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Theory of electron-pair emission from random alloys
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A theory is developed for the treatment of correlated electron-pair emission from alloys with substitutional
disorder following the impact of fast electrons. The influence of disorder on the emitted, hot-electron states is
treated using the virtual-crystal approximation. Numerical results for several metallic binary alloys are pre-
sented and analyzed revealing the interplay between disorder effects and scattering dynamics. On the basis of
this work conclusions are drawn on the potential of utilizing the electron-pair spectroscopy for the study of
electronic collisions in random alloys.
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The process of the simultaneous ejection of two electr
from quantum targets induced by an impinging electr
beam has been established as a powerful tool for the stud
electronic correlation as well as for the mapping of electro
structure of materials. This technique which is known as
(e,2e) spectroscopy~one electron in, two electrons out! has
been developed and extensively applied in atomic and
lecular physics.1,2 In contrast, it is only recently that th
(e,2e) approach has been utilized successfully for the th
retical and experimental studies on solids and surfaces3–9

The (e,2e) measurements from surfaces can be categor
in two classes:~1!the transmission10 and ~2! the reflection
modeexperiments.3,4 In the transmission mode10 an incom-
ing energetic electron passes through a free-standing
film knocking out a valence-band electron. The two emit
electrons are detected on the side of the film that does
contain the incident beam, i.e., both final-state electr
propagate in the forward direction with respect to the inco
ing beam. For fast electrons~compared to the Fermi veloc
ity! the scattering is well described as a direct, single
counter between the projectile and the bound electron
which case, the spectral properties of the hole can be dire
related to the measured (e,2e) cross section.10

The reflection mode set up, where all vacuum electr
are present at one side of the sample, avoids complicat
related to the preparations of thin films and allows a dir
investigation of electron scattering at surfaces and ad
bates. However, since the ejected electrons are collecte
the direction opposite to the incoming projectile the desc
tion of the (e,2e) process requires, at least, a second-or
mechanism that involves, in addition to the electron-elect
interaction, a backscattering from the crystal potential.8 Fur-
thermore, the energies of the electrons are rather low~0.5–
500 eV!. In general, this rules out a disentanglement of
scattering dynamics from the electronic properties of the
get. Under certain conditions, however, the footprints of
target’s electronic structure can be identified in the (e,2e)
cross section.7,9,11

A variety of materials have been studied by the (e,2e)
technique, such as clean metals,5,6,10 metal oxides,12

insulators,3,13 semiconductors,14 and more recently
ferromagnets.11 The aim of the present work is to provide th
theoretical framework for (e,2e) from disordered alloys. To
our knowledge, no (e,2e) experiments or theories exist fo
these systems. The importance of physical phenomena
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duced by disorder is well documented~cf. Refs. 15,16 and
references therein!. Therefore, we concentrate here on t
aspects pertinent to the (e,2e) from alloys. Particular empha
sis is put on the (e,2e) in reflection mode from the surface o
binary substitutional alloys. Because of the disorder ther
a lack of translational symmetry parallel to the surface. T
lattice sites are randomly occupied by atoms of two typ
and consequently the Bloch wave vectorki is not a good
quantum number as it is in the ordered system. At the sa
time the notion of the band structure can be kept for allo
e.g., within the Korringa-Kohn-Rostoker coherent-potent
approximation17 ~KKR CPA! by calculating the Bloch spec
tral function and identifying its peaks in the energy wav
vector space. In the high-energy transmission mode one
expect to reveal the alloys’ spectral properties using (e,2e),
however, the disorder influences the collision dynamics,
a careful analysis of the interplay between the transition m
trix elements and the target electronic properties is need
i.e., we have to investigate how the disorder affects the qu
tum transition between the two-electron states involved
the (e,2e) reaction. In the consideration below, we make
accent on this problem, leaving aside the problem of
alloy’s band structure, which does not depend on the exp
mental method by which it is studied.

The paper is organized as follows. In Sec. I, we pres
the model for collision dynamics which explicitly accoun
for a single backscattering of the fast electron. In Sec. II,
configurational average of the cross section over atomic c
figurations in alloys is discussed. Then, in Sec. III, we ap
the derived formalism to the case of binary metallic allo
using the jellium model and the virtual-crystal approximati
~VCA! to describe the electronic structure. Furthermore,
present and discuss numerical results for the energy sha
and for the angular distributions in the case of aluminu
sp-metal alloys. The conclusions are made in Sec. IV. Unl
otherwise stated, atomic units~a.u.! are used throughout.

I. COLLISION DYNAMICS

We consider the (e,2e) process where, following the im
pact of a fast vacuum electron of a wave vectork0 and en-
ergy E0, two electrons are emitted from the surface of
semiinfinite solid with wave vectorsks ,ke and energies
Es ,Ee ~see Fig. 1!, hereafter the subscripts(e) stands for the
scattered~ejected! electron.
©2002 The American Physical Society14-1
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In general, the spin-averaged differential cross section
this reaction is given by8

ds (e,2e)
av

dEsdVsdEedVe
5

kske

~2p!5k0
(
i occ
sis0
ssse

3u^ksss ,keseuT(e,2e)uk0s0 ,isi&u2

3d~Es1Ee2E02« i !. ~1!

Here, we specified the directions of the wave vectors of
emitted electrons by the solid anglesVs/e . The state vectors
uksss ,kese& and uk0s0 ,isi& describe, respectively, the tw
final-state electrons~with asymptotic wave vectorsks ,ke and
spin projectionsss ,se) and the initial state consisting of th
projectile spinor state~with wave vectork0 and spins0) and
the valence-band stateu isi& with a spin projectionsi . The
sum is taken over all occupied one-particle states of the
face with energy« i5Es1Ee2E0. We consider (e,2e) ex-
periments that do not resolve the spin states of the electr
The operatorT(e,2e) is an effective transition operator tha
induces the (e,2e) process and is assumed to be spin in
pendent. In the frozen-core approximation it has the form
structure

T(e,2e)5Vs1Wse1~Vs1Ve1Wse!Gse
1 ~Etot!~Vs1Wse!,

~2!

whereVs , Ve , andWse are effective~optical! electron-solid
and electron-electron potentials, respectively, andGse

1 (Etot)
is the two-electron propagator in the potentialVs1Ve
1Wse at the total energyEtot5Es1Ee .

In what follows, we treat Eq.~2! only to a first order in
the electron-electron interactionWse. This procedure is jus-
tified by the choice of kinematicsE0@DE (DE[E02Es) as
well as by the screening of the electron-electron interac
by the surrounding medium~which is negligible in small
atomic systems!. This approximation leads to the distorte
waves Born approximation~DBA!,

FIG. 1. A schematic representation of the (e,2e) process in the
normal incidence, reflection mode geometry.
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T(e,2e)5@11~Vs1Ve!G(s,e)
1 ~Etot!#Wse@11G(s,e)

1 ~Etot!Vs#,
~3!

whereG(s,e)
1 is the two-electron propagator in the potent

Vs1Ve . Furthermore, in the spirit of the kinematical a
proximation of the LEED~low-energy electron diffraction!
theory,18 we account for all possible scattering events only
a first order. This means, in addition to the electron-elect
single scattering, we include in the theory those processe
which the projectile electron undergoes a single scatte
from the crystal potentialVs before or after the interaction
with the bound electron. Scattering of the slow electron fro
the crystal potential is included in the initial-state bindin
Exchange effects between the two emitted electrons are
included. Under these assumptions Eq.~3! takes on the form

T(e,2e)5~11VeGe
1!~Vsgs

(0)1Wse1Wseg0
(0)1Vs!, ~4!

where Ge
1 is the propagator of the ejected electron in t

potentialVe , gs
(0) , andg0

(0) are the free propagators at ene
giesEs andE0, respectively. Here, we did not consider e
plicitly the simple case of the pair emission due to a sin
electron-electron interactionWse. This process is of rel-
evance to the transmission mode (e,2e).19,20 In reflection
mode its contribution is negligible compared to that of E
~4!. For a more realistic description of the backscattering,
shall use in Eq.~4! renormalized propagatorsgs andg0 in-
stead of thegs

(0) andg0
(0) , respectively. So that

T(e,2e)5~11VeGe
1!~Vsgs

1Wse1Wseg0
1Vs!. ~5!

The renormalization accounts for the refraction of the el
tron field at the surface and for its damping inside the s
face.

In Eq. ~1!, we couple the spins of the electrons involve
in the (e,2e) event to a total~conserved! electron-pair spinS.
Since the transition operator~5! does not contain spin-flip
terms the sum over the spin projections in Eq.~1! reduces to
an averaging of the cross section over the singlet (S50) and
the triplet (S51) channels,21 i.e.,

ds (e,2e)
av

dEsdVsdEedVe
5

1

4

ds (e,2e)

dEsdVsdEedVe
U

S50

1
3

4

ds (e,2e)

dEsdVsdEedVe
U

S51

, ~6!

where

ds (e,2e)

dEsdVsdEedVe
U

S50
S51

5
kske

~2p!5k0
(
i occ

$u^ks ,keuT(e,2e)uk0 ,i &u2

6u^ke ,ksuT(e,2e)uk0 ,i &u2%

3d~Es1Ee2E02« i !. ~7!

Thus, and from Eq.~5!, the basic quantity from which the
(e,2e) cross section derives has the form
4-2
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ds (e,2e)

dEsdVsdEedVe
5

kske

~2p!5k0
(
i occ

u^xke
uM ~ks ,k0!ux i&u2

3d~Es1Ee2E02« i !, ~8!

whereuxke
&5(11Ge

2Ve)uke& is the time-reversed scatterin
state of the ejected electron under the action of the pote
Ve , ux i& is the state of the bound electron, and

M ~ks ,k0!5^ksuVsgs
1Wse1Wseg0

1Vsuk0& ~9!

can be regarded as an effective one-electron transition op
tor.

Rewriting Eq.~6! as

ds (e,2e)

dEsdVsdEedVe
5

ksI e

~2p!3k0

~10!

with

I e5
ke

~2p!2 (
i occ

u^xke
uM ~ks ,k0!ux i&u2d~Es1Ee2E02« i !,

~11!

it becomes evident that this formula~11! is equivalent to the
expression given by the golden rule for the energy and
gular resolved photocurrent, except for the transition ope
tor. Instead of the dipole electron-photon interaction in
photoemission process, in (e,2e) one has to deal with the
effective operator given by Eq.~9!.

In the case of solids with a translational symmetry para
to the surface, the stateuxke

& is nothing else but a time
reversed LEED state.22 Thus, Eq.~11! can be evaluated a
done in the one-step model of photoemission and the w
developed algorithms can be employed for calculating
photocurrent substituting the dipole electron-photon oper
by Eq. ~9!.

II. CONFIGURATIONAL AVERAGE
OF THE CROSS SECTION

In this section, we present the (e,2e) theory for random
alloys. For simplicity, we consider a substitutionally diso
dered binary alloyAxB12x of two componentsA andB with
concentrationcA5x andcB512x, respectively. The condi
tion cA1cB51 of full randomness neglects any sort of s
tistical correlation in the occupation of the lattice sites. F
thermore, here we do not treat effects related to positio
disorder. In general, the potential at siteRi of the lattice
depends on the occupation of all other sites. A simplificat
frequently used in the theory of alloys is the neglect of lo
environment effects by employing the single-site approxim
tion. This approximation states that the one-electron poten
at siteRi depends only on the occupation atRi by the atom
of the typeA or B.

Expressing the crystal potentialVs as a sum of muffin-tin
potential functionsVj

s located at sitesRi yields Vs5( jVs
j .

Now, we introduce occupation indicesj j where the random
numbersj j51 if the sitej is occupied by the atom of typeA
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andj j50 if j is occupied by the atom of typeB. The on-site
potential can be presented as

Vs
j 5j jVs

j A1~12j j !Vs
j B . ~12!

The configurational average^j j& of j j ~hereafter, we use the
angle bracketŝ•••& for configurationally averaged quant
ties! is given by the probability that the atomA occupies the
site j, i.e., ^j j&5x wherex is the concentration ofA.

The simplest single-site method for the treatment
disordered alloys is the VCA which consists of writing fo
Eq. ~12!

Vs
j 5xVs

j A1~12x!Vs
j B . ~13!

The second step beyond VCA is the average t-matrix
proximation ~ATA ! which accounts for multiple scatterin
from Vs

j A/B , i.e., one operates with t-matricests
j A/B rather

than with single potentials. Obviously, the single-scatter
potential approximation~VCA! becomes accurate at highe
energies where multiple scattering events become less im
tant. The next stage in sophistication beyond ATA is t
coherent-potential approximation~CPA! in which the ATA is
performed self-consistently. This is required in particular
the evaluation of the ground-state properties of alloys a
has been implemented in standard band-structure comp
codes,23 like the ~linear muffin-tin orbitals! LMTO CPA,24

and KKR CPA.25 Since the effects of disorder on the ele
tronic structure are akin to the material under study and
been well investigated in the past,15,16 we concentrate here
on the aspects that are directly related to the (e,2e) process,
namely, the influence of disorder on the scattering dynam
of the electron pairs. As the energy of the detected electr
is well above the vacuum level, the VCA approach provid
a good starting point, in particular in the low-concentrati
limit and for the case where the strengths of the potent
Vs

j B andVs
j A are of the same order. It should be noted ho

ever, that, in general, methods using the single-site appr
mation~e.g., VCA, ATA, CPA! are not capable of describin
statistical fluctuations in the chemical composition and
not account for short-range order effects, such as disor
induced localization of states and formation of magnetic m
ments.

For the calculations of the (e,2e) cross section from al-
loys, we write at first the matrix element~9! as a sum over
the lattice sites

M ~ks ,k0!5(
j

M j~ks ,k0!, ~14!

where

M j~ks ,k0!5^ksuVs
j gs

1Wse1Wseg0
1Vs

j uk0&. ~15!

As a consequence of Eq.~12!, we deduce

M j~ks ,k0!5j jM j A~ks ,k0!1~12j j !M j B~ks ,k0!.
~16!

Substitution of Eq.~14! into Eq. ~10! yields
4-3
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ds (e,2e)

dEsdVsdEedVe
5

kske

~2p!5k0
(
j j 8

^xke
uM j~ks ,k0!

3A2~«!M j 8
1

~ks ,k0!uxke
&. ~17!

Here, we introduced the one-electron spectral function

A2~«!5(
i occ

ux i&^x i ud~«2« i !, «5Es1Ee2E0 . ~18!

Performing configurational average of Eq.~17!, we decouple
the on-site quantities related to the different electrons:

^xke
uM j~ks ,k0!A2~«!M j 8

1
~ks ,k0!uxke

&

5^^xke
u^M j~ks ,k0!&A2~«!^M j 8

1
~ks ,k0!&uxke

&&

1d j j 8$x^^xke
uM j A~ks ,k0!A2~«!M j A

1 ~ks ,k0!uxke
&&

1~12x!^^xke
uM j B~ks ,k0!A2~«!M j B

1 ~ks ,k0!uxke
&&

2^^xke
u^M j~ks ,k0!&A2~«!^M j

1~ks ,k0!&uxke
&&%.

~19!

This means that we neglect all two-electron on-site co
lated terms in the configurational average. We have assu
also in Eq.~19! that

M j~ks ,k0!5^ksuVs
j ^gs

1&^Wse&1^Wse&^g0
1&Vs

j uk0&,
~20!

i.e, we have neglected fluctuation terms containinggr
1

2^gr
1& (r 5s,0) andWse2^Wse&. So, we obtain for the con

figurationally averaged cross section

K ds (e,2e)

dEsdVsdEedVe
L 5K ds (e,2e)

coh

dEsdVsdEedVe
L

1K ds (e,2e)
incoh

dEsdVsdEedVe
L , ~21!

where the terms

K ds (e,2e)
coh

dEsdVsdEedVe
L 5

kske

~2p!5k0
(
j j 8

^^xke
u^M j~ks ,k0!&

3A2~«!^M j 8
1

~ks ,k0!&uxke
&&, ~22!

and

K ds (e,2e)
incoh

dEsdVsdEedVe
L

5
kske

~2p!5k0
(

j
$x^^xke

uM j A~ks ,k0!

3A2~«!M j A
1 ~ks ,k0!uxke

&&

1~12x!^^xke
uM j B~ks ,k0!A2~«!M j B

1 ~ks ,k0!uxke
&&

2^^xke
u^M j~ks ,k0!&A2~«!^M j

1~ks ,k0!&uxke
&&%

~23!
23511
-
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are the coherent and incoherent contributions to the c
section that arise from the coherent and the incoherent b
scattering of the fast projectile electron, respectively. In E
~22! and ~23! we have in accordance with Eq.~16!

^M j~ks ,k0!&5xMj A~ks ,k0!1~12x!M j B~ks ,k0!.
~24!

Note that we do not specify here the model for the co
figurational average related to the bound and ejected elec
in the right hand sides of Eqs.~22! and~23!. For example, it
can be given by the VCA or KKR CPA. Moreover, differen
approximations can be employed for the bound- and ejec
electron states.

III. RESULTS AND DISCUSSION

In this section, we apply the above formulas to the (e,2e)
from ~001! face of aluminum-sp-metal alloys. We use the
VCA implemented in jellium model to evaluate the config
rational average in Eqs.~22! and ~23!. For aluminum-
sp-metal alloys the use of VCA is justified by the wea
electron scattering. The details of the calculations of
cross section given by Eq.~21! are presented in the Appen
dix. To make our analysis unambiguous, we avoid uncerta
ties related to the use of anad hoc finite life times and
energetic positions of the quasiparticles by considering em
sion from the Fermi level. The muffin-tin crystal potentia
used for the present calculations are determined from s
consistent density-functional calculations within the loc
density approximation.

Figure 2 shows the energy sharing distribution betwe
the two emitted electrons for a certain total energy of
electron pair. Considering the case of clean aluminumx
51) one observes a structure in the region 0.5.u(Es
2Ee)/Etotu and two structures in the regions 1>u(Es
2Ee)/Etotu.0.5 which correspond, respectively, to th
electron-pair diffraction with the reciprocal-lattice vecto
gi5(00) andgi56(11).5,26 Transforming the relative en
ergy scale in Fig. 2 into wave vector one, the width of t
structure centered at equal energy sharing is given by 2kF .
The diffraction picture is preserved in the case of alloys if
neglect the incoherent part of the cross section~23!, because
then both electrons see the virtual ordered lattice given
VCA. The effect of alloying on the coherent part of the cro
section~22! is only a very slight change in the Fermi mo
mentum for Al0.85Mg0.15 and Al0.9Li 0.1, which is not seen for
Al0.985Pb0.015 due to a very small concentration of Pb. A
anticipated, the inclusion of Eq.~23! into Eq. ~21! does not
affect the results for Al0.85Mg0.15 since the difference be
tween on-site muffin-tin potentials@see Eq.~12!# of the con-
stituents is small. But in the case of Al0.9Li 0.1 and especially
Al0.985Pb0.015 the big difference between the on-site muffi
tin potentials induces a strong incoherent backscattering
the projectile electron. This changes qualitatively the ene
sharing distribution curves. In particular, the diffractio
structure corresponding togi5(00) is much less pronounce
in contrast to the case when we neglect the disorder effec
the backscattering of the projectile electron. This reflects
4-4
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violation of the conservation law for the surface paral
wave vector of electron pair.

With respect to the Fig. 2, we note that, in general, fo
correct description of the characteristic structure arou
equal energy sharing, we have to take into account the
relations between two electrons which are beyond the
namical model suggested in Sec. I~e.g., as done in Ref. 27!.
For unequal energy sharingu(Es2Ee)/Etotu;1 our dynami-
cal model is appropriate. The results depicted in Fig. 2
less influenced by the interelectronic correlation even w
the two electrons escape with the same speed becaus
mutual emission angle of the electron pair is rather large27

In Fig. 3 the angular distribution of the ejected electron
shown for the same alloys and concentrations as in Fig
The energy sharing conditionEe50.1Etot is chosen to en-
sure the applicability of the dynamical model. In addition,

FIG. 2. The energy sharing distribution between an electron
with a fixed total energyEtot . The incidence projectile electro
energy isE05200 eV and the~001! fcc face of the alloy is consid-
ered. The electron emission occurs from the Fermi level, i.e.,Etot

5E02F (F is the work function!. The polar emission angles ar
us5ue545° ~see Fig. 1!, whereas the azimuthal electrons’ emissi
angles arews50° and we5180° with respect tox axis directed
along @100#.
23511
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turns out that in this condition the magnitude of the cro
section is particularly high. As noted in Fig. 2, there is a
most no difference between the cross section results for p
Al and for Al0.85Mg0.15. For Al0.9Li 0.1 and Al0.985Pb0.015 the
effect of the incoherent backscattering of the projectile el
tron due to the disorder is much more pronounced than
Fig. 2. Indeed, in this case, the diffraction pattern is d
stroyed implying a loss of conservation of the surface pa
lel wave vector of the bound electron.

Since in Fig. 3, the ejected electron is slow its angu
distribution is broad and slightly structured. This is to
contrasted with Fig. 4 where the angular distribution of t
fast scattered electron is shown. One can see here the
pronounced peaks. Again the effect of the incoherent ba
scattering is very strong in the case of Al0.9Li 0.1 and
Al0.985Pb0.015, and it is absent in the case of Al0.85Mg0.15.

Finally, we note that the numerical results presented
Figs. ~2–4! show almost no difference between the pu
metal case and the case of alloying, when only coher
backscattering is taken into account. This is due to the si

ir FIG. 3. The angular distribution of a slow electron with an e
ergy Ee50.1Etot ejected from the Fermi level. The incident ele
tron energy isE05200 eV. The other emission angles areus

545°, ws50°, andwe5180°.
4-5
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larity of electronic structure of thesp metals which have
been chosen here to insure the validity of the present mo

IV. CONCLUSION

We have considered and analyzed theoretically the (e,2e)
process in the reflection mode from the surface of bin
substitutional alloys. The present study is focused on
disorder effects on the scattering dynamics of the correla
electron pair. The numerical calculations of the cross s
tions for several alloys of aluminum withsp metals have
been performed using VCA implemented within the jelliu
model to treat the bound- and the ejected electron sta
Based on numerical calculations, we deduced that if the
ference between the muffin-tin potentials of the constitue
of the alloy is small, one can neglect the incoherent ba
scattering of the fast projectile electron and evaluate the t
sition operator~9! with the average muffin-tin atomic poten
tial. In this case it is possible to use the algorithm of t
one-step model photoemission28 based on KKR CPA substi
tuting the dipole operator by the effective operator~9! aver-

FIG. 4. The angular distribution of the fast scattered elect
with energy Es50.9Etot . The other angles areue545°, we

5180°, andws50°.
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aged in the spirit of VCA. This can be done for the numeric
treatment of (e,2e) from surfaces of such alloys as, for ex
ample, CuxNi12x and AgxPd12x . On the other hand, if the
difference between the muffin-tin atomic potentials of t
constituents is not small, a more elaborate numerical tr
ment is required. In this case, the direct information on
alloy’s electronic band structure is overshadowed by the
fect of disorder on the scattering dynamics of the correla
electron pair. In particular, the direct information on th
wave vector of the occupied bound-electron states may
lost. Nonetheless, it is possible to implement the algorithm28

into numerical evaluation of the cross section~21! in order to
extract the information on alloy’s electronic band structu
The above main conclusions of our analysis imply that
incoherent effects in (e,2e) restrict the class of disordere
systems whose electronic structure can be studied directl
the present technique. The cases studied in this work do
confirm the long-standing expectations that, compared
photoemission, the (e,2e) method is particularly good for the
study of the disordered systems due to its ability to meas
the real momentum of the bound electron~recall that in pho-
toemission the crystal momentum is measured!. In this re-
spect, the high-energy transmission mode geometry seem
be more promising.29 The other important point, which
should be mentioned in connection with our analysis, is th
we did not consider the case of disordered surface struc
deposited on clean crystalline substrate. The cohe
electron-pair scattering off the substrate combined with
finite electron escape depth can provide direct access to
spectral properties of the disordered surface. However, e
particular case of such disordered system requires partic
elaborate numerical analysis in order to answer the ques
whether the (e,2e) method could be utilized for the detaile
study of its electronic structure or not.
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APPENDIX: MODEL OF METALLIC ALLOY

For the evaluation of Eq.~21!, we have to determine the
configurationally averaged states for the bound and for
slow ejected electrons. In addition an expression of the
tentialsVs

j and^Wse& is needed. In this appendix, we prese
a procedure for the evaluation of these quantities.

Let us consider a semiinfinite metallic alloy filling th
space in the negativez direction. Within the jellium model,
the effective one-electron potentialVe is a step like one, i.e.

Ve52V0u~2z!.

For a clean metallic material, we have

V0
C5EF

C1FC~C5A,B!,

n

4-6
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whereEF
C andFC are the Fermi energy and the work fun

tion, respectively. The application of the virtual-crystal a
proximation in the case of an alloy yields

V05xV0
A1~12x!V0

B.

The wave functions and energy spectrum of an electron s
ject to this potential are

xk~r !5eikir i$u~z!Bkz
e2gz1u~2z!~eikzz1Akz

e2 ikzz!%,

Ek5
1

2
~ki

21kz
2!2V0 , ~A1!

where

Akz
5

kz2 ig

kz1 ig
, Bkz

5
2kz

kz1 ig
, g5A2V02kz

2,

andA2V0>kz>0. The Fermi energy is, thus, given byEF
5(3p2n)2/3/2 with the concentration of valence electronsn
5N/y. Here, N5xNA1(12x)NB and y are, respectively,
the number of valence electrons and the volume per atom
the alloy. Constructing the wave function of slow eject
electron with energyEe5ke

2/2, we account for the dampin
of the electron wave inside the solid by adding small ima
nary componentiV0i (V0@V0i.0) to the alloy’s potential.
Thus, the wave function is given by

xke
~r !5eike,ir i$u~z!eike,zz1u~2z!eaz~A1eike,z8 z

1A2e2 ike,z8 z!%, ~A2!

where

A15
ke,z8 1ke,z1 ia

2ke,z8
, A25

ke,z8 2ke,z2 ia

2ke,z8
, a5

V0i

ke,z8
'

1

le
,

ke,z8 5Ake,z
2 12V01@~ke,z

2 12V0!224V0i
2 #1/2

2
'Ake,z

2 12V0,

with le being the length of the inelastic mean-free path.
To arrive at a semianalytical results, we parametrize

potentialVs
j by a functional form corresponding to a Co

lomb potential of the ion at lattice sitej statically screened by
the electrons in the alloy, i.e.,

Vs
j C5

ZCexp~2lCur s2Rj u!
ur s2Rj u

, ~C5A,B!. ~A3!

The parametersZC and lC can be considered as the ion
charge and the screening constant, respectively, andRj
stands for the coordinate of ion at lattice sitej. The values of
the parametersZC and lC are determined from a fit of Eq
~A3! to the one-electron muffin-tin potential obtained fro
self-consistent density-functional calculations within t
local-density approximation. For the materials studied in t
work, theseab initio potentials are well described by th
analytical two-parameter expression~A3!. Defining the po-
tential ^Wse&, we neglect the effects of dynamical screeni
and account only for the statical screening within t
Thomas-Fermi model
23511
-

b-

in

-

e

s

^Wse&5
exp~2lTFur s2reu!

ur s2reu
, ~A4!

wherelTF is the Thomas-Fermi screening constant. Now,
consider the propagators of the fast electron in Eq.~15!. In
the wave-vector space, the effects of the surface refrac
and damping of the electron field can be incorporated i
the propagators as follows

^^kr1p8ugr
1ukr1p&&

5d~p2p8!^gr
1~kr1p!&

5
d~p2p8!

Er82
~kr ,i1pi!

2

2
2

~kr ,z8 1pz!
2

2
1 iV0i ,r

, ~r 5s,0!,

~A5!

where Er85Er1V0 and kr ,z8 5Akr ,z
2 12V0 are, respectively,

the energy and the wave vector normal to the surface of
refracted electron. The potentialiV0i ,r accounts for the
damping.

Considering Eq.~A1!, we can present the configuration
ally averaged spectral function~18! as follows

^A2~«!&5 f ~«!(
k

uxk&^xkud~«2Ek!, ~A6!

where f («) is the Fermi distribution function. Substitutin
Eq. ~A6! into Eqs.~22! and ~23!, we receive

K ds (e,2e)
coh

dEsdVsdEedVe
L 5

kske

~2p!5k0

f ~«!(
k

d~«2Ek!

3U(
j

^xke
u^M j~ks ,k0!&uxk&U2

,

~A7!

and

K ds (e,2e)
incoh

dEsdVsdEedVe
L 5

kske

~2p!5k0

f ~«!(
k

d~«2Ek!

3(
j

$xu^xke
uM j A~ks ,k0!uxk&u2

1~12x!u^xke
uM j B~ks ,k0!uxk&u2

2u^xke
u^M j~ks ,k0!&uxk&u2%. ~A8!

1. Evaluation of ds
„e,2e…
coh

Let us consider the on-site matrix element in Eq.~A7!

^xke
u^M j~ks ,k0!&uxk&5E dQeiQRj^Vs~Q!&^Wse~q2Q!&

3Ske ,k~q2Q!@^gs
1~ks1Q!&

1^g0
1~k02Q!&# ~A9!
4-7
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where, in accordance with Eqs.~A1!–~A5!,

^Vs~Q!&5xVs
A~Q!1~12x!Vs

B~Q!

5
4pxZA

Q21lA
2

1
4p~12x!ZB

Q21lB
2

, ~A10!

^Wse~q2Q!&5
4p

~q2Q!21lTF
2

, q5k02ks , ~A11!

^gs
1~ks1Q!&5

1

Es82
~ks,i1Qi!

2

2
2

~ks,z8 1Qz!
2

2
1 iV0i ,s

,

~A12!

^g0
1~k02Q!&5

1

E082
~k0,i2Qi!

2

2
2

~k0,z8 2Qz!
2

2
1 iV0i ,0

,

~A13!

and

Ske ,k~q2Q!5^xke
uei (q2Q)reuxk&

5d (2)~ki1qi2Qi2ke,i!Ske,z ,kz
~qz2Qz!,

~A14!

with

Ske,z ,kz
~qz2Qz!5

Bkz

g1 i ~ke,z2qz1Qz!

1
2a1 i ~kz1ke,z1qz2Qz!

@a1 i ~kz1qz2Qz!#
21ke,z82

1
Akz

@2a1 i ~ke,z1qz2Qz2kz!#

@a1 i ~qz2Qz2kz!#
21ke,z82

.

~A15!

Performing the sum over the lattice sitesj of the matrix ele-
ments~A9! and then integrating overQi, we derive

^M ke ,k~q!&5(
l ,gi

d (2)~ki1qi2gi2ke,i!^Mke,z ,kz

l ,gi ~q!&,

~A16!

where

^Mke,z ,kz

l ,gi ~q!&5eigiti
l E dQze

iQzzl^Vs~gi ,Qz!&

3^Wse~qi2gi ,qz2Qz!&Ske,z ,kz
~qz2Qz!

3@^gs
1~ks,i1gi ,ks,z1Qz!&

1^g0
1~k0,i2gi ,k0,z2Qz!&#, ~A17!
23511
and the sums are taken over the lattice planesl with coordi-
nateszl (zl,0 and z052dz/2, wheredz is the interplane
spacing! and the reciprocal lattice vectorsgi parallel to the
surface,ti

l stands for the parallel displacement of thel th
plane with respect to the reference point in the surface.
integration in Eq.~A17! can be carried out analytically via
residues technique.8 Thus, the final expression for~A7! reads

K ds (e,2e)
coh

dEsdVsdEedVe
L 5

kske

~2p!5k0

f ~«!

3(
gi

u@2~«1V0!2~qi2ke,i2gi!
2#

kz
0

3U(
l

^M
ke,z ,k

z
0

l ,gi ~q!&U2

, ~A18!

wherekz
05A2(«1V0)2(qi2ke,i2gi)

2.

2. Evaluation of ds
„e,2e…
incoh

Let us present Eq.~A8! in the form

K ds (e,2e)
incoh

dEsdVsdEedVe
L 5

kske

~2p!5k0

f ~«!(
k

d~«2Ek!

3$xLke ,k
A ~ks ,k0!

1~12x!Lke ,k
B ~ks ,k0!

2^Lke ,k~ks ,k0!&%, ~A19!

where

Lke ,k~ks ,k0!5(
j

u^xke
uM j~ks ,k0!uxk&u2, ~A20!

with L5LA,LB, and ^L& corresponding toM j5M j A ,M j B ,
and ^M j&, respectively. It is straightforward to deduce tha

Lke ,k~ks ,k0!5(
l

uMke,z ,kz

l ,K i ~q!u2, ~A21!

where Mke,z ,kz

l ,K i (q) is given by Eq.~A17! with the corre-

sponding potentialVs (Vs
A , Vs

B , or ^Vs&) and K i5qi1ki
2ke,i . Substitution of Eq.~A21! into Eq. ~A19! yields

K ds (e,2e)
incoh

dEsdVsdEedVe
L 5

kskek

~2p!5k0

f ~«!E
0

p/2

duksinuk

3E
0

2p

dwk(
l

$xuMke,z ,kz

l ,K i ~q!

3uA
2 1~12x!uMke,z ,kz

l ,K i ~q!uB
22u

3^Mke,z ,kz

l ,K i ~q!&u2%, ~A22!

wherek5A2(«1V0) andkz5k sinuk .
4-8
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