
in

PHYSICAL REVIEW B 15 NOVEMBER 1998-IIVOLUME 58, NUMBER 20
Quantum-mechanical analysis of the elastic propagation of electrons in the Au/Si
system: Application to ballistic-electron-emission microscopy
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We present a Green’s-function approach based on a linear combination of atomic orbitals scheme to com-
pute the elastic propagation of electrons injected from a scanning tunneling microscope tip into a metallic film.
The obtained two-dimensional current distributions in real and reciprocal space furnish a good representation
of the elastic component of ballistic electron emission microscopy~BEEM! currents. Since this component
accurately approximates the total current in the near-threshold region, this procedure allows—in contrast to
prior analyses—to take into account effects of the metal band structure in the modeling of these experiments.
The Au band structure, and in particular its gaps appearing in the@111# and@100# directions, provides a good
explanation for the previously irreconcilable results of nanometric resolution and similarity of BEEM spectra
on both Au/Si~111! and Au/Si~100!. @S0163-1829~98!01243-0#
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I. INTRODUCTION

Ballistic electron emission microscopy1,2 ~BEEM! is a
technique based on the scanning tunneling microsc
~STM!. It has been primarily designed for the study of buri
metal-semiconductor interfaces, in particular for the inve
gation of the Schottky barrier. The experimental setup c
sists of a STM injecting current in a metallic film deposit
on a semiconductor material. After propagation through
metal, a fraction of these electrons still has sufficient ene
to surpass the Schottky barrier and may enter into the se
conductor to be finally detected as a BEEM current. Us
the tunneling tip as a localized electron source gives BE
its unparalleled power to provide spatially resolved inform
tion on the buried interface, that can additionally be rela
to the surface topography via the simultaneously recor
tunneling current.

The energy of the electrons contributing to the fin
BEEM current depends on the bias voltage between tip
metal, and is typically 1–10 eV above the Fermi energy
the metal. For energies close to the threshold voltage@the
ones of primary interest for exclusive Schottky barrier hei
~SBH! investigations#, thin metallic layers, and low tempera
ture, the main contribution to the BEEM current stems fro
the elastic component, which are electrons not having
fered losses from electron-electron and/or electron-pho
interaction. Only in this limit can the technique be prope
calledballistic,3 and we shall concentrate in this paper on t
propagation of such electrons and their contribution to
BEEM current.

The Au/Si interface has been one of the first systems
vestigated by BEEM and has also proven to be a contro
sial one. Two important and apparently irreconcilable res
have been~i! the observed nanometric resolution ('15 Å)
PRB 580163-1829/98/58~20!/14036~11!/$15.00
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after propagation through films of as much as 100–1504

and ~ii ! the very similar results obtained for the interfac
with Si~111! and Si~100!,1,5,6 despite the strongly differen
k-space distribution of the projected conduction-ba
minima ~CBM! available for injection of electrons into th
semiconductor.

The theoretical analysis of BEEM data is usually based
the so-called four-step model:2 ~1! tunneling from the tip to
the surface,~2! propagation of the electrons through the m
tallic layer, ~3! injection into the semiconductor, and~4! ef-
fects associated to various current-changing processes in
semiconductor~e.g., impact ionization and/or creation o
secondary electrons!. The last process becomes, howev
only important at rather high energies and can be safely
glected when concentrating on the near-threshold regi
The standard model used to extract SBH’s from the exp
ment is a simple quasi-one-dimensional~1D! semiclassical
approximation using the planar tunneling theory and WK
approximation for step~1!, free-electron propagation plu
simple exponential attenuation for step~2!, and the quantum-
mechanical~QM! transmission coefficient derived for a 1
step potential for step~3!. This predicts a 5/2 power law fo
the onset of the BEEM current above the threshold ene
and has been used extensively for the fitting of experime
data.2

Despite its obvious merits and especially its highly w
comed simplicity, the standard model fails for more than
mere qualitative explanation of experimental data. In parti
lar, the above-mentioned results for the Au/Si system are
comprehensible within the framework of this crude appro
mation. As has been pointed out recently,7 the major error
leading to these discrepancies for Au/Si is the complete
glect of band-structure effects inside the metal film. The fr
electron treatment of the existing model predicts an elect
beam propagating in normal direction through the metal fi
14 036 ©1998 The American Physical Society
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grown in the@111# direction on either Si~111! or Si~100!.8,9

On the other hand, it is well known that Au shows a ba
gap in just this direction,10 i.e., the Au band structure clearl
forbids electronic propagation normally through the film.

Unfortunately, the inclusion of band-structure effects in
a theoretical model requires a much higher level of soph
cation than for the previous simple approximation based
E-space Monte Carlo and various parametrized proces
We therefore present in this paper a linear combination
atomic orbitals ~LCAO! scheme for the fully quantum
mechanical computation of the elastic component of
BEEM current: step~1! is included by coupling the tip to a
semi-infinite crystal via the Keldysh Green’s-functio
formalism,11 whereas for step~2! we can take the Au band
structure fully into account via the corresponding Slat
Koster parameters.12,13 This concept allows to compute th
electron current distributions in real and reciprocal space
any layer inside the metal film.

We will show in this paper, that already the detail
analysis of these 2D distributions immediately resolves
previously puzzling results for Au/Si as a pure conseque
of the band gap enforced sideward propagation of the e
tron beam inside the metal film. This sideward beam
highly focused thus explaining the obtained nanometric re
lution, but it is also dominated by electrons with rather hi
ki momentum parallel to the interface, which allows simi
injection into the projected Si CBM for both Si~111! and
Si~100! interfaces. Even though our proposed model is
little more demanding than the old simple one both from
theoretical and a computational point of view, we belie
that it allows us to gain deeper insight into the physics
volved, and that it represents a step towards a more ca
treatment of the BEEM process, which ultimately will enab
a much better use of the obtained experimental data.

II. THEORY

Our model is based on a Hamiltonian written in a LCA
basis:

Ĥ5ĤT1ĤS1ĤI , ~2.1!

where ĤT5(ean̂a1(T̂abĉa
† ĉb defines the tip,ĤS5(e i n̂i

1(T̂i j ĉi
†ĉ j designates the metal sample, andĤI

5(T̂amĉa
† ĉm describes the coupling between the tip and

surface in terms of a hopping matrix,T̂am ~n̂a , ĉa
† , and ĉa

are number, creation, and destruction operators defined in
usual way!. Note, that greek indices indicate tip site
whereas latin indices correspond to sites inside the sam
The tight-binding parametersT̂i j allow us to fully take into
account the sample band structure and can be obta
within the empirical tight-binding framework by a fitting t
ab initio band structures.12 Tabulated values exist for all el
emental crystals, in particular for Au as used in the pres
paper.13 The hopping matrix between tip and sampleT̂am is
also expressed as a function of the different atomic orbi
of atoma in the tip and atomm in the sample. Since BEEM
experiments operate at high bias and rather low curr
where the tip-surface distance is already of the order of 5
Å, only tunneling betweens orbitals needs to be considere
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without loss of generality. The actual matrix element for th
tunneling between thes orbitals is simply described by a
exponential function, as derived from the WK
approximation.14 It is important thatT̂am is localized in a
small region ofm atoms close to the tip.

A Green’s-function formalism presents the important a
vantage of being free of any adjustable parameters in
strictly elastic limit, where only an arbitrarily small positiv
imaginary parth is added to the energyE, necessary to
ensure mathematical convergence:

ĜR~E!5
1

E2Ĥ1 ih
. ~2.2!

Although in this paper we are not interested in discuss
inelastic effects, which will form part of a forthcoming pa
per, it is worth mentioning that a finiteh can be used to give
some attenuation to the wave field, mimicking inelastic
fects that draw away current from the BEEM experime
We shall see in the discussion of thek space current distri-
butions that a finiteh effectively defines a coherence regio
of size approximately given bylc'kF /h. Inside this region,
quantum-mechanical effects are important, but outside o
quantum coherence is lost and intensities rather than am
tudes should be added to compute the final wave field.

The system under investigation is out of equilibrium
soon as a bias between tip and sample is applied.15 In order
to retain theab initio advantage of a Green’s-function fo
malism, but still be able to couple the tip to the sample, it
convenient to use the Keldysh technique,11 which essentially
represents the generalization of the many-body Gree
function theory to systems out of equilibrium.16 Within this
formalism, the current between two sitesi and j in the
sample can be written as

Ji j 5
e

p\ E Tr$T̂i j ~Ĝji
122Ĝi j

12!%dE. ~2.3!

The matricesĜ12 are nonequilibrium Keldysh Green’s
functions that can be calculated in terms of the retarded
advanced Green’s-functionĜR/ĜA of the whole interacting
tip-sample system.17 We are interested only in the elast
component of the current,

Ĝ125~ Î 1ĜRŜR!ĝ12~ Î 1ŜAĜA!, ~2.4!

whereŜR,A is the coupling between tip and sample that c
be built up from the hopping matricesT̂am , linking atoms in
both subsystems, whileĝ12 refers to the Keldysh Green’s
function of the uncoupled parts before any interaction h
been switched on.

The retarded and advanced Green’s-function of the in
acting system can be further obtained from a Dyson-l
equation that uses the Green’s-function of the uncoup
parts of the systemĝR/ĝA, and the coupling between th
surface and the tipŜR,A:

ĜR,A5ĝR,A1ĝR,AŜR,AĜR,A. ~2.5!
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After some algebra, it is shown in the appendix that
current between two sitesi and j in the metal can be ob
tained, in the lowest order of perturbation theory with resp
to the coupling between tip and sample, from the followi
formula:

Ji j ~V!5
4e

\
IE

eV0

eV

Tr (
mabn

@ T̂i j ĝ jm
R T̂mar̂abT̂bnĝni

A #dE,

~2.6!

where the integration is performed between the Schottky
rier (eV0) and the voltage (eV) applied between the tip an
the sample. We notice that this equation shows spectrosc
sensitivity because the Green’s-functionĝ jm

R,A and the hop-

ping matricesT̂ma depend on the energy, and also throu
the upper limit in the integral. The summation runs ov
tunneling active atoms in the tip~a,b! and the sample
(m,n), r̂ab is the density of states matrix: (ĝab

A 2ĝab
R )

52p i r̂ab . The trace denotes summation over the atom
orbitals forming the LCAO basis.

Note, that the detour via the Keldysh technique has
abled us to arrive at an expression that only includes
~tabulated! tight-binding parametersT̂i j inside the sample
the hopping elementsT̂ma /T̂bn between tip and sample, an
the retarded and advanced equilibrium Green’s-funct
ĝ jm

R /ĝni
A of the isolated tip and sample.

We shall describe the injection of electrons from t
metal into the semiconductor simply by matching the cor
sponding states. Therefore, we shall need to compute
current distribution at the interface in reciprocal spa
Working in a similar way as above for real space, we find
following expression for the current distribution in reciproc
space defined now between planesi and j :

Ji j ~ki ,V!5
4e

\
IE

eV0

eV

Tr (
mabn

@ T̂i j ~ki!ĝ jm
R ~ki!

3T̂ma~ki!r̂ab~ki!T̂bn~ki!ĝni
A ~ki!#dE,

~2.7!

where in this case the sum runs over layers in the tip~a,b!
and sample (m,n) that are involved in the tunneling proces
All quantities in Eq.~2.7! are theki-Fourier transforms of the
corresponding objects in formula~2.6!. The total current be-
tween planesi and j can be obtained by summing the curre
distribution Ji j (ki ,V) as obtained in Eq.~2.7! over the 2D
Brillouin zone.

It is worth mentioning, that even though the total resulti
current at the given STM biasV is obtained as an integral i
energies down to the SBH, the dominant contribution will
just the one atV itself, due to the strong exponential depe
dence of the tunneling coupling termsT̂am with energy. This
shall allow us to present qualitative results displaying o
this main contribution~calculated at the highest energyeV!,
although we have additionally verified that essentially
same effects occur at lower energies.

From Eq.~2.6! it is clear that the main objects of intere
that still need to be calculated are the retarded and adva
equilibrium Green’s-functiongjm

R /gni
A for a metallic surface.

We compute these quantities using a decimat
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technique,18,19 which involves an iterative process allowin
in each step to double in size an existing slab@the so-called
‘‘superlayers’’ in Fig. 1~a!#. Assuming perfect periodicity in
both directions parallel to the surface one can easily calcu
ĝ11

(0)R(ki ,E), the retarded Green’s-function of the surface s
perlayer, which contains the tunnel-active layersm,n. The
layer doubling of the slab is then repeated until its size is
large, that the two surfaces are effectively decoupled. Hen
we obtain the Green’s function projected at the surfa
ĝ11

R (ki ,E) and the transfer matrix of the system.20 With
these two quantities it is possible to calculate the Gree
function ĝ j 1

R (ki ,E), representing the propagation of an ele
tron of momentumki and energyE from the surface super
layer 1 down to the layerj inside the semi-infinite crystal
The corresponding Green’s function in real space is sub
quently obtained by Fourier transforming:

gj 1
R ~r i ,E!5(

ki

wki
gj 1

R ~ki ,E!eikir i, ~2.8!

where the summation is performed overN special points21 in
the 2D Brillouin zone with respective weightswki

. Finally, it
is straightforward, to obtain the corresponding advanc
Green’s-function by transposing and conjugating:

ĝ1 j
A ~E* !5@ ĝ j 1

R ~E!#* . ~2.9!

Equations~2.6!–~2.9! define our basic approach to th
BEEM problem.

Let us draw our attention to the full quantum-mechani
calculations in real space based on Eq.~2.6! and the decima-
tion technique. The total procedure outlined in this sect
enables the computation of 2D current distributions at a
layer inside the semi-infinite crystal. Using Eq.~2.6!, and
calculatingJi j (V) for all atomsi inside a given layer, with
current contributions from all their respective neighborsj in
the layer above, we arrive at the current distribution in r
space. This simulates the BEEM current impinging on
semiconductor after propagation through a metallic film w
a thickness corresponding to the chosen layeri . Results of
this type will help us to understand which spatial resoluti
can be expected in a BEEM experiment. Alternatively, t
calculation ofJi j (ki ,V) according to Eq.~2.7! provides the

FIG. 1. Description of the geometry of the system.~a! Lateral
view: tip coupled to the semi-infinite crystal, which is composed
superlayers used for the decimation;~b! Au~111! surface depicting
the two tip positions treated in the text:T1 directly on top of one
atom,T2 symmetrical bridge site between two atoms~atoms in the
surface to which tunneling is considered are whitened!.
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current distribution between layersi and j inside the 2D
projected Brillouin zone. Since, ultimately, the electro
need not only to have sufficient energy to enter the semic
ductor as BEEM current, but also to have the correspond
ki to get into the Si CBM, this type of plot will permit us t
investigate the onset and strength of the BEEM current fo
certain type of interface.

When concentrating on the near-threshold region, i.e.,
jection into the bottom of the Si conduction bands, the la
may be approximated by free-electron-like paraboloids w
appropriate effective masses.10 In the 2D projection on eithe
the Au/Si~111! or Au/Si~100! interface this will then lead to
a number of ellipses inside the Brillouin zone, represent
areas through which transmission into the semiconducto
possible.22 To arrive at quantitative results, additionally
QM transmission factor for each of the matched states
subsequently to be applied. However, in the present pa
we shall be concerned rather with qualitative results appa
from the 2D distributions themselves, and may thus leave
question of modeling the transmission factor for a forthco
ing publication.23 We feel that more physical insight i
gained by visually comparing how the current distribution
the metal matches the available states in the semicondu
than by presenting the final BEEM current, which resu
from a summation over all states with right matching con
tions inside the 2D Brillouin zone. Therefore, in this pap
we simply draw in the 2D Brillouin zone the Si CBM e
lipses to aid the eye identifying the relevant regions. W
stress that the final summation tends to smooth details
as the physically measurable observable is only
ki-integratedI (V) curve, this might be one reason that hel
to explain why the previous simple models achieve in ma
cases decent fits to the data, even though it is quite obv
that the underlying 2D current distribution is grossly inco
sistent with the metal band structure.

III. REAL-SPACE RESULTS

We apply our quantum-mechanical formalism to descr
the elastic propagation of electrons through a@111#-oriented
Au metallic layer. Due to the large lattice mismatch betwe
Au (af cc54.08 Å) and Si (adiamond55.43 Å),24 the formed
interface is of rather poor quality. Although the growth of A
layers on Si has not yet been studied extensively, ther
evidence from Low Energy Electron Diffraction and Aug
studies that suggest that Au films growing either on Si~111!
~Ref. 8! or on Si~100! ~Ref. 9! form crystals oriented in the
@111# direction after the first four or five layers, which typ
cally display heavy disorder, are completed. From the na
of our results that show the gradual buildup of Bloch wav
as a function of the distance to the surface, we deduce
the likely disorder contained in four or five layers immedia
to the interface does not provoke the automatic destructio
the formed pattern. We therefore take the calculated 2D
tributions in any given layer of the ideal semi-infinite crys
as a good approximation to the actual current arriving at
Si semiconductor after propagation through a Au film of c
responding thickness and passage through the disordere
terface region.

Before discussing our full quantum-mechanical results
is worth analyzing the semiclassical limit, which is based
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Koster’s approximation to compute the bulk Green
function25 and an appropriate symmetrization of waves
flected at the surface.26 The central point in this semiclassica
approach mainly valid for thick layers is that it admits
simple geometrical interpretation for the bulk propagato
relating them to the shape of the constant energy sur
~Fermi surface! of the metal band structure: applying a st
tionary phase condition allk values contributing to the fina
Green’s-function may be neglected except one particu
k0 :25

ĝ j 1
R ~E!5(

k

eik~Rj2R1!fk* ~ j !fk~1!

E2E~k!

'2
1

A]2e

]k1
2

]2e

]k2
2

ei @k0~Rj2R1!#

~Rj2R1!
fk0

* ~ j !fk0
~1!,

~3.1!

where]2e/]k1
2, ]2e/]k2

2 are the two principal curvatures as
sociated with the constant energy surface and the eigen
tors fk0

* ( j ), fk0
(1) are obtained diagonalizing the bu

tight-binding HamiltonianH.
For a given propagation direction (Rj2R1), k0 is the vec-

tor linking the k-space origin to the point on the consta
energy surface~defined by the energyE! whose vector per-
pendicular to the surface is parallel to the initially chos
direction in real space~see inset in Fig. 2!. This vector per-
pendicular to the constant energy surface atk0 represents the

FIG. 2. Shape of the Au constant energy surface at 1 eV ab
EF . The hatched ellipses mark the regions contributing most to
projected 2D current distributions. The inset shows a schem
description for the relation between a real-space propagation d
tion (Rj2R1), and the relevant wave vectork0 defined in the semi-
classical approximation.
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group velocity of electrons being propagated in the me
vg(k0)5¹kE(k), that needs not to be parallel tok0 when the
metal band structure deviates from the free-electron lim
Equation~3.1! reveals that the current intensity is strong
enhanced in directions corresponding to rather flat part
the constant energy surface, where the principal curvat
]2e/]k1

2 and ]2e/]k2
2 in the denominator tend towards ze

~note, that at the extremal points, where the second der
tives are exactly zero, the next term in Koster’s expansio
needed!. Hence, already a simple visual analysis of the c
stant energy surface’s shape may provide an intuitive un
standing where major ballistic current contributions are to
expected when including band-structure effects.

As pointed out previously,7 for the analysis of electron
propagation in Au layers at typical BEEM energies, it
crucial to notice that for voltages larger than'1.0 V necks
develop in the@100# directions, which are similar to the well
known necks in the@111# directions, cf., Fig. 2. Identifying
the flat parts on this surface and their corresponding r
space propagation directions, we were able to make a q
tative prediction of the current distributions in real and
ciprocal space after propagation through a thick Au film.7

In Fig. 2 we have drawn the Au constant energy surfa
for 1 eV aboveEF , and the regions~hatched areas! giving
the major contribution to the semiclassical BEEM current
k space. One of these areas is also shown in the figure in
the reason why thek space current distribution maximum
associated with theA8 region, and not with the apparentl
equivalentA region, is their different orientation with respe
to the~111! direction~see Figs. 6 and 8!. It should be kept in
mind that the hatched areas of Fig. 2 define the momen
and velocity components of the electrons contributing m
to the BEEM current: the group velocity defining the sem
classical propagation in real space. Since most BEEM m
eling up to now has been performed usingE-space Monte
Carlo techniques, it may be interesting to notice that ap
from the neck regions where no propagation is possible,
Au constant energy surface remains spherical to a good
proximation~Fig. 2!: the group velocityvg(k0) perpendicular
to the surface and the connectingk vectork0 do not diverge
by more than'20° – 30° for most directions of interest ou
side the necks. When properly suppressing the forbid
propagation directions corresponding to the necks, a sim
application ofk-space Monte Carlo simulation should th
be possible, resulting in analogous results to ours in
purely ballistic limit. This allows the simulation of inelasti
interactions in an approximate but simple way through
inclusion of the appropriatek-space scattering cross section
reaching the interesting conclusion that those effects do
significatively degrade the elastic predicted resolution in r
space.27

The presented semiclassical approach helps to better
derstand the numerical results in terms of the geometr
interpretation. However, we have also at hand the quan
mechanical decimation technique for the computation of
Green’s-function, which allows us to precisely calcula
these distributions, not only for thick films, but for any thic
ness. Since we are only interested in the qualitative evolu
of injected current in a@111#-oriented Au film, we start with
a simplified tunneling geometry, in which hopping is on
permitted between one tip atom 0 and one sample atom
l,
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1,

positioning the tip directly on top of the latter at 5.0 Å di
tance, cf. Fig. 1~b!. More realistic tunnel geometries allow
ing hopping to more atoms lead to essentially the same
sults: one advantage of properly taking the metal ba
structure into account is that the results are not that m
dependent on the initial tunneling conditions as long as m
tallic films of a certain thickness are involved. This is
strong difference between our theory and the standard ba
tic E-space Monte Carlo approach. Thek-space distribution
arriving at the semiconductor under the assumption of fr
electron propagation is inappropriate for both very thick a
very thin layers:~i! it is physically unreasonable to assum
that what impinges on the interface~after a long propagation
through the metal! is just the initial tunneling distribution,
and ~ii ! on the other hand, when the film is thin enough f
the details of tunneling to become important, the crude p
nar theory based on WKB should not be applied. On
contrary, in all the examples presented in this paper~where
we have deliberately avoided ultrathin layers!, tunneling
simply provides a starting configuration, whereas the fi
current distribution at the interface is dominated by the p
ferred propagation directions dictated by the metal ba
structure. In any case, should the initial tunneling distrib
tion become important for some particular application, o
formalism would permit a more realistic point of view fo
that part of the problem.

This discussion is illustrated in Fig. 3, where the resulti
real-space current distribution after electron propagat
through more and more layers is depicted. As electron
ergy we chose 1 eV above the Fermi level of the metal. 29
specialk points were used inside the 2D Au Brillouin zone
suppress possible aliasing effects in the involved Fou
transforms to real space. In the second layer, very near to
surface@Fig. 3~a!#, the current is still strongly concentrate
in the atoms closest to the location in the surface layer
which the current was injected. This behavior, where
current still propagates in all directions and where the res
ing distribution is basically a consequence of the crystal
ometry and nearest-neighbor hopping, can be found dow
about the fifth layer. Then, however, an interesting chan
occurs, which is related to the gradual formation of a Blo
wave inside the crystal: propagation becomes only poss
in directions in accordance with the metal band structu
The immediate consequence of the already mentioned b
gap of Au in the@111# direction is that the evolving beam
has to make way sidewards. This becomes obvious in
3~b!, where the opening up of the injected beam can alre
be observed with very little current remaining in the cent
plane atoms lying in the@111# forward direction.

A further effect of the band structure is the formation
narrowly focused, Kossel-like lines corresponding to p
ferred propagation directions. After propagation through
larger number of layers, a steady state is reached and d
butions for consecutive layers differ only by the natu
spreading of the resulting triangle as the electrons foll
these preferred propagation directions of the band struct
cf. Fig. 3~c!. These directions have a polar angle of abo
30° with respect to the normal direction, and are in go
agreement with our previous semiclassical analysis7 ~see Fig.
2!. Note how different the resulting pattern in each layer
from the prediction of the simple, free-electron model: the
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the propagation would be solely dictated by theki spreading
of the initial tunneling distribution resulting in a current con
centered around the@111# direction. Consequently, the rea
space distribution in any layer parallel to the surface wo
be a filled circle@or rather a filled triangle, considering th
symmetry of a fcc~111! crystal28# with the major current
contributions directly in the middle corresponding to norm
propagation through the metal film.

The deeper the chosen layer, i.e., the larger the thickn
of the experimental film, the more spread over a larger

FIG. 3. Real-space BEEM current distributions for Au~111! af-
ter injection of current in one atom in the first layer~located in the
center of the drawn layer!. The tip is positioned at 5.0 Å height o
top of the active atom. Parameters:V5EF11 eV, h50.1 eV. Dis-
tribution in ~a! 2nd layer~2.35 Å!, ~b! 10th layer~21.19 Å!, and~c!
25th layer~56.51 Å!. Each dot represents one atom in the cor
sponding layer and the grayscale indicates the amount of cu
passing through the atom: black for maximum current to white
zero current.
d

l

ss
i-

angle the current would be. The simple application of t
uncertainty principle to the tunneling process plus a fr
electron model for the metal4,5 predicted a BEEM resolution
for relatively thick 100–150 Å Au films of at best'100 Å.
On the contrary, the experiment by Millikenet al.4 finds
typical resolutions for such films on both Si~111! or Si~100!
of about 15 Å. In that experiment, sharp SiO2 steps are cre-
ated on both Si substrate types and subsequently covere
'150 Å Au films. BEEM images of the step riser, when t
tip crosses from above a part corresponding to the imp
etrable SiO2 to a part, where BEEM injection into the Si i
possible, give some estimation of the size of the elect
beam at the interface. The typical 15 Å found are absolut
incompatible with the standard ballistic, free-particle prop
gation, and it has been shown that it cannot be justified ei
by introducing a parametrized electron-electron/electr
phonon interaction.4,5 On the other hand, we believe that th
observed formation of narrowly focused Kossel-like lines
caused by the Au band structure may already explain
experimentally obtained nanometric resolution in the pur
elastic limit. As can be seen in Fig. 3~c!, the width of these
lines carrying the BEEM current is typically 3–4 atomic di
tances. This is better appreciated in Fig. 4, where cuts
pendicular through these lines at two different positions w
performed and the intensity vs location is depicted. The
rived width of '10 Å is in very good agreement with th
experimentally observed value and is clearly distinct fro
the value derived from free-electron theory, which devia
by a complete order of magnitude.

A naive interpretation of this result seems to imply th
multiple images of interface objects should be observed
perimposed, since several such Kossel lines are prese
our distribution. A tip scan would sweep each of these lin
across the interface object, each time leading to a focu
signal. Several plausible explanations are at hand for
lack of ‘‘multiple images,’’ but without more information on
the detailed experimental arrangement we cannot de
which one is more likely to happen. As a way of examp
one possible reason could involve a triangle formed
Kossel-like lines scanning the SiO2 edge with its base paral
lel to it. This might not be as unlikely as it looks, becau
these lines define specific crystallographic orientations al
which the growth might happen, and it would result in

-
nt
r

FIG. 4. Intensity profile along two perpendicular cuts throu
one of the Kossel-like lines@the locations of the cuts are marked
Fig. 3~c! by white lines#.
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sudden change in the measured current by about 33%, w
already could explain the experiment. A different point to
kept in mind is that the real experimental setup might
display the threefold symmetry assumed in theory, but ju
lower symmetry. This might be due to a number of reaso
misorientations of the surface producing propagation not
actly along â 111& direction~which is very likely in view of
the numerous terraces observed by STM on these film29!,
asymmetrical or multiple tips, dislocations, steps, etc. The
fore, it seems necessary to investigate the influence o
lower symmetry on the predicted Kossel-like lines. We p
form this task by simply displacing the tip from a top pos
tion ~that does not break the symmetry of the whole latti!
to a bridge position, resulting in a mere twofold symmet
Tunneling is equally allowed from the atom in the tip to bo
the two closest atoms in the surface, cf. Fig. 1~b!.

Several conclusions can be drawn from the result sho
in Fig. 5, which is for the limiting case after propagatio
through already a thick film. First, as expected, the ove
symmetry of the pattern has reduced from threefold to tw
fold, with one of the three Kossel-like lines decreasing
intensity. Second and most importantly, the shape of the
tribution has essentially not changed. This is the confirm
tion of the introductory statement made at the beginning
this section: the inclusion of band-structure effects redu
considerably the influence of the initial tunneling distrib
tion. The preferred directions of propagation are exclusiv
dictated by the band structure, whereas it is only the po
lation of these directions with electrons that depends on
actual tunneling process. In this respect, we again observ
Fig. 5 the'30° off-normal, sideward propagation along f
cused lines, of which now only the two corresponding to
chosen tunnel symmetry are mainly populated. In the sa
way, conditions where no symmetry exist at all would res
in the formation of only one intense Kossel line.

As we are interested in highlighting the relevant physi
phenomena, we have introduced convenient approximati
one atom tip, sphericals-wave tunneling, and a perfect sub
strate without any tilt, nor defects on the surface. In turn,
model neglects a number of factors that necessarily wo

FIG. 5. Real-space BEEM current distribution as in Fig. 3~c!,
but injecting current under lower symmetry conditions: the tip
located in a bridge site at a height of 5.0 Å.
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result in a lower symmetry than the one existing in a realis
experimental setup. However, it is plausible to accept t
different factors concur in the experiment to degrade sy
metry, and will eventually lead to the selection of only o
of the possible Kossel-like lines, whose dominant contrib
tion could then be responsible for the observed BEEM ima
with its nanometric resolution. On the other hand, none
the experimental influences can change the metal band s
ture itself ~as long as there are at least crystal grains of
order of 100 Å!, so that the formation of focused Kossel-lik
lines will be very similar to the one seen in our idealiz
model calculations.

IV. RECIPROCAL SPACE RESULTS

In order to understand how the current distribution in t
metal matches the available states in the semiconductor
now proceed to calculate the 2D distributions in recipro
space using expression~2.7!. Figure 6~a! shows the result
obtained inside the Au Brillouin zone, again for the sym
metrical on top tip site, cf. Fig. 1~b!, and for an electron
energy of E5EF11 eV, which is still near the threshold
region for Au/Si. As a direct reflection of the Au@111# band
gap, which projects ontoḠ in the center of the hexagon, th
distribution displays a ringlike structure, since there are
states to carry the current in theḠ vicinity. It is again inter-
esting to notice how different this pattern is from the fre
electron prediction, that would inject the main current w
ki50 just into Ḡ. In reality, complete reflection occurs fo
tunnel electrons withki50, permitting only injection into
the Au~111! states of rather highki momentum.

We would like to stress that the use of the decimat
technique, which was derived from renormalization gro
techniques,18 permits the fully quantum-mechanical calcul
tion of both required Green’s propagatorsĝ j 1

R /ĝ1i
A of the

semi-infinite slab. The resulting BEEM current is, cons
quently, also fully quantum mechanical. It is, therefore, n
surprising that the distribution shown in Fig. 6~a! possesses a
sixfold symmetry, which relates to the symmetry of the@111#
projected density of states to which1k and2k states con-
tribute equally.30

This is at variance with a semiclassical distribution, whe
only k-vectors representing propagation towards the in

FIG. 6. Reciprocal-space BEEM current distributions in the
interface Brillouin zone.~a! Sixfold symmetry inside the coherenc
regionh50.001 eV,~b! threefold symmetry far outside the cohe
ence regionh50.1 eV. ~2971 specialk points used in the 2D Bril-
louin zone,E5EF11 eV; black dots represent high current, whi
zero current. A quadratic grayscale has been applied to empha
the current changes due to the symmetry crossover.!
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face must be considered. These waves are classically s
rated from those that propagate in the opposite direction,
the total vector field has, thus, the same symmetry as
constant energy surface, which in turn reflects the symm
of the lattice, i.e., threefold for@111# directions in a fcc
material.10 Hence, our previous semiclassical approa
yielded threefold symmetric BEEM current distributions.7

As has already been mentioned in Sec. II, the use o
finite self-energyh in the construction of the Green’s
function @Eq. ~2.2!# puts some limits on the coherence leng
of our quantum-mechanical computation. In the purely el
tic limit, corresponding to a theoreticalh→0 in Eq. ~2.2!,
the obtained distribution would not change at all after pro
gation through an infinite number of layers. In the ideal cr
tal, there are simply no processes enforcingki changes of the
elastic electrons after their injection. Numerically, we a
however, forced to choose a small, but finiteh to ensure
convergence. The result presented in Fig. 6~a! was, hence,
obtained forh50.001 eV, which is very small compared
the energyE51 eV considered, and corresponds to a coh
ence length of several thousand Å. No significant change
the distribution can be observed during the propaga
through many layers. Since in this case we are always w
inside the coherence region, the symmetry is sixfold, a
should be for a quantum-mechanical calculation.

On the other hand, we can considerably reduce the co
ence length by using a much larger value for the opti
potential, sayh50.1 eV. There would then exist a regim
outside the coherence region where interference terms do
play a significant role any more. This should allow us
recover the semiclassical results. Figure 6~b! shows the ob-
tained distribution for such a largeh and for the 30th layer in
the crystal, i.e., well outside the coherence region. It is m
gratifying that not only the expected threefold symmetry a
pears, but that also the actual pattern matches perfectly
our semiclassical prediction, that was then only derived sc
matically, cf., Fig. 3 of Ref. 7. Moreover, it is interesting
notice how our Green’s-function calculation permits us
reproduce the involved change in symmetry: even for a la
h, propagation in the first layers is still inside the small c
herence region and, thus, quantum-mechanical effects
observed to produce the corresponding sixfold symme
During the propagation through more and more layers,
quantum coherence is gradually lost as is the symme
which progressively approaches its threefold limit. This
lows us to study the crossover between the quantum and
semiclassical domain and provides another example of ho
quantum system, under the influence of friction, becom
classical by a decoherence process.31

Note, that the change in symmetry implies also a cha
of the detailed current distribution itself: the maxima of t
semiclassical pattern appear on the linesḠ-M̄ , whereas the
quantum-mechanical maxima lie along the directionsḠ-K̄.
This is more obvious in Fig. 7, where an intensity cut alo
the symmetry linesK̄-Ḡ-M̄ is presented: the relative weigh
between currents alongK̄-Ḡ and Ḡ-M̄ , respectively, is in-
versed between the two types of calculations, which i
reflection of the symmetry change. It is interesting to not
that the evolution from the quantum symmetry to the clas
cal one is gradually built up, and no sudden change betw
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both regimes is found. Our calculations showed that the
served difference in reciprocal space does not significa
affect the beams in real space~where the symmetry mus
always be threefold, independent of damping, reflecting
symmetry of the lattice!, but it could, nevertheless, in prin
ciple affect theI (V) current injected through the projecte
ellipses into the semiconductor. However, because of
gradual crossover, no dramatic effects are to be expec
unless one could experimentally break the time-reve
symmetry suddenly~e.g., by application of a magnetic field!.

As a final point we address the actual transmission of
current into the semiconductor states. The chosen energE
5EF11 eV is still in the near-threshold regio
„ESBH@Au/Si~111!#'0.86 eV, ESBH@Au/Si~100!#'0.82 eV
~Ref. 2!… justifying to approximate the Si CBM by nearl
free electron ellipsoids. Since Si is an indirect semicond
tor, these ellipsoids are not located aroundG in the Brillouin
zone, but;85% in directionG-X ~Ref. 10! and, hence,
project differently onto the@111# and @100# directions.2,22

The resulting ellipses for both orientations are drawn in Fi
8~a! and 8~b!. Note, that since we are calculating inside t
larger Au Brillouin zone, those ellipses belonging to high
Si Brillouin zones, but still within the first Au one, have t
be considered for current injection as well. The princip
difference for both Au/Si~111! and Au/Si~100! interfaces is
that in the latter case Si ellipsoids project directly ontoḠ,
which is where the simple free-electron picture puts
maximum current. Since very little current carried by ele
trons with highki momentum is predicted in this type o
model, a considerable difference in the onset and abso
magnitude of the BEEM current was originally anticipat
between both interfaces2,5 On the contrary, the actual, exper
mentally observed spectra were highly similar.1,5,6 Since this
result was irreconcilable with the ballistic free-electro
theory, a variety of processes ranging from more isotro
tunnel distributions4 over strong elastic electron-electro
interaction5 to ki-violation at the nonepitactic interfaces32

were proposed in an extensive debate in the literature.
these processes aimed at providingki momentum to the cur-
rent distribution to allow injection into the off-normal@111#

FIG. 7. Intensity profile along the high symmetry lineK̄-Ḡ-M̄
of Fig. 6. The solid line represents current far outside the cohere
region @cf. Fig. 6~b!#, the dotted line current inside of it@cf. Fig.
6~a!#. The differenth’s lead to a different amount of damping in th
currents and, hence, different absolute scales. To enable bette
sual comparison, the currents have, therefore, been renormaliz
the same maximum value.
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ellipses, but ran into considerable trouble through the sim
taneous, inherent loss of resolution.4

On the other hand, the ringlike current pattern predic
by our band-structure calculation is dominated by h
ki-momenta,~cf. Fig. 8! but without loss of resolution, as w
have seen in the last section. The total reflection of the
jected electrons aroundḠ due to the projected Au band ga
renders the existence or nonexistence of a Si ellipse in
region completely irrelevant, since no current can en
through it into the semiconductor in any case, and the cur
is, therefore, forced to enter via any of the off-normal
lipses for both Au/Si~111! @Fig. 8~a!# and Au/Si~100! @Fig.
8~b!#. The ringlike distribution may in zeroth order be we
described as azimuthally symmetric, making it highly pla
sible why the BEEM current shows similar onset and m
nitude: the exact location of the off-normal ellipses pla
only a minor role.

Finally, we quantify this result by comparing the actu
current injected into the~100! and~111! silicon orientations.
As mentioned in the beginning, we shall not, at this sta
get into the separate problem of computing a suitable tra
mission coefficient to keep our discussion as simple as p
sible. Hence, we simply useT51, which is justified because
we shall only present the ratio between the current injec
into both silicon facesJ(100)/J(111), where factors not very
sensitive to a particular silicon orientation cancel out. In p
ticular, this is the case for the transmission coefficie
T(E,ki) as can easily be checked with the crude 1D st
barrier approximation.2 Similarly, we do not need to conside
inelastic effects, that are anticipated to affect equally el
trons approaching the Si~100! or the Si~111! surface, and
should, in general, be small when considering thin me
films. The ratio shown in Fig. 9 compares well with th
experimental ratio obtained from Refs. 33 and 34, reprod
ing not only the correct order of magnitude, but also t
overall trend with energy. The largest difference of'30% is
seen in the low-voltage region where experimental curre
are weak and difficult to measure, and where the total cur
depends most sensitively on the exact value of the SBH
both orientations, whereas we have made no effort in fitt
these values, but have simply taken averages over the

FIG. 8. Matching of the obtained semiclassicalk-space BEEM
current distribution with the available CBM states in the semic
ductor, which are approximated by projected parabolic bands. C
rent can only enter into the Si through the area enclosed by
ellipses (E5EF11 eV). ~a! Au/Si~111!, ESBH50.86 eV, ~b! Au/
Si~100!, ESBH50.82 eV. Note that the different lattice paramete
of Au and Si require remapping of the Si ellipses inside the lar

Au Brillouin zone. Ḡ-M̄ corresponds to the@101# direction in k
space.
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number of existing experimental values~which differ easily
by 0.1 eV!. It is, hence, not surprising that the agreement
the lowest 0.2 eV above the SBH is not as convincing as
at the higher voltages. Taking, finally, into account t
crudeness of the applied model where we have delibera
avoided the fitting of any parameter to focus on physi
insight, we believe that the presented ringlike distributi
provides a satisfactory and intuitive explanation of the o
served effect.

V. CONCLUSIONS

In conclusion, we have presented a theoretical model
allows the calculation of the elastic contribution to th
BEEM current in the near-threshold range. Based on
LCAO scheme and a Keldysh Green’s-function formalis
2D distributions in real and reciprocal space may be co
puted in any layer of a semi-infinite crystal after current
injected from a tip atom. Subsequent matching with t
semiconductor states permits to extract the actual BE
current, although the main emphasis in the present paper
been on the qualitative understanding that can already
obtained from the 2D patterns themselves. The model allo
for the first time to fully take into account the influence
the metal band structure in the BEEM process, and posse
the further advantage of being free of any adjustable par
eter in the strictly elastic limit.

The application to the system Au/Si shows a variety
consequences of the Au band gap in the@111# direction. In
real space, the formation of narrowly focused Kossel-l
lines and a sideward beam propagation is observed, w
may explain the experimentally obtained nanometric reso
tion. In reciprocal space, a symmetry change betw
quantum-mechanical and semiclassical regime can be re
to the gradual breaking of quantum coherence. The ac
pattern ink-space has a ringlike shape, which calls for cu
rent injection via the off-normal Si ellipses for both Au
Si~111! and Au/Si~100!. Hence, the sole inclusion of ban

-
r-
e

r FIG. 9. Ratio of current injected in Si~100! and Si~111! after
propagation through thin Au films of approximately equal thickne
@100 Å Au/Si~100! and 75 Å Au/Si~111!, chosen to compare with
available experimental data#. Elastic electron propagation andT
51 are used in the theory~dashed line!; experimental data taken
from Refs. 33 and 34~solid line!.
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structure effects achieves to explain the nanometric res
tion and the similarity of BEEM spectra on both Si orient
tions on the same footing in the purely elastic limit—witho
any adjustable parameter and without the necessity to inv
any further scattering process.
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APPENDIX

We start from formula~2.3! and the Keldysh Green’s
function defined in Eq.~2.4!. The coupling termŜR,A can be
expressed as a function of the real hopping matricesT̂am that
link tunneling active atoms in the tip~a! with the corre-
sponding ones in the sample (m).

Using Eq.~2.4!, Ĝji
12 andĜi j

12 can be written as

Ĝji
125gji

121(
am

@Ĝj a
R T̂amgmi

121ĝ jm
12T̂maĜa i

A #

1 (
mabn

Ĝjm
R T̂maĝab

12T̂bnĜni
A , ~A1!

Ĝi j
125gi j

121(
am

@Ĝia
R T̂amgm j

121ĝim
12T̂maĜa j

A #

1 (
mabn

Ĝim
R T̂maĝab

12T̂bnĜn j
A . ~A2!

The Keldysh Green’s functionĝ12 of the uncoupled~and
hence equilibrium! system can be expressed as a function
the advanced and retarded Green’s function of the uncou
parts ĝR/ĝA and the Fermi distribution functions of the ti
f T(E) and samplef S(E):

ĝmi
125 f S~ ĝmi

A 2ĝmi
R !,

ĝ jm
125 f S~ ĝ jm

A 2ĝ jm
R !,

ĝab
125 f T~ ĝab

A 2ĝab
R !, ~A3!

ĝm j
125 f S~ ĝm j

A 2ĝm j
R !,

ĝim
125 f S~ ĝim

A 2ĝim
R !.

Using these last equations we obtain

Ĝji
122Ĝi j

125ĝ j i
122ĝi j

121 f TUT1 f SUS , ~A4!

where we have defined the auxiliary variables:

UT5 (
mabn

@Ĝjm
R T̂ma~ ĝab

A 2ĝab
R !T̂bnĜni

A

2Ĝim
R T̂ma~ ĝab

A 2ĝab
R !T̂bnĜn j

A #, ~A5!
u-

ke

f
ed

and

US5(
am

@Ĝj a
R T̂am~ ĝmi

A 2ĝmi
R !1~ ĝ jm

A 2ĝ jm
R !T̂maĜa i

A

2Ĝia
R T̂am~ ĝm j

A 2ĝm j
R !2~ ĝim

A 2ĝim
R !T̂maĜa j

A #.

~A6!

The term (ĝ j i
122ĝi j

12) in Eq. ~A4! gives a zero contribu-
tion to the current because it corresponds to the current
tween sitesi and j inside the metal in the absence of tip
sample coupling, which obviously must be zero.

Let us work now with the term associated to the tipUT .
This term can be simplified by using the well-known relati
between advanced and retarded Green’s functions:Ĝnm

A

5(Ĝmn
R )†. The real matrixT̂ma is just equal toT̂am

† . Hence

Ĝjm
R T̂ma~ ĝab

A 2ĝab
R !T̂bnĜni

A

52@Ĝin
R T̂nb~ ĝba

A 2ĝba
R !T̂amĜm j

A #†. ~A7!

So UT can be expressed as the real part of a matrix:

UT52R (
mabn

Ĝjm
R T̂ma~ ĝab

A 2ĝab
R !T̂bnĜni

A . ~A8!

The retarded and advanced Green’s function for the in
acting system can further be obtained from a Dyson-l
equation that uses the Green’s function of the uncoup
parts of the systemĝR/ĝA and the coupling termŜR/ŜA @Eq.
~2.5!#:

ĜR,A5ĝR,A1ĝR,AŜR,AĜR,A. ~A9!

If the values of the coupling matrixT̂am are much smaller
than hopping terms inside the metal~as is the case in tunnel
ing conditions! we can work in the lowest-order perturbatio
theory and approximateĜjm

R andĜni
A simply by ĝ jm

R andĝni
A ,

respectively. Moreover, we can further simplify the expre
sion forUT by relating (ĝab

A 2ĝab
R ) with the density of states

matrix at the tipr̂ab by the equationĝab
A 2ĝab

R 52p i r̂ab :

UT54pI (
mabn

@ ĝ jm
R T̂mar̂abT̂bnĝni

A #. ~A10!

The term associated with the sampleUS can also be writ-
ten as the real part of a matrix using similar arguments le
ing to Eq.~A8!:

US52R(
ma

@Ĝj a
R T̂amĝm1

A 2ĝ jm
R T̂maĜa i

A

1ĝ jm
A T̂maĜa i

A 2Ĝj a
R T̂amĝmi

R #. ~A11!

Using the Dyson-like equation for the Green’s function
the interacting system and again working in the lowest or
of the perturbation theory:

Ĝj a
R 5(

bn
ĝjn

R T̂nbĝba
R , ~A12!



tio
w
he

be-
l

rier
rt

ng

14 046 PRB 58K. REUTERet al.
Ĝa i
A 5(

bn
ĝab

A T̂bnĝni
A . ~A13!

The term associated with the sampleUS can then be ex-
pressed as:

US52R (
mabn

@ ĝ jm
A T̂maĝab

A T̂bnĝni
A 2ĝ jm

R T̂maĝab
R T̂bnĝni

R #

24pI (
mabn

~ ĝ jm
R T̂mar̂abT̂bnĝni

A !. ~A14!

It is easy to demonstrate that the first term of this equa
is zero because it is the real part of the difference of t
magnitudes, one being the complex conjugate of the ot
HenceUS can be shortened to

US524pI (
mabn

ĝjm
R T̂mar̂abT̂bnĝni

A . ~A15!
F

L

n
o
r.

So the rest betweenĜji
12 andĜi j

12 is finally written

Ĝji
122Ĝi j

1254p~ f T2 f S!I (
mabn

ĝjm
R T̂mar̂abT̂bnĝni

A .

~A16!

Assuming zero temperature, we obtain the current
tween two sample sitesi and j in the sample as an integra
over a window of energies ranging from the Schottky bar
height (eV0) up to the applied voltage of the imaginary pa
of the trace of a product of matrices:

Ji j ~V!5
4e

\
IE

eV0

eV

Tr (
mabn

@ T̂i j ĝ jm
R T̂mar̂abT̂bnĝni

A #dE.

~A17!

This is Eq.~2.6!, which can be considered as our starti
point.
f

es,

.

, F.

n-

on-

nd

.

*On leave from Lehrstuhl fu¨r Festkörperphysik, Universita¨t
Erlangen-Nu¨rnberg, Germany.
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