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8-psec purses.
The latter result is consistent with the fact that

the momentum randomization time in germanium,
at the huge carrier densities achieved here, may
be as short as 10 "sec. We can now explain the
different widths of the two observed structures.
For a band-filling grating effect the response
function A(t) is essentially constant over the
pulse width and the change in transmitted energy
is a measure of the coherence of the pulses. Con-
versely, as the state-filling relaxation time is
short compared to the coherence time of the opti-
cal pulses then the associated A(t) is essentially
a delta function and the transmitted (diffracted)
energies measure the intensity correlation.
We have performed independent measurements
that verify the coherence and autocorrelation
times to be approximately 2 and 10 psec, respec-
tively, almost precisely the widths of the two
features.

In conclusion we have demonstrated that aniso-

tropic state filling in germanium can be achieved
at excitation intensities in excess of 1 GW/cm'.
We have also established that the lifetime asso-
ciated with the maintenance of anisotropic state
filling is less than (and probably considerably
less than) a few picoseconds.
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Surface Plasmon Coupling in Clusters of Small Spheres
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An inelastic scattering process is observed between 2.5 and 4.0 eV when clusters of
10- to 50-nm-diam aluminum spheres are excited by a 1-nm-diam probe of 100-keV
electrons. This inelastic scattering is a maximum when the incident electron probe is
positioned within 10 nm of the smaller of two touching spheres. The observed energy
and the spatial variation of the scattering probability are consistent with a calculation
for a two-sphere system immersed in aluminum oxide.

PACS numbers: 71.45.Gm, 79.20.Kz

Recent theoretical work on light-emitting tun-
nel junctions formed by small metal particles on
metal surfaces, "and on the interaction of elec-
tromagnetic resonances in surface-enhanced
Raman scattering, ' have assumed a model in
which the surface plasmon energy is shifted down-
wards from its normal value by the strong elec-
trostatic interaction between two adjacent small
spheres. I report here the first direct observa-
tion of such coupling. Briefly, inelastic scatter-
ing of fast electrons in clusters of 10- to 50-nm-
diam oxide-coated Al spheres shows anomalous
peaks in the region 2-5 eV. I identify these ex-
citations as surface plasmons with bispherical
symmetry residing within systems of two touch-
ing spheres. Both the energy and the spatial

variation of the inelastic scattering are found to
agree with calculations similar to those in the
above theoretical work.

The Al spheres were formed by evaporation in
an atmosphere of Ar at 4 Torr pressure' and col-
lected on a thin carbon substrate which was
cooled to liquid-nitrogen temperatures to reduce
migration and clustering during the evaporation.
The sample was then transferred to a scanning
transmission electron microscope' for the in-
elastic-scattering experiments. This apparatus
produces a 1-nm-diam probe of 100-keV elec-
trons which may be positioned with an accuracy
of 0.5 nm to allow the selective probing of small
regions of single spheres. Electron energy-loss
spectra are obtained with a 1-eV energy resolu-
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tion and -1-A ' transverse momentum resolution.
High magnification images were used to establish
the sphere sizes, the oxide thickness, and the
relative separation of two adjacent spheres. The
inelastic scattering was then obtained for a de-
tailed comparison with the model calculations
based on the observed geometry.

The spheres consist of metallic, often single-
crystal, Al cores surrounded by -3.6 nm of
Al,o,. In this experiment clusters of spheres
extend beyond the edge of a crack in the carbon
support film, eliminating any substrate scatter-
ing. The smallest touching spheres showed oxide
contact layers which were about 3.5 nm thick.
Touching spheres in the 15-to-25-nm range had
an average 1.5-nm oxide contact layer. Larger
spheres usually showed no oxide layer between
touching spheres. This behavior is consistent
with the formation of the oxide layer on expo-
sure to the atmosphere after the evaporation,

Figure 1 compares the electron energy-loss
spectra obtained from two different 36-nm-diam
spheres. Bulk plasmon losses at 15 eV and
spherically symmetric surface plasmon losses
near 6.7 eV are prominent in most spheres.
Bulk plasmon losses are even present in spheres
with Al core diameters as small as 5 nm. ' The
loss peak at 3.2 eV occurs only when the fast
electron passes close to the 36-nm sphere that
lies in contact with another, larger sphere. The
isolated sphere lay on the carbon support film
well away from other spheres. By selectively
sampling different regions of the 36-nm sphere
and its large neighbor, it was established that
the 3.2-eV energy-loss peak occurred only when
the probe passed within -10 nm of the 36-nm
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FIG. 1. Inelastic-scattering intensity for two 36-nm,
oxide-coated spheres. One, which is in contact with a
larger sphere, shows an anomolous peak at 3.2 eV.
The isolated sphere shows only the normal surface and
bulk loss peaks.

sphere. The 6.7-eV surface peak occurred in

the isolated 36-nm sphere and on or near the
larger sphere of the two-sphere system. It
would appear likely therefore, that the 3.2-eV
loss occurs as a result of coupling of fields be-
tween the two adjacent spheres, while the 6.7-eV
loss is the normal spherically symmetric surface
loss occurring on the l.arge sphere.

I have calculated the resonant energies for the
dielectric system consisting of two metal spheres
with diameters r„x, and dielectric constants
e, (v), e, (u&) separated by a small distance d and

immersed in a uniform medium with a dielectric
constant eo(ur). This system may be treated in

bispherical coordinates' where Laplace's equa-
tion separates to give solutions, g, for the elec-
tric potential,

F Q(A„exp [- (n+ 2) p] +B„exp [(n+ —,') p] jP„(cosy), (1)
n=0

where F = (cosh@. —cosy)' ', p. and 7l are coordinates defined in Fig. 2, and P„ is the Legendre poly-
nomial. I have here assumed azimuthal symmetry about the z axis for simplicity, as shown in the fig-
ure. When boundary conditions for g and for the electric displacement D are applied at p, and p„we
find a coupled, infinite set of equations for the coefficients A„and B„. This set has solutions for fre-
quencies defined by the secular equation

y'(~)g'(&u) = exp [(2n+ 1)(p,, —p,,)], with y'(~) = [ e,(v) —e,.(&u)]/[ e, (cu)+ e,.(v)].

This is a general result for sphere-sphere and sphere-plane systems. For instance, it reproduces
the result of Rendell etal. [Eq. (11) in Ref. 2] when e, =-~ and p, =0. For the present case of two Al

spheres with dielectric constant e (&u), Eq. (2) becomes

(3)

where e, (&u) is the frequency-dependent dielectric constant for A1,0,.' Finally, the A„and B„are
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found, giving well-defined modes g„

4, (I/ I] )~F(1~X )e&p[-(n+ z)(P —I] )]&,(c» n)

2„(n, &n&n) ne pn(( +n-, )(n, —I)/2] I((ns-, )(n —(n, +y, ,)]/2]p„(cos n)

g„(p.& p, )~F(y ~1)exp [(n+ —,')(p, —](],,)]P„(cos q).

The plus and minus signs (or the upper and lower
forms) refer to high- and low-energy solutions
which correspond to symmetric and antisymmet-
ric coupling of the small and large sphere fields.
An analogous situation occurs in thin metal films
where surface plasmon fields on the top and bot-
tom surfaces couple to produce two solutions. '
The minus sign produces a charge distribution
for n=0 which has strong dipole character and
which is similar to that shown in Fig. 2. Figure
3 shows the result of Eq. (3) for the antisymmet-
ric solution, for the frequencies ~ as a function

p ] p 2 The coordinate p, —tt2(., plays the same
role that thickness does in the thin film case.
For large values of p,, —p., the coupling is weak
and the calculated energy is close to the spheri-
cally symmetric surface plasmon energy. The
symmetric solutions occur near the bulk plasmon
energy ~~, and are not included in Fig. 3. As is
evident in Figs. 1 and 4, we find no evidence for
the excitation of this solution. I include the
spherically symmetric solutions for single

spheres in Fig. 3 for comparison with the bi-
spherical results. These are calculated for the
angular momentum quantum number k, for single
spheres with radius x, and for an oxide thickness
t. The results are parametrized for inclusion
in the figure by setting cosh(tJ. , —p,,) = 1+ t/r.

I have obtained positions of the energy-loss
peaks corresponding to the surface plasmons
with spherical and bispherical symmetry for a
range of sphere sizes. These are shown in Fig.
3 compared to the results of the calculations.
The experimental results for bispherical sym-
metry agree very well with the n=0, antisym-
metric, solutions of Eq. (3). The observed
spread in measurements is probably due to in-
accurate determinations of the intersphere
spacing d, since the value p, —p,, is very sensi-
tive to small variations in d. It was difficult to
measure d with high accuracy when the spheres
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FIG. 2. Two-sphere geometry for the model calcula-
tion. The parameter c relates the Cartesian coordi-
nates (x,y, z) to the bispherical coordinates (p, , q) when
azimuthal symmetry about z is assumed. x&, x» and
d uniquely define c, p&, and p, 2.

FIG. 3. Comparison of experimental data with the

model calculations for spherical and bispherical sym-
metry. Two experiments with large (& 50 nm) systems
show excitation of the n = 1 mode (squares). The rest
of the experiments (circles) were performed on sys-
tems smaller than 35 nm.
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FIG. 4. Comparison of experimental results for
three different probe positions near one two-sphere
system. The small-sphere radius is about 10 nm.
The new mode is not excited when the electron im-
pirges at B because the resonance electric field (if
excited) would always be perpendicular to the fast
electron tra]ectory.

exceeded about 25 nm in diameter because of the
large thickness, in projection, when the system
is viewed from a direction which is parallel to
the sphere-sphere interface to determine the
separation. The experimental results for spheri-
cal symmetry appear to be grouped rather loosely
about the large-l solutions. The results for bi-
spherical symmetry, however, clearly follow the
n=0 mode. This apparently conflicting behavior
will be explained qualitatively below. Some pre-
liminary results, in systems which are greater
than 50 nm in size, indicate that bispherical
modes with n = 1 begin to be excited. Figure 3
also shows these results.

The inelastic-scattering probability for fast
electrons may be written classically as

P„(~,y, z)~ J „x Vg„(r )dx (5)

for a fast electron traveling in the + x direction.
We may evaluate this expression, using Eq. (4),
and find for n = 0 and p,, -—p., that the plane p, = 0
defines a surface where the x component of the
electric field is small. Therefore, fast electrons
which pass the system within this plane should
not lose energy. Figure 4 summarizes the in-
elastic scattering spectra obtained for three dif-
ferent probe positions to test this possibility.
The inelastic loss due to the bispherical mode

does not occur in position B, close to p, =0, but
does occur at position C, in spite of the fact that
the impact parameter with respect to the center

of the small sphere has remained unchanged.
This result, therefore, agrees with the prediction
of Eqs. (4) and (5) and strongly supports the as-
sumed model.

I noted above that the scattering favored the
small n modes in the bispherical case while at
the same time it favored the large-/- modes in
the spherical case. Equation (5) reflects the
qualitative behavior of P„(&u, y, z) when a well-
defined („ is known to be present. More often
the total response to the passing fast electron
will include all modes n (or l for the spherical
case) with relative weightings that will depend
strongly on the trajectory of the fast electron.
Schmeitz has found in the spherical case that
large-/ modes are excited for small impact
parameters, b, while small-l modes are excited
for large b." This behavior can be understood
by expanding in Legendre polynomials the elec-
tric field, due to the fast electron, in a region
centered at a distance b away from the electron.
When 5 is large, the field is roughly uniform and
parallel, favoring the small l terms. When b is
small the field is very nonuniform and may
even have a finite divergence, thus favoring
large-l modes. Since the magnitude of this field
is largest when b is small, we expect most of
the excitation to consist of large-l contributions.

In the case of the bispherical geometry, the
polarizing field must be strong near the interface
between the two spheres. We expect, by similar
arguments to those above, that large-n modes
will be excited if the fast electron passes near
this interface. However, by the arguments ac-
companying Fig. 4, inelastic scattering cannot
happen in this case because the response field is
perpendicular to the electron trajectory there.
Scattering can therefore occur only when b is
large with respect to the interface (e.g. , position
C in the figure) and n is constrained to be small.

These results confirm directly that coupling of
surface plasmon fields occurs in two-sphere sys-
tems. They show, also, that in general, two-
sphere and sphere-plane (p,,=0) systems have
simple well-defined eigenmodes. Further, they
demonstrate the quantitative variations in the
inelastic scattering which occur when small sys-
tems are excited in selective positions by very
small probes. Work is currently in progress to
compare these variations to calculations of in-
elastic scattering for different electron trajecto-
ries.

The author wishes to thank J. Silcox for dis-
cussion.
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Fermi Surfaces of Some Dilute Hume-Rothery Alloys
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In dilute alloys, in contrast to pure metals, the measured Fermi-surface volume is too
small to accommodate all the electrons. In dilute copper-based heterovalent alloys the
discrepancy increases as the solute valence increases but the anisotroPy of the Fermi-
surface changes is found to be approximately rigid-band-like in all alloys. These results
are explained quantitatively in terms of the Fermi surface being determined by only those
electrons which are scattered coherently.

PACS numbers: 71.25.Hc, 71.55.Dp

In pure metals the Fermi-surface volume is
usually considered as being defined by the total
number of electrons in the metal. More precise-
ly it is defined as the volume of the constant en-
ergy surface corresponding to the chemical po-
tential or Fermi energy in the metal. The equiva-
lence of the two definitions follows from a the-
orem of Luttinger' which was proved for inter-
acting electrons in a periodic potential. Disor-
dered alloys, however dilute, are not periodic
and so it is not immediately clear how the Lut-
tinger theorem should be extended to alloys. The
concept of the Fermi surface can be extended to
alloys by including a self-energy term describing
the interaction between conduction electrons and

the impurities. ' However, there remains the
question of how the volume of the Fermi surface
is related to the total number of electrons in the
alloy. For dilute alloys this is equivalent to con-
sidering how the rate of change of Fermi-surface
volume, b, V/c, where c is the concentration of
impurities, is related to the valence difference
~Z, defined as the number of extra conduction
electrons per solute atom.

A sensitive and accurate probe of Fermi-sur-
face dimensions is the de Haas-van Alphen (dHvA)
effect. In very dilute alloys (of order 0.01 at.Vo)

the Landau level broadening is sufficiently small
that signals can be observed and changes in the
dimensions of the Fermi surface (defined as
above) can be measured by using high-precision
techniques. "Although the measurements re-
quire a high magnetic field the effect of this on
the Fermi-surface dimensions is significant only
in the quantum limit. ' For the particularly sim-
pl. e case of a rigid-band model the change in
cross section AA. for each extremal orbit is
given by

c-'~A/Z, =-', (I,/m, „)~Z,

where A, is the free-electron cross section, and
rn, h the thermal mass. The anisotropy of the
area changes is just proportional to m, , the cy-
clotron mass of each orbit. If the small anisot-
ropy of the electron-phonon enhancement is ig-
nored, experimental values can be used for m,
and ni, h. When experimental results are com-
pared with this simple theory two distinct kinds
of breakdown of the model may occur. Firstly,
if the Luttinger theorem is invalid the total change
of volume of the Fermi surface wil. l no longer be
given by chZ. Secondly, the band structure of
the alloy may differ from that of the pure metal;
then the anisot oPy of the Fermi-surface changes

940 1982 The American Physical Society


