous catalysis [17]. In particular, the
coadsorption of CO with alkali metals on transition-metal surfaces
has been extensively investigated from both experimentalists
[18–25] and theoreticians [26–32]. The main alkali promotion
effects on CO are: a significant increase in the thermal desorption
temperature of CO molecules [20–25,33–38], changes of work
function of the surfaces [39–42], shifts in CO core- and valence-
level binding energies [43], and an enhancement of the CO
dissociation probability [44].

Moreover, infrared reflection absorption spectroscopy (IRAS)
and high-resolution electron energy loss spectroscopy (HREELS)
revealed a remarkable softening of the C–O stretching energy in
the alkali + CO coadsorbed phase [18,19,26–32]. The weakening of

mailto:chiarello@fis.unical.it
http://www.sciencedirect.com/science/journal/01694332
http://dx.doi.org/10.1016/j.apsusc.2008.04.080
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the C–O bond was ascribed to: electrostatic interactions [26–28],
surface states [29], direct [30] and indirect (substrate-mediated)
[31] interactions, and the alkali-induced enhancement of the
surface electronic polarizability of the metal surface [32]. Never-
theless, any effect of CO on the vibrational properties of the co-
adsorbed alkali atoms was completely disregarded. As a matter of
fact, all previous works [18,19,28–32] were focused on the alkali-
induced shift of the C–O stretching vibration. As alkali atoms affect
the vibrational properties of carbon monoxide, likewise CO
molecules are expected to affect the properties of the alkali
atoms. Hence, any contamination of the alkali adlayer during the
sample preparation should lead to significant modifications of the
A–S bond. As alkalis are very reactive, much effort should be
dedicated to this point in order to eliminate any influence of
coadsorbed CO molecules on the A–S bond.

Contrary to the alkali + CO system, the coadsorption of alkalis
with oxygen received less attention and only few dedicated
spectroscopic studies have been carried out over the years in order
to address the electronic, vibrational, and bonding properties of
alkalis coadsorbed with oxygen. Thus, a clear picture has not
emerged yet. Theoretical calculations [2] found a K-induced
increasing of the O-substrate bond length. To the best of our
knowledge, no experimental evidence supporting this model exists.

Nickel is a suitable substrate for such studies as it is extensively
used in heterogeneous catalytic processes and thus the interaction
of alkali-metal atoms with nickel surfaces and with coadsorbed
species is of considerable interest in understanding the catalytic
mechanisms. Earlier IRAS vibrational measurements on K + CO/
Ni(1 1 1) [34] were focused only on the alkali-induced shift of the
C–O stretching mode, while the A–S vibration could not be
investigated due to experimental limitations. The structural
investigations of the K + CO phase on Ni(1 1 1) [45] revealed that
the K atoms retain the atop site but with an increased K–Ni bond
length in the coadsorbed phase. Also for CO molecules (in the
three-fold hollow adsorption site), no site change was observed. On
the other hand, no structural study exists for alkali coadsorbed
with oxygen on nickel surfaces.

Whereas the electronic properties of the alkali metals on metal
surfaces have been extensively studied, their vibrational properties
have been measured only for a few systems [46–56] providing a
behaviour of the A–S vibration energy as a function of alkali
coverage that disagrees with theoretical predictions [8–10].

In this article, we report HREEL measurements taken for Na and
K deposited onto the Ni(1 1 1) surface and for their coadsorption
with CO and O on the same surface with the aim to obtain
information on the nature of the A–S bond and to investigate the
effects of CO (oxygen) on the vibrational properties of alkali atoms.
These systems were not widely investigated and the present
measurements allow us to obtain new and interesting results.

In particular, we found that in contrast to expectations, the A–S
bond is influenced by coadsorbed CO molecules and O atoms. The
Na–Ni (K–Ni) vibration frequency dramatically red-shifted in the
presence of even small amounts of coadsorbed CO. This finding was
ascribed to a local charge transfer between coadsorbed species. By
contrast, the Na–Ni bond was found to strengthen for increasing O/
Na ratio. This finding suggests a shortening of the Na–Ni bond
length. A weakening of the O–Ni bond was revealed for the Na + O
coadsorbed phase, in agreement with the electrostatic model
presented in ref. [2], by assuming an alkali-induced filling of the O
2pz antibonding orbitals.

On the basis of the above findings, we carried out measure-
ments on very clean alkali layers revealing for the first time the
expected [8–10] behaviour of the A–S stretching energy as a
function of the alkali coverage in contrast to previous experimental
studies [46–56] on similar systems.
2. Experimental

Experiments were carried out in a UHV chamber operating
at a base pressure of 5 � 10�9 Pa, equipped with standard
facilities for surface characterizations. HREEL experiments were
performed by using an electron energy loss spectrometer (Delta
0.5, SPECS). The sample was a single crystal of Ni(1 1 1) with a
purity of 99.9999%. The surface was cleaned by repeated cycles
of ion sputtering and annealing at 1000 K. Surface cleanliness
and order were checked using Auger electron spectroscopy
measurements and low-energy electron diffraction (LEED),
respectively. The Ni(1 1 1) surface showed an excellent LEED
pattern characterized by sharp spots against a very low
background. Sodium and potassium were deposited onto the
substrate by evaporating from well-outgassed commercial
getter sources.

Pre-adsorbed alkali layers free of any contamination could be
obtained only by keeping the Ni(1 1 1) surface at 400 K during both
deposition and measurements. Nonetheless, measurements were
performed in a few minutes in order to avoid any residual
contamination. Carbon monoxide and oxygen were admitted
through precise leak valves. Alkali, carbon monoxide, and oxygen
coverages (the coverage of one monolayer, ML, is defined as the
ratio between the number of the atoms of the adsorbate and that of
the topmost layer of the substrate) were estimated from the
exposure time taking as reference the coverage of well-known
LEED structures, that is:

ffiffiffi
3
p
�

ffiffiffi
3
p� �

R308-Na, p(2 � 2)-K, c(4 � 2)-
CO, and p(2 � 2)-O. A constant sticking coefficient was assumed to
obtain other desired coverage. Coverages were calibrated for
different substrate temperature. Loss spectra were taken in
specular geometry (dipole scattering) with an incident angle of
558 with respect to the surface normal. A primary electron beam
energy of 3 eV was used. The energy resolution of the spectrometer
ranged from 2 to 3 meV.

3. Results and discussion

3.1. Na and K adsorption on clean Ni(1 1 1)

Loss spectra of Na deposited on Ni(1 1 1) at 400 K are shown
in Fig. 1a. The Na–Ni stretching vibration shifted (Fig. 1b) from
about 25 meV for a very low coverage (0.01 ML) down to 21–
22 meV for increasing Na coverages (0.06 ML). No further
variation of the Na–Ni stretching energy was observed for
higher coverages, at which the adlayer undergoes a metalliza-
tion because of the closer distances between Na adatoms. As a
consequence, dipole fluctuation is screened very efficiently by
the two-dimensional electron gas and the excitation of adatom
vibrations perpendicular to the surface is no longer observable
[57].

Theoretical studies [58] and HREELS measurements performed
for alkalis (Li, Na, K) adsorbed onto copper surfaces [46–49] and for
Na/Mo(1 0 0) [52] revealed a nearly coverage-independent A–S
stretching frequency. On the contrary, for Li/Cu(1 1 1) Lindgren
et al. [53] measured an up-shift of the Li–Cu vibration as a function
of Li coverage. Likewise, for Cs/Ru(0 0 0 1) [54], K/Pt(1 1 1) [55],
and Li/Mo(1 1 0) [56] the A–S stretching energy was found to
increase as a function of coverage.

On the contrary, total-energy calculations [10] found a
decreasing of the A–S stretching frequency as a function of the
alkali coverage. In addition, the alkali-metal adsorption energy
decreases largely with coverage [59,60], thus implying a bond
weakening for increasing coverage. The observed behaviour of the
A–S stretching was tentatively ascribed to the combined effects of
many factors, such as: dipole–dipole interactions [48,49,53], the



Fig. 1. (a) HREEL spectra of Na layers deposited on Ni(1 1 1) at 400 K (loss spectra

were acquired at the same temperature). Loss peaks are due to the Na–Ni stretching

vibration (b) behaviour of the Na-substrate vibration as a function of Na coverage.

Fig. 2. HREEL spectra of K layers deposited on Ni(1 1 1) at 400 K (loss spectra were

acquired at the same temperature). The inset shows the behaviour of the K-

substrate vibration as a function of K coverage.

Fig. 3. HREEL spectra for 0.05 ML Na/Ni(1 1 1) deposited at 400 K for different CO

exposures made at room temperature. Both the Na–Ni and C–O vibrational modes

are shown.
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response of the substrate surface layer [49], and an increase of the
curvature of the potential-energy surface [54].

Similar conclusions were reached for K deposited onto the
Ni(1 1 1) substrate. K–Ni vibration energy was found to shift from
18 down to 15 meV as a function of alkali coverage (Fig. 2).

During these measurements we noticed that the presence of
even small amounts of CO had a dramatic influence on the Na–Ni
stretching vibration. Accordingly, much care was devoted to avoid
any contamination of the surface. Very clean layers of alkali metals
could be obtained with the Ni(1 1 1) surface held at 400 K during
both deposition and measurements [61]. Moreover, all spectra
were recorded in a few minutes to further reduce contamination.
Very likely, the influence of coadsorbed CO on the A–S bond would
be enhanced at low alkali coverage, i.e. at a low Na/CO ratio. It is
worth noticing that measurements of the A–S vibration frequency
as a function of the alkali coverage performed with the sample kept
at room temperature (and with some CO contamination) provided
the same behaviour reported in previous experimental works
[46–56].

3.2. Na and K coadsorption with CO on Ni(1 1 1)

In order to carefully investigate the effects of CO molecules on
the vibrational properties of Na, clean layers of Na (deposited at
400 K) were exposed to CO at room temperature. Unexpectedly,
the loss spectrum of Na/Ni(1 1 1) changed upon CO exposure
(Fig. 3). The Na–Ni stretching frequency shifted from 22 down to
13 meV. The C–O stretching energy, initially at 194 meV for 0.07 L
of CO (1 L = 1 L = 10�6 Torr s or 1.33 � 10�6 mbar s), shifted
upward to 218 meV (for higher CO exposure). As a comparison,
the C–O stretching frequency is 235 meV (0.5 ML of CO) for CO on
Ni(1 1 1) [61]. Interestingly, the coadsorption process affected
both the Na–Ni and the C–O vibrations and their frequencies were
found to depend on the Na/CO local ratio. The CO-induced
weakening of the Na–Ni bond was not previously reported and its
observation may help to elucidate the basic mechanisms of the
catalytic activity of alkali atoms. Likewise, the K–Ni stretching
energy was found to shift from 15 down to 10 meV (Fig. 4) upon CO
exposure.

This finding is in excellent agreement with the observed
increasing of the A–S bond length in the K + CO coadsorption on
Ni(1 1 1) and Ni(1 0 0) [62,63].



Fig. 4. HREEL spectra for 0.03 ML K/Ni(1 1 1) deposited at 400 K. The K adlayer was

successively exposed to CO at room temperature.

Fig. 5. HREEL spectra of c(4 � 2)-CO prepared at 200 K and after deposition of

different amounts of Na at the same temperature.
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The stretching frequency of CO adsorbed on metal surfaces is
strictly related to the electronic population of the 2p* orbitals as
the occupation of such antibonding orbitals weakens the C–O
bond. However, the physical mechanisms leading to the charge
donation into the empty 2p* orbital of CO are very different from
each other. He and Jacobi [64] argued that preadsorbed alkalis
donate their charge to the metal surface and then such charge is
backdonated to CO coadsorbed molecules. By contrast, Wimmer
et al. [26] suggested the occurrence of the polarization of the alkali
adatom causing a shift of all CO electronic states towards the
Fermi level. This implies an enhanced charge transfer from the
surface metal to the 2p* orbital. In other ‘‘electrostatic models’’,
alkali atoms were assumed to be in an ionic state. On the other
hand, according to the recent model proposed by Stolbov and
Rahman [32], the enhanced alkali-induced polarization is
responsible of the red-shift of the C–O stretching frequency.
Unfortunately, also this study did not consider the effects of
coadsorbed CO molecules on the vibrational properties of alkali
atoms.

The Na–CO interaction could be investigated with more
details by adsorbing Na on the c(4 � 2)-CO/Ni(1 1 1) surface. The
c(4 � 2) structure was prepared by exposing the surface to 1 L of
CO at 200 K and its formation was checked by LEED. The loss
spectrum of this phase is showed in Fig. 5. The CO–Ni and the C–
O modes were measured at 50 and 235 meV, respectively. The
CO–Ni mode strengthened and shifted to higher loss energies
up to 72 meV, while a new feature arose at 220 meV close to
the C–O vibration. Both modes (at 220 and 235 meV) merged
into a single feature at 220 meV for a Na coverage of 0.22 ML.
Increasing Na coverage up to 0.37 ML caused the shift of
such peak down to 205 meV. Contrary to the adsorption of Na
on the clean Ni(1 1 1) surface (Fig. 1a), the Na–Ni stretching
energy was observed at 12 meV (for Na depositions up 0.13 ML)
and shifted to 21 meV for higher Na coverages (0.37 ML). As
regards the structural side of the investigation, we did not
observe any new LEED feature related to Na depositions, but we
noticed that the initial c(4 � 2) phase degraded slightly with the
Na coverage.

The existence of two distinct C–O frequencies for Na coverages
between 0.07 and 0.13 ML indicated the presence of two different
species of adsorbed CO molecules; the former is essentially
unaffected being the C–O energy at 235 meV, the latter, instead,
interacted with Na atoms and moved to 220 meV. The line shape of
the CO–Ni loss broadened as a consequence of the occurring Na–CO
interaction. At a Na coverage of 0.22 ML, a uniform layer with
about one atom of Na for each two CO molecules should exist on
the surface. As a matter of fact, the interaction between Na and CO
is unique as only one C–O stretching energy at 220 meV was
observed.

3.3. Na coadsorption with oxygen on Ni(1 1 1)

In order to ascertain whether the same mechanisms, i.e. charge
transfer processes, apply for other systems, we investigated the
coadsorption of Na with oxygen. CO and oxygen are both
electronegative species with respect to Na atoms and might
behave in the same way.

Fig. 6a shows HREEL spectra of 0.02 ML Na/Ni(1 1 1) exposed to
small quantities of O2. The Na–Ni stretching vibration was found to
shift from 21 to 26 meV after an O2 exposure of only 3 � 10�3 L.
Further oxygen exposures did not cause remarkable changes in the
HREEL spectrum. Such finding is a fingerprint of a notable
strengthening of the Na-Ni bond and it could be ascribed to a
shorter Na–Ni bond distance, caused by the presence of oxygen
atoms. As the technique does not allow direct evidences of changes
in bond distances, accurate structural studies are needed to further
support this suggestion. An explanation in the framework of the
electrostatic model has to be excluded. In fact, the O–Ni bond is
largely covalent and, thus, the O-induced electrostatic field should
be relatively small and it would have only little effects on the Na–
Ni bond.



Fig. 6. (a) HREEL spectra for 0.044 ML Na/Ni(1 1 1) as a function of O2 exposures.

Upon O adsorption, the Na–Ni vibration energy shifted from 21 to 26 meV. (b)

Similar HREEL spectra for a lower Na precoverage, i.e. 0.017 ML.

Fig. 7. HREEL spectra for 0.07 ML Na/Ni(1 1 1) as a function of O2 exposure (at

400 K) and of successive CO exposure (at room temperature).
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A small blue-shift of the alkali-substrate vibration energy upon
oxygen exposure was also revealed for Cs/Ru(0001) [57]. The Cs–
Ru vibration shifted from 8 to 10 meV. However, the authors did
not discuss such finding. The Ru–O bond length was found to
increase for Cs + O/Ru(0 0 0 1) as a function of Cs coverage [64] and
such result well agrees with the softening of the oxygen-substrate
bond observed in the present study.

Interestingly, the O–Ni stretching energy was revealed at 63–
65 meV in the O + Na coadsorbed phase and at 70 meV for
p(2 � 2)-O/Ni(1 1 1) [61,65]. This finding implies the occurrence
of a weaker interaction between O and Ni in the presence of
coadsorbed Na.

The weakening of the O–Ni bond may be interpreted as due to a
charge transfer from the metal surface to the antibonding states of
adsorbed oxygen atoms, as found by theoretical calculations for
the K + O/Rh(1 1 1) system [2], which revealed that the O-substrate
bond length increases in the presence of K. The electric field by
alkali adatoms would affect the O-substrate bond by shifting
electronic states. In particular, the antibonding orbitals with O 2pz

character become partially occupied in the presence of coadsorbed
alkalis. Support to this picture comes from the finding that even at
the lowest alkali precoverages the O–Ni bond was weakened and
this is a clear indication of the predominant influence of alkali-
induced electrostatic fields.

It should be noticed that the two coadsorbed species (O and Na)
do not interact each others, but directly with the substrate, even for
higher oxygen exposures. This finding is quite surprising as oxygen
and alkalis are expected to strongly interact each other, especially
for high oxygen or alkali precoverages.

In previous studies [66,67] of the coadsorption of oxygen and
alkalis, oxygen was assumed to migrate underneath the alkali
layer. However, according to this model, the A–S vibration should
disappear because of the intralayer of oxygen atoms. On the
contrary, it was always present and, accordingly, our measure-
ments indicated that a more complex model is needed to describe
the coadsorption process. We suggest that for submonolayers of
alkalis both species are coplanar, as found for similar systems [68],
and only a weak bond, not evidenced in loss spectra, exists
between them.

To the best of our knowledge, no experimental investigation
supporting theoretical findings reported in ref. [2] exists. In
the HREELS study of the K + O coadsorption on Ni (1 1 1)
[69], potassium layers were affected by the presence of
‘‘spurious CO’’ on the surface and no weakening of the O–Ni
bond was revealed. Hence, only measurements taken on very
clean alkali layers may reveal the occurrence of the alkali-
induced softening of the O–Ni bond. The results shown in Fig. 6b
demonstrated that a similar mechanism occurs with a higher Na
precoverage.

To investigate whether the CO-induced lowering of the Na–Ni
vibration frequency occurs even in a O-modified surface, the
Na + O/Ni(1 1 1) surface was exposed to CO (Fig. 7). CO exposure
cause a red-shift from 26 meV and a splitting of the Na–Ni
vibration peak into two components at 12 and 19 meV. Two peaks
assigned to the C–O stretching appeared at 216 and 227 meV. Such
findings may be taken as an evidence of a local interaction between
Na and CO. Not all CO molecules can adsorb in close vicinity of the
preadsorbed Na atom. Accordingly, a splitting of both the C–O and
Na–Ni modes is expected. The similar Na + CO/Cu(1 1 1) system
studied by Svensson [70] exhibited an analogous behaviour, i.e. the
action of Na on CO molecules was found to be very local, in
disagreement with the nonlocal electron transfer process (Wim-
mer and Stolbov models).
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4. Conclusions

We have presented loss measurements providing, for the first
time, a full agreement with Ishida’s model Ref. [8–10] and
photoemission measurements Ref. [14]. The coadsorption of CO
molecules influences the A-S bond, causing a dramatic lowering of
the Na–Ni (K–Ni) stretching frequency. Accordingly, alkalis
adsorbed on Ni(1 1 1) are essentially in a neutral charge state
with no donation of charge to the substrate. On the contrary, the
coadsorption of alkali atoms with CO molecules is accompanied by
a local charge transfer from Na (K) to the 2p* orbitals of CO. Such
effect is responsible of the weakening of the C–O and Na–Ni
stretching vibrations and of the strengthening of the CO–Ni bond.
This leads to the ionization of alkali atoms. Moreover, our
vibrational measurements provided the first evidence of a soft-
ening of the O–Ni bond and of a strengthening of the Na–Ni bond in
Na + O coadsorbed phase. According to the electrostatic model, the
alkali-induced filling of the O 2pz orbital was ascribed to be
responsible of the weakening of the O–Ni bond. Similar results
were obtained in K + O coadsorption on Ni(1 1 1). The strengthen-
ing of the alkali-substrate bond was explained with a reduced bond
distance occurring whenever alkalis are coadsorbed with O.
Present results well reproduce for the first time theoretical
calculations in ref. [2] and, moreover, are in excellent agreement
with structural studies on similar systems.
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[21] U. Seip, I.C. Bassignana, J. Küppers, G. Ertl, Surf. Sci. 160 (1985) 400.
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(1996) 10912.
[54] P. He, K. Jacobi, Phys. Rev. B 53 (1996) 3658.
[55] C. Klünker, C. Steimer, J.B. Hannon, M. Giesen, H. Ibach, Surf. Sci. 420 (1999) 25.
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Mechanisms Leading to Alkali Oxidation on Metal Surfaces
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The coadsorption of alkalis with CO and O on Cu(111) and Ni(111) was studied by vibrational measurements.
Unexpectedly, we found an enhanced alkali oxidation rate for alkali + CO compared with alkali + O. Such
finding was ascribed to the short-range alkali-CO interaction which lowers the barrier for CO dissociation
and favors a giant alkali oxidation. Surprisingly, no alkali-O bond was formed for O/alkalis.

The metal-oxygen bond plays an important role in many
biological and synthetic reactions.1 Moreover, oxidation pro-
cesses of metal and semiconductor surfaces are of primary
importance in electronic-device technology. On the other hand,
alkali metals are widely used in the chemical industry as
promoters of chemical reactions at surfaces. They catalyze
processes such as manganation,2,3 zincation,4-7 ammonia syn-
thesis,8 Fischer-Tropsch,8 and epoxidation processes.9-11 At
the fundamental level, alkalis are employed as model systems
for understanding their promotional role and the nature of the
chemical bond with the substrate and with other coadsorbed
species.

Using high-resolution electron energy loss spectroscopy
(HREELS) measurements of alkali (Na, K) coadsorption with
CO and O on Cu(111) and Ni(111), we provide direct evidence
that the oxidation of alkali atoms is more efficient if promoted
by the dissociation of CO molecules than by direct exposures
of alkalis to O2.

It is well-known that, when coadsorbed with CO, alkalis cause
a weakening of the intramolecular C-O bond8,12 and a
strengthening of the metal-CO bond.8,12 In some cases,
depending on substrate, temperature, and alkali coverage, the
dissociation of CO molecules has been observed. On the other
hand, alkalis were demonstrated to weaken the O-substrate
bond.13,14

At room temperature, Na on Cu(111) forms a disordered
phase up to the formation of the (3/2 × 3/2) structure15 (0.44
ML) with Na atoms occupying 3-fold hollow sites.16 On the
contrary, on Ni(111) a (�3 × �3)R30°-Na structure has also
been recently revealed for intermediate coverages17 (0.33 ML).
Instead, on both surfaces potassium forms a p(2 × 2) structure15

(0.25 ML) with atoms in atop sites. On Ni(111) oxygen
molecules adsorb dissociatively forming p(2 × 2) and (�3 ×
�3)R30° ordered structures15 at room temperature.

Experiments were performed by using an electron energy loss
spectrometer (Delta 0.5, SPECS). The samples were cleaned
by repeated cycles of ion sputtering and annealing at 900-1100
K. Surface cleanliness and order were checked using Auger
electron spectroscopy (AES) measurements and low-energy
electron diffraction (LEED), respectively. Na and K were
deposited onto the substrate by evaporating from well-outgassed
getter sources. Carbon monoxide and oxygen were admitted
through precise leak valves. Alkali, CO, and O coverages (the
coverage of one monolayer, ML, is defined as the ratio between
the number of the atoms of the adsorbate and that of the topmost
layer of the substrate) were estimated from the exposure time
taking as reference the coverage of well-known LEED struc-
tures, that is: (3/2 × 3/2)-Na, p(2 × 2)-K, c(4 × 2)-CO, and
p(2 × 2)-O. A constant sticking coefficient was assumed to
obtain other desired coverage. Similar results were achieved
by calibrating using AES. Loss spectra were taken in specular
geometry (dipole scattering) with an incident angle of 55° with
respect to the surface normal. A primary electron beam energy
of 3 eV was used. The use of low-energy impinging electrons
ensures of the absence of irradiation-induced CO dissociation.
The energy resolution of the spectrometer ranged from 2 to 3
meV. All deposition and measurements were carried out at room
temperature. A particular care was dedicated to avoid any
contamination of the alkali adlayer.

Figure 1 shows HREEL spectra acquired for (3/2 × 3/2)-Na
(top panel) and p(2 × 2)-K (bottom panel) deposited on Cu(111)
and Ni(111) exposed to CO (0.4 L, 1 L ) 10-6 torr · s) at
room temperature. Loss spectra show several features giving
unambiguous information on the chemical reactions occurred
at the investigated surfaces. In particular, we observe peaks at
19-24 meV for Na (top panel) and 15 meV for K (bottom
panel), assigned to the alkali vibration against the substrate.17

Loss features recorded in the range 169-197 meV were
assigned to the intramolecular C-O stretching vibration. The
internal C-O frequency is red-shifted with respect to its value
recorded on the clean surfaces8 as a consequence of the alkali-
CO interaction. Interestingly, we observed features at 36 meV
and at 24-29 meV. These losses are due to O-Na18 and O-K18

vibrations, respectively. This finding is a unambiguous and direct
evidence of the dissociation of a part of CO molecules. Carbon
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monoxide adsorption is partially dissociative for all above
systems, except for Na/Cu(111), for which it is fully dissociative
as indicated by the absence of C-O stretching losses. Moreover,
carbon-derived modes at 55-56 meV (arising from CO dis-
sociation) were observed for alkalis/nickel but not for alkalis/
copper.

Hence, loss measurements indicate that Na and K oxidation
is promoted by CO dissociation. Moreover, it is worth noticing
that for K/Cu(111) part of the oxygen arising from CO
dissociation migrates underneath the surface, as suggested by
the occurrence of the feature at 63 meV19 (atomic oxygen in
subsurface sites). On the contrary, no oversurface O was present
as deduced by the absence of its vibration against Cu(111)
expected at 46 meV.20

The same alkali-precovered surfaces of Figure 1 were exposed
to O2. In these spectra (Figure 2), besides alkali-substrate
vibrations (21-25 meV for Na13 and 16-17 meV for K17), there
are additional peaks assigned to oxygen-substrate stretching
vibrations. In particular, the feature at 66 meV is due to the
O-Ni vibration (red-shifted by the presence of alkalis12,14). On
alkali-modified Cu(111), we observe peaks due to oxygen
adatoms in oversurface (45-46 meV feature20) and in subsurface
sites (62 meV,19 only for K).

Unexpectedly, the direct exposure of the alkali-doped surface
to O2 does not lead to alkali oxidation (Figure 2), as indicated
by the absence in loss spectra of vibrational modes assignable
to O-Na (36 meV18) and O-K (24-29 meV18), respectively.

We suggest that the local and short-range interaction between
alkali atoms and CO molecules enhances the CO dissociation
rate and thus the efficiency of alkali oxidation (alkali-O bond).
For CO adsorbed in sites directly adjacent to alkali adatoms,
the lowered electrostatic potential stabilize the electronegative
adsorbate and activate a charge transfer from the surface to the
2 π* antibonding orbital, so as to facilitate CO dissociation.14

In agreement with present findings, experiments performed for
K+CO/Co(101j0)21 revealed the existence of a direct K-O bond.
On the other hand, short-range interactions have been unam-
biguously demonstrated to be predominant in alkali coadsorption
with CO.13,14,22

The alkali oxidation rate is enhanced for Cu(111), as
suggested by spectra in Figure 1. In fact, the ratio between the
intensity of the vibrational mode of the alkali-O bond with
respect to that of molecular CO (C-O intramolecular stretching)
is higher for alkali/Cu(111) than for alkali/Ni(111). This finding

Figure 1. HREEL spectra acquired at 300 K (at a fixed CO exposure
of 0.4 L) for: (top panel) (3/2 × 3/2)-Na/Cu(111) and (3/2 × 3/2)-Na/
Ni(111); (bottom panel) p(2 × 2)-K/Cu(111) and p(2 × 2)-K/Ni(111).
All spectra were normalized to the intensity of the elastic peak and
multiplied by the same factor.

Figure 2. HREEL spectra (at a fixed O2 exposure of 5.0 L) for (top
panel) (3/2 × 3/2)-Na/Cu(111) and (3/2 × 3/2)-Na/Ni(111); (bottom
panel) p(2 × 2)-K/Cu(111) and p(2 × 2)-K/Ni(111).
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is well described within the framework of a local and short-
range interaction between alkali and CO. As a matter of fact,
on clean copper surfaces the sticking coefficient for CO
molecules at 300 K is extremely reduced with respect to
transition-metal catalysts (Ni, Pt, Ru). The saturation coverage
for CO molecules on clean copper was found to be about zero
for temperatures higher than 200 K,23 while for Ni(111) the
surface was found to be fully covered by CO molecules at 300
K even for small CO exposures.24 Accordingly, it is quite
expected that CO adsorption on alkali-modified copper substrates
might occur only in the close vicinity of alkali adatoms.

We expect that the distances between alkali-metal atoms and
reactants are quite short, i.e., about 3 Å,14 so as to allow the
orbital overlap and the formation of a direct bond.14 Hence, in
these conditions oxygen atoms arising from CO dissociation
interact essentially with alkali atoms and less with the substrate.

As regards results reported in Figure 2 (direct O2 exposures),
it is quite surprising that the two coadsorbed species (alkali
adatoms and atomic oxygen) do not interact with each other
but directly with the substrate, even for higher oxygen exposures
than 5.0 L. Very likely, in the alkali + O coadsorbed phase on
Ni(111) and Cu(111), the distance between O and the alkali
adatom should always be higher than 3 Å.14 Weak electrostatic
interactions between alkalis and O already dominate (without
the occurrence of alkali oxidation) for distances of 4 Å.14

Measurements were also performed by reversing the order
of the adsorption, i.e. oxygen first of alkalis. In these conditions,
alkali oxidation is readily observed, as suggested by the
appearance of the O-K (28 meV18) and O-Na (34 meV18) in
spectra (Figure 3). The direct bond of atomic oxygen with the
substrate, which modifies the electronic properties of the system,
should be responsible for this behavior.

Our results highlight the general features of the mechanisms
of alkali oxidation. For alkali-precovered surfaces, a giant alkali

oxidation is achieved upon CO adsorption and dissociation. This
is ascribed to the short-range interaction between alkalis and
CO, which lowers the CO dissociation barrier. On the contrary,
no alkali oxidation occurs for oxygen exposures on alkali-
precovered Ni(111) and Cu(111) surfaces. However, by chang-
ing the adsorption order (oxygen first of alkalis), the alkali-O
bond was formed. We argue that this is a consequence of the
modification of the surface reactivity through the adsorption of
an electronegative species.

Present results open new effective pathways for alkali
oxidation and should provide a decisive advancement of the
understanding of the heterogeneous catalysis at metal surfaces.
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Figure 3. HREEL spectrum acquired for 0.10 ML K deposited onto
a 0.10 ML O-modified Ni(111) surface (spectrum a). Reversing the
order of adsorption, the alkali-O bond is formed. Similar results were
obtained by substituting K with Na (spectrum b).
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High-resolution electron energy loss spectroscopy was used to study the coadsorption of alkalis 
(Na, K) and oxygen on clean and CO-modified Ni(111) surfaces. We unambiguosly show that on 
an alkali-precovered surface the alkali-O bond was not formed upon O2 exposure. On the contrary, 
the alkali-O bond was readily observed by exposing to O2 the Ni(111) surface precovered with an 
alkali+CO phase. This enhanced oxidation rate of alkalis in the presence of CO molecules was 10 

ascribed to the short-range CO-induced modification of the electronic charge of alkali adatoms. 

Introduction 
Alkali coadsorption with oxygen has attracted a remarkable 
attention1-5 as the oxidation rate of metal and semiconductor 
surfaces is notably affected by the presence of alkali adatoms. 15 

Moreover, such studies have important applications in the 
chemical industry. As a matter of fact, alkali oxides are 
widely used for obtaining low work-function surfaces and as 
promoters in Fischer-Tropsch, Haber-Bosch, and ethylene 
epoxidation6,7 processes.  20 

Several spectroscopic studies have been performed to 
investigate the interaction of oxygen codsorbed with alkalis 
on solid surfaces8-15. Most of these works have been carried 
out on nickel substrates due to the great interest attracted by 
the oxidation of Ni substrates5,14-17 (material processing, 25 

surface magnetism, surface chemical reactions18,19). On clean 
Ni(111) surfaces the adsorption of both oxygen and alkalis has 
been widely investigated and the vibrational and structural 
properties have been well characterized. In particular, it is 
worthwhile mentioning that at room temperature oxygen 30 

molecules adsorb dissociatively forming p(2x2) and 
(√3x√3)R30° over-structures15,20,21. 
Nonetheless, many aspects of the catalytical oxidation 
processes are not at all clarified. Unexpectedly, no direct 
oxygen-alkali bond was formed at low alkali precoverages5,22. 35 

Furthermore, measurements taken on very clean alkali layers 
revealed that the presence of alkali atoms causes a softening 
of the O-Ni bond in the coadsorbed phase16, in excellent 
agreement with calculations performed within the framework 
of the electrostatic model23. This finding was ascribed to the 40 

alkali-induced population of the O 2pz antibonding 
orbitals16,23. On the other hand, in the presence of a significant 
contamination by CO molecules such bond weakening was not 
observed in a similar investigation24. 
Very recently, a local charge transfer from alkalis to carbon 45 

monoxide molecules has been demonstrated to occur on 
Ni(111)15, leading to the ionization of alkali adatoms. It is 
worth studying in details how oxygen adsorb on a surface 
whose properties are modified by a preadsorbed alkali+CO 
phase. This problem is quite intriguing as tuning the surface 50 

reactivity by modifying the charge density profile trough 
doping the substrate with electronegative species is one of the 

foremost aims of surface science. In particular, studying the 
coadsorption of CO and O in the presence of alkalis allows to 
follow step-by-step the reaction pathways for the formation of 55 

carbonates26 or carbon dioxide27.  
Herein we report on high-resolution electron energy loss 
spectroscopy (HREELS) measurements on alkali (Na, K) 
coadsorption with oxygen on clean and CO-modified Ni(111) 
surfaces. We show that in the presence of CO molecules the 60 

oxidation of alkali atoms occurs even in the limit of very low  
precoverages. We argue that this finding is due to the change 
of the electronic structure of alkalis induced by CO molecules. 
In other words, while neutral alkali atoms do not bond with 
oxygen, polarized or partially ionized alkalis become highly 65 

reactive towards oxygen. 

Experimental 
HREEL experiments were performed by using an electron 
energy loss spectrometer (Delta 0.5, SPECS). Surface 
cleanliness and order were checked using Auger electron 70 

spectroscopy (AES) and low-energy electron diffraction 
(LEED) measurements, respectively. Sodium and potassiun 
were deposited onto the substrate from well-outgassed 
commercial getter sources. Oxygen and carbon monoxide 
molecules were dosed through a leak valve. Alkali and O 75 

coverage (the coverage of one monolayer, ML, is defined as 
the ratio between the number of the atoms of the adsorbate 
and that of the topmost layer of the substrate) was estimated 
from the exposure time taking as reference the coverage of 
well-known LEED structures, that is, (√3x√3)R30°-Na (0.33 80 

ML), p(2x2)-K (0.25 ML) and p(2x2)-O (0.25 ML). It is 
worth mentioning that at the saturation of the first Na layer 
(0.44 ML), the 3/2x3/2-Na structure was also observed in 
LEED experiments. A constant sticking coefficient was 
assumed to obtain other desired coverage. Similar results were 85 

achieved by using AES. Loss spectra were taken in specular 
geometry (dipole scattering) with an incident angle of 55° 
with respect to the surface normal. The energy resolution of 
the spectrometer ranged from 2 to 3 meV. All measurements 
and exposures were carried out at room temperature. A 90 

particular care was dedicated to avoid any contamination of 
the alkali adlayer. 
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Results and Discussion 
Figure 1 shows HREEL spectra acquired for 0.10 ML of 
atomic oxygen adsorbed onto a Ni(111) surface precovered 
with 0.04 ML of Na (spectrum b) and 0.04 ML of K (spectrum 
c). Loss spectra show several features assigned to the alkali-5 

substrate vibrations (Na-Ni and K-Ni at 23 and 16 meV, 
respectively28) and the O-Ni stretching (65 meV). 
Interestingly, the O-Ni loss energy is red-shifted by 5 meV 
with respect to its value recorded for oxygen/Ni(111)24 
(spectrum a). No evidences of alkali-O bonds are present, as 10 

indicated by the absence of alkali-O stretching features in the 
vibrational spectra (such vibrations are expected at 36 meV 
for Na-O and 27 meV for K-O, respectively25). 
In order to investigate the effects induced by CO adsorption 
on the surface chemical bonds of Na and O, oxygen was 15 

coadsorbed with Na onto a CO-modified Ni(111) surface. The 
substrate was firstly predosed with 1.0 L (1 L=1.33·10-6 
mbar·s) of CO (Figure 2) and in these conditions the C-O 
vibration was recorded at 226 meV. The coadsorption of Na 
atoms (third spectrum of Figure 2) caused a softening of the 20 

C-O stretching energy down to 197 meV. An oxygen exposure 
of 8.0 L caused remarkable changes in the vibrational 
spectrum, thus suggesting the occurrence of striking 
modifications of surface chemical bonds. The appeareance in 
the loss spectrum of a feature at 35-36 meV indicated the 25 

formation of the Na-O bond. In the meantime, the energy of 
the C-O stretching shifted from 197 to 209 meV. Further O2 
exposures cause a shift of the C-O peak up to 214 meV. 
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 40 

 

Figure 1: HREEL spectra for: (a) p(2x2)-O/Ni(111); (b) 0.04 ML Na 
coadsorbed with 0.10 ML of atomic O; (c) 0.04 ML K coadsorbed with 
0.10 ML of atomic O. All spectra were normalized to the intensity of the 
elastic peak and multiplied by the same factor. 45 

It is well known that the C-O intramolecular bond is softened 
in the alkali+CO coadsorbed phase29-33, as a consequence of 
the alkali-induced occupation of the 2 π* antibonding orbitals 
of CO34,35. Increasing the number of oxygen atoms on the 
surface, the number of Na atoms directly interacting with CO 50 

decreases and the charge for each CO molecule which is 
available for being donated by alkali atoms is reduced. The 
presence of a shoulder in the last spectrum of Figure 2 (O2 

exposure of 14.0 L) that remained at 199 meV indicates that 
not all CO molecules interact with oxygen. Hence, two 55 

different environments exist for CO molecules. Most of them 
interacts with both O and Na atoms, while the remaining 
molecules are influenced only by the presence of sodium. The 
Na-Ni vibration broadened upon O adsorption and shifted 
from 20 down to 18 meV. 60 

For a CO-modified Ni(111) surface (by predosing the 
substrate with the same CO exposure of 1.0 L), the C-O 
stretching energy as a function of O2 exposure was found to 
follow a power law (figure 3) depending on the initial Na 
precoverage: 65 

νC-0=E0+A*(O2 exp)B 

where E0, A, and B are coefficients determined by the fit 
procedure. 
As expected, the energy of the C-O loss peak is strictly related 
to the Na/CO ratio. Exposing to O2 a 0.20 ML Na/CO/Ni(111) 70 

surface, the formation of carbonates -2
3CO  occurs, as inferred 

by the appearance of loss peaks at 92 and 108 meV26 (not 
shown).  

     
Figure 2: HREEL spectra for Na coadsorption with O onto a Ni(111) 75 

surface modified by the adsorption of 1.0 L of CO. In this case the Na-O 
bond was formed, as revealed by the appearance of the feature at 36 meV. 
In a CO-modified surface, the O-Ni stretching was revealed at 70 meV. 
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Figure 3: Behavior of the C-O stretching energy as a function of the O2 
exposure for different Na precoverages.  85 
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Similar results were obtained by changing Na with K (Figure 
4). In the coadsorption of K and O onto a CO-modified 
surface, the O-Ni bond was not softened (O-Ni stretching at 
70 meV, as in spectrum a of Figure 1). Accordingly, it could 
be suggested that the presence of CO molecules inhibits the 5 

population of the O 2 pz antibonding orbitals. The intensity of 
the O-K vibration at 27 meV gradually increased as a function 
of the O2 exposure. The C-O stretching blue-shifted from 201 
to 209 meV.  
 10 
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Figure 4: HREEL spectra for (a) 0.03 ML K adsorbed onto a Ni(111) 
modified by the exposure of 1.0 L of CO. Successively, the surface was 30 

exposed to oxygen: (b) 0.2 L; (c) 0.5 L; (d) 2.0 L. 

Thus, alkali oxidation could be readily achieved by dosing 
oxygen on alkali-precovered Ni(111) surfaces in the presence 
of CO (Figures 2 and 4). This is a direct consequence of the 
CO-induced change of the electronic charge of alkali adatoms. 35 

Such results indicate that oxygen interacts strongly with 
charged alkali species and less with neutral adatoms. 
Furthermore, it should be noticed that also the CO-induced 
blocking of the population of O 2 pz antibonding orbitals in 
the alkali+O coadsorbed phase may play a key role in the 40 

microscopical mechanisms leading to alkali oxidation. 
An alternative explanation about the enhanced reactivity of 
charged alkalis towards oxygen could involve the possible 
hybridization between the electronic states of alkali and O 

atoms coadsorbed on Ni(111). Such hybridization leads to the 45 

formation of an alkali-O bond. Unfortunately, to date no 
experimental and theoretical studies have been performed on 
the dispersion and energy of electronic states of Na atoms 
coadsorbed with CO. Hence, present results claim for 
dedicated calculations. A large hybridization, and very likely 50 

an efficient charge transfer, is possible only whenever the 
distance between the reactants is short-ranged36. 
In order to understand the CO-induced enhancement of the 
alkali oxidation rate, we studied also the mutual Na-CO 
interaction by exposing 0.05 ML Na/Ni(111) to CO at room 55 

temperature. The Na-Ni stretching frequency shifted from 22 
meV down to 13 meV (Figure 5) and, moreover, the lineshape 
of such peak became narrower. The C-O stretching energy, 

initially at 194 meV (0.07 L of CO ), shifted upward to 218 
meV (for higher CO exposure). As a comparison, the C-O 60 

stretching frequency is 235 meV (0.5 ML of CO) for CO on 
Ni(111)25. Moreover, CO exposure was found to cause a 
remarkable increase of the intensity of the Na-Ni peak.  Such 
finding is a clear fingerprint of the occurrence of a local 
charge transfer between coadsorbed species, i.e. a CO-induced 65 

partially ionization of alkali adatoms. In fact, the intensity of 
vibrational modes is expected to be higher for ionized species 
rather than for strongly polarized but essentially neutral 
adatoms. 
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Figure 5: HREEL spectra for 0.05 ML Na/Ni(111) at 400 K for different 
CO exposures at room temperature. 

Likewise, the K-Ni stretching energy was found to shift from 
15 down to 11 meV (figure 6) upon CO exposure. 
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Figure 6: HREEL spectra for 0.03 ML K/Ni(111) deposited at 400 K. The 

K adlayer was successively exposed to CO at room temperature. 

With the aim of achieving more details on the microscopic 
mechanisms determining the CO-promoted charging of the 115 
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alkali adatoms, we reported in Fig. 7 the behavior of the 
dynamical charge of Na as a function of CO exposure. The 
dynamical dipole moment μ of Na could be evaluated from 
the measured intensity and energy of the Na-Ni loss peak 
using the dipole scattering theory37. The effective charge Q 5 

can be calculated from ( ) 2/12/ ωμ rMη= , with Mr being the 
reduced mass. Here a rigid Ni substrate is assumed, i.e. 
Mr=MNa, and the following experimental parameters are used: 
the incidence angle (55°), the half-angle of acceptance (1.0°), 
and the primary energy of 3 eV. As the amount of CO 10 

deposited on the surface increased, the dynamical charge Q of 
Na decreased almost linearly, giving hints on the charge status 
of alkali atoms.  
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Figure 7: The dynamic dipole charge Q/e (e is the electron charge) of Na 

as a function of CO exposure. 

Measurements were also performed (in the absence of CO) by 50 

reversing the order of the adsorption, i.e. oxygen adsorbed 
before of alkalis. In these conditions, alkali oxidation is 
readily observed, as suggested by the appearance of the O-K 
(28 meV) and O-Na (34 meV) vibrational modes in HREEL 
spectra (Figure 8). The direct bond of atomic oxygen with the 55 

substrate modifies the electronic properties of the system and 
it should be responsible of the observed behaviour. Very 
likely, the charge status of O atoms plays a decisive role.  
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Figure 8. HREEL spectrum acquired for 0.10 ML K deposited onto a 
0.10 ML O-modified Ni(111) surface (spectrum a). Reversing the order of 
adsorption, the alkali-O bond is formed. Similar results were obtained by 
substituting K with Na (spectrum b). 

Conclusions 75 

Our results elucidate the general mechanisms for the 
formation of an alkali-oxygen bond on Ni(111) surfaces. For 
alkali-precovered surfaces, a giant alkali oxidation is achieved 
only upon CO adsorption. This is ascribed to the short-range 
interaction between alkalis and CO, which activate a charge 80 

transfer between coadsorbates leading to the ionization of the 
alkali adatoms. Oxygen interacts with charged alkali species 
leading to the formation of a direct chemical bond. On the 
contrary, no alkali oxidation occurs in the absence of CO. 
However, upon changing the adsorption order (oxygen first of 85 

alkalis), the alkali-O bond was formed. We argue that this is a 
consequence of the modification of the surface reactivity through 
the adsorption of an electronegative specie. 

 Present results open new effective pathways for alkali 
oxidation and should provide a decisive advancement in  90 

understanding the promotional role of alkalis in heterogeneous 
catalysis at metal surfaces. 
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Collective Excitations in Nanoscale Thin
Alkali Films: Na/Cu(111)
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The relationship between electron quantum confinement and the energy dispersion of the surface
plasmon in nanoscale thin Na layers adsorbed on Cu(111) at room temperature have been studied
by high resolution electron energy loss spectroscopy. Screening effects due to electron quantum
confinement occurring in this system cause the lowering of the surface plasmon frequency and,
moreover, make the energy range of its dispersion curve larger than in thick alkali films. Landau
damping of the plasma excitation was unexpectedly very efficient at small momenta. The dispersion
curve of the Na surface plasmon was found to depend on the primary electron beam energy.
Multipole surface plasmon at 4.70 eV was observed only for higher impinging energies.

Keywords: Nanoscale Thin Films, Surface Plasmon, Alkali Metals, Electron Energy Loss
Spectroscopy, Dynamic Screening.

1. INTRODUCTION

Nanoscale films are becoming increasingly prevalent in
microelectronic, optic, and structural applications. Physi-
cal properties are expected to vary, often dramatically, with
thickness. In fact, as the thickness of a film is reduced
to the nanometer scale, the overall electronic structure
of the film modifies because of the occurrence of physi-
cal phenomena such as quantum size effects and electron
quantum confinement. As a matter of fact, recent exper-
imental studies1–6 have demonstrated that the electronic
density of states, electron-phonon coupling, chemical reac-
tivity, superconductivity, magnetism, surface energy, and
thermal stability change with the film thickness.

In the last few years much effort has been devoted to
the investigation of the electronic collective excitations in
alkali metal films deposited on solid surfaces. The surface
plasmon (SP) dispersion and the nature of the collec-
tive excitations in thick alkali-metal films are well under-
stood and there exists full agreement between experimental
results7–11 and theoretical predictions.7�10�12 On the other
hand, details of the nature and dispersion of the collective
excitations in nanoscale thin alkali-metal films7–12 remain
uncertain.

High resolution electron energy loss spectroscopy
(HREELS) measurements have been reported for two lay-
ers of alkali metals deposited on Al(111),8 for K on

∗Author to whom correspondence should be addressed.

Ni(111),13 and for Cs on Si(111).14 Two different sur-
face modes (the monopole SP and the multipole SP) have
been observed and studied in great detail.15�16 However,
any comparison of experimental results with calculations
for thin alkali films has been inconclusive. Moreover,
the influence of electron quantum confinement on the
electronic collective excitations in nanoscale thin alkali
film has not been investigated yet. This is a topic of a
great importance and recent studies17–20 found that elec-
tron confinement plays an important role on the physical
and chemical properties of nanoscopic thin films. A clear
relationship between electronic confinement, the density of
states at the Fermi level, and the chemical reactivity has
been demonstrated for different systems.17–20

The (111) surface of noble metals (Cu, Ag, Au) exhibits
a large confined gap within the projected bulk band struc-
ture centered at the � point of the surface Brillouin zone.21

Electronic states of different origin can exist in this gap.
They may be Shockley surface states or states induced
by adsorbates (quantum well states, QWS). The adsorp-
tion of Na on Cu(111) has been extensively investigated
recently. The existence of Na 3pz-derived confined electron
states has been well established.22�23 Electrons occupy-
ing QWS are confined at the top layer of the bulk sam-
ple and form a two-dimensional nearly free-electron gas.
Thus, Na/Cu(111) is a suitable model system for investi-
gating the relationship between electron confinement and
the nature and dispersion of collective electronic excita-
tions. Multilayers of alkali metals are easily grown on
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Cu(111) even at room temperature (RT) while in other sys-
tems the growth of a second alkali layer is possible only
at liquid nitrogen temperature.24 A study reporting the dis-
persion curve of the SP in alkali thin layers at RT is still
lacking.

To address these problems, we performed angle-
resolved HREELS measurements for two layers of Na
deposited onto the Cu(111) surface at RT.

Our results clearly show that the collective excitations
in nanoscale thin Na layers grown on Cu(111) are influ-
enced by several effects such as: dynamical screening
enhanced by electron quantum confinement, changes in
probing depth as a function of the primary electron beam
energy, and coupling between confined electronic states
and the underlying three-dimensional bulk states.

2. EXPERIMENTAL DETAILS

Measurements were carried out in a UHV chamber oper-
ating at a base pressure of 5 × 10−9 Pa, equipped with
standard facilities for surface characterizations. HREEL
experiments were performed by using an electron energy
loss spectrometer (Delta 0.5, SPECS). The sample was
a single crystal of Cu(111) with a purity of 99.9999%.
The surface was cleaned by repeated cycles of ion sput-
tering and annealing at 800 K. Surface cleanliness and
order were checked using low energy electron diffraction
(LEED) and Auger electron spectroscopy. The Cu(111)
surface showed an excellent LEED pattern characterized
by sharp spots against a very low background. Sodium was
deposited onto the Cu(111) surface by evaporating from a
well outgassed commercial getter source. The occurrence
of the (3/2×3/2) LEED pattern was used as the calibra-
tion point of �Na = 0�44 ML; a constant sticking coefficient
was assumed to obtain other desired Na coverage. Loss
spectra were taken for both the specular (angle of 55� with
respect to the surface normal) and off-specular geometries.
A primary electron beam energy of 20 eV and 100 eV
was used. The energy resolution of the spectrometer was
degraded to 12 meV so as to increase the signal-to-noise
ratio for off-specular spectra. The angular acceptance �
of our electron analyzer was ±1�. Dispersion of the col-
lective mode, i.e., Eloss�q�	, was measured by moving the
analyzer while keeping the sample and the monochroma-
tor in a fixed position. The sample was oriented along the
� −M direction. Each loss spectrum was acquired in few
minutes in order to minimize the interaction of the Na lay-
ers with residual gases in the UHV chamber. All exposures
and measurements were made at room temperature.

3. RESULTS AND DISCUSSION

HREEL spectra of Na adsorbed at RT on Cu(111) as
a function of coverage are shown in Figure 1. For the
clean Cu(111) surface, the onset of collective excitations of

Fig. 1. HREEL spectra of Na/Cu(111) as a function of the alkali cov-
erage. The incident beam energy Ep was 20 eV.

valence electrons could be detected at 2.1 eV.25�26 A broad
loss feature, peaked at 3.70 eV and assigned to the Na
SP, gradually arose in the spectrum as a function of Na
coverage.

To measure SP dispersion, values for the parameters Ep,
impinging energy, and �i, the incident angle, were chosen
in order to obtain the best compromise among surface sen-
sitivity, the highest cross section for mode excitation, and
q� resolution.

As
� �q� = �� �ki sin �i− �kS sin �S	 (1)

the parallel momentum transfer, q� depends on EP , Eloss,
�I , and �S according to:

q� =
√

2mEp

�

(
sin �i−

√
1− Eloss

EP

sin �S

)
(2)

where Eloss is the energy loss and �S is the electron scat-
tering angle.15

Accordingly, the integration window in reciprocal space
is:27�28

�q� 	
√

2mEP

�

(
cos�i+

√
1− Eloss

EP

cos�S

)
·��S (3)

where ��S is related to the angular acceptance � of the
apparatus.

Loss spectra in Figure 2 show the SP of two layers of
Na/Cu(111) as a function of the scattering angle for EP =
20 eV. The spectrum recorded in the specular geometry is
centered at 3.70 eV and it exhibits clear energy dispersion
for off-specular angles.

One advantage of EELS technique is that changing the
primary beam energy of the electrons, it is possible to
modify their mean free path in the solid and so their pene-
tration length.29 This allows a direct control of the surface

2 J. Nanosci. Nanotechnol. 8, 1–6, 2008
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Fig. 2. Electron energy loss spectra of 0.90 ML Na/Cu(111) at different
scattering angles �s . The incident beam energy Ep was held constant at
20 eV and all spectra were recorded at an incident angle of �i = 55� with
respect to the sample normal.

sensitivity. Moreover, the modification of the electron pen-
etration would imply, according to random-phase approx-
imation calculations,30 a change in the position of the
reflection plane at which probing electrons are scattered
within the extended electron-density distribution. On the
basis of the above result, a strong dependence of dynamic
screening processes on impinging energy is expected espe-
cially for systems in which electrons are confined into a

Fig. 3. Electron energy loss spectra of 0.90 ML Na/Cu(111) at different
scattering angles �s , recorded with a primary electron beam energy of
100 eV.

Fig. 4. Na SP energy as a function of q� (Ep = 20 eV).

two-dimensional space. Hence, spectra were acquired also
for a higher primary energy, i.e., 100 eV, in order to reveal
such behavior.

Multipole SP in Na/Cu(111) became quite evident in
spectra taken with Ep = 100 eV behind 3 degrees off-
specular (Fig. 3). Its energy was found to be 4.70 eV, in
excellent agreement with the value reported for bulk Na by
Tsuei et al.,11 i.e., 4.67 eV. However, the multipole mode
was not revealed for lower impinging electron beam ener-
gies, thus suggesting the existence of a threshold primary
beam energy.

The measured dispersion curve Eloss�q�	 for Ep = 20 eV
reported in Fig. 4 was fitted by a fourth-order polynomial15

given by:

Eloss�q�	= a+bq� + cq2
� +dq3

� + eq4
�

where a= 3�99 eV, b = 0�70 eV · Å, c =−29�53 eV · Å2,
d = 113�14 eV · Å3, and e =−112�31 eV · Å4.

The slope of the dispersion curve is negative up to
0.25 Å−1, then the loss energy of the SP increases with
increasing q� and the dispersion becomes definitively pos-
itive. Interestingly, the value of the parallel momentum
transfer corresponding to the minimum of the dispersion
curve is anomalous with respect to the common value
found in others similar investigations, i.e., 0.15 Å−1.13�25�27

However, a physical interpretation of the minimum of a
dispersion curve of a SP does not exist and we have not a
convincing explanation for this finding.

It should be noticed that the SP was not damped into
single-particle transitions until q� = 0�53 Å−1, while the
critical wavevector of alkali SPs was found to be around
0.30 Å−1 both in thin13 and thick10 alkali films.

Furthermore, no loss features were revealed for the
lowest values of parallel momentum transfer (below
0.10 Å−1). A similar result was found by Zielasek et al.14

in Cs/Si(111)-(7×7) in which the SP was suppressed for
small wave vector. These findings are in agreement with
Liebsch’s calculations12 which predicted that for two lay-
ers of alkali metals the spectral weight of the SP is vanish-
ing at q� = 0. In other words, at q� = 0 only the excitation
of the so called multipole SP is possible. In this regard,

J. Nanosci. Nanotechnol. 8, 1–6, 2008 3
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we notice that the Na/Cu(111) system behaves differently
from K/Ni(111)13 for which the excitation of the SP was
found to be possible.

The energy dispersion of the SP of two Na layers was
430 meV, while it was 130 meV for thick Na films. Such
finding could be explained by screening effects that push
the position of the induced charge density centroid more
outside the substrate jellium edge than in thick Na films.
The energy dispersion of the SP may be written31 as a
function of two surface response functions, d⊥��	 and
d���	, which embody the position and power spectrum of
a surface with respect to the normal and parallel electric
fields, respectively:

�SP �q�	=�SP �0	
{

1− 1
2

[
d⊥��SP 	−d���SP 	

]
q� +O�q2

�	
}

In particular, the parameter d⊥��	 is the position of the
centroid of the screening density charge induced by a uni-
form field normal to the surface.

We propose that electron quantum confinement in Na
QWS may be the responsible of such result. In fact, the
electron confinement of Na electrons on Cu(111) was
found32 to drastically change the dynamical screening
properties of this system. The occurrence of electron con-
finement in Na QWS, moreover, modifies the electron
charge-density distribution. Hence, the reflection of exter-
nal charges at different distances from the surface30 should
affect the electronic response of this system.

The dispersion curve of the SP, measured using a pri-
mary electron beam of 100 eV (Fig. 5) is quite different
from that in Figure 4. The energy dispersion of the SP is
lower (70 meV vs. 430 meV). On the basis of the above
considerations, a relationship between electron confine-
ment and the observed dependence on impinging energy
could be suggested.

The measured dispersion curve Eloss�q�	 for Ep =
100 eV was fitted by a fourth-order polynomial15 given
by:

Eloss�q�	= a+bq� + cq2
� +dq3

� + eq4
�

where a = 3�84 eV, b = −0�79 eV ·Å, c = 6�22 eV ·Å2,
d =−17�98 eV ·Å3, and e =−20�99 eV ·Å.4

Fig. 5. Na SP energy as a function of q� (Ep = 100 eV).

It showed an initial negative behavior that became pos-
itive above 0.15 Å−1, in analogy with the dispersion curve
of SPs of other simple metals.

It should be noticed that for Ep = 100 eV the SP
could be excited even at small momenta. This is a com-
bined effect of the higher dipole/impact scattering ratio of
the excitation (see Fig. 10 and its discussion) and of the
increased integration window (3) in reciprocal space. The
latter implies the collection of a finite range of momenta
of the outgoing electron.

A dispersion curve not dependent on the primary elec-
tron beam energy is expected only for the case of pure
sheet plasmons,33 i.e., two-dimensional plasmons strictly
confined to the surface and with a square root-like depen-
dence on q�. However, our measurements revealed that
the dispersion curve depends on the impinging energy.
When the thickness of the film gets smaller, the tail of
the wave function of the QWS can reach and interact with
the substrate. The main effect is a hybridization interac-
tion between overlayer and substrate states. Recently, such
hybridization was unambiguously revealed in an angle-
resolved photoemission spectroscopy study for Ag QWS
on Ge(111)34 and it became evident especially for ultrathin
Ag film. We suggest that the occurrence of such interac-
tions between overlayer states and substrate ones may lead
to the observed differences in the two dispersion curves.

Figure 6 shows a comparison between the dispersion
curve obtained for two layers of Na on Cu(111) and the
dispersion curve of the SP of a thick Na film.10 The plas-
mon energy for a nanoscale thin Na film is lower because
screening effects make lower the induced average charge-
density and thus the SP energy, as found in two layers of
K on Ni(111).13 The differences in the critical wavevector
of the SP for each dispersion curve are quite evident, thus
suggesting strong differences about damping processes.

Fig. 6. The surface plasmon dispersion versus the parallel momentum
q� for: (�) two Na layers, Ep = 100 eV; (�) two Na layers, Ep = 20 eV;
(-) thick Na film (data taken from Ref. [10]).

4 J. Nanosci. Nanotechnol. 8, 1–6, 2008
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Fig. 7. FWHM of the Na SP peak as a function of q� (Ep = 20 eV).

The damping of the plasmon excitation is clearly
revealed by the trend of the full width at half maximum
(FWHM) versus q�, as shown in Figure 7 for Ep = 20 eV.
The width of the Na plasmon initially decreased, followed
by a steep increase as a function of q�. Experimentally, a
similar behavior was also observed for a variety of metal
surfaces such as Ag(110),35�36 Mg(0001),37 Al(111),38 and
Cu(111).25 On the contrary, the FWHM of the SP in thick
films of Na and K10 increases for increasing q�, while it
was almost constant in two layers of K on Ni(111).13

Existing theories predict that, with increasing of the
momentum q� parallel to the surface, the width of the
SP rapidly increases due to the decay into electron–hole
pairs (Landau damping). However, for real surfaces
the SP peak is generally considerably wider than that
predicted by calculations39 because of short-range many-
body exchange-correlation effects and of interband transi-
tions. The behavior shown in Figure 7 could arise from a
more efficient disexcitation channel of the SP by single-
particle transitions at small momenta. Such assumption
could explain a so high critical wavevector (0.53 Å−1) of
the plasmonic excitation too.

Fig. 8. FWHM of the Na SP peak as a function of q� for (�) 0.90 ML
Na/Cu(111), Ep = 100 eV and for (�) thick Na film (data taken from
Ref. 10).

Fig. 9. Intensity of the SP (�) and of the elastic peak (∗) as a function
of the off-specular angle (Ep = 20 eV).

The FWHM of the SP for Ep = 100 eV was character-
ized by a negative dispersion versus q� (Fig. 8). To the
best of our knowledge, it is the first time that a FWHM
was found to have a similar behavior which disagrees
with existing theories. Such finding suggests a strong
dependence of the dynamical response of electrons and of
screening effects as a function of the impinging energy.
Interestingly, the FWHM for thick Na films10 has the oppo-
site trend as a function of the parallel momentum transfer.
This experimental result is a clear evidence that under-
standing of the broadening mechanisms of a SP requires a
careful analysis of the band structure of the system.

The intensity of the SP versus the off-specular angle for
Ep = 20 eV (Fig. 9) clearly demonstrates that such col-
lective mode was excited by impact mechanism because
it is peaked at six degrees off-specular,15 while a dipolar
loss would have the same behavior of the elastic peak as
a function of the off-specular angle. Instead, the intensity
of the SP for Ep = 100 eV exhibited a maximum around
1.5 degrees off-specular. Thus, the SP excited by a higher
primary beam energy has a substantially dipole charac-
ter while the same mode with a lower impinging energy

Fig. 10. Intensity of the SP (•) and of the elastic peak (∗) as a function
of the off-specular angle (Ep = 100 eV).

J. Nanosci. Nanotechnol. 8, 1–6, 2008 5
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exhibits a notable impact character. The dependence of the
dipole/impact scattering ratio in SP excitation as a func-
tion of primary beam energy is still an unexplored research
field.

4. SUMMARY AND CONCLUSIONS

Loss measurements taken at Ep = 20 eV revealed only the
ordinary SP, while at Ep = 100 eV the multipole plasmon
at 4.70 eV was also observed.

A strong dependence of the dispersion curve on the
energy of the primary beam was observed. Screening
effects enhanced by electron quantum confinement and
interactions between overlayer states and substrate states
are suggested to be at the basis of the above results. The
FWHM of two Na layers behaves very differently with
respect to that reported for a Na thick film. These differ-
ences were ascribed to different Landau damping mecha-
nisms of the plasmonic mode in the two cases.

These findings provide the grounds for theoretical stud-
ies aimed at characterizing of the nature and dispersion of
the excitation modes in nanoscale thin alkali films exhibit-
ing confined electron states.
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Abstract
High-resolution electron energy loss spectroscopy was used to investigate
alkali (Na, K) coadsorption with CO and O on Cu(111) and Ni(111). A
CO-induced weakening of the alkali-substrate bond was revealed on both
substrates. The effect is more pronounced on Ni(111) as on Cu(111) a
notable dissociation rate for CO exists. Submonolayers of alkalis were
found to promote the preferential population of the subsurface site for
O/Cu(111)

1 . Int roduc tion

The adsorption of alkali -metal atoms on single-crystal metal surfaces [1-8] and
their coadsorption [9-14] with reactive species is a topic of surface science, both
for fundamental interest in understanding the mechanisms of heterogeneous
catalysis and for technological applications (promotion of catalytic reactions,
oxidation rate, and enhanced electron emission rates).

In particular, the coadsorption of CO with alkali metals on noble-metal and
transition-metal surfaces has been widely investigated from both experimentalists
[15-22] and theoreticians [23-29]. The chief effects of coadsorbed alkali-metal
atoms on CO molecules are: a notable increase in the thermal desorpt ion
temperature of CO molecules [16, 20-22], changes of work function of the
surfaces [30], shifts in CO core- and valence-level binding energies [31], and an
enhancement of the CO dissociation probability [32].

Moreover, infrared reflection absorption spectroscopy (IRAS) and high resolution
electron energy loss spectroscopy (HREELS) revealed a significant weakening of
the C-O bond in the alkali+CO coadsorbed phase [15, 17 ]. Several models have
been made in order to explain such softening of the C-O stretching frequency,
involving electrostatic interactions [23-25], surface states [26], direct [27] and
indirect (substrate-mediated) [28] interactions, and the alkali-induced
enhancement of the surface electronic polarizability of the metal surface [29].
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Recently, CO molecules have been demonstrated to induce a significant
weakening of the alkali-substrate bond [18, 19] on Ni(111). By contrast, all
previous research activities were focused on the shift of the C -O stretching
vibration, whereas any effect of CO on the vibrational properties of the
co-adsorbed alkali atoms was completely disregarded. The shifts of the Na-Ni and
C -O stretching frequencies are related each other. CO molecules locally affect the
electronic properties of the Ni(111)surface and “activate” a lengthening of the
Na-Ni bond. However, it should be essential a comparative study on a different
substrate in order to establish the general validity of such effect.

On the other hand, the electronic, vibrational, and bonding properties of alkalis
coadsorbed with oxygen have been scarcely investigated [33-35]. As alkalis are
used as catalysts in epoxidation chemistry [36-38], alkali doping may in principle
affect the adsorption energy for subsurface adsorption sites for oxygen. A
systematic study carried out on different alkali-modified substrates may clarify
the conditions for the migration of oxygen adatoms underneath the surface, which
is a reaction pathway whose pivotal importance has been demonstrated in many
chemical reactions.

Nickel and copper are suitable substrate for such studies as they have a quite
different catalytic activity. Such comparative investigations could provide
interesting information for understanding the catalytic mechanisms.

As concerns structural investigations, the structural investigations of the K+CO
phase on Ni(111) [39] revealed that the K atoms retain the atop site but with an
increased K-Ni bond length in the coadsorbed phase. Also for CO molecules (in
the three-fold hollow adsorption site), no site change was observed. On the other
hand, no structural study exists for alkali coadsorbed with oxygen on nickel or
copper surfaces.

High-resolution electron energy loss spectroscopy (HREELS) is a suitable
experimental technique for such aims as it allows to follow charge transfer and to
individuate adsorption sites of coadsorbates.

Herein we report on HREELS measurements performed on alkali (Na, K)
coadsorbed with CO and O on both Ni(111) and Cu(111). The CO-induced
softening of the alkali-substrate bond was revealed on both Ni and Cu substrates.
Moreover, on alkali -modified copper surfaces the subsurface site for O is
energetically favourable with respect to over-surfaces sites. On the contrary, for
alkali+O/Ni(111) no subsurface species were revealed.

2 . Expe rime nta l

Experiments were carried out in a UHV chamber operating at a base pressure of
5x10-9 Pa, equipped with standard facilities for surface characterizations. HREEL
experiments were performed by using an electron energy loss spectrometer (Delta
0.5, SPECS). The samples were single-crystal surfaces of Ni(111) and Cu(111)
with a purity of 99.9999%. The surfaces were cleaned by repeated cycles of ion
sputtering and annealing at 900 K. Surface cleanliness and order were checked
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using Auger electron spectroscopy and low -energy electron diffraction (LEED),
respectively. Both samples showed an excellent LEED pattern characterized by
sharp spots against a very low background. Sodium and potassium were deposited
onto the substrate by evaporating from a well-outgassed commercial getter source.
The occurrence of the (3/2x3/2)-Na and p(2x2)-K LEED pattern was used as the
calibration point of θNa=0.44 ML and θK=0.25 ML, respectively. Very clean alkali
adlayers could be obtained at 400 K, as demonstrated elsewhere [8, 18, 19, 33] .
Nonetheless, measurements were carried out in a few minutes in order to further
reduce the contamination. A constant sticking coefficient was assumed to obtain
other desired alkali coverage. Loss spectra were taken in specular geometry
(dipole scattering) with an incident angle of 55° with respect to the surface
normal. A primary elec tron beam energy of 3 eV was used. The energy resolution
of our spectrometer ranged from 2 to 3 meV.

3 . Results

3 .1 Na coadsorption with CO

Figure 1. (a) HREEL spectra of 0.08 ML Na/Ni(111) exposed to CO molecules at
room temperature and successively annealed. Na was deposited at 400 K. (b) Each
curve was obtained by subtracting an exponential background. The resulting curve
was fitted by two Lorentzian line -shapes.
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HREEL spectra of 0.08 ML Na/Ni(111) exposed to CO molecules at room
temperature are shown in Figure 1. A CO -induced splitting of the Na-Ni
stretching vibration, observed at 20 meV for the clean Na/Ni(111) surface, was
observed. Likewise, two different C-O stretching modes were revealed. A very
local and mutual interaction between coadsorbates should be responsible of the
appearance of a second Na-Ni and C-O mode upon CO exposure. In fact, not all
CO molecules can adsorb in close nearness of the pre-adsorbed Na adatom, and
vice versa.

An exponential background was subtracted from each spectra of Fig. 1a for a
better analysis of the spectra. The loss features thus obtained were fitted by a
Lorentzian curve (Fig. 1b). Upon CO exposure a new Na-Ni peak arose at 12 meV
and its intensity increased as a function of CO coverage , while the intensity of the
Na-Ni peak at 19 meV gradually diminished.

The feature at 12 meV was assigned to Na adatoms in close contact w ith CO
molecules. Instead, the Na-Ni vibration at 19 meV was due to Na adatoms far
from CO molecules. The absence of an energy shift of the latter peak upon CO
exposures is a further evidence of a local interaction between Na and CO. The
red-shift of the Na-Ni peak in the Na+CO coadsorbed phase was ascribed to a
CO-induced lengthening of the Na -Ni bond [18, 19 ]. Studies concerning the
structural properties of K+CO on both Ni(111) and Ni(100) [40, 41] exhibited a
significant increasing of the alkali-substrate bond length with respect to the case
of K/Ni(111) and K/Ni(100). Such finding is in excellent agreement with the
weakening of the Na-Ni bond in the Na+CO coadsorbed phase.

As concerns the C-O stretching, a peak at 216 meV with a shoulder at 225 meV
arose after an exposure of 3 L (1 L=1.33∙10 -6 mbar∙s) of CO. Further CO exposure
allows a better separation of such features. Two well distinct losses were recorded
at 217 and 227 meV. The presence of two C-O features is ascribed to different
environments for CO molecules and it is indicative of different local [Na]:[CO]
stoichiometries.

Such results well agree with a recent theoretical analysis [42] of the variation of
CO bond lengths, the charge density redistribution, and the energy shift of
molecular levels performed for K+CO coadsorbed onto the Ni(111) surface . Such
calculations indicated that the K-induced effect is short -ranged. The
alkali-induced energy shift of the molecular levels causes the 2π* states to be
partially occupied.

The CO molecules less bonded to the surface desorbed upon annealing at 340 K
(Fig. 1a). As a consequence, the C-O stretching peak at higher energy
disappeared. After a further annealing up to 420 K, CO molecules completely
desorbed from the surface. Instead, only a part of Na adatoms desorbed, as
indicated by the overall diminishing of the integral of the Na-Ni peaks [43].
However, Na-Ni vibration was still present in the HREEL spectrum even with the
sample kept at 600 K. As expected, after CO desorption the energy of the Na-Ni
peak returned at 19 meV. Upon annealing the component at 12 meV decreased in
intensity (Fig. 1b) and finally disappeared.

These findings disagree with previous results. In fact, it was generally assumed
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that a coincident desorption of both alkalis and CO occurs [21, 44-46]. However,
the presence of the Na-Ni stretching in the absence of any CO-derived mode
ensures that Na and CO desorption are not at all coincident.

With the aim of verifying if similar effects occur also on a noble-metal substrate,
we carried out measurements on Na+CO/Cu(111).

The Na-Cu feature shifted from 22 to 19 meV. Interestingly, HREEL spectra
recorded on Na-modified Cu(111) indicated a fully dissociative CO adsorption.
No other peak was revealed except the O-Na vibration at 36 meV, due to CO
dissociation. The weakening of the Na-substrate bond is more effective in the
presence of molecular CO, as in the case of Na+CO/Ni(111).

Figure 2: HREEL spectra for 0.06 ML Na/Cu(111) exposed to CO molecules at room
temperature.

The enhanced CO dissociation rate on alkali-modified copper surfaces with respect to
nickel substrates may be ascribed to the different reactivity of such surfaces towards CO
adsorption. It is worth noticing that the sticking coefficient for CO molecules on copper
surfaces at 300 K is extremely reduced compared with on transition-metal surfaces (Ni, Pt,
Ru). In fact, the saturation coverage for CO molecules on clean copper coverage was
found to be about zero for temperatures higher 200 K [47], while for Ni(111) the surface
was found to be fully covered by CO molecules at 300 K even for small CO exposures [48,
49]. Accordingly, it is quite expected that CO adsorption on alkali-modified copper
substrates might occur only in the close vicinity of alkali adatoms. As confirmed by the
analysis of HREEL spectra acquired for several Na coverages on Cu(111) exposed to 0.4
L of CO (Figure 3), no critical precoverage for CO dissociation exists.
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Figure 3: HREEL spectra for different amounts of Na deposited onto the Cu(111)
surface and successively exposed to 0.4 L of CO. No critical precoverage for CO
dissociation exists. The peak at 21 meV recorded for the clean Cu(111) surface is
assigned to the copper optical phonon [50].

On the contrary, on alkali -precovered Ni(111) surfaces CO adsorption was
molecular at room temper ature up to a critical precoverage, i.e. the saturation of
the first layer (Figure 4). The Na-Ni stretching peak shifted from 10 to 24 meV as
a function of Na coverage. The C -O stretching continuously shifted down to 186
meV as a consequence of the increasing Na/CO ratio.

At the highest Na coverage loss spectra revealed the occurrence of a partial CO
dissociation at 0.40 ML Na even at room temperature. In fact, a close inspection
of the corresponding loss spectrum (Fig. 4b) revealed two new loss feature at 36
(Na-O vibration) and 55 meV. The peak at 55 meV is assigned to a C-derived
vibration [51].

A possible explanation for the existence of a critical Na coverage for CO
dissociation on Ni(111) can be given assuming an important role for lateral
Na-CO interactions which weaken the C-O stretching bond up to dissociation.
Very likely, several Na atoms are involved in this process. At low coverages, Na
atoms are expected to be uniformly spread over the surface because of the repulsion
due to their large dipole moments. Whenever the distance is long only electrostatic
interaction exists, which was found to be not predominant in alkali promotion
effects [52 ]. At higher coverages, each Na atom is obliged to get closer to each other,
so that each CO molecule can interact with more than one alkali metal atom. However,
the Na-CO distance has to be closer on Cu(111) as CO can adsorb only in sites directly
adjacent to the alkali adatoms.
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Figure 4: (a) HREEL spectra of various coverages of Na deposited onto the Ni(111)
surface at 300 K and exposed to 0.2 L of CO at the same temperature; (b)
Magnification of the spectrum of 0.40 ML Na/Ni(111). Two loss features at 36 meV
(O -Na) and 55 meV (C-Na) were recorded.

3 .2 K coadsorption w ith CO

Similar findings were found also substituting Na with K A molecular CO
adsorption was revealed for K+CO/Ni(111) (Figure 5). On the contrary, on
Cu(111) CO molecules dissociated.

Figure 6 shows HREEL spectra acquired for 0.05 ML K/Cu(111) and for the same surface
exposed to 0.4 L of CO. The K-Cu vibration was measured at 15 meV for the clean
K/Cu(111), in agreement with previous measurements for K adsorbed on copper surfaces
[53, 54]. Upon CO exposure, a partial CO dissociation was revealed as indicated by the
appearance of a well distinct O-K peak at 23 meV. The observation of the C-O stretching
at 180 and 197 meV indicates that only a part of CO molecules dissociates. The presence
of two C-O features is ascribed to different local [K]:[CO] stoichiometries. As a
consequence, different environments for CO molecules exist, thus implying different
shifts of the C-O vibration compared with the value of C-O stretching on clean copper
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surfaces, i.e. 255-258 meV [55, 56]. It is worth noticing that K-Cu vibration red-shifted
down to 13 meV in the K+CO coadsorbed phase, as a consequence of the CO-induced
lengthening of the alkali-substrate bond [40, 41]. The increased intensity of the K-Cu
vibration in the K+CO coadsorbed phase is ascribed to the CO-derived depolarization
effect [57], as a consequence of the enhanced ionic character of the alkali-substrate bond
upon coadsorption with CO [8].

It should be noticed that also a peak at 64 meV appeared upon CO exposure. Such peak
may be ascribed (see also the discussion of spectra for Na+O/Cu(111) in Figure 8) to a
vibration arising from O adatoms in subsurface sites [58-60].

Figure 5 : HREEL spectra for 0.03 ML K/Ni(111) exposed to 2 L CO at room
temperature. The CO-induced shift is of only 4 meV, so as not to allow the
separation of the two K- Ni features due to the not sufficient experimental resolution.

FIG. 6. HREEL spectra for various coverage of K deposited at 400 K on Cu(111)
and exposed to CO at 300 K. Measurements were carried out at 300 K. A partial CO
dissociation was argued by the presence of O- related modes.

3 .3 Na coadsorption with O

Figure 7 shows HREEL spectra of 0.05 ML Na/Ni(111) exposed to small
quantities of O 2. A splitting of the Na-Ni vibration was revealed upon small O2
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exposures . Further oxygen exposures did not cause remarkable changes in the
HREEL spect rum. The appearance of a higher energy component for Na-Ni
stretching could be ascribed to an O-induced shortening of Na-Ni bond. As the
technique does not allow direct evidences of changes in bond distances, accurate
structural studies are needed to further support this suggestion. An explanation in
the framework of the electrostatic model has to be excluded. In fact, the O-Ni
bond is largely covalent and, thus, the O-induced electrostatic field should be
relatively small and it would have only little effects on the Na-Ni bond.

A small blue-shift of the alkali-substrate vibration energy upon oxygen exposure
was also revealed for Cs/Ru(0001) [57]. The Cs-Ru vibration shifted from 8 to 10
meV. However, the authors did not discuss such finding.

The O-Ni vibration shifted from 70 meV, recorded for p(2x2)-O/Ni(111) [19, 33,
61], to 63 meV. The O-Ni bond is softened in the alkali+O coadsorbed phase, in
agreement with theoretical calculations suggesting a short-range alkali-induced
population of O 2 pz anti-bonding orbitals.

Figure 7: HREEL spectra of Ni(111) and 0.16 ML Na/Ni(111) exposed to O2

molecules at 400 K. (b) Each curve was obtained following the same procedure of
Fig. 1b.

A similar experiment was carried out on Cu(111). Loss spectra for 0.06 ML of Na on
Cu(111) and for (Na+O) are reported in Fig. 8. The loss peak observed at 22 meV was
assigned to the Na-Cu vibration, as also for K adsorbed on other metal substrates17. For
small O2 exposures a loss feature at 58 meV arose in the spectrum.

Previous HREELS studies on O/Cu(111) [62] found the O-Cu vibration at 46 meV. As
concerns the adsorption of molecular oxygen [62], it is allowed on Cu(111) only up to 230
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K, as indicated by the presence of vibrations related to bridged peroxo and atop species at
77 and 108 meV, respectively.

As regards the peak at 58 meV, its vibration energy suggests the occurrence of atomic
oxygen adsorption on subsurface sites. As expected, the presence of O in a higher
coordination site leads to the appearance of a feature with higher vibration energy in the
loss spectrum. On silver surfaces, O adsorption in the octahedral subsurface sites was
argued from the presence of a loss peak at 53-59 meV [58-60]. However, on Ag the
subsurface site for O is metastable [58-60], i.e. it is accessible only after the complete
occupation of available on-surface sites. Similar conclusions were reached by theoretical
results for O adsorption on clean Cu(100) [63, 64]. On the contrary, for Na-doped Cu(111)
the energetic conditions are completely reversed, as shown in Figure 1. In the first stage of
O adsorption, only subsurface sites are occupied. Such finding deserves particular
attention for potential applications as subsurface oxygen have been widely demonstrated
to play an important role in activating chemical reactions [37, 38, 65-69].

No trace of O adsorption on the clean Cu(111) surface was recorded even after
prolonged O2 exposures for temperatures between 300 and 500 K.

It is worth mentioning that also the occurrence of a Na-promoted formation of Cu2O has
to be excluded, for the lack in the loss spectrum of the infrared-active mode at 79 meV
[70] indicative of the oxidation of the copper surface.

Figure 8: HREEL spectra for O/0.06 ML Na/Cu(111).

3 .4 K coadsorption w ith O

For O+K/Cu(111), besides subsurface oxygen (peak at 57-61 meV), also
over-surface O vibration against Cu(111) was observed at 46 meV (Figure 9). As
for subsurface O on clean silver surfaces, annealing caused the disappearance of
the subsurface species.

As regards K+O/Ni(111), no significant differences with respect to Na+O/Ni(111)
were observed (Figure 10). No subsurface species were revealed for Ni, as also
found on rhodium [71]. Such findings suggest a general different behavior of
noble-metal and transition-metal catalysts.
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Figure 9: (left panel) HREEL spectra for 0.07 ML K/Cu(111) as a function of O2

exposure. In the first stage, only subsurface site was populated by oxygen adatoms;
(right panel) the same, but for a different K/O ratio. At the saturation the intensity of
over-surface O-Cu vibration dominates.

Figure 10: HREEL spectra of: (a) 0.03 ML of K deposited at 400 K onto the Ni(111)
surface (b) 0.10 ML O/Ni(111) at the same temperature (c) 0.03 ML K coadsorbed at
400 K with 0.10 ML of O on the Ni(111) surface.
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3 .5 Alka li oxidation

Loss measurements provided direct evidences of a more efficient alkali oxidation rate
(finely controlled via the formation of the alkali-O bond) in alkali coadsorption with CO
with respect to alkali+O. Unexpectedly, no alkali-O bond was revealed for O/alkalis. On
the contrary, alkali oxidation was easily achieved by CO exposures. We suggest that the
very local interaction between alkali and CO could enhance the CO dissociation rate and
the alkali oxidation efficiency (alkali-O bond), in agreement with density-functional
calculations [52]. Such effect is even more evident on Cu(111), which is less reactive
towards CO adsorption compared with Ni(111).
Figure 11 shows HREEL spectra for alkalis (Na, K) on both Cu(111) and Ni(111)
acquired after an exposure to 0.4 L of CO at room temperature. The formation of alkali-O
bonds was revealed by the appearance of features at 36 meV for CO/(3/2x3/2)-Na on both
Cu(111) (spectrum a) and Ni(111) (spectrum b) and at 24-29 meV for CO/p(2x2)-K on
both Cu(111) (spectrum c) and Ni(111) (spectrum d). CO adsorption is partially
dissociative for all such systems, except for Na/Cu(111), for which it is fully dissociative
as suggested by the absence of C-O stretching features (recorded for the other systems in
the range 169-197 meV). Carbon-derived modes at 59 meV [51] (arising from CO
dissociation) were observed only for alkalis/nickel.
It is worth noticing that for K/Cu(111) part of the oxygen arising from CO dissociation
does not bond with alkali adatoms but instead migrates underneath the surface in
subsurface adsorption sites, as suggested by the occurrence of the feature at 57 meV
[58-60].

Figure 11: HREEL spectra at 300 K (at a fixed CO exposure of 0.4 L) for: (a)
(3/2x3/2)-Na/Cu(111); (b) (3/2x3/2)-Na/Ni(111); (c) p(2x2)-K/Cu(111); (d)
p(2x2)-K/Ni(111).

Unexpectedly, for O2 exposures no alkali-O bond was formed (Figure 12). Besides
alkali-substrate vibrations (23 meV for Na and 16-18 meV for K), only O-related features
were revealed. The appearance of O-Ni at 65 meV (red-shifted by the presence of alkalis
[33, 52], spectra a and b) indicates the O remains on surface on Ni(111), while for
O/K/Cu(111) (spectrum d) oxygen adatoms are both in over-surface (46 meV feature [62])
and in subsurface sites. Interestingly, in spectrum c, acquired for a CO-modified
Na/Ni(111) surface (by pre-dosing 0.2 ML of CO on the clean surface), the Na-O bond
was formed (loss at 33 meV), thus indicating the pivotal role of CO in alkali oxidation.
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Figure 12: HREEL spectra (at a fixed O2 exposure of 2 L) for (a) 0.1 ML
Na/Cu(111); (b) 0.1 ML K/Ni(111); (c) (√3x√3)R30°- Na/0.2 ML CO/Ni(111); (d)
p(2x2)-K/Cu(111).

Present results for CO-promoted alkali oxidation are well interpreted within the
framework of the electrostatic model. For CO adsorbed in adsorption sites directly
adjacent to alkali adatoms, the lowered potential stabilize the electronegative adsorbate
and activate a charge transfer from the surface to 2 π* anti-bonding orbitals, so as to
facilitate CO dissociation. It is worth mentioning that the formation of a direct bond
between the alkali adatom and the O atom of the CO molecule was invoked by Bonzel
[72] to explain isotope exchange occurring in alkali coadsorption with CO. Moreover,
K-O πresonances were revealed in the oxygen K-edge for K+CO/Co(10-10) [15]. On the
other hand, short-range interactions have been unambiguously demonstrated to be
predominant in alkali coadsorption with CO [73].
Accordingly, the real alkali promotion effects should be associated to a geometrical
configuration in which the distances between alkali-metal atoms and reactants are quite
short, i.e. about 3 Å, so as to allow the orbital overlap and the formation of a direct bond
[52]. We are led to suggest the existence of a geometry of the alkali+CO coadsorbed
phase that favours the direct bonding between alkalis and the O atoms of the CO
molecules.

On the contrary, it is quite unexpected the lack of alkali oxidation in O/alkalis. It
is quite surprising that the two coadsorbed species do not interact each others, but
directly with the substrate, even for higher oxygen exposures (not shown). In fact, oxygen
and alkalis are expected to strongly interact each other, especially for high oxygen or
alkali precoverages. Very likely in the alkali+O coadsorbed phase on Ni(111) and
Cu(111) the distance between O and the alkali adatom should be always higher
than 4 Å. In fact, theoretical calculations [52] demonstrated that a direct O-alkali
bond forms only for very close distances, i.e. 3 Å, due to the direct overlap of
orbitals. Weak electrostatic interactions between alkalis and O dominate (without
the occurrence of alkali oxidation) also for distances of 4 Å.

4 . Conc lusions
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HREELS measurements reported here provided direct evidences of a substrate-
independent weakening of the alkali-substrate bond in the alkali+CO coadsorbed phase.
Moreover, CO was found to efficiently promote alkali oxidation much more than O2 .
Short- range effects dominated the alkali interaction with coadsorbates (CO, O). No
critical precoverage for CO dissociation was found on Cu(111), in contrast with results
obtained for Ni(111). Alkali induced a softening of the O-Ni bond well described within
the framework of the electrostatic model. On the contrary, such mechanism is not efficient
for copper, where alkali doping renders negative the adsorption energy of subsurface site
for O. Present results should open new pathways in understanding heterogeneous catalysis
on metal surfaces.
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The coadsorption of alkalis �K, Na� and CO on Cu�111� was investigated by high-resolution electron
energy loss spectroscopy. Measurements performed at room temperature showed that CO adsorption
is partially dissociative on a potassium-precovered Cu�111� surface and fully dissociative for Na/
Cu�111�. Carbon monoxide molecules occupy adsorption sites directly adjacent to those of alkali
adatoms, as suggested by the absence of a threshold alkali precoverage for CO dissociation. On the
contrary, for alkali+CO /Ni�111� a threshold alkali precoverage for CO dissociation was found to
exist. © 2008 American Institute of Physics. �DOI: 10.1063/1.2996133�

I. INTRODUCTION

The understanding of heterogeneous catalysis, which is
the foundation of the chemical industry, and the tailoring of
more selective catalysts are the main motivations for study-
ing chemical reactions at surfaces. Alkali promotion effects
in heterogeneous catalysis have been widely studied with a
variety of techniques as alkali metals strongly enhance the
rate of many catalytic reactions.1–5 As a matter of fact, the
adsorption of alkali-metal atoms changes the electronic
structure of the surface, thus inducing strong modifications in
the catalytic properties of the substrate.6,7

In particular, the dissociation of CO in the Fischer–
Tropsch process8 is a key catalytic reaction step, which is
notably influenced by alkali metals added as promoters to
transition-metal catalysts.9–15 Experimental evidence of CO
dissociation caused by alkali doping has been reported for
many of the Fischer–Tropsch metal-catalyst surfaces.16–19

On the contrary, no clear picture has emerged yet to fully
explain the alkali-induced dissociation on noble-metal sur-
faces. The adsorption of CO on low-index copper surfaces
modified by submonolayers of alkali metals is not
dissociative,20–28 while CO dissociation was observed on
stepped copper surfaces in the presence of potassium.29–32

From these measurements, it was suggested that the CO dis-
sociation process primarily occurs at the steps. In fact, the
presence of steps would cause an electric field with a lateral
component which induces a quite high occupation of the
antibonding 2�� orbitals so as to cause the dissociation of
CO molecules in the close vicinities of step.29

The alkali promotion effects on CO dissociation were
found to be related to both the short-range electrostatic inter-
action and the direct orbital overlap.14 In particular, the direct

CO-alkali bond significantly enhances the efficiency of CO
dissociation. Accordingly, the dissociation barrier is lowered
only for short alkali-CO distances �2–3 Å�.

Previous measurements reporting a nondissociative CO
adsorption on alkali-doped flat copper surfaces20–28 were per-
formed at temperatures ranging from 100 to 180 K. A study
at room temperature is still lacking. On the other hand, the
increased temperature could imply strong modifications of
the bonds between coadsorbates so as to facilitate CO disso-
ciation.

Herein we report on high-resolution electron energy loss
spectroscopy �HREELS� measurements on alkali �Na, K�
coadsorption with CO on the Cu�111� and Ni�111� surfaces.
Contrary to the common expectations, we found that the dis-
sociation barrier for CO molecules is lowered on alkali-
modified Cu�111� surfaces compared with an alkali-doped
transition-metal substrate. In the case of Cu�111�, the CO
dissociation occurs for all alkali coverages investigated; on
the contrary, on Ni�111� CO dissociation at room tempera-
ture is allowed only when the substrate is covered by a
monolayer of alkalis.

The coadsorption of alkali-metal atoms and carbon mon-
oxide molecules on copper surfaces �and, in general, on
single-crystal metal surfaces� is characterized by a large de-
crease in the C–O stretching frequency,33,34 an increase in the
heat of adsorption of both alkali-metal and carbon
monoxide,35,36 and changes in core and valence level binding
energies of CO.37,38 The general picture of the promotion
effect is that the intramolecular C�O bond is weakened,
while the metal-CO bond becomes stronger in the presence
of alkali metals.33,39 The detailed description of the above
effect involves various models including substrate-mediated
charge transfers,40,41 direct bond through complex
formation,42 electrostatic interactions,43–45 and the nonlocal
alkali-induced enhancement of the electronic surface
polarizability.46 As concerns the structural investigations, al-
kali adsorption on copper surfaces was found to induce a
rearrangement of the substrate via relaxation, reconstruction,
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and faceting, as suggested by scanning tunneling microscopy
and low-energy electron diffraction �LEED�.47 For alkali
coadsorbed with CO on copper surfaces the formation of a
CO-alkali complex was reported.20,22,25 A direct interaction
between alkalis and CO was observed by ultraviolet photo-
emission spectroscopy22 and HREELS.20 Moreover, the CO
adsorption site was found to change upon coadsorption.20,25

The CO desorption temperature increased,20 as a conse-
quence of the coadsorption-induced mutual stabilization of
both alkalis and CO.

II. EXPERIMENTAL

Experiments were carried out in an UHV chamber oper-
ating at a base pressure of 5�10−9 Pa, equipped with stan-
dard facilities for surface characterizations. HREEL experi-
ments were performed by using an electron energy loss
spectrometer �Delta 0.5, SPECS�. The samples were single-
crystal surfaces of Cu�111� and Ni�111� with a purity of
99.9999%. The substrate was cleaned by repeated cycles of
ion sputtering and annealing at 800 K. Surface cleanliness
and order were checked using Auger electron spectroscopy
�AES� and LEED measurements, respectively. The Cu�111�
and Ni�111� surfaces showed an excellent LEED pattern
characterized by sharp spots against a very low background.
Potassium and sodium atoms were deposited onto the sub-
strate by evaporating from a well-outgassed commercial get-
ter source. Very clean alkali layers could be obtained by
keeping the sample at 400 K during depositions. The neces-
sity of such a procedure in order to avoid contamination of
the alkali layer was demonstrated elsewhere.7,39 Alkali cov-
erages were estimated by both AES and LEED �the coverage
of 1 ML is defined as the ratio between the number of the
atoms of the adsorbate and that of the topmost layer of the
substrate�. Loss spectra were taken in the specular geometry
�dipole scattering� with an incident angle of 55° with respect
to the surface normal. A primary electron beam energy of 3
eV was used. The energy resolution of our spectrometer
ranged from 2 to 3 meV. Measurements and CO exposures
were carried out at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 shows HREEL spectra acquired for 0.05 ML
K/Cu�111� and for the same surface exposed to 0.4 L of CO
�1 L=1.33�10−6 mbar s�. The K–Cu vibration was mea-
sured at 15 meV for the clean K/Cu�111�, in agreement with
previous measurements.48,49

Upon CO exposure, a partial CO dissociation was re-
vealed as indicated by the appearance of a very intense O–K
peak at 23 meV and a feature at 63 meV due to subsurface
oxygen species50–52 arising from CO dissociation �oversur-
face O vibration against Cu would be found at 46 meV �Ref.
53��. The latter assignment is supported by HREELS mea-
surements �not shown herein� for alkalis coadsorbed with O
on Cu�111�. The observation of the C–O stretching at 180
and 197 meV indicates that only a part of CO molecules
dissociates. The presence of two C–O features is ascribed to
different local �K�:�CO� stoichiometries. As a consequence,
different environments for CO molecules exist, thus imply-

ing different shifts of the C–O vibration compared with the
value of C–O stretching on clean copper surfaces, i.e., 255–
258 meV.54,55 We argue that dissociating CO molecules are in
close contact with alkalis. Instead, CO molecules adsorbed
far from alkalis exhibit only a weakened C–O bond without
dissociation. It is worth noticing that K–Cu vibration red-
shifted down to 12 meV in the K+CO coadsorbed phase, as
a consequence of the CO-induced lengthening of the alkali-
substrate bond.56,57 The increased intensity of the K–Cu vi-
bration in the K+CO coadsorbed phase is ascribed to the
CO-derived depolarization effect,58 as a consequence of the
enhanced ionic character of the alkali-substrate bond upon
coadsorption with CO.59

Annealing the surface up to 360 K caused a decreasing
in the intensity of all vibrational peaks. Further annealing up
to 420 K caused the desorption of most CO molecules. On
the other hand, the vibrational modes of K atoms and sub-
surface O are still present in the HREEL spectrum.

The analysis of HREEL spectra acquired for several K
coverages on Cu�111� exposed to 0.4 L of CO �Fig. 2� indi-
cates that no threshold precoverage for CO dissociation ex-
ists. For 0.18 ML K, almost all alkali adatoms are bonded
with oxygen coming from CO dissociation, as suggested by
the reduced intensity of K–Cu vibration at 13 meV compared
with that of O–K stretching at 23 meV. Similar conclusions
were reached substituting K with Na �Fig. 3�. The O–Na
vibration at 34–36 meV was revealed even at the lowest Na
precoverages. Interestingly, no subsurface oxygen was ob-
served for Na+CO /Cu�111�, thus suggesting a major role of
potassium in inducing the migration of oxygen adatoms
coming from CO dissociation underneath the substrate with
respect to sodium.

The investigation of the dependence of the alkali promo-
tion effects on the average alkali-CO distance has been re-
cently studied by density-functional theory calculations for
K+CO /Rh�111� by Hu and Liu.14 They found that the alkali
promotion in CO dissociation strongly depends on the dis-

FIG. 1. HREEL spectra for 0.05 ML K deposited at 400 K on Cu�111� and
exposed to CO at 300 K. Measurements were carried out at 300 K. All
spectra were multiplied by the same factor. The intensity of all peaks was
normalized to that of the elastic peak.
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tance between the alkali adatom and the dissociating CO
molecule. Whenever the average distance between alkali and
CO is long, the interaction between them is mainly electro-
static. If the average distance is shorter �2–3 Å�, a direct
bond between coadsorbates occurs, which reduces the disso-
ciation barrier for CO molecules.14

However, it is worth mentioning that the sticking coeffi-
cient for CO molecules on copper surfaces at 300 K is ex-
tremely reduced compared with transition-metal surfaces
�Ni, Pt, Ru�. In fact, the saturation coverage for CO mol-
ecules on clean copper coverage was found to be about zero
for temperatures higher than 200 K,60 while for Ni�111� the
surface was found to be fully covered by CO molecules at
300 K even for small CO exposures.61,62 Accordingly, it is
quite expected that CO adsorption on alkali-modified copper

substrates might occur only in the close vicinity of alkali
adatoms. Results reported in Figs. 2 and 3 fully confirm the
picture proposed in Ref. 14.

Another factor that should be considered is the surface
diffusion of CO molecules, that has been demonstrated to
influence catalytic reactivity63,64 even for low temperatures
�35–53 K�. The importance of such process is surely en-
hanced at room temperature, so as to allow diffusing CO
molecules to reach alkali adatoms and form a direct
alkali-CO bond, leading to CO dissociation.

For the sake of a comparison, we studied the CO adsorp-
tion on alkali-modified Ni�111� surfaces as a function of the
alkali �K, Na� precoverage. Interestingly, a strong depen-
dence on alkali precoverage was found to exist in this case.
The threshold precoverages for CO dissociation are 0.33 and
0.40 ML for K �Fig. 4� and Na �Fig. 5�a��, respectively. In
fact, for 0.33 ML K/Ni�111� the K–O stretching appeared at
29 meV upon CO exposure �last spectrum of Fig. 4�. Like-
wise, a close inspection of the loss spectrum of the CO-
exposed 0.33 ML Na/Ni�111� surface �Fig. 5�b�� revealed
two new loss features at 36 �O–Na vibration� and 55 meV.
The peak at 55 meV is assigned to a C-derived vibration.65

As concerns the C–O intramolecular bond, the C–O
stretching shifted from 217 down to 181 meV as a function
of K coverage �Fig. 4�. Likewise, a redshift of the C–O
stretching from 231 down to 186 meV was recorded in the
Na+CO coadsorbed phase �Fig. 5�. As in Figs. 1 and 2, the
two C–O stretching peaks revealed for intermediate Na cov-
erages �0.10–0.20 ML� were ascribed to different �Na�:�CO�
local stoichiometries.66,67 For higher coverages, these fea-
tures merged into a single C–O stretching, thus suggesting
the occurrence of a quite homogeneous Na/CO ratio along
the surface.

Present measurements reveal striking differences toward
CO dissociation on alkali-modified Cu�111� and Ni�111� sur-
faces. On alkali-doped Cu�111�, CO dissociation occurs re-

FIG. 2. HREEL spectra for various coverages of K deposited at 400 K on
Cu�111� and exposed to CO at 300 K. Measurements were carried out at 300
K. A partial CO dissociation was argued by the presence of O-related modes.

FIG. 3. HREEL spectra for various amounts of Na deposited at 400 K on
Cu�111� and exposed to CO at 300 K. The absence of C–O stretching en-
sures that all CO molecules dissociated. Loss features recorded at 34–36
meV are assigned to the vibration of Na against O adatoms arising from CO
dissociation.

FIG. 4. HREEL spectra of various coverages of K deposited onto the
Ni�111� surface at 300 K and exposed to 0.4 L of CO at the same tempera-
ture. The appearance of loss features at 29 and 63 meV, ascribed to the O–K
and the O–Ni vibrations, respectively, indicates the partial dissociation of
CO molecules.
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gardless of the alkali precoverage. On the contrary, on
Ni�111� CO dissociation was observed only after deposition
of about a complete monolayer of alkalis. We suggest that
very likely this behavior arises from the higher dissociation
barrier for CO molecules on Ni�111� due to the larger ad-
sorption energy of CO on Ni compared to Cu. Hence, a
threshold alkali coverage is needed on Ni�111� in order to
allow CO dissociation at room temperature.

On the Ni�111� surface CO can adsorb also far from the
alkali adatoms as a consequence of the great reactivity of
transition-metal surfaces61,62 toward CO adsorption with re-
spect to noble-metal substrates.60 If the alkali-CO distance is
more than 4 Å only electrostatic interaction exists, which
was found to be not predominant in alkali promotion
effects.14

Experiment carried out at 400 K revealed that the thresh-
old Na precoverage for CO dissociation is reduced to 0.10
ML. Likewise, the threshold K precoverage at 400 K was
found to be 0.15 ML, i.e., lower than at room temperature.

In conclusion, HREELS measurements reported here
provided direct evidences of the occurrence of CO dissocia-
tion also on alkali-modified Cu�111� surface at room tem-
perature. Carbon monoxide dissociates even at the lowest
alkali �K, Na� precoverages on Cu�111�, as a consequence of
the local alkali-CO interaction causing a drastic reduction in
the dissociation barrier for CO molecules. On the contrary, a

threshold alkali precoverage for CO dissociation was found
for alkalis/Ni�111�. We suggest that this different behavior
toward CO adsorption between these two alkali-modified
surfaces could be interpreted assuming for the alkali/Cu�111�
a more effective direct and short-range alkali-CO interaction,
very likely favored by CO diffusion.
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The coadsorption of alkalis (Na, K) with O on Cu(111) and 
Ni(111) was studied by vibrational measurements. We found 
that even small amounts of alkali doping reverse the energetic 
conditions for oxygen adsorption on Cu(111), so as to render 
energetically favourable the population of subsurface sites. 10 

Such mechanism is not effective for the clean Cu(111) 
substrate and for clean and alkali-modified Ni(111) surfaces. 

Recently, subsurface species have been demonstrated to 
activate several important chemical reactions on catalyst 
surfaces [1-5]. In particular, it has been shown that subsurface 15 

oxygen plays a key role in the partial oxidation of methanol to 
formaldehyde [6], selective CO oxidation in the presence of 
H2 [7], ethylene [8] and propylene [9] epoxidation. Several 
dedicated studies were performed on silver surfaces [8, 10-12] 
with the aim to understand the enhanced reactivity of such 20 

substrates towards epoxidation chemistry. The reactivity of 
Ag surfaces originates from the existence of subsurface O 
species which induce an up-shift of the centroid of the d-band 
of the Ag surface [13]. The presence of subsurface oxygen 
reduces the activation energy for oxametallacycle (OMC) 25 

formation and increases the OMC-surface interaction [8]. On 
the other hand, the OMC is thought to be an intermediate in 
the reactive formation of ethylene epoxide. Very recently the 
interest in epoxidation chemistry is moving from silver to 
copper surfaces. Studies [13-15] carried out on single-crystal 30 

Cu surfaces demonstrated that oxygenated copper is 
intrinsically a much more selective epoxidation agent with 
respect to oxygenated silver, especially at low oxygen 
coverage. It seems that the main practical limitation to the use 
of Cu as an epoxidation catalyst arises from the stability of 35 

the epoxide. Therefore, the preparation of stabilizing 
epoxidation agents, and in particular subsurface O in 
metastable adsorption sites, is a grand challenge that remains 
still elusive. From a fundamental point of view, it is also 
essential to establish the nanoscopic conditions needed for the 40 

migration of O atoms underneath the surface. 
Alkali-metal doping is a powerful tool to manipulate the 
physical and chemical properties of surfaces and it is widely 
used for tailoring new catalysts [16-21]. Alkalis are used to 
promote ethylene [22] and propylene [9] epoxidation. 45 

Nonetheless, their promotional role in such reactions is not 
well understood. 
In this Communication we demonstrate that K (Na) doping of 
the O/Cu(111) system causes the stabilization of the 
metastable subsurface adsorption site for O atoms. The over-50 

surface oxygen was revealed only after saturation of 
subsurface sites. The preferential occupation of subsurface 
site for O was observed for K+O/Cu(111) but not for 
O/Cu(111), O/Ni(111), and O+K/Ni(111). Similar results were 
obtained substituting potassium with sodium. 55 

We argue that the presence of very small amounts of alkalis 
reverses the energetic conditions for oxygen adsorption on the 
Cu(111) surface, so as to render negative the adsorption 
energy for subsurface oxygen. On the contrary, in the case of 
clean copper surfaces and clean and alkali-modified nickel 60 

surfaces, the subsurface site was found to be energetically 
unfavourable. These findings suggest an enhanced reactivity 
of alkali-doped oxygenated copper and claim for accurate 
investigations on this system from both experimentalists and 
theoreticians. 65 

Experiments were performed by using an electron energy loss 
spectrometer (Delta 0.5, SPECS). The samples were cleaned 
by repeated cycles of ion sputtering and annealing at 900 K. 
Surface cleanliness and order were checked using Auger 
electron spectroscopy (AES) measurements and low-energy 70 

electron diffraction (LEED), respectively. Na and K were 
deposited onto the substrate by evaporating from well-
outgassed getter sources. During alkali depositions, the 
sample was kept at 400 K in order to avoid contamination of 
the alkali adlayer [23-25]. Oxygen molecules were admitted 75 

through precise leak valves. Alkali coverages (the coverage of 
one monolayer, ML, is defined as the ratio between the 
number of the atoms of the adsorbate and that of the topmost 
layer of the substrate) were estimated from the exposure time 
taking as reference the coverage of well-known LEED 80 

structures, that is: (3/2x3/2)–Na and p(2x2)-K. A constant 
sticking coefficient was assumed to obtain other desired 
coverage. Similar results were achieved by calibrating using 
AES. Loss spectra were taken in specular geometry (dipole 
scattering) with an incident angle of 55° with respect to the 85 

surface normal. A primary electron beam energy of 3 eV was 
used. The energy resolution of the spectrometer ranged from 2 
to 3 meV. A particular care was dedicated to avoid any 
contamination of the alkali adlayer. 
Loss spectra for 0.07 ML of K on Cu(111) and for (K+O) are 90 

reported in Fig. 1. The loss peak observed at 16 meV was 
assigned to the K-Cu vibration, in agreement with studies 
performed for K deposited on other metal substrates [23]. For 
small O2 exposures (1 L=1.33x10-6 mbar·s) a loss feature at 57 
meV arose in the spectrum. For further O2 exposures, such 95 

peak shifted from 57 to 61 meV and a new loss appeared at 46 
meV. After an annealing of the surface at 500 K the intensity 
of the higher energy peak decreased.  
Previous HREELS studies on O/Cu(111) [24] found the O-Cu 
vibration at 46 meV. As concerns the adsorption of molecular 100 

oxygen [26], it is allowed on Cu(111) only up to 230 K, as 
indicated by the presence of vibrations related to bridged 
peroxo and atop species at 77 and 108 meV, respectively. On 
the basis of such results [26], we assign the feature at 46 meV 
to over-surface O vibrating against Cu(111).  105 
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Figure 1. HREEL spectra of 0.07 ML of K deposited on Cu(111) at 400 
K and successively exposed to O2. Both O2 exposures and measurements 25 

were carried out at 400 K. All spectra were multiplied by the same factor.  

 
As concerns the feature at 57-61 meV, its vibration energy 
suggests the occurrence of atomic oxygen adsorption on 
subsurface sites. As expected, the presence of O in a higher 30 

coordination site leads to the appearance of a feature with 
higher vibration energy in the loss spectrum. On silver 
surfaces, O adsorption in the octahedral subsurface sites was 
argued from the presence of a loss peak at 53-59 meV [11, 27, 
28]. The population of subsurface sites in oxygenated Ag 35 

abruptly decreased upon annealing. All these findings for O 
on silver surfaces fully support our assignment. However, on 
Ag the subsurface site for O is metastable [11, 27, 28], i.e. it 
is accessible only after the complete occupation of available 
on-surface sites. Similar conclusion were reached by 40 

theoretical results for O adsorption on clean Cu(100) [29, 30]. 
On the contrary, for K-doped Cu(111) the energetic conditions 
are completely reversed, as shown in Figure 1. In the first 
stage of O adsorption, only subsurface sites are occupied. At 
the saturation, also over-surface sites could be populated.  45 

Moreover, spectra in Figure 1 show that the effect of alkali 
adatoms on the stability of subsurface oxygen is reduced once 
oxygen atoms adsorb also in over-surface sites. Probably this 
is a consequence of the formation of a direct O-K bond. In 
fact, upon annealing at 500 K the intensity of the feature 50 

assigned to subsurface oxygen drastically decreased. By 
contrast, only a slight variation in the amplitude of the O-Cu 
vibration at 46 meV was recorded.  
In the absence of alkali doping, no trace of O adsorption on 
Cu(111) was revealed even after prolonged O2 exposures for 55 

temperatures between 300 and 500 K. 
It is worth mentioning that also the occurrence of a K-
promoted formation of Cu2O has to be excluded, for the lack 

in the loss spectrum of the infrared-active mode at 79 meV 
[31] indicative of the oxidation of the copper surface.  60 

Loss measurements performed on alkali-doped Cu(111) at 300 
K gave similar results.  
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Figure 2. HREEL spectra of: (a) 0.03 ML of K deposited at 400 K onto 90 

the Ni(111) surface; (b) 0.10 ML O/Ni(111) at the same temperature; (c) 
0.03 ML K coadsorbed at 400 K with 0.10 ML of O on the Ni(111) 

surface. 

With the sake of a comparison, we studied the coadsorption of 
O and K on the Ni(111) surface (Figure 2) in order to verify if 95 

the same K-induced stabilization of the subsurface site for O 
occurs on a transition-metal catalyst. For O/Ni(111), a loss 
feature at 70 meV was observed for all coverages and 
assigned to over-surface O adsorbed on three-fold hollow 
sites, in agreement with all previous experimental studies [24, 100 

32]. In the K+O coadsorbed phase, a slight shift of the O-Ni 
peak was revealed from 70 down to 64 meV as a function of 
the K/O ratio, as theoretically predicted [33] within the 
framework of the electrostatic model. However, no subsurface 
O was found (for subsurface O in Ni, a feature at energies 105 

higher than 70 meV should have been revealed in the loss 
spectrum). Occupation of subsurface sites is not energetically 
allowed also in O+K/Rh(110) [34], thus suggesting striking 
substrate-dependent differences on O adsorption in alkali-
modified surfaces.  110 

Likewise, subsurface oxygen was revealed in Na+O/Cu(111) 
(Figure 3) but not on Na+O/Ni(111) (Figure 4).  
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Figure 3. HREEL spectra of Na-doped Cu(111) surface and of 
Na+O/Cu(111). The loss feature at 22 meV is ascribed to Na-Cu vibration 
[23]. In Na+O/Cu(111) the presence of subsurface O is argued from the 
appearance of the 58 meV peak. No on-surface species were revealed for 20 

Na-doped oxygenated copper. 

 

 
Figure 4. HREEL spectra for Na-doped Ni(111) surface: as for 

K+O/Ni(111) no subsurface oxygen was revealed. 25 

 
In conclusion, we have reported direct evidences that alkali 
adsorption opens effective pathways leading to the occupation 
and stabilization of subsurface sites for O on Cu(111). Such 
mechanism is not effective for alkali+O coadsorption on 30 

transition metals, for which only on-surface O was found.  
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Abstract 

The damping of electronic collective excitations of Ag/Ni(111) was studied by high-resolution electron energy spectroscopy. Loss spectra showed the 
usual Ag surface plasmon at 3.8 eV and a broad peak at 7.5 eV, which was assigned to the Ag multipole surface plasmon. The behaviour of the 
damping of the Ag surface plasmon was reported as a function of Ag thickness, primary electron beam energy, Ag surface plasmon energy, and 
parallel momentum transfer. The strong thickness dependence of the full-width at half maximum of the Ag surface plasmon can be associated to the 
presence of quantum well states in the direction perpendicular to the surface. The damping of the Ag surface plasmon was found to be related to 
5sp-5sp indirect transitions, for which a critical wave vector of 0.2 Å−1 exists. Moreover, we reported the first evidence of the occurrence of chemical 
interface damping in thin films, upon K adsorption on thin Ag films deposited onto the Ni(111) surface. The significant plasmon broadening was 
ascribed to new channels for decay into electron-hole pairs at the K/Ag interface.  

PACS: 73.20.Mf; 79.20.Uv; 79.60.Dp 

Keywords: A. Thin Films; D. Plasmons; E. Electron energy loss spectroscopy 

1. Introduction 
 
Plasmonic excitations in metals in either forms, semi-infinite 
media (surfaces), nanoscale thin layers, embedded particles, 
and supported clusters have been widely studied, as collective 
excitations have a key role in understanding the response of 
the electronic gas at surfaces and interfaces. 
In particular, thin films can exhibit an electronic structure 
markedly different from the bulk counterpart. Physical 
properties are expected to vary, often dramatically, with 
thickness and physical phenomena such as quantum size 
effects and electron quantum confinement occur. As a matter of 
fact, recent experimental1-6 studies have demonstrated the 
existence of variations with film thickness for properties such as 
the electronic density of states, electron-phonon coupling, 
chemical reactivity, superconductivity, magnetism, surface 
energy, and thermal stability. 

The different distribution of occupied and unoccupied 
electronic states in thin films with respect to surfaces would 
imply enhanced damping mechanisms for collective 
excitations by creating electron-hole pairs. 

Ag surfaces are characterized by a strong lowering of the 
surface plasmon (SP) energy, which follows a positive 
dispersion as a function of the parallel momentum transfer. 
Such behavior was ascribed to the presence of filled d 
bands7,8. However, experimental studies on low-dimensional 
Ag systems, such as ultrathin films on metal substrates (only 
as studies on Si(111) exist9,10), nanowires or quantum dots are 
still lacking.  

Recent theoretical results11 found that an additional 

broadening of the Ag Mie plasmon in nanoparticles in contact 
with reactive adsorbates with respect to those immersed in 
inert noble gas matrices exists. It is caused by the transfer of 
the excitation energy into adsorbate-induced levels located 
above the Fermi level. Accordingly, the enhanced broadening 
of the Mie plasmon was ascribed to such increased density of 
states at the Fermi level. This model, called chemical interface 
damping (CID), was in excellent quantitative agreement with 
experiments carried out on Ag nanoparticles12. A similar 
mechanism may occur for SP resonance in Ag thin film in the 
presence of reactive adsorbates, such as potassium. To date, 
to the best of our knowledge no experimental evidence of CID 
in thin films has been reported.  

Ag on Ni(111) is a suitable system for such scopes. 
Moreover, it offers the possibility of investigating the 
relationship between quantum electron confinement and the 
damping of collective excitations in ultrathin films as confined 
electron states in the Ag adlayer exist. As a matter of fact, 
photoemission measurements13 revealed the occurrence of Ag 
quantum well states for films with thickness from 0 to 15 
layers. It is expected that the presence of quantum well states 
should influence the damping mechanism of the SP in Ag thin 
films. Furthermore, this system presents an enhanced sp 
density of states at the Fermi level that could ensure the 
conditions for the existence of the multipole surface plasmon, 
predicted by theoretical calculations14. 

High resolution electron energy loss spectroscopy 
(HREELS) is the major tool for such aims as it permits to 
easily follow the damping dependence of the SP on various 
parameters, such as Ag thickness, primary electron beam 
energy, Ag surface plasmon energy, and parallel momentum 
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transfer. 

In this Communication, we report on the damping of Ag SP 
in thin Ag films grown at room temperature on Ni(111) and, 
moreover, on the CID existing on K/Ag/Ni(111). Both SP 
energy and full width at half maximum (FWHM) of the Ag SP 
were found to follow a linear relation as a function of the 
inverse of the primary electron beam energy, thus suggesting 
a strong dependence on the penetration length. The loss width 
notably grows beyond an energy of 3.80 eV. A critical wave 
vector of 0.2 Å−1 exists. Accordingly, damping of the Ag SP is 
ascribed mainly to indirect 5sp-5sp indirect transition between 
Ag 5sp-derived quantum well states. The significant damping 
dependence on the Ag thickness further supports such 
assignment. Moreover, our measurements on K/Ag/Ni(111) 
provided the first evidence of CID in thin films. The SP energy 
red-shifted while its line shape broadened as a function of K 
coverage. The remarkable plasmon broadening is due to new 
channels for decay into electron-hole pairs at the K/Ag 
interface. 

2. Experiment 

Measurements were carried out in a UHV chamber operating at 
a base pressure of 5x10-9 Pa, equipped with standard facilities 
for surface characterizations. HREEL experiments were 
performed by using an electron energy loss spectrometer (Delta 
0.5, SPECS). The sample was a single crystal of Ni(111) with a 
purity of 99.9999%. The surface was cleaned by repeated 
cycles of ion sputtering and annealing at 1000 K. Surface 
cleanliness and order were checked using Auger electron 
spectroscopy measurements and low energy electron diffraction 
(LEED), respectively. The Ni(111) surface showed an excellent 
LEED pattern characterized by sharp spots against a very low 
background. Silver was deposited onto the Ni(111) surface by 
evaporating from a resistively heated drop on a tungsten 
filament. Well-ordered Ag films could be obtained at very low 
deposition rates (≈0.05 ML/min). Potassium was evaporated in 
the UHV chamber by means of a well outgassed dispenser 
(Saes Getters). The occurrence of the p(1x1)-Ag and p(2x2)-K 
LEED patterns was used as the calibration point of θAg=1.0 ML 
and θK=0.25 ML, respectively. A constant sticking coefficient 
was assumed to obtain other desired Ag and K coverage. Loss 
spectra were acquired with a primary electron beam energy of 
40 eV. The energy resolution of the spectrometer was degraded 
to 7 meV so as to increase the signal-to-noise ratio for off-
specular spectra. The angular acceptance α of our electron 
analyzer was ±1°. All depositions and measurements were 
made at room temperature. 

3. Results and Discussion 

Figure 1 shows HREEL spectra for thin Ag layers on Ni(111) as 
a function of Ag coverage. The spectrum of the Ni(111) surface 
is characterized by a broad peak at 1.0 eV. For less than 2 ML 
of Ag, the spectrum is extremely broad without a well-defined 
peak. A broad Ag SP at 4.2 eV arose for Ag coverages above 2 
ML. However, its plasma energy was considerably higher than 
that of the SP of semi-infinite Ag, as also found for 

Ag/Si(111)9,10. As the Ag coverage is increased, the energy of 
the plasmonic mode reduced and its line shape became 
sharper. 

Such finding has to be ascribed to the s-d polarization. 
For thin Ag films, the overall screening of the plasmon via the 
polarizable d electron medium diminishes and a higher SP 
frequency occurs8. Moreover, the spill-out region not affected by 
s-d polarization becomes more important, causing a further 
blue-shift of the SP frequency.  

For a thinner film, extra decay channels exist as 
compared with a thicker film. As a matter of fact, sp-sp 
interband transitions were found16 to be more efficient in thinner 
films rather than in thicker ones. 

 

 
 

One advantage of EELS technique is that changing the 
primary beam energy of the electrons, it is possible to modify 
their mean free path in the solid and thus their penetration 
length15. This allows direct control of the surface sensitivity. 
The energy loss position of the Ag SP was found to shift as a 
function of the primary electron beam energy (fig. 2a). This 
could be ascribed at the combined effect of the dispersion in 
the parallel transfer momentum and changes in the 
penetration length of the primary electrons. It is worth to 
mention that even for the thickness of the Ag film for which 
spectra were acquired, i.e. 10 ML, quantum well states were 
found to exist13.   

 
Interestingly, both the Ag SP energy ωsp and the full 

width at half maximum (FWHM) follow a linear relation as a 
function of the inverse of the primary beam energy Ep (fig. 2 b).  

ωsp=a+b*(1/Ep) 
FWHM= c+d*(1/Ep) 

where a=3.73 eV; b= 4.39 eV2; c=0.11 eV; and d= 3.18 eV2. 
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Increasing the kinetic energy of incident electrons from 20 to 
170 eV caused a 200 meV shift of the energy loss position. 
Furthermore, the FWHM decreased by 140 meV for increasing 
primary energy. The FWHM of the Ag SP is associated with 
the damping of the SP, as a results of its decaying into single-
particle excitations (Landau damping) through 5sp-5sp or 4d-
5sp band transitions.  

 
The FWHM of the SP peaks is plotted as a function of Ag SP 
energy in Fig. 3a. The FWHM was found to continuously 
increase a function of Ag SP energy and no minimum exists 
(figure 3a). The loss width notably grows beyond 3.80 eV 
(empty circles, primary beam energy fixed) indicating the 
opening of a new efficient decay channel. However, the same 
plot obtained by changing the impinging beam energy (filled 
squares) did not present such critical energy. This result was 
ascribed to effects caused by differences in penetration length 
of the impinging electrons. 

As 

 
the parallel momentum transfer q|| depends on Ep, Eloss, θi and 
θs according to7: 

 

 

(1) 

where Eloss is the energy loss, θi is the electron incident angle, 
and θs is the electron scattering angle.  

The behavior of the FWHM as a function of the parallel 
transfer momentum q|| (figure 3b) demonstrated that for q||>0.2 
Å−1 electrons may be promoted from occupied to unoccupied 
electronic states such that the corresponding plasmon peak 
would broaden considerably until decaying into the single-
particle excitation continuum.  
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The width of the surface plasmon peak at q||=0 is a sensitive 
function of the lattice potential, i.e. it is influenced by the 
periodic potential of the bulk. Such decay mechanisms can be 
direct or mediated by the exchange of reciprocal lattice 
vectors or phonons7. However, at larger values of q|| the 
plasmon lifetime becomes less sensitive to the bulk lattice 
potential and the increasing of the damping is then caused by 
electron-hole pair excitations in the surface region. In real 
systems the lifetime of the plasmon is further limited by the 
scattering against crystallographic defects. 

A comparison of the behavior of the FWHM of the Ag SP in 10 
ML Ag/Ni(111), 10 ML Ag/Si(111), and Ag(111) is reported in 
Figure 4. Panel (a) shows the FWHM dependence on the Ag 
SP energy, while panel (b) on the parallel transfer momentum. 
For 10 ML Ag/Si(111), Yu et al.10 found for different 
thicknesses an initial decrease of the FWHM as a function of 
the Ag SP energy, followed by an abruptly increasing. Such 
abrupt increase was ascribed to the opening of a new 
damping channel, i.e. intraband transitions between Ag 5sp-
derived quantum well states. The initial decrease of FWHM 
was associated with the increased surface barrier due to the 
ionic pseudopotential of the crystal. On the contrary, the 
FWHM of Ag SP in 10 ML Ag/Ni(111) has an initial flat 
dependence on both Ag SP energy and q|| and a stronger 
dependence beyond a critical value of both Ag SP energy and 
q||. The notable difference existing in the behavior of the 
FWHM of Ag SP in 10 ML Ag deposited on Si(111) and on 
Ni(111) may be tentatively ascribed to substrate effects. As a 
matter of fact, it should be noticed that hybridization effects 
between Ag quantum well states and substrate states may 
also occur, as recently found for Ag films on Ge(111) with 
thickness up to 9 ML17. The tail of the wave function of the Ag 
quantum well states may reach and interact with the substrate, 
thus modifying the electronic response of the interface. The 
FWHM of the Ag SP in Ag(111)16 has, in analogy with 10 ML 
Ag/Ni(111), an initial flat dependence on both Ag SP energy 
and q||. The critical values of Ag SP and q|| were found to be 
3.78 eV and 0.15 Å-1, respectively. Beyond such values, the 
FWHM significantly increased. It is worth to stress that the 
FWHM of the Ag SP in Ag(111) was always notably lower than 
that of Ag SP in thin films. This finding is ascribed to enhanced 
damping processes via 5sp-5sp indirect transitions, due to the 
different electronic properties of thin films with respect to 
surfaces. 

 
If the surface is exposed to chemically reactive atoms or 
molecules, the distribution of occupied and unoccupied 
electronic states changes. Accordingly, differences in damping 
processes and in the energy of the plasmonic excitation are 
quite expected. Rather than considering the new overlayer 
plasmon, we investigated the overlayer-induced modification 
of the substrate plasmon. Figure 5a shows Ag surface 
excitation spectra for increasing amounts of adsorbed K. At 
low K coverages, the Ag SP peak is only weakly affected. As 
the K coverage approaches one monolayer, the FWHM of the 
SP increased from 0.17 (clean Ag layers) up to 0.70 eV. 
Moreover, upon K adsorption the plasma energy of the Ag SP 
shifted from 3.80 down to 3.56 eV. The redshift of the Ag SP 
energy may be ascribed to a charge transfer from the Ag 
substrate to the adsorbates. Vibrational measurements 
indicated that water contamination occurs. Hence, we suggest 
that the redshift of the plasmon energy may be water-induced, 
as found for H2O/Na/Cu(111)18. It is more correct to describe 
the plasmonic excitation as the K/Ag interface plasmon rather 
than a redshifted Ag SP. New adsorbate-induced electronic 
states arose at the interface. Hence, the significant plasmon 
broadening is due to new channels for decay into electron-
hole pairs at the K/Ag interface. The interband transitions 
involving the overlayer-induced band below the Fermi level 
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thus influences the surface plasmon energy and gives rise to a 
redshift of the surface plasmon energy. 

 
Such SP broadening is ascribed to CID. It was observed in 
absorption spectra of small metal particles embedded in a 
reactive matrix12, but it is the first experimental evidence of its 
occurrence in thin films. 

Interestingly, loss spectra taken in grazing incidence showed 
also the presence of a broad peak at 7.5 eV (figure 6). 
Calculations based on s-d polarization by Liebsch14 predicted 
the existence of the Ag MP near ω=0.8·ωp=7.2 eV (ωp =9.0 eV is 
the s-electron bulk plasma energy) as the density profile at the 
surface has predominantly s-electron character. The line width 
of such feature is in excellent agreement with the predictions. 
Accordingly, we assign it to the Ag multipole surface plasmon. 
In contrast to all simple metals, this mode appeared above 
rather below bulk plasma frequency. The physical reason for 
this behavior is that the multipole surface plasmon is an intrinsic 
property of the s-electron density profile. Previous angle and 
energy resolved photo-yield measurements performed for 

Ag(100) and Ag thin films found no evidences for the existence 
of such mode19. 

However, the novel excitation mode presented here is currently 
under investigation and the results will be published in a 
forthcoming paper20.  

 

5. Conclusions 

Damping processes were found to be more efficient for 
thinner films rather than for thicker one. Such finding suggests 
the occurrence of damping through indirect 5sp-5sp transition 
between Ag 5sp-derived quantum well states confined in the 
Ag adlayer, in the direction perpendicular to the surface. The 
width of the SP peak significantly broadened beyond ωSP=3.80 
eV and a critical parallel transfer momentum of 0.2 Å−1 exists. 
Both SP energy and FWHM were found to follow a linear 
relation as a function of the inverse of the primary electron 
beam energy, thus suggesting a strong dependence on the 
penetration length. Moreover, our measurements on 
K/Ag/Ni(111) provided the first evidence of CID in thin films. 
The SP energy red-shifted while its line shape broadened as a 
function of K coverage. Such remarkable plasmon broadening 
may be associated to the occurrence of overlayer-induced 
electronic states that offer new channels for decay of the Ag 
SP into electron-hole pairs at the K/Ag interface. A peak 
revealed at 7.5 eV was assigned to the Ag multipole surface 
plasmon. 
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Figure captions 

Figure 1: HREEL spectra for Ag/Ni(111) as a function of Ag 
coverage. 

Figure 2: (a) HREEL spectra for 10 ML Ag/Ni(111) as a function of 
the primary electrons beam energy. (b) (■) Loss energy and (○) 
FWHM as a function of the inverse of the kinetic energy of primary 
electrons. 

Figure 3: (a) FWHM of the Ag SP peak for 10 ML Ag/Ni(111) as a 
function of the energy of the Ag SP, as obtained in different 

experimental conditions (■) θi= θs =55° fixed and Ep varying (○) θi 

=55°, Ep =40 eV fixed and θs varying. (b) FWHM of the SP peak 
for 10 ML Ag/Ni(111) as a function of the parallel momentum 
transfer q||, calculated using equation 1 with the following 
experimental parameters: θi =55°, Ep =40 eV. The abrupt 
increase of the FWHM beyond q||=0.2 Å−1 indicates that an extra 
decay channel due to indirect single-particle transition between 
surface electronic states opens up. 

Figure 4: (a) FWHM of the Ag SP peak as a function of the energy 
of the Ag SP for (∆) 10 ML Ag/Ni(111); (■) 10 ML Ag/Si(111) (data 
taken from ref. 10); and (+) Ag(111) (data taken from ref. 16).  (b) 
FWHM of the SP peak as a function of the parallel momentum 
transfer q|| for (∆) 10 ML Ag/Ni(111); (■) 10 ML Ag/Si(111) (data 
taken from ref. 10); and (+) Ag(111) (data taken from ref. 16). 

Figure 5: (a) HREEL spectra for K/10 ML Ag/Ni(111) as a function 
of K exposure. (b) (■) Ag SP energy and (○) FWHM as a function 
of K coverage. 

Figure 6: HREEL spectrum of 10 ML Ag/Ni(111) for θi=80° and 
θs=85°.  
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a b s t r a c t

The surface plasmon in nanoscale thin Ag films deposited on
Ni(111) was studied as a function of the impinging electron beam
energy and of the scattering angle. The nonmonotonous behavior
of the amplitude of the Ag surface plasmon suggests the occurrence
of interference effects between the incoming and the outgoing
field. Such interference phenomena occur whenever the scattering
plane is in the close vicinities of the jellium edge. An alternative
explanation involves diffraction effects.

© 2008 Elsevier Ltd. All rights reserved.

The investigation of the surface plasmon (SP) continues to attract a considerable attention due
to the fundamental interest in understanding dynamic screening processes at metal surfaces and
for practical applications [1–6]. The role of the penetration depth by impinging electrons and of its
influence on the intensity of collective electronic excitationswas previously studied by random-phase
approximation (RPA) calculations [7]. However, no dedicated experimentalwork assessing theoretical
conclusionswas performed. In particular, the SP amplitudewas predicted to follow a nonmonotonous
behavior as a function of the penetration, as a consequence of interference phenomena between the
incident and the reflected beam whenever the scattering plane is in the nearness of the jellium edge.
One advantage of high-resolution electron energy loss spectroscopy (HREELS) technique is that

by changing the primary beam energy of the electrons, it is possible to modify their mean free path
in the solid and thus their penetration length [8]. This allows a shift of the reflection plane at which
impinging electrons are scattered so as to obtain direct control of the surface sensitivity.
In this paper, we report on EELS measurements on thin Ag layers deposited on Ni(111) at room

temperature. We report the first experimental confirmation of the model proposed by Nazarov [7] on
dynamical screening of an incident charge reflected inside the extended electron-density distribution
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at a metal surface. As concerns the structural properties of the investigated system, Ag on Ni(111) is
an example of film growth in large (16%) mismatched materials. Such a large misfit determines the
silver film to have the crystalline structure of bulk silver even for ultrathin Ag layers [9]. Moreover, the
small solubility of Ag into Ni prevents the dissolution of the silver layer into the nickel substrate [10,
11]. As a matter of fact, the formation of a surface alloy was not reported for this system [12,13]. For
coverages higher than three layers, a reconstruction of the silver overlayer was reported [9], which
exhibits a 7× 7 moiré structure [10].

1. Experimental

HREELS experiments were performed by using an electron energy loss spectrometer (Delta 0.5,
SPECS). The Ni(111) surface was cleaned by repeated cycles of ion sputtering and annealing at 1000 K.
Surface cleanliness and order were checked using Auger electron spectroscopy measurements and
low-energy electron diffraction (LEED), respectively. Silver was deposited onto the Ni(111) surface
by evaporating from an Ag wire wrapped on a tungsten filament. Well-ordered Ag films could be
obtained at very low deposition rates (≈0.05 ML/min). LEED measurements ensured of the layer-by-
layer growth of the Ag adlayer and reproduced results reported in previous structural studies of this
system [10]. In particular, the absence of a plateau in the SP dispersion curve reported elsewhere [4]
is a fingerprint of a layer-by-layer growth for Ag on Ni(111) at room temperature in the investigated
film thickness range (0–10 ML), as also confirmed by photoemission results reported for the same
substrate temperature and deposition rate [14]. For the first Ag layer, LEED pattern showed spots
characteristic of the p(1× 1) silver structure and of the Ni(111) substrate. For higher coverages only
the Ag(111) pattern was observed. This means that the Ni(111) substrate is fully covered by Ag.When
the Ag coverage reached three layers, a clear 7× 7 reconstruction was revealed by the analysis of the
LEED pattern. The occurrence of the p(1 × 1)-Ag LEED pattern was used as the calibration point of
θAg = 1.0 ML (the coverage of one monolayer, ML, is defined as the ratio between the number of the
atoms of the adsorbate and that of the topmost layer of the substrate). A constant sticking coefficient
was assumed to obtain other desired Ag coverage. The energy resolution of the spectrometer was
degraded to 7 meV so as to increase the signal-to-noise ratio for off-specular spectra. All depositions
and measurements were made at room temperature.

2. Results and discussion

HREEL spectra acquired in specular geometry for 10 ML Ag/Ni(111) as a function of the primary
electron beam energy are showed in the left panel of Fig. 1. For the sake of comparison we show
the results obtained for the case of 60 ML Au/Cu(111) (Fig. 1, right panel). For both systems, the SP
intensity increases with the impinging energy, Ep. However, a careful analysis of loss spectra shows
that a decrease in intensity occurs at about 40 and 100 eV per Ag and Au, respectively. The existence
of such behavior for two different systems ensures that these effects have a general validity. A careful
investigation on the SP intensity around Ep = 40 eV was performed for Ag/Ni(111). An increase of the
SP amplitude for Ep in the range 35–39 eV occurs, which is followed by a sudden decrease (minimum
at 41 eV). Then, the SP intensity monotonously increases again with Ep (Fig. 2, left).
Such behavior may be understood within the framework of Nazarov’s model [7]. The amplitude of

the SP is nonmonotonouswith penetration.Whenever the scattering plane is beyond the jellium edge,
the intensity grows as a function of Ep. Increasing the impinging energy, the scattering plane moves
the closeness of the jellium edge. The decreasing intensity of the SP is related to the decay of the
external potential near the edge due to the interference between the incident and the reflected beam.
Weargue that such interference is also responsible of the sudden increase of the SP amplitude revealed
for Ep = 37 eV (Fig. 2, left). For higher primary energies (beyond Ep = 45 eV) the scattering plane
moves inside the bulk and the intensity of the SP increases once again. The influence of interference
effects on SP amplitude was invoked also in Refs. [15,16].
It is worth noticing that such phenomena should be related to the surface sensitivity. Hence,

changing the specular scattering geometry from grazing (left panels of Figs. 1 and 2) to nongrazing

Please cite this article in press as: A. Politano, et al., Interference effects in the excitation of collective electronic modes in
nanoscale thin Ag films, Superlattices and Microstructures (2008), doi:10.1016/j.spmi.2008.10.003
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Fig. 1. (Left) HREEL spectra for 10 ML Ag/Ni(111) acquired for different primary energies. A nonmonotonous behavior was
revealed around 40 eV; (Right) HREEL spectra for 60 ML Au/Cu(111) for different impinging energies. For Au a minimum was
found around 100 eV. All angles are measured with respect to the surface normal.

Fig. 2. (Left) Magnification of left panel of Fig. 1 around Ep = 40 eV (Right) HREEL spectra for 10 ML Ag/Ni(111) for different
primary energies for a scattering geometry far from grazing conditions.

(55◦ with respect to the surface) should significantly reduce the interference effect. Spectra reported
in the right panel of Fig. 2 demonstrated that in nongrazing geometry the nonmonotonous behavior
of the SP amplitude is much less evident. However, an alternative explanation involves diffraction

Please cite this article in press as: A. Politano, et al., Interference effects in the excitation of collective electronic modes in
nanoscale thin Ag films, Superlattices and Microstructures (2008), doi:10.1016/j.spmi.2008.10.003
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Fig. 3. (Left): Behavior of the intensity of the SP peak as a function of the impinging energy for different scattering geometries
in grazing conditions. All intensities were normalized to that of the elastic peak. (Right) Besides the ordinary surface plasmon, a
loss feature at 7.5 eVwas excited in spectra recorded at grazing incidence. Its enhanced intensity in off-specular spectra ensures
its impact character.

effects as being responsible of present findings. Dedicated calculations could shed the light on this
phenomenon.
A nonmonotonous behavior was found to exist also for different scattering geometries in grazing-

incidence conditions (Fig. 3, left panel). Interestingly, in correspondence of the minimum of the SP
intensity (Ep = 41 eV, Fig. 3), an enhancement of the intensity of a broader peak recorded at 7.5 eV
(Fig. 3, right panel) was revealed. This peak was observed also in other Ag systems and was assigned
to a single-particle transition [17,18], the Ag multipole surface plasmon [19] or the ordinary surface
plasmon [20]. However, experiments aimed at investigating the nature of such a peak in detail, whose
intensity notably increased in off-specular spectra, are currently under way.

3. Conclusions

We have reported the first experimental evidence of interference effects caused by the coupling
between electron charge in its outgoing trajectory with the electric field excited in the medium
by impinging electrons. The nonmonotonous dependence of the behavior of the SP intensity on
penetration was observed for both Ag/Ni(111) and Au/Cu(111). Our results provide grounds for more
accurate theoretical calculations taking into account such phenomena.
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1 .  I N T R O D U C T I O N  

Nanoscale thin metallic films have received considerable 
attention in recent years as they show physical properties 
well distinct from their bulk counterpart as a consequence 
of quantum size effects and electron quantum 
confinement1-9. They are a unique class of nanosystems, 
whose electronic properties can be easily tuned upon 
controlling the thickness of the film at the atomic level. This 
interest is accounted for, on the one hand, the lack of 
information on such systems compared with bulk crystals, 
and, on the other, the broad potential application of 
nanoscopic structures in nanoelectronics. Moreover, it has 
been demonstrated that metallic nanostructures may 
enhance the local electric field10, so as to lead to sub-
diffraction limit imaging11,12, efficient optical mixing13,14, and 
single-molecule Raman scattering15,16. 

Among metallic thin films, much effort has been devoted to 

the investigation of the electronic collective excitations in 
silver films deposited on solid surfaces17-22. In fact, silver 
is widely used in plasmonics due to its superior response 
to visible light. Moreover, studies on noble-metal systems 
are particularly motivated by fundamental interest in 
understanding their electronic response. The presence of 
localized d electrons makes unrealistic the jellium model, 
usually applied for describing dynamic screening of 
simple metals. Hence, several attempts have been 
undertaken in order to include band-structure effects in 
theoretical models22,23.  

The surface plasmon (SP) dispersion and the nature of 
the collective excitations in single-crystal Ag surfaces are 
well understood and there exists full agreement between 
experimental results23-28 and theoretical predictions29-32. 
The interaction between s and d electrons shifts the 
energy of the Ag SP from 6.50 down to 3.70 eV. 
Furthermore, contrary to simple metals the dispersion of 

Collective electronic excitations in nanoscale thin Ag layers adsorbed on Cu(111) and Ni(111) at room 
temperature have been investigated by high-resolution electron energy loss spectroscopy. Surface 
plasmon was found to be confined within grains on Ag thin films on Cu(111) nanostructured in islands. 
Annealing removed surface plasmon confinement and induced a negative linear term of the 
dispersion relation. On the other hand, on flat thin films on Ni(111) the dispersion of Ag surface 
plasmon was found to be fully quadratic. Landau damping processes of the plasmonic excitation were 
found to be dependent on the growth mode. Ag multipole surface plasmon at 7.7 eV was observed 
only under stringent kinematic conditions enhancing surface sensitivity.  

K e y w o r d s :  Nanoscale Thin Films, Surface Plasmon, Silver, Electron Energy Loss Spectroscopy, 
Dynamic Screening.   
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Ag SP was found positive23-32. A negative dispersion on Ag 
systems was reported only for modified Ag single-crystal 
surfaces, i.e. Cl/Ag(111)33, O/Ag(100)34, and the sputtered 
and nanostructured Ag(100)35. However, some issues are 
still unresolved. Currently, the main debate on the 
dielectric properties of silver systems is focused on the 
nature of a peak at 7-8 eV that was ascribed to a bulk 
plasmon36, the multipole surface plasmon (MP)37, another 
SP36,38, or an interband transition39. Interestingly, this 
feature was revealed in some energy loss 
measurements19,39,40, but it was not excited in other 
experimental conditions28 and, moreover, in photoyield 
measurements41,42. 

Furthermore, details on the nature and dispersion of the 
collective excitations in nanoscale thin silver films17,18 
deposited on metal substrates are not at all well 
understood. In these systems well-defined Ag 5sp-derived 
quantum well states (QWS) are present within the 
adlayer43-49. Hence, they are characterized by an 
enhanced sp density of states at the Fermi level which 
modifies the electron charge-density distribution, so as to 
cause remarkable changes in the dynamical screening 
properties50 with respect to the case of single-crystal 
surfaces. Hybridization between Ag QWS and the 
substrate51 may also influence the electronic response of 
the interface. 

Ag films grown on copper and nickel surfaces are suitable 
systems for such aims as silver does not form alloys with 
these substrates52-57 at room temperature. Ag/Cu(111) and 
Ag/Ni(111) represent an example of film growth in large 
mismatched (16% and 13%, respectively) materials. Such 
a large misfit determines the silver film to have the 
crystalline structure of bulk silver even for ultrathin Ag 
layers58. However, due to the absence of a gap in Ni(111), 
the character of the QWS in such two systems differs 
substantially59. QWS on Ag/Cu(111) are typified by 
standing wave patterns, whose formation instead is not 
allowed on Ag/Ni(111). Furthermore, on Ag/Cu(111) the 
interfacial transmittivity is suppressed, with an enhanced 
specular reflectivity. The opposite occurs for Ag on 
Ni(111). Such dissimilarities in the electronic properties 
should imply quite different dynamic screening processes 
at these metal/metal interfaces. 

Herein we report on high-resolution electron energy loss 
spectroscopy (HREELS) measurements performed on 
Ag/Cu(111) and Ag/Ni(111) at room temperature. For Ag 
on Cu(111), which follows the Stranski-Krastanov growth 
mode45 (islands appear on the flat Ag adlayer for 
coverages higher than two layers60,61), the SP was found to 
be confined within Ag grains. SP confinement was 
removed by annealing at 400 K. The linear term of the SP 
dispersion curve measured after the annealing was slightly 
negative, as a consequence of the enhanced free-electron 
character of QWS upon annealing1. On the other hand, on 
flat Ag films on Ni(111)49,62 a purely quadratic SP 
dispersion was recorded. Measurements provided direct 
evidence of the strict surface nature of the loss peak at 7-8 
eV, thus excluding its assignation to a bulk plasmon or an 
interband transition. Instead, on the basis of present 
experimental findings, we ascribe this excitation to the Ag 
MP, in agreement with theoretical predictions37.  

2 .  E X P E R I M E N T AL  D E T AI L S  

Measurements were carried out in a UHV chamber 
operating at a base pressure of 5x10-9 Pa, equipped with 
standard facilities for surface characterizations. HREEL 
experiments were performed by using an electron energy 
loss spectrometer (Delta 0.5, SPECS). The samples were 
single-crystal surfaces of Cu(111) and Ni(111) with a 
purity of 99.9999%. Surfaces were cleaned by repeated 
cycles of ion sputtering and annealing at 800-900 K. 
Surface cleanliness and order were checked using Auger 
electron spectroscopy (AES) measurements and low-
energy electron diffraction (LEED), respectively. Silver 
was deposited onto the Cu(111) and Ni(111) surfaces by 
evaporating from an Ag wire wrapped on a tungsten 
filament. Well-ordered Ag films could be obtained at very 
low deposition rates (≈0.05 ML/min). The occurrence of 
the p(1x1)-Ag LEED pattern was used as the calibration 
point of θAg=1.0 ML, respectively (the coverage of one 
monolayer, ML, is defined as the ratio between the 
number of the atoms of the adsorbate and that of the 
topmost layer of the substrate). A constant sticking 
coefficient was assumed to obtain other desired 
coverage. A calibration procedure using AES gave similar 
results. 

As concerns Ag/Cu(111), around each spot of the p(1x1)-
Ag, LEED measurements showed also the occurrence of 
a (9.5x9.5) reconstruction for the first Ag layer and of a 
(9x9) reconstruction in correspondence of θAg=2.0 ML, in 
excellent agreement with previous structural studies on 
this system60,61. As regards Ag/Ni(111), the LEED pattern 
of the first Ag layer showed spots characteristic of the 
p(1X1) silver structure and of the Ni(111) substrate. When 
the Ag coverage reached three layers, a clear (7x7) 
reconstruction was revealed by the analysis of the LEED 
pattern, as previously reported52. 

The energy resolution of the spectrometer was degraded 
to 7 meV so as to increase the signal-to-noise ratio for off-
specular spectra. The angular acceptance α of our 
electron analyzer was ±0.5°.  

Dispersion of the collective mode, i.e. Eloss(q||), was 
measured by moving the analyzer while keeping the 
sample and the monochromator in a fixed position. The 
sample was oriented along the M−Γ  direction. 

The values of Ep , impinging energy, and θi , the incident 
angle, were chosen so as to obtain the highest signal-to-
noise ratio. The primary beam energy used for the 
dispersion, Ep =40 eV, provided, in fact, the best 
compromise among surface sensitivity, the highest cross-
section for the plasmonic excitation, and q|| resolution. As 

 
the parallel momentum transfer q|| is determined by the 
values of Ep , Eloss,  θi  and θs : 

 
where Eloss  is the energy loss and θs  is the electron 
scattering angle23,63. 

Hence, it is possible to estimate the integration window in 
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reciprocal space: 

 
where α is the angular acceptance of the apparatus23. 
Under our experimental conditions, Δq||=0.012 Å-1, much less 
than the scanned range in the reciprocal space. 

All depositions and measurements were made at room 
temperature. 
 
3 .  RE S UL T S  AN D  D I S C U S S I O N  

 
Figure 1 shows HREEL spectra recorded for different Ag 
coverages on Cu(111). The SP energy underwent to a red-
shift from 3.97 to 3.82 eV as a function of the coverage. 
However, its plasma energy was considerably higher than 
that of the SP of semi-infinite Ag, as also found for 
Ag/Si(111)17,18. As the Ag coverage is increased, the 
energy of the plasmonic mode reduced and its line shape 
became sharper. 

 
Figure 1: HREEL spectra of Ag/Cu(111) as a function of Ag 
coverage. As the thickness of the Ag film increases, the cross-
section for SP excitation increases.  

Such finding has to be ascribed to the s-d polarization. For 
thin Ag films, the overall screening of the plasmon via the 
polarizable d electron medium diminishes and a higher SP 
frequency occurs22. A similar dependence of the surface 
plasmon on thickness was obtained for Ag/Ni(111) (Figure 
2). The spectrum of the Ni(111) surface is characterized by 
a broad peak at 1.0 eV. For less than 2 ML of Ag, the 
spectrum is extremely broad without a well-defined peak. A 
broad Ag SP at 4.2 eV arose for Ag coverages above 2 
ML. 

 
Figure 2: HREEL spectra of Ag/Ni(111) as a function of Ag 
coverage.  

Important information on the nature of plasmonic 
excitations in metal systems is given by their dispersion 
relation. Selected HREEL spectra for 22 ML of Ag on 
Cu(111) as a function of the parallel transfer momentum 
are showed in Figure 3.  

 
Figure 3: HREEL spectra for 22 ML Ag/Cu(111).  

In contrast with previous experimental works on Ag 
single-crystal surfaces22,23,26-28 and layer-by-layer Ag films 
on Si(111)18, the frequency of the SP did not increase as 
a function of the parallel transfer momentum. Similar 
results were obtained varying Ag thickness (Figure 4).  

 
 
 
 
 
 
 
 
 
 
 

Figure 4: Dispersion of the SP energy for different Ag coverages. 
The lack of a dispersion before a critical wave-vector indicates 
that the SP is confined within Ag grains. 
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The behavior of the SP dispersion suggests that the as-
deposited film is made up of Ag grains. The lack of a 
dispersion of the SP frequency below a critical wave 
vector, i.e. 0.15-0.18 A-1, indicates that the s electrons 
oscillate independently in the single (111)-oriented grains. 
The propagation of the SP can occur only for modes 
whose wavelength is smaller than the diameter of the 
single grain.  

The occurrence of SP confinement was reported also for 
Ag thin films nanostructured in islands on Si(111)17. The 
critical wave vector was suggested17 to be related to the 
average island size through the relation: 

qc=2π/d 

From the above equation, we estimate the grain size in 
Ag/Cu(111) to be about 30-40 Å. 

The behavior of the SP dispersion well agrees with the 
Stranski-Krastanov growth mode of this system43-46. The 
increasing strain caused by adsorbed layers destabilizes 
the film and induces clustering64.  

It is worth noticing that the grain size is already too high for 
allowing the excitation of Mie plasmons at 3.1 and 3.9 eV, 
which instead occurs on Ag nanoparticles deposited on 
metal-oxide surfaces65,66. As concerns metal/metal 
interfaces, the occurrence of Mie plasmons was invoked 
only for Na quantum dots on Cu(111)9 but only for a very 
restricted alkali thickness range. Mie plasmon merged into 
the ordinary SP already for two nominal Na layers9. 

SP confinement was removed upon annealing the film at 
400 K (Figure 5). The annealing process caused notable 
changes in the dispersion curve and, moreover, it induced 
a higher degree of ordering, as suggested by the analysis 
of the LEED pattern. The measured dispersion curve 
Eloss(q||) of the annealed film, reported in the inset of Fig. 5, 
was fitted by a second-order polynomial given by: 

Eloss(q||)=A+Bq||+Cq||
2 

(A=3.791±0.006 eV; B=-0.60±0.09 eV·Å; and C=3.4±0.3 
eV·Å2) 

The linear coefficient was found to be slightly negative, as 
a consequence of the increased sp density of states 
existing in thin Ag films, due to the presence of QWS. 
Enhancing the free-electron character of the QWS by 
annealing1 should imply the occurrence of a negative linear 
term, as in modified Ag single-crystal surfaces33-35.  

Nonetheless, the value of the linear coefficient is still 
enough higher than the linear coefficient of the SP 
dispersion curve of alkalis67, aluminum68, or alkaline-earth 
metals69. Such finding leads us to suggest that the centroid 
of the induced charge lies in the close vicinity of the jellium 
edge22,70,71 in contrast with all other Ag systems18,22-28,72, 
but not outside as for simple metals67-69. Interestingly, the 
quadratic coefficient coincides with that of SP dispersion in 
Ag(111)72, i.e. the surface with the same crystallographic 
orientation. 

On the other hand, for layer-by-layer thin Ag films on 
Ni(111), a fully quadratic SP dispersion was recorded 
(Figure 6), without the occurrence of SP confinement, as 
indicated by the lack of a critical wave-vector in the SP 

dispersion curve as in Figure 4. 

 
Figure 5: HREEL spectra for 22 ML Ag/Cu(111) as a function of 
the scattering angle after an annealing at 400 K. In the inset the 
dispersion relation of the Ag SP energy is shown. The initial flat 
behavior reported in Figure 4 abruptly changed upon annealing 
and an initial negative dispersion appeared . 

The absence of the linear term is ascribed to the 
existence of Ag QWS confined within the flat adlayer. 
Interestingly, the linear term was null for all investigated 
coverages for which well-defined QWS exist49. Hence, the 
different growth modes of the Ag adlayer reflect into 
different dispersion of the SP (Figures 3, 4, and 6). In 
particular, using equation 4 of Ref. 27 we could estimate 
the position of the centroid of the induced charge to be 
located at -0.6 Å with respect to the jellium edge, less 
inside the geometrical surface with respect to other Ag 
systems18,72. For the sake of a comparison, its value for 
Ag(100) and Ag(111) is -2.6 and -1.3 Å, respectively.  

 

 
Figure 6: HREEL spectra for as-deposited 10 ML Ag/Ni(111) as a 
function of the scattering angle. In the inset the dispersion 
relation of the Ag SP energy is shown. A purely quadratic 
dispersion was found.  

It is quite expected that the different distribution of 
occupied and unoccupied electronic states in thin films 
with respect to surfaces would imply enhanced damping 
mechanisms for collective excitations by creating 
electron-hole pairs. On the other hand, Landau damping 
and the lifetime of surface plasmons have been 
demonstrated to strongly influence plasmon-mediated 
dynamic processes and, moreover, the field enhancement 
and the sensitivity of surface-enhanced Raman 
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spectroscopy21.   

Figure 7 shows the thickness-dependence of the full-width 
at half maximum (FWHM) as a function of the parallel 
momentum transfer for Ag/Cu(111). An initial negative 
behavior of the FWHM was found for ultrathin films, while 
for higher coverages (22 ML) the behavior is substantially 
dispersionless. This behavior of the FHMM is well 
described by a theoretical model recently proposed21 on 
plasmon lifetime in free-standing Ag layers. The dispersion 
relation of the FWHM was found to be characterized by a 
negative behavior of the line-width for small momenta up to 
a critical wave-vector. This finding was ascribed21 to the 
splitting between symmetric and anti-symmetric excitation 
modes and the enhanced electron-hole pair excitation at 
small q|| 

73. For higher values of q||, a linear increase of the 
line-width was reported. 

 
Figure 7: Behavior of the FWHM of the Ag SP as a function of Ag 
thickness on Cu(111). 

On the other hand, the behavior of the FHWM for single-
crystal Ag surfaces is positive23,72 and it was recovered by 
annealing the Ag film (not shown).  

The FWHM of Ag SP notably increases for reduced 
thicknesses. For a thinner film extra decay channels exist 
as compared with a thicker film. Such finding suggests the 
occurrence of damping through indirect 5sp-5sp transitions 
between Ag 5sp-derived QWS confined in the Ag adlayer, 
in the direction perpendicular to the surface. In fact, sp-sp 
interband transitions were found18 to be more efficient in 
thinner films rather than in thicker ones. It is worth noticing 
that the value of the FWHM is always much higher than for 
Ag semi-infinite media (for Ag(111) the FWHM at small 
momenta is 69 meV72). 

In order to investigate whether Landau damping processes 
of the SP74 are influenced by the growth mode of the film, 
we report the behavior of the FWHM of the SP for Ag flat 
layers on Ni(111). In this case, as the SP frequency 
changes with q|| (Figure 6), it is also possible to plot the 
FWHM also as a function of the Ag SP (Figure 8a). 
Combined with its dependence on q|| (Figure 8b), this joint 
approach could identify the single-particle transition 
leading to SP broadening. The FWHM was found to 
continuously increase a function of Ag SP energy and no 
minimum exists. The loss width notably grows beyond 3.80 
eV (empty circles, primary beam energy fixed) indicating 
the opening of a new efficient decay channel. However, the 
same plot obtained by changing the impinging beam 

energy (filled squares) did not present such critical 
energy. This result was ascribed to effects caused by 
differences in penetration length of the impinging 
electrons75-76. 

 
Figure 8: (a) FWHM of the Ag SP peak for 10 ML Ag/Ni(111) as 
a function of the energy of the Ag SP, as obtained in different 
experimental conditions (■) θi= θs =55° fixed and Ep varying (○) θi 
=55°, Ep =40 eV fixed and θs varying. (b) FWHM of the SP peak 
for 10 ML Ag/Ni(111) as a function of the parallel momentum 
transfer q||, calculated with the following experimental 
parameters: θi =55°, Ep =40 eV. The abrupt increase of the 
FWHM beyond q||=0.2 Å−1 indicates that an extra decay channel 
due to indirect single-particle transition between surface 
electronic states opens up. 

 

The behavior of the FWHM as a function of the parallel 
transfer momentum q|| demonstrated that for q||>0.2 Å−1 
electrons may be promoted from occupied to unoccupied 
electronic states so that the corresponding plasmon peak 
would broaden considerably until decaying into the single-
particle excitation continuum.  

The different behavior with respect to the case of 
Ag/Ni(111) should be ascribed to differences in both the 
growth mode and in the nature of QWS59. Such significant 
dissimilarities between these two bimetallic surfaces 
should in principle imply quite different Landau damping 
processes of the plasmonic excitation. 

Interestingly, a broader peak recorded at 7.7 eV (Figure 9) 
was revealed for both Ag/Cu(111) and Ag/Ni(111).  As 
mentioned above, this peak was observed also in other Ag 
systems19,39,40 and its nature is still unclear. A shoulder at 
about 12 eV was also revealed on both systems and it was 
ascribed to a combination mode of the Ag SP and the 
feature at 7.7 eV. For Ag/Cu(111) also a peak at about 16 
eV was recorded. 
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Figure 9: HREEL spectra of 10 layers of Ag on Ni(111) and 
Cu(111).  The incident beam energy Ep was held constant at 40 
eV and all spectra were recorded at an incident angle of θi=80° 
with respect to the sample normal and with a diffusion angle of 
θs=75°. 

 

Interestingly, the mode at 7.7 eV was measured only in 
experimental conditions enhancing the surface sensitivity, 
i.e. at low impinging energies and grazing incidence 
(Figure 10). These findings unambiguously exclude the 
assignation of this mode to a bulk plasmon36 or to a single-
particle transition39, which should not have such a strict 
surface nature. 

 
Figure 10: HREEL spectra of 10 ML Ag/Ni(111) as a function of the 
scattering geometry. Each spectrum was acquired in specular 
geometry. 

 

This behavior leads us to suggest that this peak could be 
ascribed to the MP37, which is characterized by a strong 
surface character. It should be noticed that according to 

Liebsch’s calculations37, this broad feature should have 
spectral contributions (not separable, even though at 
higher momenta MP should predominate) from both MP 
and the free-electron Ag SP. A SP at similar frequencies 
has been invoked also in Ref. 36 and 38. Moreover, Ag 
MP has an intrinsically free-electron nature37 and electron 
quantum confinement in Ag 5sp-derived QWS43-49 should 
in principle enhance the cross-section for Ag MP 
excitation in Ag thin films compared with Ag single-crystal 
surfaces. 

The intensity of the MP (normalized to that of the elastic 
peak) versus the off-specular angle (figure 11) clearly 
demonstrates that such collective mode was excited by 
impact mechanism because it is peaked at seven degrees 
off-specular23, while a dipolar loss would have the same 
behavior of the elastic peak as a function of the off-
specular angle. Likewise, the intensity of SP exhibited a 
maximum around 8 degrees off-specular.  

 
Figure 11: Behavior of the ratio of the intensity of the SP with 
respect to that of the elastic peak, ISP/IEL, and of the ratio of the 
intensity of the MP with respect to that of the EP peak, IMP/IEP,as a 
function of the off-specular angle. A maximum for both quantities 
was found around seven-eight degrees off-specular. For such 
angle, the intensity of MP was higher than that of the SP peak. 

 

As a consequence of its strictly surface nature, the 
excitation of a MP should strongly depend on the state of 
the surface, much more with respect to the ordinary SP. 
As extremely amounts of coadsorbed water notably 
influence the electronic properties by inducing peaks in 
the loss spectrum9,77, the adsorption of water molecules 
could be the best probe to test the surface sensitivity of 
Ag MP. However, water molecules adsorb onto noble-
metal surfaces at room temperature only in the presence 
of submonolayers of alkalis. Thus, we adsorbed 0.15 ML 
of K onto the Ag film in order to enhance the reactivity 
towards water molecules. Vibrational spectra (not shown) 
revealed the presence of partially dissociated water as 
contamination coming from residual gas in UHV chamber, 
as suggested by the presence of O-H stretching peaks at 
435 meV (water molecules) and 450 meV (OH 
groups)78,79  As a matter of fact, the critical K-precoverage 
for water dissociation on Ag(111) is 0.17 ML80. Another 
clear fingerprint of molecular water adsorbed is the 
appearance of HOH bending at 199 meV81,82. 
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The energy of the ordinary SP shifted by about 100 meV 
after potassium exposure (figure 12). Such red-shift 
indicates a charge transfer from Ag to adsorbates. The MP 
disappeared and two new loss features appeared at 5.7 
and 9.9 eV. Photoemission spectroscopy experiments 
carried out on H2O/(2x2)-Li/Cu(111)77  and HREELS 
measurements on H2O/Na/Cu(111)9 showed a peak at a 
similar energy. These authors interpreted a peak at 5.9-6.0 
eV as due to single-particle transitions involving oxygen 
2p-derived orbitals. Likewise, these loss features may be 
assigned to single-particle transitions occurring between 
orbitals of water molecules (or OH groups). In particular, 
the peaks at 5.7 and 9.9 eV could be ascribed to 
transitions starting from the 1b1 and 3a1 orbitals of water 
molecules, respectively. Further support to such 
assignment arises from the finding that these losses did 
not follow any dependence on the scattering geometry and 
the primary electron beam energy. Hence, any relationship 
between such two features and the MP has to be excluded. 

 
Figure 12: HREEL spectra of 10 ML Ag/Ni(111) after the exposure of 
0.15 ML of K at room temperature. MP disappeared and new loss 
features due to water contamination arose in spectrum.   

 

Interestingly, such an enhanced surface-sensitivity was not 
found for other electronic modes confined at surfaces, 
such as acoustic plasmon83, which instead was revealed 
even in the presence of a remarkable oxygen 
contamination, and Shockley plasmon63.   

Results reported in Figure 9-12 suggest that the MP is a 
general property of the optical response for Ag and 
presumably for all metal surfaces. Its existence should be 
essential for potential applications as it affects significantly 
the high-frequency optical properties. For example, it is 
expected to strongly influence the production of hot 
electrons by photons, whenever the frequency matches 
that of the MP84.  

4. SUMMARY AND CONCLUSIONS 
Growth mode was found to strongly affect collective 
electronic excitations in nanoscale thin Ag films. SP was 

found to be confined within grains for Ag/Cu(111).  
Annealing at 400 K removes SP confinement and induces 
a negative linear term in the SP dispersion relation. On 
Ag flat films on Ni(111) a fully quadratic dispersion was 
found to occur. This implies that the centroid of the 
induced charge lies less inside the geometrical surface 
compared with other Ag systems, as a consequence of 
the presence of Ag 5 sp-derived QWS. Landau damping 
processes were found to be dependent on the growth 
mode too, as indicated by the different dispersion relation 
of the FWHM in the two systems. The broadening of the 
Ag SP is enhanced for thinner films due to 5sp-5sp 
transitions. 

Moreover, we report direct evidences of the existence of a 
mode at 7.7 eV which is excited only in conditions 
enhancing surface sensitivity. It disappeared upon 
coadsorption with reactive species. We suggest that this 
excitation could be ascribed to the MP, in agreement with 
theoretical predictions in Ref. 37. 

These findings provide the grounds for theoretical studies 
aimed at characterizing the dependence of the nature and 
dispersion of collective excitations in nanoscale thin silver 
films on the growth mode and on the electron quantum 
confinement within the adlayer. 
 

FIGURE CAPTIONS 

Figure 1: HREEL spectra of Ag/Cu(111) as a function of Ag 
coverage. As the thickness of the Ag film increases, the cross-
section for SP excitation increases.  

Figure 2: HREEL spectra of Ag/Ni(111) as a function of Ag 
coverage.  

Figure 3: HREEL spectra for 22 ML Ag/Cu(111).  

Figure 4: Dispersion of the SP energy for different Ag coverages. 
The lack of a dispersion before a critical wave-vector indicates 
that the SP is confined within Ag grains. 

Figure 5: HREEL spectra for 22 ML Ag/Cu(111) as a function of 
the scattering angle after an annealing at 400 K. In the inset the 
dispersion relation of the Ag SP energy is shown. The initial flat 
behavior reported in Figure 4 abruptly changed upon annealing 
and an initial negative dispersion appeared . 

Figure 6: HREEL spectra for as-deposited 10 ML Ag/Ni(111) as a 
function of the scattering angle. In the inset the dispersion 
relation of the Ag SP energy is shown. A purely quadratic 
dispersion was found.  

Figure 7: Behavior of the FWHM of the Ag SP as a function of Ag 
thickness on Cu(111). 

Figure 8: (a) FWHM of the Ag SP peak for 10 ML Ag/Ni(111) as 
a function of the energy of the Ag SP, as obtained in different 
experimental conditions (■) θi= θs =55° fixed and Ep varying (○) θi 
=55°, Ep =40 eV fixed and θs varying. (b) FWHM of the SP peak 
for 10 ML Ag/Ni(111) as a function of the parallel momentum 
transfer q||, calculated with the following experimental 
parameters: θi =55°, Ep =40 eV. The abrupt increase of the 
FWHM beyond q||=0.2 Å−1 indicates that an extra decay channel 
due to indirect single-particle transition between surface 
electronic states opens up. 

 

 

Figure 9: HREEL spectra of 10 layers of Ag on Ni(111) and 
Cu(111).  The incident beam energy Ep was held constant at 40 
eV and all spectra were recorded at an incident angle of θi=80° 
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with respect to the sample normal and with a diffusion angle of 
θs=75°. 

Figure 10: HREEL spectra of 10 ML Ag/Ni(111) as a function of the 
scattering geometry. Each spectrum was acquired in specular 
geometry. 

Figure 11: Behavior of the ratio of the intensity of the SP with respect 
to that of the elastic peak, ISP/IEL, and of the ratio of the intensity of 
the MP with respect to that of the EP peak, IMP/IEP,as a function of the 
off-specular angle. A maximum for both quantities was found around 
seven-eight degrees off-specular. For such angle, the intensity of MP 
was higher than that of the SP peak. 

Figure 12: HREEL spectra of 10 ML Ag/Ni(111) after the exposure of 
0.15 ML of K at room temperature. MP disappeared and new loss 
features due to water contamination arose in spectrum.   
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Abstract 

The lifetime of the surface plasmon in sputtered Ag nanoscale thin films on Cu(111) 

was investigated by high-resolution electron energy loss spectroscopy measurements. 

The line-width of the surface plasmon was found to follow a square-root dependence 

on the fluence. Such finding allows the tuning of the lifetime of the plasmonic 

excitation upon sputtering and has general implications in plasmon-based 

spectroscopies and in plasmon-mediated processes across the films and at their 

surfaces. 

 

 



Plasmonic resonances in metallic systems have been widely studied in recent 

years [1-3] as they can be applied to alter light–matter interaction. It has been shown 

that supported metal nanostructures can dramatically enhance the local electrical field 

by concentrating electromagnetic energy into sub-wavelength volumes [1]. This could 

lead to many applications, ranging from sub-diffraction limit imaging [4] to efficient 

optical mixing [5]. In particular, surface plasmons (SPs) in thin films have a direct 

implication in light and electron transmission across the film [6, 7], sensing of 

chemisorbed atoms or molecules on the surface of the film, SP-coupled emission, and 

light scattering and absorption. 

A key factor in the relaxation processes is the lifetime of the SP, which is limited by the 

decay into electron-hole pairs (Landau damping). The lifetime of SP has been 

demonstrated to strongly influence plasmon-mediated dynamic processes and, 

moreover, the field enhancement and the sensitivity of surface-enhanced Raman 

spectroscopy (SERS) [8] and surface-enhanced fluorescence [9].  

Tuning the SP lifetime, i.e. SP line-width, is a grand challenge to date still 

elusive, for both fundamental and technological interest. In fact, it should imply a 

significant advancement for plasmon-based applications such as chemical and 

biological sensors, waveguides, photonic circuits, molecular rulers, optical tweezers 

[10] and all-optical switching devices [11].  

The damping processes of the SP are well understood for both bulk crystals [12] and 

nanoparticles [13]. However, information on the Landau damping in thin films is still 

lacking. Recent calculations [14] for Ag nanoscale thin films have found that Landau 

damping behaves very differently in thin films with respect to their bulk counterpart. 



For example, damping processes are enhanced in the long-wavelength limit while for 

bulk crystals an opposite behavior has been reported [15].  

On the other hand, the use of sputtering techniques for obtaining ultrathin and 

nanostructured metallic films for SP-based applications has been recently demonstrated 

[16]. In particular, silver films are essential in optical devices [17, 18].  

Herein we report on high-resolution electron energy loss (HREELS) measurements 

on plasmonic excitations in Ag thin films grown on Cu(111) which were sputtered by 

Ar+ ions at room temperature and in normal incidence. We found that the line-width 

of the SP follows a square-root-like behavior on the fluence. This finding offers an 

unique possibility of controlling the SP lifetime. 

Measurements were carried out in a UHV chamber operating at a base pressure of 

5·10-9 Pa. The sample was a single crystal of Cu(111). The surface was cleaned by 

repeated cycles of ion sputtering and annealing at 700-800 K. Surface cleanliness and 

order were checked using Auger electron spectroscopy (AES) and low-energy 

electron diffraction (LEED) measurements, respectively. Silver was deposited onto 

the Cu(111) surface by evaporating from an Ag wire wrapped on a tungsten filament. 

Well-ordered Ag films could be obtained at very low deposition rates (≈0.05 

ML/min). The occurrence of the p(1x1)-Ag LEED pattern was used as the calibration 

point of θAg=1.0 ML. Similar results were obtained by a calibration procedure using 

AES. A constant sticking coefficient was assumed to obtain other desired Ag 

coverage. HREEL experiments were performed by using an electron energy loss 

spectrometer (Delta 0.5, SPECS). Loss spectra were acquired with a primary electron 



beam energy of 40 eV. The incident angle with respect to the sample normal was 

fixed at 55.0°. All spectra were acquired in the specular geometry. The energy 

resolution of the spectrometer was degraded to 10 meV so as to increase the signal-to-

noise ratio of loss peaks. All depositions and measurements were made at room 

temperature. The sputtering of the Ag film was performed also at room temperature, 

using Ar+ ions with an impinging energy of 1 keV and in normal incidence. It should 

be mentioned that the temperature of the substrate and the angle of incidence of the 

ions can be used to select the final surface morphology [19]. For sputtering at normal 

incidence and at room temperature, diffusion dominates and the surface achieves a 

morphology that resembles the crystallographic symmetry of the underlying substrate 

[20, 21].  

The Ar+ flux was 1013 ions·cm-2·sec-1. The fluence (flux·time) was varied by changing 

the sputtering time at fixed flux. The values of the SP frequency and of the full-width at 

half maximum (FWHM) were obtained by subtracting a polynomial background and 

fitting the resulting spectrum by a Gaussian line-shape. The excellent LEED pattern 

and the good reflectivity of the surface suggest the occurrence of ion-induced long-

range periodic modulations of the adlayer, i.e. ripples [20, 21], as observed for 

sputtered Ag single-crystal surfaces.  

The left panel of Figure 1 shows the HREEL spectra recorded for ten layers of Ag for 

different values of the fluence. For the as-deposited Ag film, the loss spectrum presents 

only the ordinary SP at 3.79 eV, which is shifted to 3.89 eV (regardless of fluence) in 

the sputtered film.  



Interestingly, the line-width of the SP peak increases with fluence (Figure 1, right 

panel).  

 

Figure 1: (left panel) HREEL spectra for 10 layers of Ag/Cu(111). The SP energy shifted from 3.79 
eV (as-deposited film) to 3.89 eV, regardless of fluence. On the other hand, the FWHM of the SP 
peak broadened upon sputtering; (right panel) HREEL spectra after the subtraction of a polynomial 
background, presented in a restricted energy range. The arrows indicate the value of the FWHM, 
which increased from 164 to 235 meV upon increasing the fluence. 
 

The analysis of the right panel of Figure 1 reveals that also the line-shape of the 

SP changed by sputtering. The SP peak became progressively asymmetric, as indicated 

by the increasing of the skewness [22], i.e. the third standardized momentum [23, 24], 

from 0.74 (as-deposited film) to 1.23 (last spectrum of Figure 1) upon sputtering.  

The increasing value of the FWHM upon sputtering signals the onset of inelastic 

processes which shorten the SP lifetime. They should be ascribed to the enhanced 

Landau damping via “phase-breaking” scattering events. Very likely, the collisions of 

electrons with lattice defects in the sputtering-modified film are responsible of the 

progressive broadening of the SP line-width. However, it should be noticed that an 

accurate evaluation of the line-width of a long-lived excitation such as the Ag SP poses 

a nontrivial problem to theory [25]. 



Figure 2 shows the behavior of the FWHM as a function of the fluence. The 

FWHM is characterized by a power-law dependence on the fluence (F):  

FWHM=Δ0+A·Fpow 

 where Δ0= (164±3) meV; A= (8±2) meV·cm, and pow=0.50±0.06 

 

 

Figure 2: Behavior of the FWHM as a function of the fluence of the Ar+ ion beam. 

 

Interestingly, a square-root dependence exists between the FWHM and the 

fluence. Accordingly, by varying the fluence it is possible in principle to obtain any 

desired value of the FWHM, i.e. the SP lifetime. As discussed above, such finding has 

many potential applications and claim for dedicated investigations from both 

theoreticians and experimentalists. In fact, the SP lifetime is a key factor in many 

phenomena such as relaxation processes [26] and the propagation of SP polariton in SP 

sub-wavelength optics [27]. Moreover, it affects the functioning of “superlenses” [28].  

In conclusion, we have demonstrated that the lifetime of the SP can be tuned upon 

sputtering as the FWHM follows a square-root dependence on fluence. On the other 



hand, the SP frequency is blue-shifted in sputtered films compared with as-deposited 

Ag layers. The possible technological implications of present findings were also 

discussed. 
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cCNISM, Consorzio Nazionale Interuniversitario per le Scienze Fisiche della Materia

(Dated: September 24, 2008)

Abstract

The nature and the dispersion of the electronic collective excitations in ultrathin Ag layers de-

posited onto the Cu(111) surface were investigated by angle-resolved high-resolution electron energy

loss spectroscopy. For two Ag layers we found a nearly-flat behavior of the surface plasmon energy

(absence of dispersion) as a function of the parallel momentum transfer, in good agreement with

theoretical calculations performed within the framework of the s-d polarization model. However,

the same agreement was not found for higher coverages, for which surface plasmon is confined in

Ag grains.

PACS numbers: 73.20.Mf, 79.20.Uv, 79.60.Dp

Keywords:
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Collective electronic excitations in nanoscale systems have been widely studied in recent

years1–7. In particular, the behavior of the surface plasmon (SP) dispersion in ultrathin films

deposited on metal and semiconductor surfaces has been the subject of several theoretical1,7–9

and experimental3–5,10,11 investigations. Ultrathin films usually exhibit physical and chem-

ical properties markedly different from their bulk counterpart as quantum size effects and

electron quantum confinement may occur12,13.

In the case of simple metals it has been demonstrated that the nature of collective elec-

tronic excitations occurring in two layers is very different from that in multilayers. For alkali

bilayers, the jellium model predicts that at small momenta the SP has a vanishing weight1,7

and in this limit only bulk plasmon (BP) and multipole plasmon exist1. Increasing the cov-

erage above two layers, the excitation of SP becomes possible also in the long-wavelength

limit (small momenta).

In silver samples, considering its s electron density, the energy of the SP is expected

to be 6.50 eV, but due to the interaction between s and d electrons it is lowered to 3.70

eV. Moreover, contrary to alkali-metal systems1,4,10,11, the dispersion of Ag SP was found

positive1,2,14–16. A negative dispersion on Ag systems was reported only for modified Ag

single-crystal surfaces, i.e. Cl/Ag(111)17, O/Ag(100)18, and the sputtered and nanostruc-

tured Ag(100)19. While Ag semi-infinite media have been extensively investigated2,14–16,

a very few experimental studies on low-dimensional Ag systems, such as ultrathin films on

metal5 and semiconductor substrates20–22, nanowires23, nanoparticles24,25, and quantum dots

exist. On the other hand, it would be extremely useful to study dynamic screening processes

in the case of Ag bilayers deposited on metallic substrates. In fact, two layers are commonly

accepted as a borderline between interface physics and thin-films physics1,10,11. Such cov-

erage constitutes the minimal thickness necessary to observe in loss spectra well-distinct

features assignable to collective excitations, while the very broad loss features observed

from 0 to 2 ML are assigned to single-particle transitions11. Increasing the coverage, the

nature and the dispersion of the collective excitations in the Ag thin film approach those

of bulk Ag. The excitation spectra of Ag films deposited onto an aluminum substrate were

calculated by Liebsch using the s-d polarization model1. As expected, the nature and dis-

persion of the collective excitations calculated for two layers deviated substantially from

those reported for multilayers5. However, to the best of our knowledge, no experimental

study for Ag/metal interfaces supporting such theoretical findings1 exists. On the other
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hand, experiments carried out on ultrathin Ag films grown on Si(111)21,22 reported a posi-

tive behavior of the SP dispersion and, moreover, the collective excitation observed at small

momenta was assigned to the ordinary SP. These findings are in contrast with theoretical

expectations1 performed for Ag/Al, thus indicating the existence of strong differences in

the electronic response between Ag layers deposited onto metallic and semiconductor sub-

strates. Hence, further experimental work aimed at investigating the nature of the collective

excitations in metal/metal interfaces is needed. Such studies should provide a significant

advancement in understanding dynamic screening processes in the limit of ultrathin metallic

layers, especially for the quite intriguing case of two layers.

Herein we present high-resolution electron energy loss spectroscopy (HREELS) measure-

ments shedding light on the nature and the dispersion of the collective excitations in ul-

trathin Ag layers on Cu(111). This system represents an example of film growth in large

(13 %) mismatched materials. As the surface energy of Ag and the stress energy at the

interface are lower than the Cu substrate energy, the Ag ultrathin films grows layer-by-

layer up to two layers26,27. Further increasing Ag coverage, three-dimensional Ag islands

are formed. Scanning tunnelling microscopy and low-energy electron diffraction (LEED)

measurements showed that the two Ag layers form a (9x9) reconstruction26,27. Moreover,

it is worth mentioning that photoemission measurements of Ag/Cu(111)28–31 revealed the

existence of well-defined Ag 5sp-derived quantum well states (QWS) even for rather high

film thickness. This implies the occurrence of an enhanced sp density of states at the Fermi

level that modifies the electron charge-density distribution, and thus significant changes in

the dynamical screening properties32 with respect to the case of single-crystal surfaces are

expected. Hybridization between Ag QWS and the substrate33 may also influence the elec-

tronic response of the interface and it should be enhanced for very reduced thicknesses, i.e.

2 ML. Loss measurements reported here demonstrated that in two Ag layers the excitation

of SP is not allowed at small momenta. The excitation at q|| ∼0 is assigned to the ordinary

BP. Moreover, for q|| > 0.087Å−1 the SP energy did not exhibit a positive dispersion. Such

finding demonstrated that an excellent agreement with theoretical calculations performed

for two layers of Ag on Al1 exists.

Experiments have been carried out in ultrahigh vacuum (at a base pressure of 5·10−9 Pa)

on a Cu single crystal cut within 0.1˚ along the (111) direction. The sample is a 9 mm

diameter disk which was delivered from MaTecK GmbH. It was cleaned by cycles of 1.5 keV
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sputtering with Ar ions followed by annealing for 30 minutes to 800-900 K. The structure

of the Ag adlayer was analyzed by low-energy electron diffraction (LEED) measurements,

showing the characteristic26,27 diffraction pattern of the reconstructed (9x9) structure in

correspondence of the adsorption of the flat bilayer. Ag was evaporated from a heated

wire, while the crystal was kept at room temperature. The amount of evaporated Ag was

calibrated with Auger electron spectroscopy (AES) and LEED measurements. The energy

loss spectra were recorded with an Ibach-type spectrometer at a crystal temperature of 300

K. For the present experiment the momentum resolution was 0.012 Å
−1

, while the energy

resolution was tuned to 10 meV to improve the signal-to-noise ratio of the losses.

Selected HREEL spectra for 2 of Ag/Cu(111) as a function of the parallel momentum

transfer are showed in Figure 1a. Instead, the energy of the loss features as a function of

the parallel momentum transfer is shown in Figure 2. To obtain the energies of loss peaks

plotted in Figure 2, a polynomial background was subtracted from each spectrum. The

resulting spectra were fitted by a Gaussian line-shape (not shown).

From Figure 1a it can be observed that at the smallest momenta (q|| = 0.024Å−1 and

0.051Å−1) a loss peak with a very reduced intensity was revealed at about 4.15 eV. The

intensity of the loss peak increased notably with q|| while its energy underwent a sudden

red-shift down to 3.96 eV. For q|| > 0.087Å−1, the energy of the latter loss peak remained

almost constant. We assign the feature at about 4.15 eV to the BP in two Ag layers. Instead,

the dispersionless feature at 3.96 eV is assigned to the SP in two Ag layers. The significant

energy step existing between small and high momenta is due to the different nature of the

excitation, i.e. BP and SP, respectively, and not to a rapid change of the SP dispersion. On

the other hand, the existence of two well-distinct plasmonic excitations for extremely reduced

thicknesses well agrees with the current theoretical picture of collective electronic excitations

in thin films1,8,9. Both features are strongly blue-shifted by s-d screening1 compared to their

respective values in Ag semi-infinite media, i.e. 3.80 and 3.70 eV, respectively. The blue-shift

of the SP frequency was previously observed in thin Ag films on Si(111)20–22 and Ni(111)5 and

it is fully described within the framework of the s-d polarization model1. As the thickness

of the Ag film is reduced, the overall screening of the charge associated to the SP via the

polarizable d electronic medium diminishes, giving higher plasmon energy1. As regards the

blue-shift of the BP, it is shifted by s-d screening at a frequency ωp∗ = ωp/εd, where εd is

the local dielectric function and ωp is the s-p BP frequency1. The real part of the dielectric
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function decreases as the film thickness is reduced, as a direct consequence of the occurrence

of a less sharp onset of transitions involving d states in thin films compared to bulk Ag1.

The lack of the SP excitation at q||=0 was reported also for ultrathin alkali layers, from

both theoreticians1 and experimentalists3. In this case, the surface response function in the

long-wavelength limit (small momenta) is peaked at the BP frequency as the overlayer SP

has a vanishing weight1. On the contrary, in ultrathin and flat Ag layers on Si(111)21 the SP

was excited even at small momenta. Such evidence should be taken as a fingerprint of very

different screening processes between 2.5 ML Ag/Si and 2 ML Ag/Cu. The SP was excited

at q|| ≈0 also for Ag layers on Si(111) nanostructured in islands20. However, increasing Ag

coverage, i.e. 5 ML (Figures 1b and 2) the SP was excited also at small values of q||, as

generally found for thick alkali layers34. This result suggests that no substantial differences

in the electronic response between Ag/Cu and Ag/Si exist for a sufficiently high thickness,

so as to reduce the influence of the underlying substrate. As regards the SP dispersion

for 2 ML Ag/Cu(111) (q|| > 0.087Å−1), it was not positive (Figure 2) in contrast with

all previous measurements on unmodified Ag surfaces2,14–16 and Ag/Si(111)21 exhibiting,

instead, a positive and quadratic dispersion. In Figure 3 we compare the SP dispersion

for different Ag systems. We notice that strong differences in both energy and dispersion

behavior exist for the different cases. Interestingly, the results of present measurements for

2 ML well agree in dispersion with the theoretically predicted behavior1 (Figure 3a).

Increasing the Ag thickness beyond the bilayer, the Ag film becomes granular28–31. Spec-

tra for 5 ML are shown in Figure 1b. The analysis of the dispersion relation (Figure 2)

reveals that SP is confined within Ag grains, as indicated by the absence of dispersion below

a critical wave vector20, i.e. 0.18 Å−1. While the lower energy of the SP has to be ascribed to

the increased thickness21, the changes in growth mode are responsible of the dissimilarities

in the SP dispersion relation. Similar results were obtained for slightly similar coverages.

It should be noticed that in the theoretical investigation for 4 ML Ag/Al1, the SP was

excited only for momenta higher than 0.05Å−1, while for experimental studies on 5 ML

Ag deposited on both Si(111)20–22, Ni(111)5, and Cu(111) the SP was excited even at the

smallest momenta, thus suggesting that the thickness dependence of the behavior of the SP

dispersion is not appropriately described by s-d polarization model1 (Figure 3b).

Important information on collective electronic excitations at metal surfaces could be

provided by the dispersion relation of the full-width at half maximum (FWHM). An initial
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negative behavior of the FWHM was found for both 2 and 5 ML Ag/Cu(111) (Figure 4), but

beyond a critical wave-vector the dispersion became positive. This is well described within

the framework of a recently proposed7 theoretical model on plasmon lifetime in free-standing

Ag layers. The initial negative behavior was ascribed7 to the splitting between symmetric

and anti-symmetric excitation modes and to the enhanced electron-hole pair excitation at

small q||. The increased value of the FWHM for 2 ML compared with 5 ML suggests that

damping processes of the SP through indirect 5sp-5sp transition between Ag 5sp-derived

QWS confined in the adlayer are more efficient for thinner films.

In conclusion, our results demonstrated that the SP dispersion in an Ag bilayer on

Cu(111) is not positive, in contrast with all previous measurements on Ag semi-infinite

media. At small momenta, at which the SP has a vanishing weight, the feature observed in

loss spectra was assigned to the BP, in agreement with theory and with previous results

on alkali ultrathin layers. Significant differences found between 2 and 5 ML of Ag/Cu(111)

are a clear experimental evidence of the changes occurring in screening processes as Ag

thickness increases, and also of changes in the growth mode. However, the s-d polarization

model did not accurately describe the thickness dependence of the SP dispersion relation.

* corresponding author: politano@fis.unical.it,

Tel. ++39-984-496157
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Figure Captions

FIG. 1: Selected HREEL spectra as a function of the parallel momentum transfer for 2 ML

Ag/Cu(111) (top panel) and 5 ML Ag/Cu(111) (bottom panel) at T=300 K.

FIG. 2: SP dispersion relation for 2 ML and 5 ML of Ag on Cu(111) at T=300 K.

FIG. 3: (a) Behavior of the dispersion curve of the Ag SP for 2 ML Ag/Cu(111) (our data, filled

squares), 2 ML Ag/Al (theory, continuous line)1, and Ag(111) (dashed-dotted line)16. (b) Behavior

of the dispersion curve of the Ag SP for 5 ML Ag/Cu(111) (our data, filled squares), 4 ML Ag/Al

(theory, continuous line)1, and Ag(111) (dashed-dotted line)16.

FIG. 4: Behavior of the FWHM for plasmonic excitations on 2 and 5 ML of Ag/Cu(111).
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The dispersion of surface plasmon in as-deposited and modified Ag thin films on Cu(111) was

investigated by angle-resolved high-resolution electron energy loss spectroscopy. Loss measurements

revealed that for the as-prepared film the surface plasmon is confined within Ag grains. The confine-

ment of the surface plasmon was removed upon annealing. The linear coefficient of the dispersion

became slightly negative for the annealed film and this effect was ascribed to the enhancement of

the free-electron density of states. On the contrary, on the sputtered Ag film the quadratic term

dominates, as found for the sputtered Ag(100) surface.

PACS numbers: 73.20.Mf, 79.20.Uv, 79.60.Dp

I. INTRODUCTION

The growth of thin metallic films continues to attract a great interest for both fundamental and technological

reasons1,2. Thin films exhibit novel physical and chemical properties, as a consequence of the presence of quantum

well states (QWS)3,4, whose wave function describes electrons confined within the adlayer. Such states have been

observed in a great variety of systems and, in particular, in thin films grown on the Cu(111) surface4,5 which presents

a large energy gap at the Γ̄ point of the projected bulk band structure. Recently, the dispersion of QWS has been

found to change by annealing the adlayer2. Angle-resolved photoemission experiments showed that Ag QWS on

Au(111) have flat in-plane dispersion in a disordered film and a nearly free-electron-like dispersion in an annealed and

well-ordered film. Accordingly, the sp density of states of the film may be finely tuned by annealing. Moreover, the

possibility of nanostructuring surfaces by ion bombardment was demonstrated by scanning tunnelling microscopy6,7.

The surface morphology is determined by the interplay between the sputtering and the surface diffusion. Ion-induced

nanostructures were observed on Ag(110)7, Cu(110)8,9, and Ag(001)6. The angle of incidence of the ions can also



2

be used to select the final surface morphology10. For sputtering at normal incidence, diffusion dominates and the

surface morphology resembles the crystallographic symmetry of the underlying substrate: ripples form on Ag(110)

and Cu(110) and a checkerboard structure of pits and hills on Ag(001). The application of ion sputtering techniques

in producing novel nanoscale structures may be of great interest for future applications11.

Further information on the physical and chemical properties of such manipulated nanostructured films can be

obtained from their electronic excitations and, in particular, from the dispersion relation of the collective modes. A

drastic change in the dispersion curve of Ag surface plasmon (SP) was reported12 for a sputtered Ag(100) surface.

Upon sputtering, the linear coefficient of the dispersion changed from positive to negative, while the quadratic term

increased so as to recover the value of the quadratic term of bulk plasmon. However, dynamic screening properties

of annealed and sputtered Ag films have not been investigated yet. On the other hand, screening effects are of

fundamental importance in understanding the electronic response of systems exhibiting confined electrons13.

Herein we present a high-resolution electron energy loss spectroscopy (HREELS) study aimed at investigating

the SP dispersion in thin Ag layers on Cu(111). Photoemission measurements of Ag/Cu(111)14–17 revealed the

existence of well-defined Ag 5sp-derived QWS even for quite high film thickness. This implies the occurrence of an

enhanced sp density of states at the Fermi level that modifies the electron charge-density distribution, thus causing

significant changes in dynamical screening properties18. At room temperature Ag layers grow on Cu(111) in the

Stranski-Krastanov growth mode. The layer-by-layer growth of Ag film stops at the completion of the first two layers,

characterized by the occurrence of a (9x9) reconstruction19,20. Further increasing Ag coverage, three-dimensional

islands grow on the flat silver bilayer. Annealing caused changes in the photoemission spectra and in the morphology

of the film16 and, moreover, silver dissolution into the substrate occurred21,22.

Loss measurements reported here demonstrate that SP is confined within Ag grains in as-deposited Ag layers.

Annealing removed SP confinement and, moreover, induced the occurrence of a negative value of the linear coefficient

of the SP dispersion, as a consequence of the enhanced free-electron character of Ag QWS upon annealing2. For

the sputtered film, the quadratic term of the dispersion was found to be predominant, as for the sputtered Ag(100)

surface12.

II. EXPERIMENTAL

Measurements were carried out in a UHV chamber operating at a base pressure of 5x10−9 Pa, equipped with

standard facilities for surface characterizations. HREEL experiments were performed by using an electron energy loss
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spectrometer (Delta 0.5, SPECS). The sample was a single crystal of Cu(111). The surface was cleaned by repeated

cycles of ion sputtering and annealing at 700-800 K. Surface cleanliness and order were checked using Auger electron

spectroscopy (AES) and low-energy electron diffraction (LEED) measurements, respectively. Silver was deposited

onto the Cu(111) surface by evaporating from an Ag wire wrapped on a tungsten filament. Well-ordered Ag films

could be obtained at very low deposition rates (≈0.05 ML/min). The occurrence of the p(1x1)-Ag LEED pattern

was used as the calibration point of θAg=1.0 ML. Around each spot of the p(1x1)-Ag, LEED measurements showed

also the occurrence of a (9.5x9.5) reconstruction for the first Ag layer and of a (9x9) reconstruction in correspondence

of θAg=2.0 ML, in excellent agreement with previous structural studies on this system19,20. A constant sticking

coefficient was assumed to obtain other desired Ag coverage. All depositions and measurements were made at room

temperature. The sputtering of the Ag film was performed at room temperature, using Ar+ ions with an impinging

energy of 1 keV and in normal incidence. We worked at a sputtering flux of 1013 ions cm−2 sec and a fluence of

1.7x1015 ions cm−2. The energy resolution of the spectrometer was degraded to 10 meV so as to increase the signal-

to-noise ratio for off-specular spectra. The measured angular acceptance α of our electron energy analyzer was 0.5˚.

Dispersion of the collective mode, i.e., Eloss(q||), was measured by moving the analyzer while keeping the sample

and the monochromator in a fixed position. The sample was oriented along the Γ̄ − K̄ direction. The incident angle

with respect to the sample normal was fixed at 55˚. To measure plasmon dispersion, values for the parameters Ep,

impinging energy, and θi , the incident angle, were chosen so as to obtain the highest signal-to-noise ratio. The primary

beam energy used for the dispersion, Ep=40 eV, provided, in fact, the best compromise among surface sensitivity, the

highest cross-section for mode excitation, and q|| resolution. As

~−→q|| = ~

(

−→
ki sin θi −

−→
ks sin θs

)

,

the parallel momentum transfer, q|| depends on Ep, Eloss, θi, and θs according to23,24:

q|| =

√

2mEp

~

(

sin θi −

√

1 −
Eloss

Ep

sin θs

)

where Eloss is the energy loss and θs is the electron scattering angle. Under the conditions in the present experiment,

we estimate the integration window in the reciprocal space23,24 to be ∆q||=0.012 Å
−1

, much less than the scanned

range in the reciprocal space.
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III. RESULTS AND DISCUSSION

Selected HREEL spectra for as-deposited Ag layers as a function of the scattering angle are showed in Figure

1. The granularity of the as-deposited film is argued from the behavior of the dispersion of the SP. The absence

of dispersion below a critical wave vector, i.e. 0.18 Å−1 (Figure 2), indicates that the plasmon is localized within

each single (111)-oriented grain. Similar results were reported for Ag/Si(111)25 nanostructured in islands (Ag films

on Si(111) in the work by Yu et al.26 were instead characterized by a layer-by-layer growth and no SP confinement

occurs). The propagation of the SP can occur only for modes whose wavelength is smaller than the diameter of the

single grain. Interestingly, the Ag grains behave like isolated clusters with respect to the plasmonic excitation. The

behaviour of the SP well agree with the Stranski-Krastanov growth mode of this system. The increasing strain caused

by adsorbed layers destabilizes the film and induces clustering27. This behavior arises from the large lattice mismatch

between Ag and Cu (13 %). The existence of Ag islands for coverages higher than 2 ML is in agreement with previous

structural studies16,19,20. It is worth noticing that we have no evidences for the existence of Mie plasmons within

Ag islands. Two well-distinct Mie plasmons at 3.1 and 3.9 eV were revealed only for Ag deposited on metal-oxide

surfaces28,29 and not for three-dimensional islands on Si(111)25. As concerns metal/metal interfaces, the occurrence

of Mie plasmons was invoked only for Na quantum dots on Cu(111)4,30 but only for a very restricted alkali thickness

range. Mie plasmon merged into the ordinary SP already for two nominal Na layers.

In the Ag film the energy of the SP for small momenta was found to be 100 meV higher than that reported for

bulk Ag. This is in excellent agreement with calculations within the framework of the s-d polarization model13 and

with previous experimental studies25,26,31,32. In order to remove SP confinement, an annealing of the film at 400 K

was performed. Loss spectra in figure 3 provided evidences for drastic morphological changes in the film that may be

ascribed to a re-ordering of the film. LEED measurements indicated that a flattening of the Ag adlayer has occurred

without the formation of an AgCu alloy (also confirmed by AES).

The dispersion curve changed significantly upon annealing and, moreover, the SP confinement was lost. The

measured dispersion curve Eloss(q||) of the annealed film, reported in fig. 2, was fitted by a second-order polynomial

given by:

Eloss(q||) = A + Bq|| + Cq2
||

(A=3.791±0.006 eV; B=-0.60±0.09 eV·Å; and C=3.4±0.3 eV·Å2)

The linear coefficient was found to be slightly negative. Recently, it has been found to be null on layer-by-layer Ag

films grown on Ni(111)32. This finding was ascribed to the enhanced sp density of states existing in thin Ag films,
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as a direct consequence of the presence of QWS. Increasing the free-electron character of the QWS by annealing2

should imply the occurrence of a negative linear term. Nonetheless, the value of the linear coefficient is still enough

higher than the linear coefficient of the SP dispersion curve of alkalis, aluminium, or alkaline-earth metals24,34. In

contrast with all other Ag systems24,26,35 in which the centroid of the induced charge is well inside the geometrical

surface36, in annealed Ag films it lies in the close vicinity of the jellium edge24,33,34, but not outside as for simple

metals. Interestingly, the quadratic coefficient coincides with that of SP dispersion in Ag(111)35, i.e. the surface with

the same crystallographic orientation.

Significant differences exist between spectra acquired for annealed (figure 3) and sputtered films (figure 4). The

dispersion curve measured in a sputtered Ag film and reported in figure 2 shows that the quadratic term is predominant:

(A=3.760±0.004 eV; B=-0.08±0.06 eV·Å; and C=2.5±0.2 eV·Å2).

Accordingly, an increased linear coefficient and a decreased quadratic term were obtained by fit procedure. Contrary

to the sputtered Ag(100) surface12 the bulk value of 6 eV·Å237 was not recovered for the quadratic term . Probably,

the link proposed in Ref. 12 between the value of the quadratic term of the SP dispersion and that of the bulk plasmon,

related to bulk properties, should be revised. The occurrence of an increased linear coefficient suggests that sputtering

induces a significant shift of the position of the centroid of the induced charge associated to the SP compared to the

case of annealed films. The analysis of the SP dispersion curve seems to exclude the occurrence of SP confinement and,

thus, the formation of islands. It is worth mentioning that ion bombardment of a growing film was found to produce

both bombardment-induced segregation normal to the film surface and an advancing nanoscale subsurface diffusion

zone38. Both of such phenomena should be considered in theoretical studies on the electronic response of sputtered

thin films. Moreover, our results provide the grounds for angle-resolved photoemission experiments shedding light on

the sputtering-induced modifications of the QWS.

Important information about collective electronic excitations at metal surfaces could be provided by the behavior

of the full-width at half maximum (FWHM). For the as-deposited Ag film, the initial dispersion of the FWHM is

negative (Figure 5). The behavior became positive after a critical wave-vector (0.10 Å
−1

). This finding is in agreement

with results for Ag/Si(111)26 and with recent theoretical calculations for free-standing Ag slabs39. It was ascribed to

the splitting between symmetric and anti-symmetric excitation modes at small q||
39. However, the behavior of the

FHWM for single-crystal Ag surfaces is positive24,35 and was recovered by annealing the Ag film. It is worthwhile

noticing that in all cases (as-deposited, annealed, and sputtered Ag film), the value of the FWHM is higher than for

Ag semi-infinite media (for Ag(111) the FWHM at small momenta is 69 meV35). In fact, the different distribution
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of occupied and unoccupied electronic states in thin films with respect to surfaces would imply enhanced damping

mechanisms for collective excitations by creating electron-hole pairs.

In conclusion, loss measurements provided evidences that SP is confined within islands in as-deposited Ag layers

on Cu(111). The annealing of the Ag adlayer causes the loss of SP confinement and determines an enhancement of

the free-electron density of states, which renders slightly negative the linear coefficient of the dispersion relation. On

the other hand, sputtering induces an increasing of the linear term and a decreasing of the quadratic term.

* corresponding author: chiarello@fis.unical.it,

Tel. ++39-984-496157
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Figure Captions

FIG. 1: HREEL spectra for as-deposited 22 ML Ag/Cu(111). All spectra were normalized to the intensity of the elastic peak

and multiplied by the same factor. It should be noticed that the normalized intensity of the surface plasmon is higher for

off-specular spectra, as expected for not purely dipolar excitations.

FIG. 2: SP dispersion for as-deposited, annealed, and sputtered Ag films (22 ML) on Cu(111).

FIG. 3: HREEL spectra for 22 ML Ag/Cu(111) after an annealing at 400 K. Measurements were carried out at 300 K.

FIG. 4: HREEL spectra for a sputtered 22 ML Ag/Cu(111) surface.

FIG. 5: Behavior of the FWHM for as-deposited, annealed, and sputtered Ag films (22 ML) on Cu(111).
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Recently, collective electronic excitations on thin metal films have attracted a considerable
attention due to the fundamental interest in understanding dynamic screening processes at
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(surfaces) have been extensively studied [6], experimental studies on Ag thin films deposited onto
metallic substrates are less common. Ag films grown on copper and nickel surfaces are suitable
systems for such aims as silver does not form alloys with these substrates at room temperature.
Herein we report on high-resolution electron energy loss spectroscopy (HREELS) measurements

on the dispersion and damping of surface plasmon (SP) in thin Ag films deposited on Cu(111) and
Ni(111). For Ag on Cu(111), which follows the Stranski–Krastanow growth mode [7] (islands appear
on the flat Ag adlayer for coverages higher than two layers), the SP was confined within Ag grains.
The SP confinement was removed upon annealing at 400 K. The linear term of the dispersion curve
measured in the annealed film was found to be slightly negative, as a consequence of the enhanced
free-electron character of quantum well states upon annealing [8]. On the other hand, on layer-by-
layer Ag films on Ni(111) a purely quadratic dispersion was recorded.
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1. Experimental

Experimentswere carried out in an ultra-high vacuumchamberwith a base pressure of 5×10−9 Pa.
The Cu(111) and Ni(111) surfaces were cleaned by repeated cycles of ion sputtering and annealing
at 800–900 K. The cleanliness and order of both the substrate and the Ag overlayer were checked
using Auger electron spectroscopy (AES) and low-energy electron diffraction (LEED) measurements,
respectively. Silver was deposited onto the Cu(111) and Ni(111) surfaces by evaporating from an
Ag wire wrapped on a tungsten filament. Well-ordered Ag films could be obtained at very low
deposition rates (≈0.05 ML/min). The occurrence of the p(1 × 1)-Ag LEED pattern was used as the
calibration point of θAg = 1.0 ML. As concerns Ag/Cu(111), around each spot of the p(1× 1)-Ag, LEED
measurements showed also the occurrence of a (9.5 × 9.5) reconstruction for the first Ag layer and
of a (9× 9) reconstruction in correspondence of θAg = 2.0 ML, in excellent agreement with previous
structural studies on this system [9,10]. Similar results were achieved by a calibration procedure
using AES. As regards the Ag/Ni(111) system, the absence of a plateau in the SP dispersion reported
elsewhere [4] is a fingerprint of a layer-by-layer growth for Ag on Ni(111) at room temperature in the
investigated film thickness range (0–10 ML), as also confirmed by photoemission results reported
for the same substrate temperature and deposition rate [11]. For the first Ag layer, LEED pattern
showed spots characteristic of the p(1 × 1)-Ag overstructure and of the Ni(111) substrate. When
the Ag coverage reached three layers, a clear (7 × 7) reconstruction was revealed by the analysis of
the LEED pattern. The incident angle with respect to the sample normal was fixed at 55.0◦. HREEL
experiments were performed by using an electron energy loss spectrometer (Delta 0.5, SPECS), whose
energy resolution was degraded to 10 meV so as to increase the signal-to-noise ratio for off-specular
spectra. The kinetic energy of the impinging electrons was 40 eV. Themeasured angular acceptance α
of our electron analyzer was±0.5◦. The integration window in the reciprocal space [6] was estimated
to be 0.02 Å−1. All depositions and measurements were made at 300 K.

2. Results and discussion

SelectedHREEL spectrameasured for 5MLAg/Cu(111) are showed in the left panel of Fig. 1. The loss
feature recorded at 3.93 eV was assigned to the Ag SP. Its loss energy is significantly blue-shifted with
respect to the value found on single-crystal Ag surfaces [6]. This effect was ascribed to the reduced
screening of the charge associated with the Ag SP via the polarizability of the d-electron medium [12,
13]. The SP energy did not shift up to a critical wave-vector of about 0.19 Å−1.
The presence of such critical value of the parallel momentum transfer indicates that Ag s electrons

oscillate independently in the single grains. Similar results were reported for Ag/Si(111) [12]. The
critical wave vector was suggested [12] to be related to the average island size through the relation:

qc = 2π/d.

From the above equation, the grain size in Ag/Cu(111) is estimated to be about 30–40 Å.
The propagation of the SP can occur only formodeswhosewavelength is smaller than the diameter

of the single grain. Interestingly, in this system the Mie plasmon was not revealed, probably due to
the large extension of Ag islands with respect to Ag nanoparticles in which it is usually observed [6].
The behavior of the SP agrees well with the Stranski–Krastanov growth mode of this system [7].
The SP confinementwas removed by annealing at 400K (left panel of Fig. 2) that, evidently, induced

both a re-ordering and a flattening of the Ag film. The SP dispersion curve was found to be quadratic,
with a slightly negative linear coefficient (−0.6 eV Å). Nonetheless, the value of the linear coefficient
is still enough higher than the linear coefficient of the SP dispersion curve of alkalis, aluminum,
or alkaline-earth metals [6]. Such a finding leads us to suggest that, according to the Feibelman’s
model [14] of Ag SPdispersion, the centroid of the induced charge lies in the close vicinity of the jellium
edge, in contrast with all other Ag systems [6,15], but not outside as for simple metals. Interestingly,
the quadratic coefficient (3.4 eVÅ2) coincideswith that of SP dispersion in Ag(111) [15], i.e. the surface
with the same crystallographic orientation.
On the other hand, for layer-by-layer Ag films on Ni(111), no trace of SP confinement was revealed

as the dispersion curve of SP was found to be purely quadratic (Fig. 2, right panel). The absence of the

Please cite this article in press as: A. Politano, et al., Dispersion and damping of surface plasmon in Ag thin films grown on
Cu(111) and Ni(111), Superlattices and Microstructures (2008), doi:10.1016/j.spmi.2008.10.017
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Fig. 1. (left) HREEL spectra for 5 ML Ag/Cu(111) (right) Dispersion of the SP energy for different Ag coverages. The lack of a
dispersion before a critical wave-vector indicates that the SP is confined within Ag grains.

Fig. 2. (left) HREEL spectra for 22 ML Ag/Cu(111) as a function of the scattering angle after an annealing at 400 K. In the inset
the dispersion relation of the Ag SP energy is shown. The initial flat behavior reported in the right panel of Fig. 1 abruptly
changed upon annealing and an initial negative dispersion appeared. The intensity of each spectrum was normalized to that
of the elastic peak; (right) HREEL spectra for as-deposited 10 ML Ag/Ni(111) as a function of the scattering angle. In the inset
the dispersion relation of the Ag SP energy is shown. A purely quadratic dispersion was found: A + B · q‖ + C · q‖2 with
A = (3.751± 0.002) eV, B = (0.000± 0.004) eV Å, and C = (1.57± 0.04) eV Å2 .

linear term is ascribed to the existence of Ag quantum well states confined within the adlayer [11].
Hence, the different growth modes of the as-deposited Ag adlayer reflect into different dispersion of
the SP (Fig. 1, left and Fig. 2, right).
Fig. 3 (left panel) shows the thickness-dependence of the full-width at half maximum (FWHM)

as a function of the parallel momentum transfer for Ag/Cu(111). An initial negative behavior of the
FWHMwas found for ultrathin films, while for higher coverages (22 ML) the behavior is substantially
dispersionless. By comparing the dispersion of the FWHM of the SP for 5 ML Ag/Cu(111) and 5 ML
Ag/Si(111) [5], we found (Fig. 3, right panel) that beyond a critical wave-vector the dispersion became
positive for Ag films. However, the value of the turning point differs in 5ML deposited on Cu(111) and
Si(111) (0.19 and 0.08 Å−1, respectively).
This behavior of the FHMM is well described by a theoretical model recently proposed [16] on

the SP lifetime in free-standing Ag layers. The dispersion relation of line-width of the Ag SP was
found to be characterized by a negative behavior of the line-width for small momenta up to a critical
wave-vector. This finding was ascribed [16] to the splitting between symmetric and anti-symmetric

Please cite this article in press as: A. Politano, et al., Dispersion and damping of surface plasmon in Ag thin films grown on
Cu(111) and Ni(111), Superlattices and Microstructures (2008), doi:10.1016/j.spmi.2008.10.017
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Fig. 3. (left) Behavior of the FWHMof the Ag SP for different thicknesses of the Ag film on Cu(111). (right) Comparison between
the dispersion of the FWHM of the Ag SP for 5 ML Ag/Cu(111) (our data) and 5 ML Ag/Si(111) (data taken from Ref. [5]) The
arrows indicate the turning point [16] in the dispersion of the FWHM. The uncertainty on the FWHM is 10 meV.

excitation modes and the enhanced electron-hole pair excitation at small q‖. For higher values of q‖,
a linear increase of the line-width was reported.

3. Conclusions

HREEL measurements performed on Ag/Cu(111) showed that SP is confined within Ag grains. The
SP confinement is removed upon annealing at 400 K. A slightly negative coefficient of the dispersion
relation was found for the annealed film. On the contrary, a purely quadratic dispersion was observed
in the layer-by-layer Ag film on Ni(111).
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ABSTRACT  

High-resolution electron energy loss spectroscopy has been used to study CO adsorption on clean and 

alkali-modified Ag single layers deposited on Ni(111) and Cu(111) surfaces. An increasing of the CO 

dissociation rate was obtained for the alkali-doped Ag/Ni(111) interface. On the contrary, for a 

monolayer of Ag on Cu(111) alkali adsorption causes an increasing of the CO dissociation barrier. For 

higher Ag thickness (ten layers), the alkali-modified surface strongly reacts with water molecules.  

KEYWORDS Bimetallic surfaces~ Alkali metals~ Carbon monoxide ~ Silver 
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INTRODUCTION  

Recently, chemical reactions at bimetallic surfaces have attracted a notable interest [1-7] for both 

fundamental interest and technological applications (fuel cells, heterogeneous catalysis, chemical 

sensors, pollution). Metal/metal interfaces exhibit novel physical and chemical properties, as a 

consequence of the occurrence of electron quantum confinement and of the modified electronic 

properties at the interface [8, 9].  

Both the Ag/Cu(111) and Ag/Ni(111) systems are characterized by the existence of quantum well 

states (QWS) within the Ag adlayer [10-13]. However, due to the absence of a gap in Ni(111), the 

character of the QWS in such two systems is substantially different [14]. QWS on Ag/Cu(111) are 

characterized by standing wave patterns, which on the contrary are not supported on Ag/Ni(111). 

Such significant dissimilarities in the electronic properties between these two bimetallic surfaces 

could in principle lead to quite different catalytic properties. Accordingly, they may be used as model 

systems for a comparative study on the chemical reactivity of bimetallic surfaces.  

Moreover, Ag on Ni(111) and Cu(111) offers the opportunity to study the chemical activity of 

mismatched metal/metal interfaces. Silver grows unstrained on such substrates along the [111] direction 

due to the remarkable lattice mismatch (16 and 13% for Ag/Ni and Ag/Cu, respectively). This mismatch 

causes the formation of an incommensurate or reconstructed interface. Such a large misfit determines 

the silver film to have the crystalline structure of bulk silver even for ultrathin Ag layers [15]. It is worth 

mentioning that Ag/Cu and Ag/Ni do not form alloys at room temperature [16, 17]. 

On the other hand, alkali-metal doping is a powerful tool to manipulate the physical and chemical 

properties of surfaces and it is widely used for tailoring new catalysts. For these reasons, the study of 

alkali promotional effects on surfaces and interfaces continues to be one of the main topics of surface 

science [18-23]. In particular, the dissociation of CO is a key catalytic reaction step in the Fischer-

Tropsch process, which is strongly influenced by alkali metals added as promoters to transition-metal 

catalysts. The alkali promotional role on CO dissociation was found to be related to both short-range 

electrostatic interactions and the direct orbital overlap [24]. The general picture of the promotional effect 
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is that the intramolecular C−O bond is weakened, while the metal-CO bond becomes stronger in the 

presence of alkali metals. In particular, the direct CO-alkali bond notably enhances the efficiency of CO 

dissociation. Accordingly, the dissociation barrier is significantly reduced only for short alkali-CO 

distances (2-3 Å) [24].  

Herein we report on high-resolution electron energy loss spectroscopy (HREELS) measurements on 

CO adsorption on clean and alkali-modified Ag layers grown on Ni(111) and Cu(111). A significant 

enhancement of the CO dissociation rate was revealed for alkali-doped Ag/Ni(111). On the other hand, 

the presence of the Ag monolayer blocks the migration of oxygen underneath the surface on the alkali-

doped Ag/Cu(111) interface, in contrast with the alkali-modified Cu(111) surface. Moreover, the surface 

obtained by doping with alkalis ten layers of Ag was found to be strongly reactive towards residual 

water molecules. 

 

EXPERIMENTAL SECTION 

 

Measurements were carried out in a UHV chamber operating at a base pressure of 5x10-9 Pa, equipped 

with standard facilities for surface characterizations. HREELS experiments were performed by using an 

electron energy loss spectrometer (Delta 0.5, SPECS). The samples were single-crystal surfaces of 

Ni(111) and Cu(111) with a purity of 99.9999% purchased from MaTecK GmbH. Surfaces were cleaned 

by repeated cycles of ion sputtering and annealing at 800-1000 K. Surface cleanliness and order were 

checked using Auger electron spectroscopy (AES) measurements and low-energy electron diffraction 

(LEED), respectively. Silver was deposited onto the Ni(111) and Cu(111) surface by evaporating from 

an Ag wire (purity 99.999%) wrapped on a tungsten filament. Well-ordered Ag films could be obtained 

at very low deposition rates (≈0.05 ML/min). Alkalis (Na, K) were evaporated in the UHV chamber by 

means of a well-outgassed dispenser (Saes Getters). The occurrence of the p(1x1)-Ag, (3/2x3/2)-Na, and 

p(2x2)-K LEED patterns was used as the calibration point of θAg=1.0 ML, θNa=0.44 ML, and θK=0.25 

ML, respectively. Similar results were achieved by calibrating using AES. LEED measurements ensured 
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of the layer-by-layer growth of the Ag monolayer and reproduced results reported in previous structural 

studies of Ag/Ni(111) [25] and Ag/Cu(111) [26, 27]. For the first Ag layer, LEED pattern showed spots 

characteristic of the p(1x1) silver structure and of the substrate. For higher coverages only the Ag(111) 

pattern was observed. This means that the substrate is fully covered by Ag. A clear (7x7) [25] and 

(9.5x9.5) reconstruction [26, 27] was revealed by the analysis of the LEED pattern of Ag/Ni(111) and 

Ag/Cu(111), respectively. A constant sticking coefficient was assumed to obtain other desired coverage. 

The energy resolution of the spectrometer ranged from 2 to 4 meV. All depositions and measurements 

were made at room temperature. 

 

RESULTS AND DISCUSSION 

 

3.1 Clean Ag/Cu(111) and Ag/Ni(111) interfaces 

 

Carbon monoxide was dosed (0.4 L, 1 L=1.33 10-6 mbar·s) at room temperature on the clean Cu(111) 

and Ni(111) substrates and on the bimetallic surfaces obtained by depositing 1 ML Ag on Cu(111) and 

Ni(111). At room temperature, CO does not adsorb on Cu(111) and on a single Ag layer deposited on 

both Cu(111) and Ni(111), as indicated by the absence of CO-related vibrations in HREEL spectra 

(Figure 1, spectra b, c, and d). However, the Ni(111) surface (spectrum a of Figure 1) is highly reactive 

towards CO adsorption and the C-O stretching was revealed at 230 (three-fold site [28]) and 250 meV 

(on-top [28]). Hence, it worth studying CO adsorption at the interface Ag/Ni(111) for submonolayers of 

Ag. 

The presence of 0.15 ML Ag does not significantly modify the reactivity towards CO of the Ni(111) 

surface (spectrum c of Figure 2). Only C-O modes at 231 and 250 meV were revealed, thus implying the 

presence of CO molecules in three-fold and on-top adsorption sites. 

Upon oxygen exposure (8.0 L) new loss features arose at 83, 95, and 176 meV (spectrum d). Their 

appearance is indicative of carbonate formation [29]. The formation of CO3 on silver surfaces is 
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extremely interesting in epoxidation chemistry as it stabilizes subsurface oxygen [29]. Moreover, silver 

carbonate plays an important role in heterogeneous catalysis as it is used as a reagent in organic 

synthesis such as the Koenigs-Knorr reaction. While its formation on single-crystal Ag surfaces is well 

described [30], to the best of our knowledge no experimental studies on thin Ag films have been 

performed yet. 

The key role of silver in this reaction is demonstrated by the absence of CO3 modes in coadsorption of 

O and CO on clean Ni(111). In fact, dosing 2.0 L of O2 (T=240 K) onto a CO-modified Ni(111) surface 

(pre-dosed with 1.0 L of CO), we recorded losses due to a phonon activated by oxygen at 32 meV [31], 

the CO-Ni vibration at 56 meV [32], and the O-Ni vibration at 70 meV [31] (spectrum b of Figure 2). 

Interestingly, only on-top sites for CO exist in the absence of Ag, as indicated by the presence of the 

feature at 256 meV. 

 

3.2 Alkali-doped Ag monolayers on Ni(111) and Cu(111) 

 

In order to verify the effects of the adsorption of submonolayers of alkalis on the chemical reactivity 

of the above bimetallic surfaces, 0.06 ML of Na deposited on a single layer of Ag on Ni(111) were 

exposed to 0.4 L of CO (Figure 3, spectrum d). For the sake of a comparison, the same experiment was 

performed for 0.06 ML of Na deposited onto the clean Ni(111) and Cu(111) substrates (Figure 3, spectra 

a and c). Peaks at 19-24 meV were assigned to Na-Ni vibration [21]. For a sufficiently high CO/Na 

ratio, the Na-Ni bond softened (Na-Ni loss at 9 meV, spectrum c) as a consequence of the CO-induced 

lengthening of the alkali-substrate bond [21].  

The occurrence of CO dissociation was found for 0.06 ML Na/1 ML Ag/Ni(111) (Figure 3, spectrum 

d) while only molecular CO adsorption was observed on 0.06 ML Na/Ni(111) (spectrum c). The partial 

dissociation of CO molecules was inferred from the appearance of the stretching vibration of Na against 

O atoms at 36 meV coming from dissociating CO molecules. Furthermore, a shoulder at 55 meV [33] 

due to the C-Ni stretching was also recorded. As concern the C-O internal vibration, its energy was 
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recorded at 215 and 232 meV for 0.06 ML Na/Ni(111) (spectrum c) and at 186 meV in the 0.06 Na/1 

ML Ag/Ni(111) (spectrum d), respectively. Interestingly, at a fixed Na precoverage (0.06 ML) the C-O 

bond is much more softened in the bimetallic surface with respect to the clean Ni(111) substrate. The 

weakening of the C-O bond leads to CO dissociation and to chemical reactions of the derived species, 

i.e. the Fisher-Tropsch process, CO oxidation, carbonate formation and so on. Hence, such finding may 

have important implications in heterogeneous catalysis.  

On the other hand, for Na+CO coadsorption on clean Ni(111), CO dissociation was not revealed for 

alkali precoverages below 0.40 ML Na. For such coverage two loss features at 36 and 55 meV appeared 

(Figure 3, spectrum b), thus indicating the occurrence of CO dissociation.  

Na doping determines the activation of a local charge transfer from the Ag/Ni(111) interface to the 

2π* antibonding orbitals of CO leading to a softening of the C-O bond up to the dissociation of CO 

molecules. We suggest that such charge transfer is due to the hybridization between the CO 2 π* states 

and the QWS of Na-promoted Ag/Ni(111). It is worthwhile mentioning that small amounts of alkali 

doping have been widely demonstrated to have a dramatic effect on the dispersion of QWS [34-38]. 

Unfortunately, to date no experimental and theoretical studies have been performed on alkali-modified 

bimetallic surfaces and hence no data are available for a comparison. A large hybridization, and very 

likely an efficient charge transfer, is possible only whenever the Na-CO distance is short, as also found 

in theoretical calculations performed for CO adsorption on Na quantum dots on Cu(111) [39]. 

Moreover, recent theoretical results performed for CO adsorption on Al/Fe(100) [40] have demonstrated 

that the activation barrier for CO dissociation is strongly reduced in the bimetallic surface with respect 

to the clean Fe(100) surface. On the basis of the latter result, we argue that the joint action of alkali 

doping and the existence of a bimetallic Ag/Ni(111) interface should further reduce the activation 

barrier so as to produce an enhanced CO dissociation rate. On the other hand, CO adsorption is fully 

dissociative on Na/Cu(111) (Figure 3, spectrum a), as evidenced by lack of the C-O mode in the HREEL 

spectrum and by the existence of the O-Na feature at 36 meV. It should be noticed that CO adsorption 

on alkali-modified copper substrates might occur only in the close vicinity of alkali adatoms, as a 
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consequence of the reduced reactivity of copper towards CO adsorption at room temperature (Figure 1). 

In fact, the electrostatic potential is lowered in sites directly adjacent to the alkali-adatom, so as to 

stabilize CO adsorption [41-43]. As a consequence, only very short-range promotion effects occur, i.e. 

direct orbital overlap between alkalis and CO. Accordingly, the short-range character of the alkali-CO 

interaction, which was demonstrated to play a pivotal role in CO dissociation [24], is notably enhanced. 

A similar phenomenon could also be suggested to occur for bimetallic surfaces, as discussed above.  

However, substituting Na with K, part of the oxygen atoms arising from CO dissociation migrates 

underneath the surface as suggested by the feature at 64 meV [29, 44] (atomic oxygen in subsurface 

sites) in spectrum a of Figure 4 for 0.06 ML K/Cu(111). Instead, no over-surface O was present as 

deduced by the absence of its vibration against Cu(111) at 46 meV [45]. The presence of subsurface 

oxygen deserves particular attention as it has been recently demonstrated to activate many industrially 

important chemical reactions [46-50]. Interestingly, for 0.06 ML K/1 ML Ag/Cu(111) the presence of 

the Ag monolayer inhibits the subsurface diffusion of O atoms (Figure 4, spectrum b) in the bimetallic 

surface. The ratio between the intensity of the O-K vibration (recorded at 27-29 meV) with respect to the 

C-O stretching indicates that in the K-doped Ag/Cu(111) surface the activation barrier for CO 

dissociation is higher than on K/Cu(111). Instead, for K-doped clean Ni(111) surfaces, CO adsorption is 

molecular for precoverages below 0.33 ML K (spectrum c, 0.06 ML K, and d, 0.33 ML K).  

The remarkable differences towards the promotion of CO dissociation in alkali-modified Ag/Cu(111) 

with respect to the case of alkali-doped Ag/Ni(111) could be ascribed to the different electronic 

properties of these two systems. Due to the absence of a gap on Ni(111), hybridization effects between 

QWS and substrate states are enhanced on Ni(111). This effect is very important for a single layer of Ag 

[51]. Such hybridization enhances the efficiency of the charge transfer to 2 π* antibonding orbitals of 

CO, so as to soften the C-O bond and decrease the activation barrier for CO dissociation.  

It should be noticed that a fully dissociative CO adsorption at room temperature was revealed for both 

Na/Cu(111) and Na/1 ML Ag/Cu(111). For 0.02 ML Na-doped 1 ML Ag/Cu(111) (Figure 5), besides 

the Na-Ni stretching at 19 meV, also the O-Ag stretching at 30 meV [52] was recorded even for small 

Page 8 of 21

ACS Paragon Plus Environment

Submitted to The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

9 

CO exposures (0.3 L). Na doping cause CO dissociation but not all O atoms migrate in subsurface sites 

as both over-surface (30 meV) and subsurface (64 meV) were revealed. Further increasing CO exposure, 

a new feature appeared at 36 meV, thus suggesting the formation of the Na-O bond. No C-O stretching 

was recorded for spectra in Figure 5 (not shown). This finding ensures of the complete dissociation of 

impinging CO molecules, as also found for CO/Na/Cu(111) (Figure 3, spectrum a). It should be noticed 

that alkalis are extremely mobile on noble-metal surfaces at room temperature and, then, also Na 

diffusion has to be taken into account as it could play a key role in Na oxidation. Subsurface oxygen 

(peak at 64 meV) does not have a particular role in the reaction of CO-promoted alkali oxidation as no 

changes were revealed in the intensity as well as in its loss energy. 

On the other hand, the surface obtained by depositing 0.15 ML of potassium on 10 ML Ag/Ni(111) 

was found to be strongly reactive towards water molecules arising from residual gas in the UHV 

chamber. Vibrational spectra (figure 6) revealed the adsorption of partially dissociated water, as 

suggested by the presence of O-H stretching peaks at 435 meV (water molecules) and 450 meV (OH 

groups) [53, 54]. As a matter of fact, the critical K-precoverage for water dissociation on Ag(111) is 

0.17 ML [51]. Another clear fingerprint of adsorbed molecular water is the appearance of HOH bending 

at 199 meV [55, 56]. Interestingly, water adsorption was not allowed for alkali-modified 1 ML Ag on 

both Cu(111) and Ni(111) substrates. The enhanced reactivity of the alkalis/bimetallic surfaces towards 

water adsorption could be ascribed to the presence of well-defined Ag 5sp-derived QWS within the 

adlayer for 10 ML compared to 1 ML [13]. In fact, water reactivity was found to be enhanced in systems 

exhibiting electron quantum confinement [9, 57]. Such finding may be of great interest as water 

interaction with solid surfaces is useful for understanding a wealth of physical and chemical phenomena 

such as pollution, corrosion, energy production, and heterogeneous catalysis. 

 

CONCLUSIONS 

Herein we have reported a comparative study on the chemical activity of clean and alkali-doped 

bimetallic surfaces. Submonolayers of silver deposited on Ni(111) promote carbonate formation. A 
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remarkable difference in promoting CO dissociation was found for alkali-doped single layers of Ag on 

Ni(111) and Cu(111). At a fixed amount of alkali doping, the activation barrier for CO dissociation is 

notably reduced in the bimetallic 1 ML Ag/Ni(111) surface with respect to the clean substrate. Instead, it 

is increased on the K-doped 1 ML Ag/Cu(111) with respect to the K-modified Cu(111) surface. Such 

opposite behavior was ascribed to the different nature of the QWS in these systems. Increasing the 

thickness of the Ag adlayer up to ten layers, the alkali-modified bimetallic surface exhibited a 

remarkable reactivity towards water.  
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FIGURE CAPTIONS 

Figure 1, HREEL spectra acquired after having exposed 0.4 L CO at room temperature on: (a) clean 

Ni(111); (b) 1 ML Ag/Ni(111); (c) clean Cu(111); (d) 1 ML Ag/Cu(111). 

 

Figure 2, (a) clean Ni(111); (b) 2.0 L O2+2.0 L CO on Ni(111); (c) 2.0 L CO on a 0.15 ML Ag/Ni(111) 

surface; (d) 8.0 L O2 added on spectrum (c). 

 

Figure 3, HREEL spectra acquired after having exposed 0.4 L CO at room temperature on: (a) 0.06 ML 

Na/Cu(111); (b) 0.40 ML Na/Ni(111); (c) 0.06 ML Na/Ni(111); (d) 0.06 ML Na/1 ML Ag/Ni(111). 

 

Figure 4, HREEL spectra acquired after having exposed 0.4 L CO at room temperature on: (a) 0.06 ML 

K/Cu(111); (b) 0.06 ML K/1 ML Ag/Cu(111); (c) 0.06 K/Ni(111); (d) 0.33 ML K/Ni(111). 

 

Figure 5, HREEL spectra acquired for 0.02 ML Na/1 ML Ag/Cu(111) as a function of CO exposures at 

300 K. 

 

Figure 6, HREEL spectra acquired for 0.15 ML K deposited onto 10 ML Ag/Ni(111) at room 

temperature. 
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Abstract High-resolution electron energy loss spectroscopy
was used to investigate the surface plasmon dispersion in
(111)-oriented Au films grown on Cu(111). The measured
dispersion of the plasmon mode was positive, as found for
Ag. The centroid of the induced charge associated to the
plasmon field lies well inside the jellium edge. The damping
relation of the Au surface plasmon presented a critical wave
vector of 0.11 Å−1. For higher values of the parallel
momentum transfer, the line width of Au surface plasmon
considerably increased as a consequence of the opening of
a new decay channel via single-particle transitions.

Keywords Surface plasmons . Electron energy loss
spectroscopy (EELS) . Gold . Dynamic screening

Introduction

Collective electronic excitations in metallic systems influ-
ence many physical and chemical phenomena, such as
catalytic processes, epitaxy, charge transfers at interfaces,

and dynamical processes [1–4] and, hence, they have been
widely studied in recent years [5–11]. In particular, inves-
tigations on noble-metal surfaces are motivated by funda-
mental interest in understanding the electronic response
of such systems. As a matter of fact, the jellium model,
usually applied for describing screening properties in
simple metals, is not realistic in this case as a consequence
of the presence of localized d electrons [12]. Accordingly,
several attempts have been undertaken in order to include
band-structure effects in theoretical models [3, 13, 14]. For
Ag, the s–d polarization model [14] correctly reproduces
the main experimental findings.

The excitation of surface plasmons (SP) has been
investigated using many spectroscopic techniques such as
electron energy loss spectroscopy (EELS) [15], optical
absorption and transmission [16], photoemission and
inverse photoemission [17], surface-enhanced Raman spec-
troscopy [18], scanning tunnelling spectroscopy (STS) [19],
and energy-filtered low-energy electron microscopy [9].

While silver was extensively investigated [7, 14, 20, 21–
24], by contrast gold systems, such as semi-infinite media
[25], thin films [26], quantum wires [27, 28], and nano-
particles [29] have attracted relevant interest only in recent
years as a consequence of the discovery that Au is a selec-
tive catalyst for a variety of important chemical reactions
[30–39].

Optical [40–43] and STS measurements [25, 44]
observed the surface plasmon of Au at about 2.6 eV.
However, the investigation of both the dispersion and the
damping relation of SP with an adequate resolution in the
reciprocal space is accessible only by EELS and, to date, no
measurements addressing this problem exist. On the other
hand, understanding the behavior of Au collective excita-
tions is a necessary step towards the tailoring of Au-based
catalysts [30–39].
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Herein, we report on high-resolution EELS measure-
ments performed with the aim to investigate the dispersion
and the damping of SP in thin Au films deposited at room
temperature on Cu(111). The thickness of the Au film
chosen for our investigation, i.e., 60 ML, was high enough
in order to avoid any influence of quantum size effect,
layer-dependent hybridization, and electron quantum con-
finement on the SP dispersion [7, 45, 46].

It is worth mentioning that no surface alloy forma-
tion takes place in the Au/Cu(111) system at room
temperature [47].

Experimental

Measurements were carried out in an ultra-high-vacuum
chamber operating at a base pressure of 5×10−9 Pa,
equipped with standard facilities for surface character-
izations. High-resolution electron energy loss spectroscopy
(HREEL) experiments were performed by using an electron
energy loss spectrometer (Delta 0.5, SPECS). The sample
was a single crystal of Cu(111). The surface was cleaned by
repeated cycles of ion sputtering and annealing at 900 K.
Surface cleanliness and order were checked using Auger
electron spectroscopy (AES) and low-energy electron
diffraction (LEED) measurements, respectively. Gold was
deposited onto the Cu(111) surface by evaporating from a
Au wire wrapped on a tungsten filament. Well-ordered Au
films could be obtained at very low deposition rates
(≈0.05 ML/min). The occurrence of the p(1×1)-Au LEED
pattern was used as the calibration point of θAu=1.0 ML. A
constant sticking coefficient was assumed to obtain other
desired Au coverage. Similar results were achieved by
calibration using AES. The incident angle with respect to
the sample normal was fixed at 55.0°. The energy
resolution of the spectrometer was degraded to 10 meV so
as to increase the signal-to-noise ratio for off-specular
spectra. The measured angular acceptance α of our electron
analyzer was ±0.5°. Dispersion of the collective mode,
i.e., Eloss(q||), was measured by moving the analyzer while
keeping the sample and the monochromator in a fixed
position. To measure plasmon dispersion, values for the
parameters Ep, impinging energy, and θi, the incident angle,
were chosen so as to obtain the highest signal-to-noise
ratio. The primary beam energy used for the dispersion,
Ep=40 eV, provided, in fact, the best compromise among
surface sensitivity, the highest cross-section for mode
excitation, and q|| resolution.

As

�hqk! ¼ �h ki
!

sin qi � ks
!

sin qs
� �

;

the parallel momentum transfer, q|| depends on Ep, Eloss, θi,
and θs according to:

qk ¼
ffiffiffiffiffiffiffiffiffiffiffi
2mEp

p
�h

sin qi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Eloss

Ep

s
sin qS

 !

where Eloss is the loss energy and θs is the electron
scattering angle [15].

Accordingly, the integration window in reciprocal space
is

Δqk �
ffiffiffiffiffiffiffiffiffiffiffi
2mEp

p
�h

cos qi þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Eloss

Ep

s
cos qs

 !
a

where α is the angular acceptance of the apparatus. The
integration window in the reciprocal space was estimated to
be 0.022 Å−1, much less than the scanned range in the
reciprocal space.

All depositions and measurements were made at room
temperature.

Results and discussion

Figure 1 shows electron energy loss spectra acquired for
60 ML Au/Cu(111) as a function of the impinging energy.
Loss spectra show a peak at 2.5 eV assigned to the Au SP. It
is worth mentioning that for a jellium surface with a density
rs=3, i.e., the effective radius for Au, the SP should have an
energy of about 6.4 eV [46]. The presence of d electrons
shifts the SP energy down to 2.5 eV. The energy of the Au
SP did not change with Ep while its intensity showed a
nonmonotonous behavior.

Changing the primary energy of electrons offers the
opportunity to investigate the dependence of the EEL
spectrum as a function of the penetration depth of electrons
[48] within the extended electron-density distribution at the
interface.

Fig. 1 HREEL spectra of the
Au(111) film for different values
of the primary electron beam
energy. All spectra were ac-
quired in the specular geometry
and were normalized to the
intensity of the elastic peak

166 Plasmonics (2008) 3:165–170



The nonmonotonous behavior of the SP intensity is in
excellent agreement with random-phase approximation
calculations [49] of the dynamical screening of an incident
charge. As a matter of fact, the intensity of the SP is
generally increasing as a function of the primary electron
beam energy and, thus, of the penetration depth. However,
whenever the reflection plane is located in the nearness of
the jellium edge, interference effects between the incident
and the reflected field lead to a decrease of the external
potential, so as to induce a lowering of the SP amplitude.
Further increasing the penetration of the impinging elec-
trons so as to allow the scattering plane to reach the bulk
increases SP intensity again as a consequence of the rising
of the external potential [49]. On the basis of the above
theoretical findings, we suggest that, for impinging energies
between 90 and 150 eV, the Au SP is excited by electron

scattering at a reflection plane located in the close vicinity
of the jellium edge, as revealed by the nonmonotonous
behavior of the SP amplitude as a function of the impinging
energy in such range.

Selected HREEL spectra for Au layers as a function of
the scattering angle are shown in Fig. 2. The Au SP energy
shifted from 2.53 to 3.05 eV.

The dispersion of the SP was found (Fig. 3) to be
positive. Likewise, a similar result was reported for Ag
systems [7, 15, 21, 22, 50, 51]. According to the Feibelman’s
model [52, 53, 54] of the SP dispersion, this implies that the
position of the centroid of the induced charge, d┴, lies inside

Fig. 2 HREEL spectra of the Au(111) film as a function of the
scattering angle. A clear dispersion of energy of the broad loss peak,
assigned to the Au SP, exists, as indicated by the arrow

Fig. 3 Dispersion of the Au SP energy as a function of the parallel
momentum transfer

Fig. 4 Intensity of the SP and of the elastic peak (EP) as a function of
the off-specular angle

Fig. 5 a (top panel) FWHM of the Au SP peak as a function of the
parallel momentum transfer; b (bottom panel) FWHM of the Au SP
peak as a function of the energy of the Au SP
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the geometrical surface (z<0), as for Ag [55]. On the other
hand, according to another theoretical model on Ag SP
dispersion proposed by Liebsch [56, 57], the position of the
centroid of the induced charge is always external with
respect to the jellium edge. Hence, the positive dispersion of
the SP is due to the stronger influence of the polarizable
medium when the penetration depth of the surface plasmon
is larger.

No polynomial fit of the Au SP dispersion is possible, in
contrast with SP on both simple and not simple metals [15].

The dispersion relation of Au SP should be in principle
strongly influenced by band-structure effects due to the
presence of d electrons. Besides the above-mentioned
frequency shift, the dispersion relation should also be
affected, as previously demonstrated for Mg [3], Al [58],
and Ag [59].

The behavior of the intensity of the Au SP as a function
of the off-specular angle ensures the dipolar nature of the
excitation (Fig. 4). In fact, it is peaked only 1–2° off
specular. However, the presence of a reduced but existing
impact component can be argued from the deviation by
the purely dipolar behavior of the intensity of the elastic
peak [15].

Important information on the collective electronic exci-
tations at metal surfaces is provided by the analysis of their
damping processes. On the other hand, Landau damping
and the lifetime of SPs strongly influence plasmon-
mediated dynamic processes and, moreover, the field
enhancement and the sensitivity of surface-enhanced
Raman spectroscopy.

The dispersion of the full-width at half maximum
(FWHM) as a function of the parallel transfer momentum
q|| (Fig. 5a) was found to be positive with also the existence
of a critical wave vector which indicates the opening of a
new decay channel via interband transitions. For q||>
0.11 Å−1, electrons may be promoted from occupied to
unoccupied electronic states so as to broaden considerably
the SP peak. The FWHM of the SP peak continuously
increased as a function of Au SP energy (Fig. 5b). In
particular, the loss width notably grows beyond 2.56 eV.

The positive behavior of the FWHM of the SP for Au
agrees with findings for Ag [15] and thick alkali films [60],
but it is in contrast with results on Al(111) [61], Mg(0001)
[62], and graphite [63]. The value of the FWHM at small
momenta is 540 meV. It should be remembered that the
width of the surface plasmon peak at q||=0 is a sensitive
function of the lattice potential, i.e., it is influenced by the
periodic potential of the bulk. At larger values of q||, the
plasmon’s lifetime becomes less sensitive to the bulk lattice
potential and the increase of damping is then caused by
electron–hole pair excitations in the surface region. Such
enhanced line width of the SP excitation in Au (for a
comparison, the initial value of the FWHM in Ag(111) is

69 meV [64]) could be also due to a particularly significant
contribution of d electrons to the screening of electron–
electron interaction [65, 66] occurring for gold.

In conclusion, loss measurements reported here provided
evidence for a positive dispersion of Au SP. Electronic
coupling between s and d electrons should have an
important role in shifting the centroid of the induced charge
associated to the SP inside the geometrical surface, as
found for Ag. The intensity of the SP excitation showed a
nonmonotonous behavior as a function of primary energy.
The Au SP was found to be much broader than Ag SP. A
critical wave vector of 0.11 A−1 for the damping of the Au
SP was found, thus indicating the opening of a decay
channel via interband transitions. While HREEL experi-
ments on other Au systems are currently under way, these
findings claim for theoretical studies aimed at investigating
the influence of d electrons on the dispersion and damping
relation of the Au SP.
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Abstract

The effects of the annealing procedure at 400-450 K on the electronic properties of 

nanoscale thin films of Ca, Au and Ag grown on Cu(111) at room temperature were 

probed by high-resolution electron energy loss spectroscopy measurements. Ca 

surface plasmon underwent to a significant red-shift upon annealing, due to the 

oxidation of the topmost Ca layer. Water strongly interacted with the CaO interface at 

room temperature. Au surface plasmon disappeared upon annealing the gold film, as 

a consequence of the formation of an Au-Cu alloy. Ag surface plasmon red-shifted 

both in the annealed adlayer and with increasing temperature compared with the 

frequency recorded for the as-deposited silver film.



Introduction

The study of bimetallic surfaces [1-4] and thin films [5-9] is attracting a 

considerable attention in recent years for both fundamental interest and potential 

technological applications. Metal/metal interfaces exhibit novel physical and 

chemical properties, as a consequence of the occurrence of electron quantum 

confinement and of the modified electronic properties of these systems [10, 11]. The

investigation of collective electronic excitations could provide important information 

so as to lead to the tailoring of more effective electronic devices and more selective 

catalysts. 

Temperature has been demonstrated to be a key factor affecting the energy and the 

line-width of the surface plasmon (SP). On Ag(100) the Ag SP frequency was found 

to decrease with increasing temperature due to the thermal expansion of the crystal

[12]. Similar results have been reported for graphite [13].

However, to date the effects of the temperature on plasmonic excitations have 

been investigated only for single-crystal surfaces but not for nanoscale thin films or 

bimetallic surfaces. Temperature drives several phenomena occurring in these 

systems such as surface metal-insulator transitions [14, 15], enhanced oxidation 

processes [16], the formation of alloys [17-20], the structural rearrangement of the 

film [21], the desorption [22] of the adlayer and changes in the character of the 

quantum well states (QWS) confined in the film [23]. 



The influence of temperature on plasmonic excitations of metal/metal 

interfaces could be efficiently probed by a systematic and comparative study on 

nanoscale thin layers of different metals grown on the same substrate. 

Herein we present high-resolution electron energy loss spectroscopy 

(HREELS) measurements shedding light on the effects of temperature on collective 

excitations in nanoscale thin films of Ca, Au, and Ag on Cu(111). 

The (111) surface of noble metals (Cu, Ag, Au) exhibits a large confined gap 

within the projected bulk band structure centred at the  point of the surface Brillouin 

zone [24]. Electronic states of different origin can exist in this gap. They may be 

Shockley surface states or states induced by adsorbates (QWS). In particular, 

photoemission spectroscopy measurements demonstrated the existence of well-

defined Ag 5sp-derived QWS [21, 25-27] in Ag/Cu(111). The presence of QWS has 

been revealed also for alkaline-earth thin films on the same substrate [28]. This 

implies the occurrence of an enhanced sp density of states at the Fermi level that 

modifies the electron charge-density distribution, causing significant changes in the 

dynamical screening properties of these systems [29] with respect to the case of 

single-crystal surfaces. Hybridization between QWS and the substrate [30] may also 

influence the electronic response of the interface.

Loss measurements indicated that the effects of the temperature on the 

electronic properties change on going from a metal/metal system to another.

Temperature induces a surface metal-insulator transition on Ca/Cu(111), leading to 

the formation of CaO thin layers which are highly reactive towards water molecules. 



The Au SP decreased in intensity in the Au-Cu alloy formed upon annealing the 

Au/Cu(111) interface at 450 K. A red-shifted SP was recorded for Ag films kept at 

400 K during measurements or upon annealing at the same temperature, in agreement 

with results for single-crystal surfaces. However, we have no evidence of formation 

of the Ag-Cu alloy for temperatures ranging up to 400-500 K.

1. Experimental

Experiments were performed in ultra-high vacuum (UHV) conditions at a base 

pressure of 5∙10-9 Pa. The Cu(111) surface was cleaned by repeated cycles of ion 

sputtering and annealing at 1000 K. Surface cleanliness and order were checked using 

Auger electron spectroscopy (AES) and low-energy electron diffraction (LEED)

measurements, respectively. Calcium was evaporated by a heated tungsten basket 

containing Ca grains. Silver and gold were deposited onto the Cu(111) surface by 

evaporating from Ag and Au wires wrapped on a tungsten filament, respectively. 

Coverages were calibrated using AES. Temperature was monitored using a K 

(chromel-alumel) thermocouple spot-welded near the sample.

HREEL measurements were carried out by using an Ibach-type spectrometer 

(Delta 0.5, Specs). The incident angle with respect to the sample normal was fixed at 

55.0°. The energy resolution of the spectrometer was degraded to 10 meV so as to 

increase the signal-to-noise ratio of loss peaks. All depositions and measurements 

were made at 300 K.



2. Results and discussion

2.1 Ca on Cu(111)

Contrary to beryllium and magnesium, calcium is characterized by sharp 

features in the density of states due to d-like states. In fact, the electronic structure of 

Ca is complicated by the presence of 3d orbitals (empty in the free atom) lying in the 

close proximity of the valence 4s orbitals [31]. Interestingly, density-functional 

calculations found that dxz and dyz bands are occupied in Ca ultrathin films [32].

Hence, the electronic response of the Ca/Cu(111) interface should be strongly 

influenced by 3d-4s hybridization. The presence of the polarizable medium 

represented by d electrons shifts the position of the SP, which the jellium model is 

expected at 6.5 eV. Instead, transmittance and reflectance measurements on ultrathin 

films found that Ca SP lies at about 3.6 eV [33].

The spectrum a of Figure 1 shows that for 2 ML Ca/Cu(111) the Ca SP is at an 

energy of about 3.3 eV. Upon an annealing at 450 K, the loss spectrum exhibited 

considerable changes (spectrum b). The Ca SP red-shifted down to 2.1 eV. Moreover, 

a loss peak at 5.7 eV was recorded. Its intensity notably increased in off-specular 

conditions (spectrum c), thus ensuring of its impact character.

The red-shift of the SP energy could be ascribed to a reduced surface 

conductivity, so as to suggest the occurrence of a surface metal-insulator transition, 

i.e. the formation of a CaO layer. In fact, the plasma frequency is directly 

proportional to the surface conductivity [34-36]. Moreover, a red-shifted SP has been 



predicted [37] to occur on a MgO single layer adsorbed onto a Mg substrate. As 

regards the peak at 2.1 eV, its plasmonic nature is ensured by both its line-shape and 

its energy shift up to 2.4 eV revealed in off-specular scattering geometry (spectrum 

c). 

Very likely, the annealing procedure dramatically increased the oxidation rate 

of the Ca film, which strongly reacted with residual oxygen in the UHV chamber. On 

the other hand, in UHV conditions the contamination by O atoms was revealed only 

after several hours from the deposition for both Mg [38] and Ca (present work) thin 

films.

Interestingly, the feature at 5.7 eV observed in the spectra b and c of Figure 1 

is a fingerprint of water adsorption coming from residual gas. In fact, photoemission 

spectroscopy experiments carried out on H2O/(2x2)-Li/Cu(111) [39] and HREELS 

measurements on H2O/Na/Cu(111) [6] showed a peak at a similar energy, assigned to 

single-particle transitions involving the 1b1 orbitals of water molecules [40].

Vibrational measurements related to spectra b and c of Figure 1 showed several 

loss features that unambiguously indicate the formation of a CaO adlayer (Figure 2). 

The vibrational spectrum of CaO films is dominated by the presence of the

Wallis mode, a microscopic phonon corresponding to the vibration of O-atoms of the 

utmost CaO layer against the Ca sublattice. It was recorded at 63 meV, in excellent 

agreement with results by Savio et al. [41] for MgO thin films. Moreover, a shoulder

at 50 meV was ascribed to the Fuchs-Kliever mode (FK), a macroscopic surface 



optical phonon corresponding to the vibration of the Ca and O sublattices one against 

the other. It was detected at the same energy on CaO crystals [42-44]. 

The peaks at 126 and 189 are broadened replica of the Wallis mode. 

Losses at 160 and 227, they can be tentatively assigned to other dipole-active 

modes of the CaO layer.

The occurrence of a single O-H stretching at 452 meV [40] indicates that water 

adsorption is mainly dissociative. 

As many important CaO devices [45-49] work in air, the occurrence of water 

contamination has a key importance as it is essential to determine their chemical 

stability. Moreover, it should be mentioned that the interaction of water with films 

and surfaces of metal oxides is attracting a remarkable interest in recent years [50-55] 

as it has been demonstrated to be an important factor in environmental protection, 

atmospheric chemistry, gas sensor, corrosion, heterogeneous catalysis, and geology.

At room temperature ideal alkaline-earth metal-oxide surfaces are quite inert towards 

water dissociation, which is allowed only on defect sites [41, 56, 57]. A hydroxilated 

monolayer was formed only upon high-pressure exposures [58] but not for low-

pressure water exposures [59]. 

On the contrary, present findings (Figures 1 and 2) demonstrate that CaO 

ultrathin films are highly reactive towards hydrolysis at room temperature.

2.2 Au on Cu(111)



Many experimental studies have been performed on Au alloying with copper 

substrates [60-62]. However, collective electronic excitations of the Au-Cu alloy 

have not been investigated yet.

As regards the Au SP, it was revealed at 2.5-2.6 eV in HREELS [63, 64], 

scanning tunnelling spectroscopy [65, 66] and optical [67-70] measurements.

The formation of an Au-Cu alloy upon annealing at 450 K was demonstrated 

by AES measurements (Figure 3). In fact, both Cu and Au contributions are present 

in the AES spectrum. As regards the electronic spectrum (Figure 4a), the Au SP, 

recorded at 2.60 eV in the as-deposited film, decreased in intensity. Several other 

features arose upon the formation of the Au-Cu alloy, as evidenced by the analysis of 

the difference spectrum (Figure 4b). They are ascribed to interband transitions in the 

alloy located at about 4 eV with respect to the Fermi level. Moreover, an interband 

transition at 1 eV was observed in the alloy. 

2.3 Ag on Cu(111)

In silver, considering its s electron density, the energy of the SP is expected to 

be 6.50 eV, but due to the interaction between s and d electrons it is strongly red-

shifted [37]. While Ag bulk crystals have been widely studied [37, 11, 71], only a 

very few experimental studies exist for Ag ultrathin film on metal [7] and 

semiconductor [72-74] substrates. On the other hand, silver thin films have many 



potential applications [75]. They are essential for most optical devices

owing to their high reflectance over a wide spectral range [76, 77]. 

The Ag SP energy for the as-deposited film (22 ML) was found to be 3.80 eV

(Figure 5). It shifted down to 3.76 eV in annealed film, regardless of the annealing 

temperature. The SP energy was found to be 3.74 eV with the sample kept at 400 K 

during measurements. The decreased energy upon annealing could be ascribed to the 

flattening of the film. Instead, the decreasing frequency with the increased 

temperature may be in principle due to the thermal expansion of the adlayer lattice, as 

for single-crystal surfaces [12]. 

The effects of annealing on the SP frequency were found to be reversible

(Figure 6). In fact, upon sputtering the Ag films with Ar+ ions the SP energy returned 

to its value for the as-deposited Ag layer, i.e. 3.80 eV. However, upon a new

annealing of the film the SP shifted again to 3.74 eV. This finding demonstrates that 

the modifications of the electronic properties upon sputtering and annealing of the 

adlayer may be finely controlled, so as to tune the electronic response of the 

interface.

Likewise, the inspection of the wide spectrum (Figure 7) reveals that the 

intensity of spectral features at 8.00 and 16.67 eV are recovered upon the second 

annealing, while an intense and broad peak at 11.48 eV appears only by annealing the 

sputtered film. The sputtering procedure induces the arising of a low-energy peak at 

1.16 eV, whose intensity is not changed by annealing. On the other hand, the 



intensity of all other loss peaks except the ordinary SP is vanishing in the sputtered 

film. 

3 Conclusions

We have presented loss measurements providing direct evidences of the effects 

of temperature on the plasmonic excitations in nanoscale thin layers of Ca, Au and 

Ag on Cu(111). A CaO layer (highly reactive towards hydrolysis at room 

temperature) was formed upon annealing, while for the Au film the formation of an 

Au-Cu alloy was observed by both HREELS and AES measurements. On the 

contrary, upon annealing up to 500 K the Ag-Cu alloy was not formed. The SP 

frequency in annealed Ag layers is redshifted with respect to the as-deposited film. 

The perfect reversibility of the annealing/sputtering modifications of the electronic 

properties of the Ag adlayer was demonstrated, so as to obtain readily tunable 

dielectric properties. 
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Figure captions:

Figure 1: HREEL spectra for (a) as-deposited Ca film (b) annealed Ca film in 

specular geometry (is=55.0°); (c) annealed Ca film in off-specular geometry 

(is=45.0°).

Figure 2: Vibrational spectrum of the annealed Ca film.

Figure 3: AES spectrum for the Cu(111) substrate, 10 ML Au/Cu(111) and the Au-

Cu alloy.

Figure 4: (a) HREEL spectra for 10 ML Au/Cu(111) and the Au-Cu alloy; (b) 

Difference spectrum

Figure 5: HREEL spectra for 22 ML Ag/Cu(111) for the as-deposited and the 

annealed film. The utmost spectrum was recorded at 400 K.

Figure 6: HREEL spectra for the as-deposited, annealed and sputtered Ag films (22 

ML). All spectra were acquired at room temperature. 

Figure 7: HREEL spectrum of annealed and sputtered 22 ML Ag/Cu(111) in a wide 

loss energy range.



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272333&guid=6a402596-3cd7-4c82-b35f-e34988f27020&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272334&guid=3927b8f8-17b8-4874-a861-6daf102afc2c&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272335&guid=6cf14b72-e47c-4d20-a791-d26b307f2c05&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272336&guid=b55bc8d1-8783-48d4-9789-2e723615e6d6&scheme=1


Figure 5
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272337&guid=9ac698da-c78c-4f8e-b05b-2df700ac9e74&scheme=1


Figure 6
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272338&guid=17eb5a43-5dea-4672-b65e-382b742245d3&scheme=1


Figure 7
Click here to download high resolution image

http://ees.elsevier.com/apsusc/download.aspx?id=272339&guid=1aea0343-0de7-4cc2-b0f6-375f717c9661&scheme=1

	AppliedSurfaceScience.pdf
	Alkali adsorption on Ni(111) and their coadsorption with CO and O
	Introduction
	Experimental
	Results and discussion
	Na and K adsorption on clean Ni(111)
	Na and K coadsorption with CO on Ni(111)
	Na coadsorption with oxygen on Ni(111)

	Conclusions
	References


	SM2.pdf
	Interference effects in the excitation of collective electronic modes in nanoscale thin Ag films
	Experimental
	Results and discussion
	Conclusions
	References


	SM1.pdf
	Dispersion and damping of surface plasmon in Ag thin films grown on Cu(111) and Ni(111)
	Experimental
	Results and discussion
	Conclusions
	References


	plasmonics.pdf
	Dispersion and Damping of Gold Surface Plasmon
	Abstract
	Introduction
	Experimental
	Results and discussion
	References






