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Electron energy-loss spectroscopy on the surface of conducting superlattices
in the presence of plasma waves
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We present calculations for the inelastic scattering of electrons by the surface of binary conductor-conductor
periodic superlattices described by local and nonlocal models. The conducting layers consist of metals or
highly doped semiconductors and we include their spatial dispersion through the presence of longitudinal
plasmons described by a hydrodynamic model. These modes manifest themselves as a series of peaks in the
electron-energy-loss spectroscopy spectrum superimposed on the main structure due to the excitation of two
coupled surface-plasmon bands. These peaks depend upon the nature of the first layer and are sensitive to the
first few layers.@S0163-1829~98!09819-1#
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Electron-energy-loss spectroscopy~EELS! experiments
are very powerful probes of the bulk1 and surface2 collective
excitations of solids. They also yield important informatio
regarding the modes of artificially layered heterostructur
For example, recent advances in the scanning transmis
electron microscope have permitted the observation of
collective modes of metal-insulator superlattices such
Co/Si using spatially resolved transmission EELS.3 This
spectroscopy has also allowed the first observation4 of the
splitting of the coupled interface modes into two bulk pla
mon bands5,6 in a W/Si superlattice. A calculation7 has
shown that the coupled surface phonon polaritons of a Ga
AlAs superlattice should also be clearly observable in
reflection EELS spectra.

The aim of this report is to present low-energy reflecti
EELS calculations for different types of conductor bina
superlattices. We employ a general transfer ma
formalism8–12 for the electromagnetic fields that can acco
modate the excitation of bulk plasmons together with a se
classical theory of EELS.5,13 The model heterostructures w
explore are made of local-local~L-L !,5 nonlocal-local
~NL-L !,8 and nonlocal-nonlocal10,11~NL-NL ! alternating lay-
ers. The conducting layers may be either metallic or hig
doped semiconductor materials. We apply a simple hydro
namic approach14 for the electron dynamics within eac
layer and characterize their boundaries by appropriate a
tional boundary conditions~ABC’s!.15 A similar hydrody-
namic approach has been applied by Babiker16 to transmis-
sion EELS of electrons going through metallic NL-N
superlattices. Babiker’s calculation and this work can be
garded as complementary; in our case, low-energy elect
~100 eV! are reflected by the surface of the superlattice i
570163-1829/98/57~23!/14642~4!/$15.00
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nearly specular direction, whereas in Babiker’s work, high
energy electrons~10 KeV! impinge on the surface and pen
etrate the superlattice.

The hydrodynamic model and its treatment of surfac
may be considered rather crude; it ignores the details of
surface potential, the quantum interference between inc
ing and reflected electrons at the interface, the quantum s
ing of electrons into classical forbidden regions, and the
citation of electron-hole pairs. The electromagnetic respo
and collective excitations of clean and overlayer cove
semiinfinite conductors have been calculated microscopic
within the jellium model17,18 accounting for the self-
consistent electronic density profile. The resulting corr
tions to Fresnel optics are usually presented in terms of
face response functions such as the surface conductivity19 or
the d parameters.17 The electromagnetic properties of supe
lattices in which the interaction between consecutive lay
is negligible may be described in the long-wavelength lim
by an anisotropic effective dielectric response, which may
written simply in terms of the bulk response of each lay
and of the surface response of each interface.20 However,
this description fails above the plasma frequency of a
layer, whose boundaries become linked by multiply reflec
plasmons. There are only a few studies of the respons
conductor surfaces in the presence of one-dimensio
periodicity.21–24 They show that the surface of a crystallin
conductor induces long range oscillations that are inco
mensurate with the lattice. Similar oscillations are resp
sible for part of the anisotropy in the nonlinear response
Al and Ag surfaces.25–28 Conducting superlattices have a
artificial periodicity larger than the crystalline periodicity o
their constituents, and no microscopic calculations of th
14 642 © 1998 The American Physical Society
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electromagnetic response, their normal modes, and their
pling to external probes such as EELS have yet been
formed. The hydrodynamic model we employ in the pres
paper is a first step beyond the local formalisms usually e
ployed to study these systems, and it can be adapted to
a more accurate description of the surfaces.14 On one hand, it
can be easily generalized to inhomogeneous systems. In
it was through the hydrodynamic model that the multipo
surface plasmon29 was first predicted,30 and it also yielded
the prediction of a corresponding giant resonance in the
face nonlinear response.31,32 On the other hand, by suitabl
modifying the expression for the electron gas pressure,
hydrodynamic model may also be generalized to acco
self-consistently for exchange and correlation effects.33,34

Within the semiclassical EELS theory of Schaich13 as de-
scribed by Mills,5 the total probabilityP(v) that a low-
energy electron loses a quantum of energy\v when re-
flected from the surface of the superlattice is given in
dipole regime by

P~v!5
2e2V0

2 cos2u i

p2\
E

0

`

dQE
0

2p

du

3
Q2 Im@R~v,QW !#

@Q2V0
2 cos2u i1~v2QV0sinu i cosu!2#2

. ~1!

Here,u i is the angle of incidence of the electron beam m
sured relative to the normal of the surface,VW 0 is the velocity
of the incoming electron,R(v,QW )[f ind/fext is the reflec-
tion amplitude of the superlattice, withf ind the amplitude of
the scalar potential induced at the surface when it is acte
by an external potential of amplitudefext, frequencyv, and
wave vectorQW parallel to the surface, andu is the angle
betweenQW and the projection ofVW 0 unto the surface. Since
the momentum transfer involved in EELS experiments
much larger than typical optical momenta, the reflection a
plitude may be obtained from the nonretarded limit of t
optical reflection amplitude forp-polarized light,R(v,QW )
5(Zv2Zp)/(Zv1Zp), where we define the nonretarded su
face impedance of the superlattice asZp5Ei /D' with Ei

(D') the electric~displacement! field parallel toQW ~perpen-
dicular to the surface! evaluated at the surface, andZv52 i
is the corresponding surface impedance of vacuum. Perfo
ing the angular integration we obtain5,35

P~v!5
2e2V0

2

\pv4 cosu i
E

0

`

dQ
Q2 Im@R~v,QW !#

z3@~12z2!214z2 cos2u i #
3/2

3Re$~z22112i z cosu i !
1/2@2z2 cos2u i

13i z cosu i112z2#@12z222i z cosu i #%, ~2!

where z5V0Q/v is a dimensionless variable. Since th
spectrometer only collects electrons scattered within a sm
angular rangeDu;1° about the specular direction, we c
off the integral onQ at a valueQc5kiDu cos(ui), with \ki

the momentum of the incoming electron.
To obtainZp for NL-NL superlattices, we proceed in

manner similar to that of Ref. 11. In addition to the usu
transverse polaritons, plasma waves may be excited wi
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the nonlocal conductors, which we incorporate by describ
each layer within a generalized transfer matrix approach8–11

that depends on two parametersm andn obtained from the
additional boundary conditions~ABC’s!.12,15 A similar pro-
cedure is developed for the NL-L systems,15 although in this
case, ABC’s are employed at the internal interfaces to c
lapse the 434 transfer matrices of the NL layers into 232
matrices, which may then be employed as in the usual op
of thin films.

We have performed numerical calculations ofP(v) using
the Drude model for the dielectric functions of local condu
ing layers and for their transverse part in nonlocal condu
ing layers, and the hydrodynamic model for the longitudin
response of nonlocal conducting layers. For the insulat
layers, we assume that the dielectric function is freque
independent.

In Fig. 1 we plot the energy loss functionP(v) for two
~NL-NL ! superlattices,A5vabab . . . andB5vbaba . . . ,
wherei 5a,b denotes layers of thicknessdi with densityni ,
etc., andv denotes vacuum. We chosenb52na , a typical
metallic Fermi velocityv f a50.01c and a very large relax-
ation time ta5tb51000/vpa , being vpi the plasma fre-
quency of layersi . For comparison, we include the resul
for the corresponding L-L superlattices and we indicate
surface-plasmon resonance frequency of thea-b interface.
The nonlocal calculation for systemB shows the coupled
surface-plasmon modes of the interfacesa-b, also displayed
in the local case, and a series of peaks close to the freq
cies of the guided plasmons of thea layers,8,10,11vn5$vpa

2

1ba
2@Q21(np/da)2%1/2, obtained from the propagation con

dition for bulk plasma waves together with the quantizati

FIG. 1. Electron-energy-loss spectra for 200-eV electrons di
larly scattered off semiinfinite nonlocal-nonlocal~NL-NL ! and
local-local ~L-L ! conducting superlattices. The upper panel cor
sponds to systemA5vabab . . . and the lower panel toB
5vbaba . . . . Thearrows indicate the location of the surface pla
mons for a singlea-b interface. The parameters arenb52na , v f a

50.01c, ta5tb51000/vpa , da527 Å, anddb517 Å.
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condition for qz5np/da with integer n. These additional
peaks are due to the coupling of the plasmons of a lo
density layer with those of the next, mediated by the evan
cent polaritons of the separator. This coupling gives rise
bulk modes, whose position is slightly redshifted with r
spect to that of thea-layer guided plasmons due to spilling o
the plasmon amplitude into theb layers. The height of the
extra features diminishes as dissipation increases and
curve approaches the local result for smaller values oft. The
results corresponding to superlatticeA show, beyond the
surface-plasmon and the guided plasmon modes discu
above, a series of small peaks alternating with the lat
They are also originated on guided bulk plasmons, but c
fined mostly to the first layer. As the plasmons of the fi
layer cannot spill over into vacuum~within the hydrody-
namic model! their resonance frequencies are larger th
those for interior layers, which leak towards both sides.11 To
illustrate this fact, in Fig. 2 we depict the charge dens
distribution as a function of position for two consecuti
resonances of systemA, v/vpa51.283 andv/vpa51.300.
For the former, the electron density is similarly distributed
every layer, as expected for a bulk resonance, while for
latter, the charge density is mostly concentrated in the
layers, indicating a superlattice surface mode.

Figure 3 displays the loss function for systemsA and B
but where the higher-densityb layers have been replaced b
a local conductor with the same plasma frequency, yieldin
NL-L arrangement. We also present results for the L-L
perlattices. Both systemsA and B yield a similar structure
due to the plasma resonances in the nonlocala layers, be-
yond the structure in the L-L superlattice. In contrast to
NL-NL case, the number of resonances is now invariant

FIG. 2. Charge distribution as function of the distance from
surface for systemA described in Fig. 1 at frequenciesv
51.283vpa andv51.300vpa .
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der the exchange of layersa andb, since in the NL-L case
neither the plasmons in the interior nor the ones in the fi
layer spill over into the adjacent layers, so that there is
distinct surface resonance.11

In summary, we have used the hydrodynamic model a
an N3N transfer matrix formalism in the nonretarded lim
whereN is the number of waves propagating in a film,
investigate spatial dispersion effects on the energy-loss s
tra of electrons~EELS! interacting with semiinfinite conduct
ing superlattices. We applied the formalism to superlatti
made of local and nonlocal layers. The structure exhibited
the EELS spectra is originated in the coupled resonance
both surface and guided bulk plasmons. The structure of
peaks depends upon the nature of the first layer and is
sible to the first few layers. Since the frequency of the guid
plasmons of a low-density layer depends on their spillo
into neighboring higher-density layers, extra surfac
originated resonances appear in the EELS spectra when
first layer has the smaller of the two densities. We expect
qualitative feature to prevail in more detailed calculatio
that go beyond the hydrodynamic model.

This work was partially supported by DGAPA-UNAM
Grant Nos. IN107796 and IN103293, and CONACyT Gra
No. 481100-5-5264E~Mexico!.

e

FIG. 3. Electron-energy-loss spectra for 200-eV electrons di
larly scattered off semiinfinite nonlocal-local~NL-L ! and local-
local ~L-L ! conducting superlattices. The higher-densityb layers
are taken to be local. The upper pannel is for systemA and the
lower for systemB. Other parameters are as in Fig. 1.
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