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Collective electron excitations on a free-electronlike
metal surface like Al have been studied by Xray photo-
emisson spectroscopy. In this review, we discuss photo-
emission studies on quantization of electron states due
to confinement in nano-structures like eptaxial Na
films on AI(111). The €éectronic structure of Ar nano-
bubbles embedded in the subsurface region of Al has
been discussed. For Al, an asymmetric lineshape is
observed for both monopole surface and bulk plasmon
in good agreement with theory. The relative contribu-
tions of the intrinsic, extringc and the interference
processes to the surface plasmon intensity are deter-
mined from theoretical plasmon line-shape calculations
and angle-dependent photoemission. The characteristics
of the multipole plasmon mode are also discussed. Wing
angle resolved photoemission, Na thin films on Al(111)
have been sudied for different thicknesses. We find
features in the valence band gpectra that behave like
guantum 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 dectric
fidd 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 eectron screening of the core-hole created
in the photoemission final state to the size of the Ar
nano-bubbles.

PHOTOEMISSION  spectroscopy  is the most  versdtile tech-
nique to study single paticle and collective dectron exci-
tations on meta surfaces and nano-structures.  Plasmons
are collective oscllations of dectrons in a solid. Plasmon
loss festures in the photoemission spectra of metads have
been extensvely sudied from early days of photoemis-
son'?. Bulk plasnons are longitudinad oscillation modes
of the dectron gas in the solid. The bulk plasmon fre-
quency (W) is given by e=0, where e is the bulk ddectric
function. The monopole surface plasmon is an oscillating
sheet of charge located a the surface, dthough its energy
is dictated by the bulk property (e=-1). In the direction
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perpendicular to the surface (zdirection), the charge dis-
tribution of the surface plasmon has a monopolar character
and hence it is referred to as the monopole surface plas-
mon®®. The physics of plasmon excitations in photoami-
sson is interesting because different processes contribute
to its intensity. The sudden change in the ptentia due to
cregtion of a core-hole attracts conduction electrons to sxeen
the core-hole resulting in the intrindc plasmon ecita
tion*?. On the other hand, extrinsc plasmon ecitation
results from Coulomb interaction of the conduction eec-
trons with the photoelectron traversing through the solid
from the photoemission site to the surface. Besides, an nter-
ference process occurs due to quantum interference letwemn
the intrindc and extrinsc plasmons. The interference effect
can be visudized as the interaction between the locdized
photahole (intrinsc) and the out going photoeectron
(extringic) in which the virtud plasmon created by one is
absorbed by the other’. Studies of such collective excita
tions are important for interpretation of all surface spedro-
scopies that use eectromegnetic fidlds or charged particles.
In angle resolved photoemisson (ARPES), surface screening
effects can dter the line shape of the direct transition from
Ag(111)s band®?®. A srong modification of the photo-
emisson line shepe has been found in Li near its bulk
plasmon frequency”. Thus, surface screening effects can
influence the spectral line shapein ARPES.

As mentioned earlier, in the z-direction the charge distri-
bution of the monopole surface plasmon has monopolar
characte®™®. On the contrary, there can be higher oscilla
tion modes on the surface whose charge distribution in the
z-direction @en have a node, i.e. of dipolar or multipolar form.
This is the multipole plasmon mode (wm), which exists on
metd  surfaces®®* %, The multipole surface plasmon
cannot be explaned by the classicd Fresnd theory and
the deviation from Fresnd fied is given by the d-para
meters®™. ch(w) represents the centroid of the screening
density induced by a uniform fidd oriented norma to the
surface. The tota surface photoyield is proportional to Im
dr(w). Padld to the surface, both the surface and the
multipole plasmons propagate like plane waves with #er-
nate podtive and negative regions. Thus, dong the surface
both the modes are dipolar in nature. The surface plasmon has
a negative digperson a smdl g, while the multipole plas-
mon has a positive di persion™.

Photoemisson technique has been extensvdy used for
studying the electronic properties of nano structures. Angle
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resolved photoemisson is an ided 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 eectronic structure of thin
metd films on different substrates have been investigaed
in detail®®. Generdlly spesking, the confining potential
comprises the vacuum barrier on one dde, and a refledive
barrier such as an absolute or reative gap in the band
sructure of the substrate on the other. The appearance of
quantum well daes is usudly interpreted in terms of a
sraightforward ground dtate picture, i.e as confinement
of dectronic states by the bounding potential barriers.

The eectronic properties of nano structures can be stud-
ied by X-ray photoemission spectroscopy (XPS) through
changes in the core levd pesk postion and line-shapes.
Implanted Ar ions form nano bubbles in Al due to their
repulsive  pseudopotential®’. These bubbles exhibit diffe-
ent interesting phenomena. For example, it is reported that
Ar bubbles exist in the solid dtate even & room tempera
ture and are over-pressurized and have high meting tarpe-
rature®*. He bubbles are reported to form a high mass
densities®. Scanning tunnelling microscopy (STM)  studies
on these bubbles have shown evidence of €ectron interfer-
ence between the sub-surface Ar bubbles and the Al sur-
face™. Ar bubbles in Al is dso an idedl sysem to study the
response of conduction eectrons in a nearly free eectron
metd to a core-hole generated by photoemisson in an inert
solid bubble of nano-meter size implanted in the metd.
An edimate of the bubble sze is of importance in differ-
ent fidds like sputter growth of thin films, dectromigra-
tion falure in conduction lines of integrated circuits, life
time of reactor walls, etc™.

In this review, we ded with specific topics based on our
work in dectronic sructure of solids usng photoemis-
son. We firs discuss the collective plasmon excitations
in Al(111). Next, ARPES sudies on quantum wel reso-
nances in epitaxid Na films of nanometer thickness are
discussed. Finaly, we report our recent work on Ar nano-
bubblesin Al(111).

Collective excitations on Al(111) surface

Plasmon loss features in XPS of free dectron-like metds
like Al, Mg have been studied by many groups. Earlly XPS
studies on Al, Na and Mg found that the intrinsic plas-
mon excitation was admogt absent in these metds® But,
this result contradicted theoretical prediction for the exis-
tence of intrinsc plasmon®®. However, Fuggle & a.*
found some evidence of intringc plasmon in Al layers dpo-
sted on Mn. Baird e al® found that the surface plasmon
intensity is makedly enhanced a low photoelectron
emisson angle . They determined the intensity variation
of 1w, 2w and 1ws and compared them with theoretical
cdculaions based on a jelium modd. On the bads of semi-
classical cdculations, it was shown by Bradshaw e al.’
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that in the high photodectron velocity limit, the intrinsic
and the interference contributions are independent of g
and that the extrinsc contribution varies as 1/sng They
found a gndl intrinsic plasmon contribution to the surface
plasmon intensity.

Many theoretical studies have been performed to evdu-
ate the contribution of the intrindc and the extringc proc-
and understand their origin in photoemission***?,
Chang and Langreth have trested the indagtic plasmon
losses as a many body effect in the photoemisson process
and have included the effects of solid surface and the core
hole’™. Sunjic et al.’®" used an eectron—plasmon interac-
tion modd for fast eectrons and conddered the effect of
locdized coreholes to provide a quantitative description
of multiple bulk and surface plasmon processes in mdas.
Penn® cdculaed the plasmon lineshapes and estimated
the intrindc bulk plasmon contribution to be 26% for Al,
which was much lower than 50% intringc plasmon contri-
bution suggested by Lundguist'. Inglesfield used the Golden
rule formaism of photoemisson and consdered plasmon
disperson as well as interference effect. Inglesfield studied
the suppresson of the plasmon intensities a low electron
kinetic energies by caculating the plasmon lineshapes as
function of kinetic energy and depth of the dte of photo-
emisson™? Inglesfield found that the interference bet-
ween the extringc and intringc plasmon is suppressed in
the long waveength plasmon excitations. The theoretica
cdculations by different groups predict an asymmetric line
shape for both bulk and surface plasmon®?232*,

Angledependent Al 2s XPS spectra for Al(111), recor-
ded a nearly norma (80°) and grazing (10°) emission are
shown in Figure 1. The monopole surface plasmon (1w
is observed a 1284eV hbinding enegy (BE) or 104eV
loss energy. The main difference between normad and graz-
ing emission is the large enhancement in the intensity of the
monopole surface plasmon in grazing emisson. The in-
creae in intengty is about a factor of five Besdes the
intengty incresse, there is a dragtic change in the 1ws line-
shape (thick solid lines in Fgure 1). In norma emission,
the surface plasmon has an unusud shape with a gradudly
decreasng intendty towards higher loss energy dde and a
step-like shape on the lower loss energy sde (marked by
arow in Figure 1). The corresponding left and right Lor-
entzian widths, G and G, obtained from the leastsquare
fitting, are 3.6 and 0.08€eV, respectively. In contrast, in graz-
ing emission the surface plasmon is relativdly more sym-
metric, dthough G (=1.92eV) is dill lager than Gr
(=0.84¢eV). Unlike the surface plasmon, the bulk plasmon
(1wp) intendty decreases in grazing emisson by a factor
of 24 compared to that in the norma emisson. Although
not as pronounced as the surface plasmon, the bulk plas-
mon line-shgpe is dso somewhat asymmetric in  normd
emisson and becomes more symmetric in grazing emis-
son. The surface plasmon has more intensity compared
to the bulk plasmon in the grazing emisson, which was not
observed in previous studies™®. This is because the surface
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plasmon intendty is highly sendtive 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 sudies where residud oxygen contamingion was
reported’® The experimenta technique and data analysis
procedure have been described in ref. 45.

Since it is not possble to make a quantitetive estimate of
extrindc, intrindc and interference plasmons based only on
experimental  results, we have cdculaed the surface plas-
mon lineshape following the perturbation based method
suggested by Inglesfidd™?. The detals of the cacula
tions are given in ref. 45. In agreement with the experiment,
the caculated surface plasmon lineshape (Jo) integrated
over z is highly asymmetric and the step-like lineshape is
well reproduced by the theory (Figure 2a). Discrepancy is
however observed on the higher loss energy Sde the experi-
mental spectrum has larger intensty compared to that given
by theory. We find that the 1ws lineshape due to photo-
emisson from only the surface (z=0) has larger intensity
on the higher loss side than the integrated line-shape, Jo.
Thus, a possble resson for the disagreement could be tha
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Figure 1. Plasmon features associated with the Al 2s spectra of
Al(111) ae shown. The monopole surface (1ws) and bulk (1wp) ples-
mon line shapes are compared between nearly grazing (10°) and norma
(80°) emisson. The no loss main pesks in both the spectra are normd-
ized to the same intendty. Solid line through the experimentd data
(open cirdes) is the fitted curve. The resdud for the fit, which is
within the detistical scater of the experimenta data, is shown beow
eech spectrum. The deconvoluted Al 2s Doniach—Sunjic line-shape
(dashed line) and the indadtic background (dot-dashed line) are dso
shown. The surface (thick solid line) and bulk (thin solid line) plasmon
line-shapes are shifted upwads for daity of presentation. The sep-
like surface plasmon lineshape is indicated by an arow. Inset shows
the geometry of the experiment.

56

the contribution of surface (z=0) photeemisson to the sur-
face plasmon intensty is underestimated by the theoretical
curve, Jo. 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 dominate™®.

The cdculated intrinsic surface plasmon (Jin) line shape
is asymmetric with a sharp pesk a 9456V loss energy
with 0.1 eV FWHM (Fgure 2b). The surprising observa
tion is that the area under Jex (centred around 9.6eV loss
energy with 0.7¢V FWHM) is more then Jo. This is be-
cause the interference contribution (i) is negetive over the
whole energy range It has an asymmetric inverted pesk
a 945eV loss enegy with 015eV FWHM. The negdive
value of the inteference tem dgnifies thet the plasmon
crested by the outgoing photoelectron (extrindc process)
is absorbed by the localized photohole potentid (intrin-
dc process) reducing the total intensity of the surface
plasmon. In fact, a the minimum loss energy end of the
plasmon feature (9.4¢V), the cadculated plasmon inten-
sity becomes zero due to the negaive inteference term.
Thus, Fgure 2b shows the importance of the interference
term in determining the plasmon line shape. We find the
ratio of the intrindc, extringc and interference plasmon
contributions to be 1:07:-13 in normd emisson and
1:36:-13 in grazing emisson for Al 2s rdaed surface
plasmon™.
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Figure 2. a Cdculaed monopole surface plasmon Jy (thick solid
ling) is compared with the experimentad Al 2s surface plasmon (open
circles) recorded in norma emisson (from Fgure 1). The zero of the
loss energy scde (not shown in the figure) refers to the no-loss pesk
position. Jo @=0) (filled squares) is the surface plasmon correspond-
ingto z=0. b, Calculated total (o, thick solid line), intrinsic G, thin
solid line), extringc (&xt, dashed ling), interference (i, dot-dashed
line) and sum of extringc and intrinsic {; + Jex, Crosses) contributions
to the Al 2s surface plasmon lineshgpe ae shown in an expanded
sde
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The multipole surface plasmon is expected to occur around
13eV loss energy, but it is not clearly obsarved in the XPS
spectra probably because it is dominated by the monopole
surface plasmon. Another reason for absence of a sepa
rae multipole plasmon feature in the Al 2s and 2p XPS
spectra is that, unlike in electron energy loss spectroscopy
(EELS), contributions from dl kj's are observed in photo-
emisson. This probably results in a broad feaurdess
line-shape for the multipole plasmon. Higher intendty in
the experimental surface plasmon line shape around 13 eV
(Figure 2a) is probably related to the multipole plasmon,
which is not consdered in the above cdculation. Using
angle and energy resolved photoyidd (AERPY) method,
where only the g=0 mode is obsarved, a huge enhancement
occurs in the photoemission cross-section when the incident
photon frequency is equa to the multipole plasmon fre-
quency ®®. A representative AERPY spectrum for Al(111),
taken in the congtant initiad state mode at 0.1 e/ BE, is shown
in Figure 3. The spectrum basicaly represents the normdli-
zed intendty of the Fermi edge of an ARPES spectrum in
norma emission, as a function of incident photon energy “°.
The work function cut-off for the threshold of photoemis-
sion is observed at 4.5€eV. The pesk a 13eV is reaed to
the decay of the multipole plasmon via eectron-hole exci-
tations, which enhances the photoemisson signa. The multi-
pole pesk has a triangular shape (FWHM 3eV) with a
sharp increase in intensity below wp The width of the mul-
tipole plasmon in Al is in agreement with the totad photo-
absorption calculations”. We find the multipole plasmon
frequency (wm) relative to the bulk plasmon frequency to
be 0.85n. This is in good agreement with the time-depen-
dent local density approximation (TDLDA) jelium cacu-
lation, which predicts25 Wm to be 0.8w. The dip indicaed
by wp in Fgure 3 corresponds to the bulk plasmon fre-
quency. Feature B is rdated to bulk plasmon excitation
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Figure 3. Angle and energy resolved photoyiedd (AERPY) spectrum
of Al(111) showing the multipole plasmon (Wy). The geometry of the
experiment is shown in the inset, the photon incidence angle is 45°.
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with g>0, while festure A varies with incidence angle and
isexplainable by Fresnel theory *°.

Quantum well resonancesin sodium thin films

Quantum well dates are formed by the confinement of
eectronic dates by the bounding potentia barriers. For
thin films, the confinement is in the direction perpendicu-
lar to the film by the ground state vacuum potentia bar-
rier on one side and the gap in the substrate band strudure
on the other® Quantum wel states in Na thin films on
Cu(11l) were explaned by the eectron confinement pro-
vided by the Cu sp band gap a the L point®® In case of
N&a/Al(111), this mechanism is absent since the band gap
a L point does not exist. In this section, we discuss the orign
of the observed quantum well resonances in Na thin films
on Al(111). We find that the incident photons, which cause
photoemission, themsdves interact with the eectron chage
density in the overlayer™.

ARPES gpectra of Na adlayers of different thicknesses
on Al(111) recorded in norma emisson using synchro-
tron radigion ae shown in Figure 4. The experimentd
detals are given in ref. 49. The AI(111) spectrum (bot-
tom), which is only about 1€V wide for the photon energy
of 55eV, does not show any sharp features. Upon depo-
sition of Na, the work function decreases and thus photo-
emission spectra over a larger BE range could be recorded.
Festure A appears a a thickness of 1.5 monolayer (ML)
near Er. At 45ML thickness, two more features appear at
08(B) ad 1.8eV (F). Feature B shifts to 0.4eV, while
feature A is absent for 7.5ML. For higher coverages, eg.
15ML, a new feature (C) appears & 05 eV. At subseguent
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Figure 4. Angle resolved photoemisson (ARPES) spectra recorded in
normal emisson with 5.5eV photon energy for different Na coverages
on Al(111). The festures marked A-E are rdlaed to the quantum well
resonances, while feature F is rlated to a direct trandition.
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coverages, feature C goes to lower BE until it reaches Er
a 33ML coverage. Smilar behaviour is observed for fea
tures D and E. So, we find that with increasing thickness of
the overlayer, features gppearing within 1€V BE disperse
towards B and actudly seem to move across Er This keha
viour is the well-known signature of quantum well sates
with k; quantization™. The observed features do not dis-
perse with photon energy which rules out the possbility
that these are due to direct transition®. The dispersion of
these features with coverage aso shows that these features
are not surface dates. From ARPES spectra (not shown in
Figure 4, see ref. 49) recorded as a function of photon energy
(4.5 to 8¢V), an enormous enhancement of the spectra is
obsarved below 7€V, with the maximum a 5756V,
which corresponds to the standing wave-like bulk plas-
mon mode of the Na film™. This behaviour differs fun-
damentally from ordinary quantum well dates. It should
be noted that feature F in Figure 4 remans largdy sdio-
nary throughout the studied coverage range. The origin of
this feature is related to a direct transtion from the occu-
pied Na sband to an unoccupied band corresponding to
epitaxid f.cc. Na layer in (111) orientation. This is sup-
ported by the f.cc. hexagond (1 1) low energy dectron
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 possble even in absence
of a reflecting bend gep barier in Al because of the nege
tive potentid step a the NalAl interface. This negative
potentid dep arises because of the difference in Fermi
energy of Na and Al (see Figure 3 of ref. 49). Under norma
circumgtances these resonances are suppressed by the large
sgnd from the subdrate The screening response of Na
vaence eectrons to the incident photons generates an in-
duced fiedld norma to the surface, which together with the
bare photon fidd forms the effective locd fidd that gov-
ens the photoemisson cross-section. In this case, due to
screening, when the photon energy coincides with the bulk
plasmon frequency of Na, the locd dectric fidd in the over-
layer is about two orders of magnitude larger than the
subgrate. This has been cdculated usng time-dependent
locd density approximation®. Thus, the quantum well reso-
nances due to the negative step potentia are enhanced by
tuning the photon energy to the collective overlayer modes,
while emisson from substrate bands is suppressed. Similar
effect has been observed®™ in other systems like K/AI(111).

Argon nano-bubblesin Al(111)

Many interesting physicad phenomena are observed in rare
ges bubbles formed in Al. During ion bombardment many
different processes teke place, for example, sputtering of
target aoms, scattering of incident ions, implantation in
the target, sputtering of dready implanted ions, formation
of vacancies, di-vacancies codescence of vacancies with
implanted atoms, formation of adatoms a the surface and
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formation of bubbles. In Al, after the ion bombardment,
formation of bubbles is favoured compared to other de-
fects. This has been edablished by theoreticd cdcula
tions and different experimenta techniques like EELS, X-
ray absorption, TEM and STM*™*. Roussow et al.*® studied
Ar bubbles in Al with TEM using 50keV ions implanted
in an Al film of thickness 50 nm. They reported a bubble
radius of 135+25A. vom Fdde et al.® invesigated Ar,
Ne and Xe bubbles in Al usng EELS and they observed
plasmons related to the bubble surface. The implanted Ar
aoms form bubbles because of repulsive pseudopotentia
and negative heat of solution of the gas atoms in AP,
Schmid e a® found a corrdation between number of
bubbles and the amount of implanted Ar. XPS and related
theoretical cdculations have been performed to under-
gand why the core levd BE of isolaed implanted rare
gas aoms in metals decresse with respect to their gas phase
BE*®. The decrease in BE was explaned by screming of
the core-hole by metal conduction ectrons.

Figure 5 shows the Ar 2p core leve spectra for 1ML
fluence for argon implanted in Al (Ar-Al). 1ML fluence
or dose of Ar’ ions is equivaent to the number of aoms on
the Al(111) surface (1.415° 10" aomsicm?. Fluence was
determined by mesasuring the bombardment-induced cur-
rent through the sample and the geometry of the experi-
ment. Detals of the experimentd and daa andyss
procedures are given in ref. 55, For 0.3keV implantation
energy (E), the BE of the Ar 2pz. pesk is 2423+
0.05eV with respect to Er, with a spinorbit splitting of
21+01eV. The sift of the Ar 2p main peak between
03 and 3keV implantation energy is found to be about
06eV. A gmilar shift of 0.5€V is dso observed for Ar 2s.
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Figure 5 Ar 2p core levd spectra (open drdes), which have been
background-subtracted and normalized to same intensty adong with the
fitted curve (thin solid ling), as a function of E for 1 ML fluence The
deconvoluted DS line-shape (short dashes) and the spectrd line shape
induding the Gaussan broadening but excluding the instrumenta
broadening (long dashes) are shown bdow each spectrum. The residud
for the fit (for 0.3keV spectrum) is within the experimentd scater. In-
st shows the cdculated projectad range (d) as a function of E; (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 <hift or change in line shgpe. We have recorded the
spectra for many different E (0.3 to 3keV) and fluence
(0.025 to 3ML) combinations. The core level shift is rep-
resented by DEg, which is the decrease in Ar 2pz2 BE in
Ar-Al from that of the gas phase (248.45eV). In order to
avoid confuson, we have refered both the BE's to the
vacuum level of Al(111), which has a work function of
42eV. The vaues of DEs as functions of E and fluence
are plotted in Figure 6 for different (E;, fluence) combire-
tions. For each combinaion, we have implanted Ar on
clean Al, and not on an dready implanted Al surface We
find that DEs is reaivey lage (2223 €V, blue region
in Figure 6) for smdl vaues of E and fluence On the
other hand, for large E and fluence, DEg is amdl (1.4-15¢eV,
red region). The difference between maximum and mini-
mum vaues of CEg turns out to be about 0.9 V.

The decrease in BE with respect to gas phese, i.e DEs
was relaed to the relaxation energy in previous sudies
on implanted rare gas aoms in metds™®. The relaxation
energy (DER is the energy gained by the system through
extra atomic screening by host metd conduction eectrons
in the find sate of photoemisson. CEr was shown to be
inversaly proportiona to the effective radius Ry of the rare
ges aom using a linear response relaxation model®. Wat-
son et al.>® have reported DEr for Ne, Ar, Kr and Xe to be
48, 4.0, 38, and 3.5€eV respectively. These vaues are found
to vary linearly with 1/R.. Based on image potentid model
of classica eectrodatics for a cavity in the meta hogt,
the relaxation energy™ is €/2R.. Based on the above argu-
mentswe can write for Ar bubblesin Al

DEs = /R + ¢, @

where R is the average effective radius of the bubble and ¢
is the proportiondity constant. ¢ represents contributions
to DEs which are independent of R For example DEs
will depend on the physicd date of Ar since solid Ar has
lower BE than gaseous Ar, and this would be independent
of R Smilaly, the intraatomic relaxation and the dec-
trogtatic shift due to the dipole barriers at Al surface and
at bubble-Al interface would be independent of R.
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Figure 6. Contour plot showing the varigion of DEg as functions of
E and fluence In the ranbow colour scde the violet contour corre-
sponds to 2.3 eV, while the red cortour corresponds to 1.4€V.
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Snce change in R with implantation conditions has been
reported earlier, Ar 2p BE variation could be explaned by
find date screening. With the motivation to  examine
whether R could depend on E, we note thet if the projected
range (d, i.e. the average depth of Ar atoms in Al) incresses,
a grester number of diffuson steps would be required for an
Ar aom to reach the surface and desorb®. Hence, for lar-
g d, the probability that Ar atoms would absorb vacancies
or codesce would increase, resulting in larger R To find d as
a function of E, we have performed Monte Calo smula
tions usng TRIM code®. 50,000 ions were used for each
cdculation. The Ar ions have been implanted in norma
incidence geometry. In order to mimic the experimenta
conditions, the calculations were dso peformed in the
norma incidence geometry on the Al substrate for differ-
ent E vaues. We find that d increases from 16 to 60A as
E is varied from 0.3 to 3keV (inst, Figure 5). We find
that an empiricd reation dp E%® describes the variation
well and is in far agreement with the previous theoreticdly
derived result® The above discussion provides an explana
tion as to why R should increase with E. 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 codescence. It has been
recently reported that Ar ions incident on Al give rise to a
thermal spike, which causes loca mdting and forms voids
in the sub-suface®™ These voids can at as nudedting
centres for Ar bubles. The void volume is reported to be
proportiona® to Eny, Which is the energy available for nu-
clear collisons. From our TRIM caculations, we find that
Enc is about 92% of E in this ion energy range. So, the
void volume is approximately proportional to E;, i.e R is
proportional  to E/°. o, it can be argued that R would -
cresse with E, based on which we propose a relation bet-
ween R and E:R=aE, whee ¢ is a proportionality
constant and n is an exponent. Subdtituting this in eq. (1),
wegd

DEs = cf#E + c2. 2

We find that the variation of DEg as a function of E is
smilar for different fluences above 0.025ML and we fit
these data with eq. (2) (Figure 7). We have fredy varied
dl the different parameters like n, cf (= ci/cs), and c2. The
data is weighted by 1s, where s is the standard devidation.
We obtan n=05+02, &=04%02" 10°kev™ and
c;=14+02eV. The vaue of reduced ¢’ is dose to one
(1.19), which indicates a reasonably good fit. The predic-
tion bands show the region where the experimenta data,
conddering random errors, would fal with 90% proba
bility. No systematic deviation of the data from the fitted
cuve based on eg. (2) is obsaved from the residuds.
These indicate the validity of egq. (2) in moddling the eperi-
mentd data, implying that the variation of Al conduction
eectron screening drength related to change in R explans
the observed Ar 2p BE ghift. Although it is not possible
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to determine & separately from the above fitting, relative
vaidgion of R with E can be obtained. If we assume Rto
be R, for EE=03keV, we find R to increase from 1.3+
015R, (for 05keV) to 32+ 18R, (for 3keV). We find
that for very smadl fluence (0.025ML) the Ar atoms are
mostly isolated. If we teke the radius of the isolated Ar
aoms to be their van der Wadls radius® (188 A), then the
radius of the bubbles can be determined relative to the edius
of isolated Ar atoms. Thus, we find R to be 24+03A,
34+ 09A, and 6x34A for 05 1 and 3keV, respe-
tively. Although this method of determining R is somewhat
indirect, the trend is in agreement with TEM results®® and
this further supports our explanation for the BE vari ation®.

Ar bubbles in Al are reported to be in the solid phase a
room temperature and are pressurized to about 25 to
60kbar®*. So, an dterndtive explanation for the above
BE <hift could be the compression of the core eectron
wave functions due to the varigtion of pressure with R,
particularly since R is reported to be inversdy proportiona
to pressure®. In order to caculate the influence of pressure
on DEs, we have performed rdativigic ab-initio full poten-
tid liner augmented plane wave (FPLAPW) cacuations
usng the WIEN97 code®. Since the lattice constant of solid
Ar (a= 526A a 42K and standard pressure) has been
experimentally determined as a function of pressure”, we
have performed the caculations™ by contracting the f.c.c.
latice of Ar (since Ar is in solid date in the bubble) a
steps of 2% to a maximum of 12% @=4.629A)% We find
a smdl variation of 0.1eV in Ar 2pa» BE between standard
and 60kbar pressure, as compared to the lage experi-
mentdly obsarved BE <hift of 0.9eV. This is expected
because the corelevd wave functions (2p) are highly lo-
cdized compared to the outer levels (3s, 3p). Hence, the
possble explanation of change in pressure causng the
BE shiftisruled out.

In the photoemission process, the eectrons are gected
from the solid leaving a core-hole behind. This is the find
state of photoemisson whose lifetime is about 107°s.
Screening response of conduction eectrons to the core-hole
in the find gdate of photoemisson occurs within this time
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2.0 e |
i _._______:
1.5} =t g _ ]
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Figure 7. DB & a function of E for different fluences with fitted
curve (solid line) and 90% prediction bands (dashed lines). Residuds
are shown at the top of the graph.
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scde In cae of metds, a wdl-known manifestation of this
screening response is the Doniach-Sunjic asymmetry of the
core levd Iineshape64. This results from infinitesma edec-
tron-hole excitations across Er due to the screening res
ponse of the conduction eectrons to the sudden creation
of the corehole. Thus, the out-going photoelectron loses
enegy and this causes an asymmetric line shape on the
higher BE dde of the core levedl pesk. The extent of this
asymmetry is quantified by the Doniach-Sunjic asymme-
try parameter, a. Langreth found a to be related to the core
hole potentia (Vo) by the following express on®

a= Q IVolP/le(gq 0)2" N(0)/V, ®
a<2gF

where N(O) is the dendity of states at Er and e is the didec-
tric function. The band gap of solid Ar varies from 89 to
966V between norma and 60kbar pressure™ Hence, for
solid Ar, a should be zero because of the bandgap. In con-
trast, for Ar in Al, we find a to be sizesble (0.06 + 0.07),
as compared to, for example, a =0.11 for Al. We find a to
vay between 0.01 and 0.06, depending on E and fluence
This is shown as a contour plot in Figure 8. a is non-zero in
Ar-Al because of the screening by Al conduction eec-
trons in response to the Ar corehole potentia, Vo Inter-
estingly, comparing Figures 6 and 8, we find that there is
an ovedl dmilaity in the variation of a and D& with E
and fluence. This demongtrates that both these effects are
related to the same physca phenomenon, namey screening
by eectrons. In fact, it has been theoreticdly shown that BE
shift due to screening depends on the square of hole charge
density® which is related to V& on which a depends acord
ing to eg. (3). An asymmetry observed in Ne 1s for Ne im
planted in Cu has been redlated to screening induced BE
shift due to formation of Ne clusters and the authors state™
that the number of these Ne clusters would ncresse with
E. For Ar-Al, this explanation is not valid because in thet
case asymmetry would increase with E and fluence. Instead,
we find that for large E and fluence, a is smadl (0.01)
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E 20231y g
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g e 0.02
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Figure 8 Contour plot showing the variation of the Doniach-Sunjic
asymmelry parameter (a) as functions of Ej and fluence. In the rainbow
colour scheme, the violet contour corresponds to a =0.074, and the red
contour to a = 0.
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(Figure 8); while for smdl E and fluence, ie smdl R a is
large (0.06). This is because for smdl R the Al conduc-
tion dectron screening cloud is more compact and as R
increases a decreases because of reduced screening.
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