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Excitation of Surface Plasmons on He-Filled Cavities in Al
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Surface plasmon losses excited on spherical, He-filled cavities in Al are studied with
use of transmission electron energy-loss spectroscopy. It is found that the excitation
energy of the l = 1 (dipole) surface plasmon mode decreases with increasing He concen-
tration, in line with predictions of an effective-medium theory taking into account the
dipole-dipole interactions between bubbles in dense populations, the density dependence
of the He dielectric constant, and a density-dependent atomic polarizability of the He in
the bubbles.

PACS numbers: 71.45.Gm, 61.70.Tm, 79.20.Kz

Collective electronic excitations on concave sur-
faces [void or bubble surface plasmons (BSP)]
are a subject of great current theoretical inter-
est. ' " In contrast, experimental data are rather
scarce, primarily because of the lack of adequate,
well characterized samples. Pioneering experi-
ments have been performed on helium bubbles in
an Al matrix by Henoc and Henry, "who observed
bubble images using an energy-selective electron
microscope, and about ten years later by Manzke
and Campagna" and Rife eg gl."with electron en-
ergy-loss spectroscopy (EELS). With use of He'
implantation with variable energy and dose, dense,
and homogeneously distributed bubble populations
in Al films can be produced, "and it has been
stated that on such samples several eigenmodes
of the BSP are observable by EELS." In this Let-
ter, we report results of an experimental effort
towards the systematic investigation of the l =-1

(dipole) mode of the BSP in Al. The philosophy
underlying this investigation is as follows:
(1) With use of EELS, the excitation energy of
both the /=1 mode of the BSP and the He 1'5',-
2'I', transition is measured for Al-He samples
implanted to different He concentrations. (2) As
the relation between the energy shift, LE, of the
He transition with respect to its atomic value of
21.23 eV and the He density is well established, ""
the He density in the bubbles can be determined.
(3) Using this, we show that the concentration de-
pendence of the excitation energy of the BSP di-
pole mode is well described within the Maxwell-
Garnett effective-medium theory.

Epitaxially grown Al films (1000 A thick, grain

sizes ) 5000 A) have been homogeneously popu-
lated with He bubbles to high bubble densities by
subsequent implantation of He' ions with different
energies, 0.5 keV (E,-,„&8keV, and doses
4, (E;,„). The He concentration CH, in the sam-
ples has been determined by use of EELS in com-
bination with proton-enhanced scattering (PES)
experiments, described together with the trapping
curve and the sample characterization else-
where. "" Here we use Al-He samples having a
He concentration proportional to the implanta-
tion dose 4 (=+4,. ). The shape of the bubbles
is predominantly spherical. "" The bubbles have
a size distribution the width of which is about 6
A for CH, s16 at. po. Locally ordered bubble ar-
rangements are observed in these samples. ""
Transmission EELS was carried out with a high-
resolution 170-keV spectrometer. The spectra
were taken in the forward direction with an ener-
gy resolution of 130 meV and a momentum reso-
lution of 0.1 A '.

The EELS spectra of Al films implanted to dif-
ferent He concentrations C„, are shown in Fig. 1.
The spectra are normalized with respect to the
intensity of the Al volume plasmon loss. In ad-
dition to the single and double volume plasmons
at 15 and 30 eV, respectively, and surface plas-
mons excited on the Al,o,-coated flat film sur-
faces, we find two additional excitations for the
implanted samples which become more intense
with increasing CH, :

(1) In the high-energy regime we find the He
1'S,-2'P, transition which is shifted by 4E= 3.32
eV for CH, = 3.3 at. % with respect to the atomic
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excitation energy of 21.23 eV. This shift is due
to the elevated He density in the bubbles. ""
With increasing CH, AE decreases whereas the
intensity of the line increases. The latter has
been used for the determination of C„, by EELS
(for details see Ref. 16). b,F. is proportional to
the He density, "

DE/n = (24 a 5) eV A',

in reasonable agreement with a previously pub-
lished estimate. " Equation (1) will be used to
determine the He density within the bubbles.

(2) In the low-energy regime we find the bubble
surface plasmon loss, For low CH, only one loss
is excited, due to the l =1 (dipole) mode, because
for 170-keV electrons and the bubble sizes with

0 I I I I

E [eV]

FIG. 1. EELS spectra of 1000-g-thick Al films im-
planted to different He concentrations gH~. The spectra
are taken in the forward direction and are normalized
with respect to the intensity of the Al volume plasmon
loss (VP). SP is the surface plasmon; BSP is the bub-
ble surface plasmon. Additional structures are due to
double scattering processes, e.g. , the excitation of
two Al volume plasmons at 30 eV (Ref. 16).

FIG. 2. He concentration dependence of the excitation
energy of both the BSP dipole mode and the He 1$—2P'
transition. Note that the excitation energy of a surface
plasmon dipole mode on an empty cavity is given by

3 ~25 (d& =12.3 eV. Theoretical results: f«1
~ Q p

= const= 0.205 A3 (dashed line); f, o. 0= const= 0.205 A3

(dash-dotted line); f, ao =o.o(n) (solid line); see text

mean radii of r = 6.5 A for C H, = 3.3 at.% and 10 A
for 13 at.%, the excitation probability' for modes
l & 1 is negligible. For high CH, an additional
structure is observed at the low-energy tail of
the dipole mode, possibly due to the contribution
of modes with I ) 1 for these larger bubbles [r
= (20 + 8) A for C H, = 26 at.%].

The excitation energies of both the BSP dipole
mode, k~, „and the He 1S'-2P transition are
shown as a function of C„, in Fig. 2. The energy
shift AE of the He 18-2P transition and, aeeord-
ing to Eq. (1), the He density within the bubbles
decrease about linearly with increasing CH, .
Likewise A co, , decreases with increasing CH, .
Note that Natta's' equation for an isolated bubble,
(fi ~, )' = (fits~)'(I+ I)/t l (e+ 1)+ 1], predicts an in-
crease of fi~, , with decreasing n (increasing
CH, ), in contradiction with the experimental re-
sult. k~~ is the Al volume plasmon energy and
e = e H, is the dielectric constant of the He within
the bubble. Thus, in addition to the change of the
He density within the bubbles, an improved the-
oretical description also has to account for the
consequences of a dense bubble population, name-
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ly, the long-range dipole interactions between the
bubbles.

We describe the electronic properties of the
Al/He-bubble system by an effective dielectric
function e(v), as in the model proposed by Max-
well-Garnett" (MG) for small metallic particles
in a dielectric host (effective-medium theory" "):

6( (d) —6( (d)

e(&u) + 2e'(&u)

E n~(co) —c((d)
e ~, ((u)+ 2~((u) ' (2)

strictly applicable for bubbles arranged in a cubic
lattice. e(~) describes the metal and es, (~) the
He dielectric function in the bubbles. The dense
bubble population is taken into account by the in-
crease of sample volume, d V, caused b y the in-
troduction of He bubbles '.he filling factor:

(3)

with n~ the volume density of the bubbles, r the
mean bubble radius, and Q» the Al atomic vol-
ume. Thus, the MG theory considers that the
local field acting on a bubble depends on the spa-
tial location of the bubble but not on its shape
and size, With use of Eq. (3)f can be determined
from experimentally derived values (e.g., f
= 1.4% and 19% for C „,= 3.3 and 26 at. io, res pe c-
tively).

The frequency-dependent dielectric function of
Al is well approximated by that of a free-electron
gas,

e((u) = 1 —(u~'/((u'+ i(ug), (4)

e ~, ((u) = 1+4nn e(~)/[1 —4nno ((u)/3], (5)

where the frequency-dependent electronic polar-
izability is approximated by a Lorentz Ansztz,
u(&u) = u, &u,'/(&u, ' —tu' —iy&u), with o., the atomic
electronic polarizability of He and the He reso-
nance at 5co, = 21.23 eV" damped by a constant

21

From e(&u) = e, (u)+ ie, (m) given by Eq. (2) we
derive the energy-loss function Im[-1/e(u&)]
which is compared with the EELS spectra. The
energy-loss function has poles at e ~ + 2m+ 2f (e ~,
—e) =0 and yields the excitation energy of the Al
volume plasmon, the He 15-2P transition, "and
the BSP dipole mode of the Al/He-bubble system.

With a density-independent atomic electronic
polarizability of He (o.,=0.205 A', that of liquid

with ~~ the plasma frequency and g a phenomeno-
logical damping. " The dielectric properties of
the He are described by the Clausius-Mossotti
formula:

He at 4 K)'4 the calculated excitation energy
k~, ,(C„,) is shown in Fig. 2. For f «1, i.e.,
e ~, + 2e»f (e ~, —e) (dashed line), we obtain Nat
ta's result for an isolated bubble, that h~, , in-
creases with increasing C~,. From experiment~ decreases with C„, (upper curve in Fig. 2)
and with use of Eq. (1) increasing C~, means de-
creasing density n. Accounting for finite He con-
tent by using the filling factor given in Eq. (3),
we obtain the result shown by the dash-dotted line.
The model now describes the experimentally ob-
served decrease of Ace, , with increasing C&,.
But still the slope deviates from the experimental
one for the low He concentrations and also the
curvature is at variance with the experiment.
The following effects may be responsible for the
disc repancy:

(1) The bubbles in our Al-He system might not
be arranged on a cubic lattice and hence the MG
model might not be applicable. This is examined
by the extended theory of Persson and Liebsch, "
who go beyond MG by including the dipole-dipole
coupling between randomly distributed particles.
The results show that random bubble distribution
has negligible influence on the excitation energy
of the BSP dipole mode but strongly affects the
linewidth, giving about twice the experimental
value. This result is in agreement with observed
superstructure reflections due to bubble lattices. "
Thus on this point the MG model is applicable.

(2) The excitation energy A'~, , depends on the
bubble size (spatial dispersion). This has been
discussed by Aers, Paranjape, and Boardman, '
who found that for small bubble radii (in our case
up to about 10 A) the BSP dipole mode is shifted
to higher energies. For larger bubble radii this
influence can be neglected. Thus, spatial dis-
persion should affect A~, , at low He concentra-
tions (small bubble radii) and should be quantita-
tively considered in an extended calculation.

(3) The atomic electronic polarizability n, of
He might depend on the He density. Although high-
pressure data of e, are rather scarce this as-
sumption is supported by two observations:
(i) From the low-density measurements of He by
Vidal and Lallemand" n, is found nearly con-
stant up to 0.05 A ' (ao =0.205 A'), but between
0.05 and 0.06 A ' a s mall dec rease is observed.
(ii) For the explanation of the change of the rela-
tive refractive index of He at the melting point
around 300 K Loubeyre et al."arrive at an esti-
mate of a, =0.1 A' at n=0. 138 A '.

Using this extrapolation, we approximate e (n)
by a linear dependence between n=0.06 and 0.138
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A '; o 0=0.286-1.348n (n in inverse cubic ang-
stroms). Recalculation of h&u, , (CH, ) by Eq. (2)
with this estimate results in the solid line in Fig.
2. The agreement with the experiment is obvious-
ly improved.

In conclusion, we have shown that high densities
of He bubbles in Al can be used to study collec-
tive excitations on cavity surfaces. Our experi-
mental results are reasonably described by the
Maxwell-Garnett effective-mediuin theory includ-
ing the density dependence of eH, in the bubbles
and a density-dependent atomic polarizability of
He. One should realize, however, that the den-
sity gradient of u„sa, /sn= —1.35, is much larg-
er than the value given in Ref. 26, for the density
smaller by a factor of 2. This would imply a
strong two-atom effect in the intermolecular po-
tential of superdense He. We are well aware that
the conclusion to this extent is speculative in that
deviations between theory and experiment concern-
ing the curvature of 5 ~, ,(C„,) still remain, pos-
sibly due to additional interactions between the
bubbles. This should stimulate further theoretical
treatments.
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