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Plasmon Excitations by Photoelectron Emission from Rare Gas Nanobubbles in Aluminum
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Aluminum bulk, surface, and multiple plasmons have been observed in the core-level spectra of rare gas
(Ne, Ar, and Xe) nanobubbles in Al, whose intensities are even higher than those of Al metal. Both
intrinsic and extrinsic bulk plasmons are detected, but they exhibit diametrically opposite intensity
variation due to change in the size and implantation depth of the bubbles. Furthermore, the existence of

bubble surface plasmon is demonstrated.
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The study of plasmons in nanosystems has assumed
immense importance in recent years for their potential
application in subwavelength optics, data storage, micros-
copy and biosensors [1]. Rare gas (RG) bubbles in alumi-
num is an interesting embedded nanosystem, where the
bubble radii have been reported to vary from fraction of a
nm to less than 10 nm, depending on implantation con-
ditions [2—7]. The repulsive pseudopotential of RG atoms
in Al makes bubble formation energetically favorable [8].
Because of their small size and proximity to the Al surface,
these bubbles exhibit quantum confinement and interfer-
ence [9]. Dynamical screening of the RG core-hole by Al
conduction electrons has been reported by x-ray photo-
electron spectroscopy (XPS) [10-12]. The RG bubbles are
overpressurized and thus can exist in liquid or solid state
even at room temperature [2-7].

Study of collective plasmon modes on metal surfaces by
XPS has been a subject of extensive research spanning
several decades [13-25]. In particular, the intrinsic plas-
mon, which originates due to the positive potential of the
hole in the photoemission final state, has attracted much
attention. While studies on plasmon excitations so far have
dealt with metal surfaces, adlayers, and nanosystems
[1,13-26], no work exists on RG nanobubbles in Al. This
is an interesting system because during photoemission the
bubbles would act like embedded emitters of electrons that
are partially isolated from the Al conduction electrons.
Unlike atomic implants [27], the extent of this isolation
can be varied by changing the bubble size. In fact, we have
shown that due to the change in Al conduction electron
screening, the RG core-level binding energy increases with
the bubble size [10-12]. In this Letter, we report plasmon
excitations by photoemission from implanted RG nano-
bubbles of varying size and depth. The importance of using
photoemission to study the plasmons lies in the intrinsic
plasmons that are not excited in electron energy loss spec-
troscopy (EELS) [2,3].

The RG bubbles were formed by bombarding ions of
different implantation energies (E;) on an atomically clean
AI(111) surface held at 350 K [10-12]. XPS was per-
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formed using an electron energy analyzer from Specs
GmbH at a base pressure of 4 X 10~ !" mbar. An energy
resolution of 0.8 eV was used, which is suitable for the
present purpose since the plasmon widths are 4-5 eV. Thus,
higher count rate essential to record the weak plasmon
signals (the concentration of RG atoms being =4%
[11,12]) was obtained. Asymmetric Lorentzians with I'p
and I'; as right and left half widths, respectively [19,20],
were used to simulate the plasmon line shapes, while
Doniach-Sunji¢ line shape [28] was used for the main
peak [16]. Plasmons corresponding to each component of
the RG core-level peaks were considered separately.
However, their widths were constrained to be equal.

A remarkable observation in Fig. 1 is that the plasmon
loss peaks appear at same energies in all the RG core-level
spectra, as depicted by the vertical lines. For example, the
first and second loss peaks are at 10.4 and 15.4 eV. These
correspond to the Al surface plasmon (lw,) and bulk
plasmon (1w,) energies [16], respectively (bottom spec-
trum). Similarly, the peaks at 25.5 and 31 eV are exactly
where Al related 1w, + 1w, and 2w, multiple plasmons
appear. From the areas of their deconvoluted line shapes
(Fig. 1), the intensity ratios of 2w, and 1w, are 0.45 and
0.35 for Ar and Xe, respectively, which are similar to Al
(0.46). Also, the 1w, to 1w, intensity ratio for Ar, Xe and
Al are in good agreement, having values 0.7, 0.65, 0.65,
respectively. Thus, based on similarity of energy positions
and relative intensities, it is established that the loss peaks
in the RG spectra are actually Al plasmons excited by
photoemission from the nanobubbles.

We have shown in our earlier work that the implantation
depth (d), the bubble radius (R), and the concentration of
the RG atoms increase with E; [10-12]. After implantation,
the RG atoms undergo diffusion and for small E; (concen-
tration and d) the probability is high that they reach the
surface and desorb out rather than coalesce to form bub-
bles. Hence, for small E;, R is small. On the other hand, for
larger E;, the probability to form bigger bubbles increases.
It was shown that R = E7, with n = 0.27, 0.5, and 0.32 for
Ne, Ar, and Xe, respectively [10-12].
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FIG. 1 (color). Ne ls, Ar 2p, and Xe 3d core-level spectra of
RG nanobubbles in Al (open circles) compared to the 2s spec-
trum of aluminum metal. The fitted curve (black line), the main
peak components (green lines), the bulk plasmons: 1w, (blue
shading) and 2w, (blue line), surface plasmon: lw; (red thick
line), multiple plasmon: 1w, + lw, (black dot dashes) and the
inelastic Tougaard [32] background (black long dashes) are
shown. The arrows show lw, and lw; related to Xe 3d3),.
The core-level main peaks have been normalized to the same
height and aligned to zero loss energy. The residuals (short
dashes) show the good quality of the fit.

In order to investigate the intrinsic and extrinsic pro-
cesses in the Al related bulk plasmon, we study its behavior
with E;. In Fig. 2(a), a large increase in 1w, intensity is
observed between the spectra with E; = 0.3 and 5 keV. The
lw, + lo, and 2w, intensities are also higher at 5 keV.
However, between E; = 0.3 and 1 keV spectra, 1w » inten-
sity is less in the latter [Fig. 2(a)]. The coupling parameter
b for the 1w, excitation is defined as its intensity divided
by the RG main peak intensity, averaged over different
measurements. As E; decreases from 5 keV, for both Ne
and Ar, b decreases until about the minimum at E; =
E;; . [arrows in Figs. 2(b) and 2(c)]. Below E;,;, , a clear
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FIG. 2 (color online). (a) Ar 2p core-level spectra (open
circles) as a function of implantation energy (E;). The line-types
have same meaning as in Fig. 1. b values for Ne 1s (b), Ar2p (c),
and Xe 3d (d) core-levels with the fitted curve (thick blue line),
90% prediction bands (black thin lines), b; (blue dashes) and b,
(green dot-dashes) components.

upturn is observed for both Ne and Ar. Curiously, no such
upturn is observed for Xe [Fig. 2(d)].

To explain the above unexpected variation of b, we first
consider the extrinsic contribution (b,) to lw,. If photo-
emission occurs at an average depth of d, b, is proportional
to the path length (d/ sin) that the electron traverses to
reach the Al surface. Here, 6 is the photoelectron emission
angle and since the specimen orientation is kept unchanged
during the measurement, b, o« d. Calculation of d(E;) us-
ing transport of ions through matter (TRIM) code gives d «
Ef, where kK = 0.7, 0.6, and 0.5 for Ne, Ar, and Xe, re-
spectively, with d ranging from 15-120 A [10-12]. Thus,
we obtain b, = q,E¥, where ¢, is a proportionality
constant.

The other contribution to b could arise from the intrinsic
plasmon (b;). The intrinsic plasmons would be excited
because, due to the small size of the bubbles, screening
of the positive core-hole by the Al conduction electrons
will occur. However, b; would decrease as the screening
becomes weaker with increase in R. The extra-atomic
relaxation energy, which is a measure of the screening, is
known to be inversely proportional to the radius of the
implanted RG atoms [27]. Hence, we propose that b; x
1/R™, where m could be somewhat different from unity for
the bubbles [10-12]. As discussed earlier, R « E? and,
consequently, b; = ¢q;/E"™ = q;/E", where g; is a propor-
tionality constant and p = nm. Thus, an expression for
b=b,+b; = q,E*+ q;/E" is obtained.

Using this equation, we have fitted b(E;) by varying g,,
q;, and p [Figs. 2(b)-2(d)]. The fitted curves nicely repro-
duce the upturn for Ne and Ar. The prediction bands show
the region where the experimental data fall with 90%
probability considering random errors. From the fitting,
we find ¢q,, g;, and p to be about 0.3 (0.3), 0.35 (0.05),
and 0.45 (1.4) for Ne (Ar), respectively. Smaller ¢g; and
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larger p in Ar results in faster decrease of b; compared to
Ne [Figs. 2(b) and 2(c)].

In Figs. 2(b) and 2(c), the extrinsic (b,) and intrinsic (b;)
plasmon intensities exhibit diametrically opposite behav-
ior. b; decreases as E; increases and for E; = E;, , it is
larger than b,.. On contrary, b, increases as E; increases and
for Ei = E;, , b, dominates over b;. The increase in b,
with E; can be related to the increase in d, while decrease
in b; is due to increase in R. Thus, the upturn in b below
E;,  is related to the contrasting variation of b, and b;
with E;. However, note that the upturn is absent in Xe
[Fig. 2(d)]. For E; = E;,;, , the bubbles are very small,
in the verge of being single atom implants [10].
Theoretically, it was shown that for single atom implants,
the extra-atomic relaxation energy (that determines b;) is
smallest for Xe and largest for Ne [12,27]. This explains
why Xe does not exhibit the upturn, while it is most
prominent in Ne.

An interesting observation is that the plasmons in the
RG core-level spectra are more intense compared to Al
metal (Fig. 1). b for Ne, Ar, and Xe are 1, 0.8, and 1.1,
respectively, at E; = 5 keV [Figs. 2(b)-2(d)]. In con-
trast, b for Al is about 0.5 [16]. For Al metal, the photo-
emission signal emerges from the surface as well as from
deeper below, and the total signal is an integration over
depth. Hence, for Al, b is independent of depth [16,18,19].
On contrary, for RG bubbles b increases with d, since
here photoemission occurs from a localized region. Thus,
for E; > E;,, , b for RG bubbles gradually increases to
values much larger than that of Al. However, for E; =
E;; ., where d is of the order of Al mean free path

(=15-20 A), b for RG bubbles and Al metal are
comparable.

Turning to the Al related surface plasmon (lw;) in
Ar 2p spectra, we find that its intensity increases with E;
[Fig. 2(a)]. The coupling parameter s (defined as the 1w
intensity divided by the main peak) shows that it increases
for all the three rare gases [Figs. 3(a)-3(c)]. The extrinsic
surface plasmon (s,) is excited only when the RG photo-
electron traverses or interacts with the Al surface and thus
it would be independent of E; i.e. s, = «. The intrinsic
surface plasmon (s;) intensity would decrease with d as
s; = y'/d" that implies s; = y/E!, where t>0. A fit
using s, +s; = a + y/E! naturally fails to simulate the
increase of s, with E; and y = 0 showing that s; is negli-
gibly small.

This puzzle could be resolved by considering plasmons
excited at the bubble-Al interface, well known in literature
as bubble surface plasmons (BSP) [29-31]. BSP [-pole
frequencies are given by w,(/ + 1)/(21 + 1) that vary
between lw, (I =0) and lw, (I = ). A peak corre-
sponding to the / = 1 dipole mode has been observed by
EELS and its intensity was found to increase with bubble
size [2,3,5,12]. This is in agreement with a theoretical
calculation that predicted a R® dependence of the [ = 1
mode intensity [29]. These studies thus show that BSP
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FIG. 3 (color online). s (open circle) as a function of E; for
(a) Ne 1s, (b) Ar 2p and (c) Xe 3d core-levels with the fitted
curve (thick red line), 90% prediction bands (black thin lines),
and s, (green dot-dashed line) and s, (blue dashes) components.
s as a function of emission angle (@) for (d) Ne, (e) Ar, and
(f) Xe for E; = 1.5 keV.

intensity (s,) increases with R, and this might explain the
increase in s with E; in Figs. 3(a)-3(c). To test this, we
suggest §; = ,BE{ , where B is a proportionality constant
and j an exponent. §,, tends expectedly to zero in the limit
of small E;.

Using s =5, + 55 = a + BE{ to simulate the experi-
mental data, we obtain a good fit with & = 0.54, 0.36, and
0.58, B = 0.04, 0.003, and 0.0002 and j = 1.4, 2.6, and 4
for Ne, Ar, and Xe, respectively. s, is found to vary
approximately as R> and turns out to be substantial for
Ne and Ar: 40% and 35%, respectively, at E; = 5 keV. For
Xe, s3 is smallest (15%). Decrease in s; can be explained
by the decrease in R from Ne (15 A, which is the weighted
average of the bimodal R distribution) to Ar (9 A), and Xe
(6 10\) [11,12]. Possible reasons for the absence of identifi-
able BSP peak(s) in the spectra could be related to broad-
ening due to contributions from all momenta observed in
photoemission loss peaks [16,18,19]. Another possible
reason of broadening could be the coupling of the BSP
modes [30]. The interbubble distance a in A [R/a] (bubble
number density per c.c.) is 53 [0.28] (1.3 X 10'%), 26 [0.35]
(1.1 X 10%%), and 12 [0.5] (11.3 X 10%) for Ne, Ar, and Xe,
respectively, at 5 keV. R/a can be used to assess the
coupling, and the RG values are higher than Ni (R/a =
0.15), where coupling has been observed [30].

Angle dependent XPS measurements show that s for Ar
and Xe increases substantially toward grazing emission
(0 = 10-20°) [Figs. 3(e) and 3(f)]. However, at E; =
1.5 keV, s, is negligible for both Ar and Xe [Figs. 3(b)
and 3(c)], implying that s, is solely responsible for the
angular variation. For Al surface plasmon in O 1s spectra
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from a monolayer of oxygen adsorbed on Al, s, was found
to exhibit a u/sin@ dependence due to the proximity of
photoelectrons to the Al surface as 6 decreases, u being an
adjustable parameter [22]. The same expression was used
to describe s, (@) for Al metal [16]. To check its validity for
bubbles and any deviation toward grazing angles, the fit-
ting was done using lower weightage in nearly grazing
angles. Still, good quality fit is obtained over the whole 6
range with # = 0.16 and 0.37 for Ar and Xe [dashed lines
in Figs. 3(e) and 3(f)].

In contrast, s for Ne is much larger (1.8 at 20°) com-
pared to Ar (0.5) and Xe (1.3) and shows systematic
deviation from the u/ sinf curve toward grazing emission
[dashed line, Fig. 3(d)]. This clearly indicates presence of
an additional mechanism besides s,. Note that for Ne, s
is substantial at 1.5 keV in contrast to Ar or Xe [Figs. 3(a)—
3(c)]. The outgoing photoelectrons from the bubbles have
path length larger than a at grazing angles (for example,
a = 53 A, while path length given by d/ siné is 100 A at
30° for d = 50 A). Because of larger path length, during
the transport from the bubble (where photoemission oc-
curs) to the Al surface, the photoelectrons will have higher
probability of exciting BSP on other bubbles that might
exist close to their path. Probability of excitation of BSP’s
on a spherical void in a metal by incident electrons has
been found to be sizable in small scattering angles [31]. An
estimate of s,(#) is obtained from steeper angular depen-
dence of s given by (u/sinf)" where w = 1.5 [red thick
line, Fig. 3(d)]. In contrast, when s, is negligible (as in Ar
or Xe), w = 1.

To conclude, here we report study of collective excita-
tions related to photoelectron emission from embedded
objects of variable size and depth in a metal host. The
aluminum bulk (lw,), surface (1w,) and multiple plas-
mons 2w, low, + lo,) arising from intrinsic and extrin-
sic processes are observed in the core-levels of the rare gas
nanobubbles implanted in Al. The intrinsic plasmon is
excited because of the nanometer size of the bubbles, and
its intensity decreases with increasing bubble size. The
extrinsic plasmon contribution increases with implantation
depth. The variation of surface plasmon intensity with
bubble size and emission angle unambiguously establishes
the existence of the bubble surface plasmon that is most
intense in Ne. The generality of the present work is estab-
lished by studying three rare gases; however, interesting
differences in their behavior are also observed. We envis-
age that this study will stimulate significant theoretical and
experimental research on embedded nanosystems.
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