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Collective electron excitations on a free-electron-like 
metal surface like Al have been studied by X-ray photo-
emission spectroscopy. In this review, we discuss photo-
emission studies on quantization of electron states due 
to confinement in nano-structures like epitaxial Na 
films on Al(111). The electronic structure of Ar nano-
bubbles embedded in the sub-surface region of Al has 
been discussed. For Al, an asymmetric line-shape is 
observed for both monopole surface and bulk plasmon 
in good agreement with theory. The relative contribu-
tions of the intrinsic, extrinsic and the interference 
processes to the surface plasmon intensity are deter-
mined from theoretical plasmon line-shape calcu lations 
and angle-dependent photoemission. The characteristics 
of the multipole plasmon mode are also discussed. Using 
angle resolved photoemission, Na thin films on Al(111) 
have been studied for different thicknesses. We find 
features in the valence band spectra that behave  like 
quantum well resonances in a narrow photon energy 
range where the overlayer collective excitations are ob-
served. These resonances are observed because of quan-
tum confinement due to a potential step at the Na/Al 
interface and the dynamical enhancement of the electric 
field in the overlayer. In case of argon nano-bubbles 
in Al, we find that the Ar 2p binding energy and the 
Doniach–Sunjic asymmetry of the core level line shape 
vary systematically as functions of Ar+ implantation 
energy and number of ions bombarded (fluence). These 
observations are explained by relating the strength of Al 
conduction electron screening of the core -hole created 
in the photoemission final state to the size of the Ar 
nano-bubbles. 

 
PHOTOEMISSION spectroscopy is the most versatile tech-
nique to study single particle and collective electron exc i-
tations on metal surfaces and nano-structures. Plasmons 
are collective oscillations of electrons in a solid. Plasmon 
loss features in the photoemission spectra of metals have 
been extensively studied from early days of photoemis-
sion1–24. Bulk plasmons are longitudinal oscillation modes 
of the electron gas in the solid. The bulk plasmon fre-
quency (ωp) is given by ε = 0, where ε is the bulk dielectric 
function. The monopole surface plasmon is an oscillating 
sheet of charge located at the surface, although its energy 
is dictated by the bulk property (ε = –1). In the direction 

perpendicular to the surface (z-direction), the charge dis-
tribution of the surface plasmon has a monopolar character 
and hence it is referred to as the monopole surface plas-
mon25,26. The physics of plasmon excitations in photoemi-
ssion is interesting because different processes contribute 
to its intensity. The sudden change in the potential due to 
creation of a core-hole attracts conduction electrons to screen 
the core-hole resulting in the intrinsic plasmon excita-
tion1,2. On the other hand, extrinsic plasmon excitation 
results from Coulomb interaction of the conduction elec-
trons with the photoelectron traversing through the solid 
from the photoemission site to the surface. Besides, an inter-
ference process occurs due to quantum interference between 
the intrinsic and extrinsic plasmons. The interference effect 
can be visualized as the interaction bet ween the localized 
photo-hole (intrinsic) and the out going photoelectron 
(extrinsic) in which the virtual plasmon created by one is 
absorbed by the other2. Studies of such collective excita-
tions are important for interpretation of all surface spectro-
scopies that use electromagnetic fields or charged particles. 
In angle resolved photoemission (ARPES), surface screening 
effects can alter the line shape of the direct transition from 
Ag(111) s band27,28. A strong modification of the photo-
emission line shape has been found in Li near its bulk 
plasmon frequency29. Thus, surface screening effects can 
influence the spectral line shape in ARPES. 
 As mentioned earlier, in the z-direction the charge distri-
bution of the monopole surface plasmon has monopolar 
character25,26. On the contrary, there can be higher oscilla-
tion modes on the surface whose charge distribution in the 
z-direction can have a node, i.e. of dipolar or multipolar form. 
This is the multipole plasmon mode (ωm), which exists on 
metal surfaces 25,26,30–35. The multipole surface plasmon 
cannot be explained by the classical Fresnel theory and 
the deviation from Fresnel field is given by the d-para-
meters25. d⊥(ω) represents the centroid of the screening 
density induced by a uniform field oriented normal to the 
surface. The total surface photoyield is proportional to Im 
d⊥(ω). Parallel to the surface, both the surface and the 
multipole plasmons propagate like plane waves with alter-
nate positive and negative regions. Thus, along the surface 
both the modes are dipolar in nature. The surface plasmon has  
a negative dispersion at small q, while the multipole plas-
mon has a positive dispersion35. 
 Photoemission technique has been extensively used for 
studying the electronic properties of nano structures. Angle-
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resolved photoemission is an ideal technique to examine 
the dependence of quantum well states on film thickness, 
substrate and overlayer band structure and quantum well 
interaction. Many aspects of the electronic structure of thin 
metal films on different substrates have been investigated 
in detail36. Generally speaking, the confining potential 
comprises the vacuum barrier on one side, and a reflective 
barrier such as an absolute or relative gap in the band 
structure of the substrate on the other. The appearance of 
quantum well states is usually interpreted in terms  of a 
straightforward ground state picture, i.e. as confinement 
of electronic states by the bounding potential barriers. 
 The electronic properties of nano structures can be stud-
ied by X-ray photoemission spectroscopy (XPS) through 
changes in the core level peak position and line-shapes. 
Implanted Ar ions form nano bubbles in Al due to their 
repulsive pseudopotential37. These bubbles exhibit differ-
ent interesting phenomena. For example, it is reported that  
Ar bubbles exist in the solid state even at room tempera-
ture and are over-pressurized and have high melting tempe-
rature38–41. He bubbles are reported to form at high mass 
densities42. Scanning tunnelling microscopy (STM) studies 
on these bubbles have shown evidence of electron interfer-
ence between the sub-surface Ar bubbles and the Al sur-
face42. Ar bubbles in Al is also an ideal system to study the 
response of conduction electrons in a nearly free electron 
metal to a core-hole generated by photoemission in an inert 
solid bubble of nano-meter size implanted in the metal. 
An estimate of the bubble size is of importance in differ-
ent fields like sputter growth of thin films, electromigra-
tion failure in conduction lines of integrated circuits, life 
time of reactor walls, etc44.  
 In this review, we deal with specific topics based on our 
work in electronic structure of solids using photoemis-
sion. We first discuss the collective plasmon excitations 
in Al(111). Next, ARPES studies on quantum well reso-
nances in epitaxial Na films of nanometer thickness are 
discussed. Finally, we report our recent work on Ar nano-
bubbles in Al(111).  

Collective excitations on Al(111) surface 

Plasmon loss features in XPS of free electron-like metals 
like Al, Mg have been studied by many groups. Early XPS 
studies on Al, Na and Mg found that the intrinsic plas-
mon excitation was almost absent in these metals3. But, 
this result contradicted theoretical prediction for the exis-
tence of intrinsic plasmon1,2,20. However, Fuggle et al.4 
found some evidence of int rinsic plasmon in Al layers depo-
sited on Mn. Baird et al.8 found that the surface plasmon 
intensity is markedly enhanced at low photoelectron 
emission angle, θ. They determined the intensity variation 
of 1ωp, 2ωp and 1ωs and compared them with theoretical 
calculations based on a jellium model. On the basis of semi -
classical calculations, it was shown by Bradshaw et al. 7 

that in the high photoelectron velocity limit, the intrinsic 
and the interference contributions are independent of θ 
and that the extrinsic contribution varies as 1/sinθ. They 
found a small intrinsic plasmon contribution to the surface 
plasmon intensity. 
 Many theoretical studies have been performed to evalu-
ate the contribution of the intrinsic and the extrinsic proc-
esses and understand their origin in photoemission1,2,14–24. 
Chang and Langreth have treated the inelastic plasmon 
losses as a many body effect in the photoemission process 
and have included the effects of solid surface and the core-
hole2,14. Sunjic et al.18,19 used an electron–plasmon interac-
tion model for fast electrons and considered the effect of 
localized core-holes to provide a quantitative description 
of multiple bulk and surface plasmon processes in metals. 
Penn20 calculated the plasmon line-shapes and estimated 
the intrinsic bulk plasmon contribution to be 26% for Al, 
which was much lower than 50% intrinsic plasmon contri-
bution suggested by Lundqvist1. Inglesfield used the Golden 
rule formalism of photoemission and considered plasmon 
dispersion as well as interference effect. Inglesfield studied 
the suppression of the plasmon intensities at low electron 
kinetic energies by calculating the plasmon line-shapes as 
function of kinetic energy and depth of the site of photo-
emission21,22. Inglesfield found that the interference bet-
ween the extrinsic and intrinsic plasmon is suppressed in 
the long wavelength plasmon excitations. The theoretical 
calculations by different groups predict an asymmetric line-
shape for both bulk and surface plasmon20,21,23,24. 
 Angle-dependent Al 2s XPS spectra for Al(111), recor-
ded at nearly normal (80°) and grazing (10°) emission are 
shown in Figure 1. The monopole surface plasmon (1ωs) 
is observed at 128.4 eV binding energy (BE) or 10.4 eV 
loss energy. The main difference between normal and graz-
ing emission is the large enhancement in the intensity of the 
monopole surface plasmon in grazing emission. The in-
crease in intensity is about a factor of five. Besides the 
intensity increase, there is a drastic change in the 1ωs line-
shape (thick solid lines in Figure 1). In normal emission, 
the surface plasmon has an unusual shape with a gradually  
decreasing intensity towards higher loss energy side and a 
step-like shape on the lower loss energy side (marked by 
arrow in Figure 1). The corresponding left and right Lor-
entzian widths, ΓL and ΓR, obtained from the least-square 
fitting, are 3.6 and 0.08 eV, respectively. In contrast, in graz-
ing emission the surface plasmon is relatively more sym-
metric, although ΓL (= 1.92 eV) is still larger than ΓR 
(= 0.84 eV). Unlike the surface plasmon, the bulk plasmon 
(1ωp) intensity decreases in grazing emission by a factor 
of 2.4 compared to that in the normal emission. Although 
not as pronounced as the surface plasmon, the bulk plas-
mon line-shape is also somewhat asymmetric in normal 
emission and becomes more symmetric in grazing emis-
sion. The surface plasmon has more intensity compared 
to the bulk plasmon in the grazing emission, which was not  
observed in previous studies7,8. This is because the surface 
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plasmon intensity is highly sensitive to surface contami-
nation. We have ensured that Al(111) surface is completely  
clean in the present work, and this was not so in the pre-
vious studies where residual oxygen contamination was 
reported7,8. The experimental technique and data analysis 
procedure have been described in ref. 45. 
 Since it is not possible to make a quantitative estimate of 
extrinsic, intrinsic and interference plasmons based only on 
experimental results, we have calculated the surface plas-
mon line-shape following the perturbation based method 
suggested by Inglesfield21,22. The details of the calcula-
tions are given in ref. 45. In agreement with the experiment, 
the calculated surface plasmon line-shape (Jtot) integrated 
over z is highly asymmetric and the step -like line-shape is 
well reproduced by the theory (Figure 2 a). Discrepancy is 
however observed on the higher loss energy side: the experi-
mental spectrum has larger intensity compared to that given 
by theory. We find that the 1ωs line-shape due to photo-
emission from only the surface (z = 0) has larger intensity 
on the higher loss side than the integrated line-shape, Jtot. 
Thus, a possible reason for the disagreement could be that  
 
 

 
 
Figure 1.  Plasmon features associated with the Al 2s spectra of 
Al(111) are shown. The monopole surface (1ωs) and bulk (1ωp) plas-
mon line shapes are compared between nearly grazing (10°) and normal 
(80°) emission. The no loss main peaks in both the spectra are normal-
ized to the same intensity. Solid line through the experimental data 
(open circles) is the fitted curve. The residual for the fit, which is 
within the statistical scatter of the experimental data, is shown below 
each spectrum. The deconvoluted Al 2s Doniach–Sunjic line-shape 
(dashed line) and the inelastic background (dot -dashed line) are also 
shown. The surface (thick solid line) and bulk (thin solid line) plasmon 
line-shapes are shifted upwards for clarity of presentation. The step-
like surface plasmon line-shape is indicated by an arrow. Inset shows 
the geometry of the experiment. 

the contribution of surface (z = 0) photoemission to the sur-
face plasmon intensity is underestimated by the theoretical 
curve, Jtot. This is probably related to the choice of the 
weighting factor, which is based on a semi-classical approach 
assuming that the bulk extrinsic terms dominate21,45. 
 The calculated intrinsic surface plasmon (Jint) line shape 
is asymmetric with a sharp peak at 9.45 eV loss energy 
with 0.1 eV FWHM (Figure 2 b). The surprising observa-
tion is that the area under Jext (centred around 9.6 eV loss 
energy with 0.7 eV FWHM) is more than Jtot. This is be-
cause the interference contribution (Jintf) is negative over the 
whole energy range. It has an asymmetric inverted peak 
at 9.45 eV loss energy with 0.15 eV FWHM. The negative 
value of the interference term signifies that the plasmon 
created by the outgoing photoelectron (extrinsic process) 
is absorbed by the localized photo-hole potential (intrin-
sic process) reducing the total intensity of the surface 
plasmon. In fact, at the minimum loss energy end of the 
plasmon feature (9.4 eV), the calculated plasmon inten-
sity becomes zero due to the negative interference term. 
Thus, Figure 2 b shows the importance of the interference 
term in determining the plasmon line shape. We find the 
ratio of the intrinsic, extrinsic and interference plasmon 
contributions to be 1 : 0.7 : –1.3 in normal emission and 
1 : 3.6 : –1.3 in grazing emission for Al 2s related surface 
plasmon45. 
 
 

 
 
Figure 2. a, Calculated monopole surface plasmon Jtot (thick solid 
line) is compared with the experimental Al 2s surface plasmon (open 
circles) recorded in normal emission (from Figure 1). The zero of the 
loss energy scale (not shown in the figure) refers to the no-loss peak 
position. Jtot (z = 0) (filled squares) is the surface plasmon correspond-
ing to z = 0. b, Calculated total (Jtot, thick solid line), intrinsic (Jint, thin 
solid line), extrinsic (Jext, dashed line), interference (Jintf, dot-dashed 
line) and sum of extrinsic and intrinsic (Jint + Jext, crosses) contributions 
to the Al 2s surface plasmon line-shape are shown in an expanded 
scale. 

a 

b 
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 The multipole surface plasmon is expected to occur around 
13 eV loss energy, but it is not clearly observed in the XPS 
spectra probably because it is dominated by the monopole 
surface plasmon. Another reason for absence of a sepa-
rate multipole plasmon feature in the Al 2s and 2p XPS 
spectra is that, unlike in electron energy loss spectroscopy 
(EELS), contributions from all k||’s are observed in photo-
emission. This probably results in a broad featureless 
line-shape for the multipole plasmon. Higher intensity in 
the experimental surface plasmon line shape around 13 eV 
(Figure 2 a) is probably related to the multipole plasmon, 
which is not considered in the above calculation. Using 
angle and energy resolved photoyield (AERPY) method, 
where only the q = 0 mode is observed, a huge enhancement  
occurs in the photoemission cross-section when the incident 
photon frequency is equal to the multipole plasmon fre-
quency 26,46. A representative AERPY spectrum for Al(111), 
taken in the constant initial state mode at 0.1 eV BE, is shown 
in Figure 3. The spectrum basically represents the normali-
zed intensity of the Fermi edge of an ARPES spectrum in 
normal emission, as a function of incident photon energy 46. 
The work function cut-off for the threshold of photoemis-
sion is observed at 4.5 eV. The peak at 13 eV is related to 
the decay of the multipole plasmon via electron-hole exci-
tations, which enhances the photoemission signal. The multi-
pole peak has a triangular shape (FWHM 3 eV) with a 
sharp increase in intensity below ωp.  The width of the mul-
tipole plasmon in Al is in agreement with the total photo-
absorption calculations47. We find the multipole plasmon 
frequency (ωm) relative to the bulk plasmon frequency to 
be 0.85ωp. This is in good agreement with the time-depen-
dent local density approximation (TDLDA) jellium calcu-
lation, which predicts25 ωm to be 0.8ωp. The dip indicated 
by ωp in Figure 3 corresponds to the bulk plasmon fre-
quency. Feature B is related to bulk plasmon excitation  
 
 

 
Figure 3.  Angle and energy resolved photoyield (AERPY) spectrum 
of Al(111) showing the multipole plasmon (ωm). The geometry of the 
experiment is shown in the inset, the photon incidence angle is 45°. 

with q > 0, while feature A varies with incidence angle and 
is explainable by Fresnel theory 46. 

Quantum well resonances in sodium thin films 

Quantum well states are formed by the confinement of 
electronic states by the bounding potential barriers. For 
thin films, the confinement is in the direction perpendicu-
lar to the film by the ground stat e vacuum potential bar-
rier on one side and the gap in the substrate band structure 
on the other36. Quantum well states in Na thin films on 
Cu(111) were explained by the electron confinement pro-
vided by the Cu sp band gap at the L point 48. In case of 
Na/Al(111), this mechanism is absent since the band gap 
at L point does not exist. In this section, we discuss the origin 
of the observed quantum well resonances in Na thin films 
on Al(111). We find that the incident photons, which cause 
photoemission, themselves interact with the electron charge 
density in the overlayer49. 
 ARPES spectra of Na adlayers of different thicknesses 
on Al(111) recorded in normal emission using synchro-
tron radiation are shown in Figure 4. The experimental 
details are given in ref. 49. The Al(111) spectrum (bot-
tom), which is only about 1 eV wide for the photon energy  
of 5.5 eV, does not show any sharp features. Upon dep o-
sition of Na, the work function decreases and thus photo-
emission spectra over a larger BE range could be recorded. 
Feature A appears at a thickness of 1.5 monolayer (ML) 
near EF. At 4.5 ML thickness, two more features appear at 
0.8 (B) and 1.8 eV (F). Feature B shifts to 0.4 eV, while 
feature A is absent for 7.5 ML. For higher coverages, e.g. 
15 ML, a new feature (C) appears at 0.5 eV. At subsequent  
 
 

 
 
Figure 4. Angle resolved photoemission (ARPES) spectra recorded in 
normal emission with 5.5 eV photon energy for different Na coverages 
on Al(111). The features marked A–E are related to the quantum well 
resonances, while feature F is related to a direct transition. 
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coverages, feature C goes to lower BE until it reaches EF 
at 33 ML coverage. Similar behaviour is observed for fea-
tures D and E. So, we find that with increasing thickness of 
the overlayer, features appearing within 1 eV BE disperse 
towards EF and actually seem to move across EF. This beha-
viour is the well-known signature of quantum well states 
with k || quantization36. The observed features do not dis-
perse with photon energy which rules out the possibility 
that these are due to direct transition49. The dispersion of 
these features with coverage also shows that these features  
are not surface states. From ARPES spectra (not shown in 
Figure 4, see ref. 49) recorded as a function of photon energy  
(4.5 to 8 eV), an enormous enhancement of the spectra is 
observed below 7 eV, with the maximum at 5.75 eV, 
which corresponds to the standing wave-like bulk plas-
mon mode of the Na film50. This behaviour differs fun-
damentally from ordinary quantum well states. It should 
be noted that feature F in Figure 4 remains largely statio-
nary throughout the studied coverage range. The origin of 
this feature is related to a direct transition from the occu-
pied Na s-band to an unoccupied band corresponding to 
epitaxial f.c.c. Na layer in (111) orientation. This is sup-
ported by the f.c.c. hexagonal (1 × 1) low energy electron 
diffraction (LEED) pattern observed for the Na layer. Thus, 
Na exhibits a pseudomorphic f.c.c. growth on Al(111). 
 Discretization of the Na band is possible even in absence 
of a reflecting band gap barrier in Al because of the nega-
tive potential step at the Na/Al interface. This negative 
potential step arises because of the difference in Fermi 
energy of Na and Al (see Figure 3 of ref. 49). Under normal 
circumstances these resonances are suppressed by the large  
signal from the substrate. The screening response of Na 
valence electrons to the incident photons generates an in-
duced field normal to the surface, which together with the 
bare photon field forms the effective local field that gov-
erns the photoemission cross -section. In this case, due to 
screening, when the photon energy coincides with the bulk 
plasmon frequency of Na, the local electric field in the over -
layer is about two orders of magnitude larger than the 
substrate. This has been calculated using time-dependent 
local density approximation49. Thus, the quantum well reso-
nances due to the negative step potential are enhanced by 
tuning the photon energy to the collective overlayer modes, 
while emission from substrate bands is suppressed. Similar 
effect has been observed51 in other systems like K/Al(111). 

Argon nano-bubbles in Al(111) 

Many interesting physical phenomena are observed in rare 
gas bubbles formed in Al. During ion bombardment many 
different processes take place, for example, sputtering of 
target atoms, scattering of incident ions, implantation in 
the target, sputtering of already implanted ions, formation 
of vacancies, di-vacancies, coalescence of vacancies with 
implanted atoms, formation of adatoms at the surface and 

formation of bubbles. In Al, after the ion bombardment, 
formation of bubbles is favoured compared to other de-
fects. This has been established by theoretical calcula-
tions and different experimental techniques like EELS, X-
ray absorption, TEM and STM37–44. Roussow et al.39 studied 
Ar bubbles in Al with TEM using 50 keV ions implanted 
in an Al film of thickness 50 nm. They reported a bubble 
radius of 13.5 ± 2.5  Å. vom Felde et al.38 investigated Ar, 
Ne and Xe bubbles in Al using EELS and they observed 
plasmons related to the bubble surface. The implanted Ar 
atoms form bubbles because of repulsive pseudopotential 
and negative heat of solution of the gas atoms in Al37. 
Schmid et al .43 found a correlation between number of 
bubbles and the amount of implanted Ar. XPS and related 
theoretical calculations have been performed to under-
stand why the core level BE of isolated implanted rare 
gas atoms in metals decrease with respect to their gas phase 
BE52–54. The decrease in BE was explained by screening of 
the core-hole by metal conduction electrons. 
 Figure 5 shows the Ar 2p core level spectra for 1 ML 
fluence for argon implanted in Al (Ar↓Al). 1 ML fluence 
or dose of Ar+ ions is equivalent to the number of atoms on 
the Al(111) surface (1.415 × 1015 atoms/cm2). Fluence was 
determined by measuring the bombardment -induced cur-
rent through the sample and the geometry of the experi-
ment. Details of the experimental and data analysis 
procedures are given in ref. 55. For 0.3 keV implantation 
energy (Ei), the BE of the Ar 2p3/2 peak is 242.3 ± 
0.05 eV with respect to EF, with a spin-orbit splitting of 
2.1 ± 0.1 eV. The shift of the Ar 2p main peak between 
0.3 and 3 keV implantation energy is found to be about 
0.6 eV. A similar shift of 0.5 eV is also observed for Ar 2s.  
 
 

 
 
Figure 5. Ar 2p core level spectra (open circles), which have been 
background-subtracted and normalized to same intensity along with the 
fitted curve (thin solid line), as a function of Ei for 1 ML fluence. The 
deconvoluted DS line-shape (short dashes) and the spectral line shape 
including the Gaussian broadening but excluding the instrumental 
broadening (long dashes) are shown below each spectrum. The residual 
for the fit (for 0.3 keV spectrum) is within the experimental scatter. In-
set shows the calculated projected range (d) as a function of Ei (open 
circles) and fitted curve (solid line); bars show the straggle.  
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In contrast, the corresponding Al 2p spectra do not exhibit 
any shift or change in line shape. We have recorded the 
spectra for many different Ei (0.3 to 3 keV) and fluence 
(0.025 to 3 ML) combinations. The core level shift is rep-
resented by ∆EB, which is the decrease in Ar 2p3/2 BE in 
Ar↓Al from that of the gas phase (248.45 eV). In order to 
avoid confusion, we have referred both the BE’s to the 
vacuum level of Al(111), which has a work function of 
4.2 eV. The values of ∆EB as functions of Ei and fluence 
are plotted in Figure 6 for different (Ei, fluence) combina-
tions. For each combination, we have implanted Ar on 
clean Al, and not on an already implanted Al surface. We 
find that ∆EB is relatively large (2.2–2.3 eV, blue region 
in Figure 6) for small values of Ei and fluence. On the 
other hand, for large Ei and fluence, ∆EB is small (1.4–1.5  eV, 
red region). The difference between maximum and mini-
mum values of ∆EB turns out to be about 0.9 eV. 
 The decrease in BE with respect to gas phase, i.e. ∆EB 
was related to the relaxation energy in previous studies 
on implanted rare gas atoms in metals52–54. The relaxation 
energy (∆ER) is the energy gained by the system through 
extra atomic screening by host metal conduction electrons 
in the final state of photoemission. ∆ER was shown to be 
inversely proportional to the effective radius (Ra) of the rare 
gas atom using a linear response relaxation model52. Wat-
son et al.53 have reported ∆ER for Ne, Ar, Kr and Xe to be 
4.8, 4.0, 3.8, and 3.5 eV respectively. These values are found 
to vary linearly with 1/Ra. Based on image potential model 
of classical electrostatics for a cavity in the metal host, 
the relaxation energy 54 is e2/2Ra. Based on the above argu-
ments we can write for Ar bubbles in Al 
 
 ∆EB = c1/R + c2,  (1) 
 
where R is the average effective radius of the bubble and c1 
is the proportionality constant. c2 represents contributions 
to ∆EB which are independent of R. For example, ∆EB 
will depend on the physical state of Ar since solid Ar has 
lower BE than gaseous Ar, and this would be independent 
of R. Similarly, the intra-atomic relaxation and the elec-
trostatic shift due to the dipole barriers at Al surface and 
at bubble-Al interface would be independent of R. 
 

 
Figure 6. Contour plot showing the variation of ∆EB

 as functions of 
Ei and fluence. In the rainbow colour scale, the violet contour corre-
sponds to 2.3 eV, while the red contour corresponds to 1.4 eV.  

 Since change in R with implantation conditions has been 
reported earlier, Ar 2p BE variation could be explained by 
final state screening. With the motivation to examine 
whether R could depend on Ei, we note that if the projected 
range (d, i.e. the average depth of Ar atoms in Al) increases, 
a greater number of diffusion steps would be required for an 
Ar atom to reach the surface and desorb56. Hence, for lar-
ger d, the probability that Ar atoms would absorb vaca ncies 
or coalesce would increase, resulting in larger R. To find d as 
a function of Ei, we have performed Monte Carlo simula-
tions using TRIM code57. 50,000 ions were used for each 
calculation. The Ar ions have been implanted in normal 
incidence geometry. In order to mimic the experimental 
conditions, the calculations were also performed in the 
normal incidence geometry on the Al substrate for differ-
ent Ei values. We find that d increases from 16 to 60 Å as 
Ei is varied from 0.3 to 3 keV (inset, Figure 5). We find 
that an empirical relation d ∝ E i  

0.6  describes the variation 
well and is in fair agreement with the previous theoret ically 
derived result58. The above discussion provides an explana-
tion as to why R should increase with Ei. It should be 
noted that voids formed during bombardment can act as 
trapping centres for Ar atoms and nucleate the formation 
of bubbles through absorption and coalescence. It has been 
recently reported that Ar ions incident on Al give rise to a 
thermal spike, which causes local melting and forms voids 
in the sub-surface59. These voids can act as nucleating 
centres for Ar bubbles. The void volume is reported to be 
proportional59 to Enuc, which is the energy available for nu-
clear collisions. From our TRIM calculations, we find that 
Enuc is about 92% of Ei in this ion energy range. So, the 
void volume is approximately proportional to Ei, i.e. R is 
proportional to E i  

1/3 . So, it can be argued that R would in-
crease with Ei, based on which we propose a relation bet-
ween R and Ei : R = c3Ei 

n, where c3 is a proportionality 
constant and n is an exponent. Substituting this in eq. (1), 
we get 
 
 ∆EB = c1′/E i 

n +  c2. (2) 
 
We find that the variation of ∆EB as a function of Ei is 
similar for different fluences above 0.025 ML and we fit 
these data with eq. (2) (Figure 7). We have freely varied 
all the different parameters like n, c1′ (= c1/c3), and c2. The 
data is weighted by 1/σ, where σ is the standard deviation. 
We obtain n = 0.5 ± 0.2, c1′  = 0.4 ± 0.2 × 10–3 keV(n+1) and 
c2 = 1.4 ± 0.2 eV. The value of reduced χ2 is close to one 
(1.19), which indicates a reasonably good fit. The predic-
tion bands show the region where the experimental data, 
considering random errors, would fall with 90% proba-
bility. No systematic deviation of the data from the fitted 
curve based on eq. (2) is observed from the residuals. 
These indicate the validity of eq. (2) in modelling the experi-
mental data, implying that the variation of Al conduction 
electron screening strength related to change in R explains 
the observed Ar 2p BE shift. Although it is not possible 
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to determine c3 separately from the above fitting, relative 
variation of R with Ei can be obtained. If we assume R to 
be Ro for Ei = 0.3 keV, we find R to increase from 1.3 ± 
0.15 Ro (for 0.5 keV) to 3.2 ± 1.8 Ro (for 3 keV). We find 
that for very small fluence (0.025 ML) the Ar atoms are 
mostly isolated. If we take the radius of the isolated Ar 
atoms to be their van der Waals radius60 (1.88 Å), then the 
radius of the bubbles can be determined relative to the radius 
of isolated Ar atoms. Thus, we find R to be 2.4 ± 0.3 Å, 
3.4 ± 0.9 Å, and 6 ± 3.4 Å for 0.5, 1 and 3 keV, respec-
tively. Although this method of determining R is somewhat 
indirect, the trend is in agreement with TEM results39,40 and 
this further supports our explanation for the BE vari ation55. 
 Ar bubbles in Al are reported to be in the solid phase at 
room temperature and are pressurized to about 25 to 
60 kbar40,41. So, an alternative explanation for the above 
BE shift could be the compression of the core electron 
wave functions due to the variation of pressure with R, 
particularly since R is reported to be inversely proportional 
to pressure40. In order to calculate the influence of pressure 
on ∆EB, we have performed relativistic ab-initio full poten-
tial linear augmented plane wave (FPLAPW) calculations 
using the WIEN97 code 61. Since the lattice constant of solid 
Ar (a = 5.26 Å at 4.2 K and standard pressure) has been 
experimentally determined as a function of pressure62, we 
have performed the calculations63 by contracting the f.c.c. 
lattice of Ar (since Ar is in solid state in the bubble) at 
steps of 2% to a maximum of 12% (a = 4.629 Å)62. We find 
a small variation of 0.1 eV in Ar 2p 3/2 BE between standard 
and 60 kbar pressure, as compared to the large experi-
mentally observed BE shift of 0.9 eV. This is expected 
because the core-level wave functions (2p) are highly lo-
calized compared to the outer levels (3s, 3p). Hence, the 
possible explanation of change in pressure causing the 
BE shift is ruled out. 
 In the photoemission process, the electrons are ejected 
from the solid leaving a core-hole behind. This is the final 
state of photoemission whose life-time is about 10–16 s. 
Screening response of conduction electrons to the core-hole 
in the final state of  photoemission occurs within this time 
 

 
Figure 7.  ∆EB as a function of Ei for different fluences with fitted 
curve (solid line) and 90% prediction bands (dashed lines). Residuals 
are shown at the top of the graph.  

scale. In case of metals, a well-known manifestation of this 
screening response is the Doniach–Sunjic asymmetry of the 
core level line-shape64. This results from infinitesimal elec-
tron-hole excitations across EF due to the screening res-
ponse of the conduction electrons to the sudden creation 
of the core-hole. Thus, the out -going photoelectron loses 
energy and this causes an asymmetric line shape on the 
higher BE side of the core level peak. The extent of this 
asymmetry is quantified by the Doniach–Sunjic asymme-
try parameter, α. Langreth found α to be related to the core-
hole potential (VQ) by the following expression65 
 

 2 2
Q F

2
| | / | ( , 0)| (0)/ ,

q qF

V q N qVα ε
<

= ×∑  (3) 

 
where N(0) is the density of states at EF and ε is the dielec-
tric function. The band gap of solid Ar varies from 8.9 to 
9.6 eV between normal and 60 kbar pressure55. Hence, for 
solid Ar, α should be zero because of the bandgap. In con-
trast, for Ar in Al, we find α to be sizeable (0.06 ± 0.07), 
as compared to, for example, α = 0.11 for Al. We find α to 
vary between 0.01 and 0.06, depending on Ei and fluence. 
This is shown as a contour plot in Figure 8. α is non-zero in 
Ar↓Al because of the screening by Al conduction elec-
trons in response to the Ar core-hole potential, VQ. Inter-
estingly, comparing Figures 6 and 8, we find that there is 
an overall similarity in the variation of α and ∆EB with Ei 
and fluence. This demonstrates that both these effects are 
related to the same physical phenomenon, namely screening 
by electrons. In fact, it has been theoretically shown that BE 
shift due to screening depends on the square of hole charge 
density52, which is related to VQ

2  on which α depends accord-
ing to eq. (3). An asymmetry observed in Ne 1s for Ne im-
planted in Cu has been related to screening induced BE 
shift due to formation of Ne clusters and the authors state54 
that the number of these Ne clusters would increase with 
Ei. For Ar↓Al, this explanation is not valid because in that 
case asymmetry would increase with Ei and fluence. Instead, 
we find that for large Ei and fluence, α is small (0.01)  
 

 
 
Figure 8. Contour plot showing the variation of the Doniach–Sunjic 
asymmetry parameter (α) as functions of Ei and fluence. In the rainbow 
colour scheme, the violet contour corresponds to α = 0.074, and the red 
contour to α = 0. 
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(Figure 8); while for small Ei and fluence, i.e. small R, α is 
large (0.06). This is because for small R, the Al conduc-
tion electron screening cloud is more compact and as R 
increases α decreases because of reduced screening.  
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