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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 electrongluced by disorder is well documentécf. Refs. 15,16 and
from quantum targets induced by an impinging electronreferences therein Therefore, we concentrate here on the
beam has been established as a powerful tool for the study @lspects pertinent to the,ge) from alloys. Particular empha-
electronic correlation as well as for the mapping of electronicsis is put on the€,2e) in reflection mode from the surface of
structure of materials. This technique which is known as théinary substitutional alloys. Because of the disorder there is
(e,2e) spectroscopyone electron in, two electrons gutas  a lack of translational symmetry parallel to the surface. The
been developed and extensively applied in atomic and mdattice sites are randomly occupied by atoms of two types,
lecular physicg:? In contrast, it is only recently that the and consequently the Bloch wave veciqris not a good
(e,2e) approach has been utilized successfully for the theoquantum number as it is in the ordered system. At the same
retical and experimental studies on solids and surficks. time the notion of the band structure can be kept for alloys,
The (e,2e) measurements from surfaces can be categorize€.g., within the Korringa-Kohn-Rostoker coherent-potential
in two classes{1)the transmissiolf and (2) the reflection ~approximation’ (KKR CPA) by calculating the Bloch spec-
modeexperiments:* In the transmission mod&an incom- tral function and identifying its peaks in the energy wave-
ing energetic electron passes through a free-standing thivector space. In the high-energy transmission mode one may
film knocking out a valence-band electron. The two emittedexpect to reveal the alloys’ spectral properties usie@d),
electrons are detected on the side of the film that does ndtowever, the disorder influences the collision dynamics, and
contain the incident beam, i.e., both final-state electron@& careful analysis of the interplay between the transition ma-
propagate in the forward direction with respect to the incomdrix elements and the target electronic properties is needed,
ing beam. For fast electrorfsompared to the Fermi veloc- i.e., we have to investigate how the disorder affects the quan-
ity) the scattering is well described as a direct, single entum transition between the two-electron states involved in
counter between the projectile and the bound electron iithe (e,2e) reaction. In the consideration below, we make an
which case, the spectral properties of the hole can be directigccent on this problem, leaving aside the problem of the
related to the measure@,@e) cross sectior’ alloy’s band structure, which does not depend on the experi-

The reflection mode set up, where all vacuum electrongnental method by which it is studied.
are present at one side of the sample, avoids complications The paper is organized as follows. In Sec. |, we present
related to the preparations of thin films and allows a directhe model for collision dynamics which explicitly accounts
investigation of electron scattering at surfaces and adsofor a single backscattering of the fast electron. In Sec. Il, the
bates. However, since the ejected electrons are collected #onfigurational average of the cross section over atomic con-
the direction opposite to the incoming projectile the descripfigurations in alloys is discussed. Then, in Sec. I, we apply
tion of the (g,2e) process requires, at least, a second-ordethe derived formalism to the case of binary metallic alloys
mechanism that involves, in addition to the electron-electrorvsing the jellium model and the virtual-crystal approximation
interaction, a backscattering from the crystal potefitialir- ~ (VCA) to describe the electronic structure. Furthermore, we
thermore, the energies of the electrons are rather(né—  present and discuss numerical results for the energy sharing
500 e\). In general, this rules out a disentanglement of theand for the angular distributions in the case of aluminum-
scattering dynamics from the electronic properties of the tarsp-metal alloys. The conclusions are made in Sec. IV. Unless
get. Under certain conditions, however, the footprints of theotherwise stated, atomic unita.u) are used throughout.
target’s electronic structure can be identified in tleg2¢)

cross sectiod®** . COLLISION DYNAMICS
A variety of materials have been studied by the2¢)
technique, such as clean metafs® metal oxides? We consider thed,2e) process where, following the im-

insulators>*®  semiconductor} and more recently pact of a fast vacuum electron of a wave vedtgrand en-
ferromagnets! The aim of the present work is to provide the ergy E,, two electrons are emitted from the surface of a
theoretical framework for€,2e) from disordered alloys. To semiinfinite solid with wave vector&g,k, and energies
our knowledge, no €,2e) experiments or theories exist for Eg,E, (see Fig. 1, hereafter the subscrig(e) stands for the
these systems. The importance of physical phenomena iscatteredejected electron.
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kO T(e,2e) = [ 1+ (Vs+ Ve) Gz'—s,e)( Etot) ]WSJ 1+ Gz'—s,e)( Etot)Vs(] u)
3

whereG@e) is the two-electron propagator in the potential
Vs+ V.. Furthermore, in the spirit of the kinematical ap-
proximation of the LEED(low-energy electron diffraction
> theory*® we account for all possible scattering events only to
a first order. This means, in addition to the electron-electron
single scattering, we include in the theory those processes in
k, Ge 0 which the projectile electron undergoes a single scattering
‘\/ from the crystal potential/s before or after the interaction
v with the bound electron. Scattering of the slow electron from
the crystal potential is included in the initial-state binding.
Exchange effects between the two emitted electrons are also
included. Under these assumptions E).takes on the form

/s

FIG. 1. A schematic representation of tre2e) process in the Tee ze)=(1+VeG§)(ng§°)+Wse+ nggé,o“vs), (4)
normal incidence, reflection mode geometry. '
where G} is the propagator of the ejected electron in the
In general, the spin-averaged differential cross section opotentialV,, g, andg?’ are the free propagators at ener-

this reaction is given By giesE, andE,, respectively. Here, we did not consider ex-
plicitly the simple case of the pair emission due to a single
dofesey  Keke electron-electron interactioWVg,. This process is of rel-
dEAQAEAQ:  (277)5k, (s evance to the transmission mode,2e).'>% In reflection
0 SiSo mode its contribution is negligible compared to that of Eq.
SsSe (4). For a more realistic description of the backscattering, we

T shall use in Eq(4) renormalized propagatogs, and g, in-
XI(ksSsKeSel Te.20) [ oSo-i5i)| stead of theg®) andg{”’, respectively. So that
X S(Eg+ Eg—Eo—s,). (1)

+ + +
Here, we specified the directions of the wave vectors of the T2 = (1HVeGe ) (VeGs Wset Woedo Vs). ©
emitted electrons by the solid anglBg.. The state vectors The renormalization accounts for the refraction of the elec-
|ksSs,KeSe) and |koso,isj) describe, respectively, the two tron field at the surface and for its damping inside the sur-
final-state electronévith asymptotic wave vectois; k. and  face.
spin projectionsss,se) and the initial state consisting of the  |n Eq. (1), we couple the spins of the electrons involved
projectile spinor statéwith wave vectork, and spinsg) and  in the (e,2e) event to a totalconservejielectron-pair spirs.
the valence-band statés;) with a spin projections;. The  Since the transition operatdb) does not contain spin-flip
sum is taken over all occupied one-particle states of the suferms the sum over the spin projections in EL.reduces to

face with energys;=Es+E.—E,. We consider €,2e) ex-  an averaging of the cross section over the singiet () and
periments that do not resolve the spin states of the electronghe triplet (S=1) channel$!i.e.,

The operatorT . 5 is an effective transition operator that

induces the €,2e) process and is assumed to be spin inde- do?, 1 does
pendent. In the frozen-core approximation it has the formal dE dQ(gé)dQ ~74dE dQ(;é)dQ
structure sYiisY et e sYiisi e tels=g
T(e20)= Vst Wae (Vs+ Vet Wee) Gl Evgr) (Vs t W), b2 Sem
) 4 dEdQdEdQe| |
whereVs, V., andWg, are effective(optica) electron-solid  where
and electron-electron potentials, respectively, &1d(E;q)
is the two-electron propagator in the potentMdl+V, doeze) keKe

+ W, at the total energ¥, o= E¢+ E. | = > (Ke, Kel T(e.20) Koo )|
In what follows, we treat Eq(2) only to a first order in dEdQ.dEdQ, 2 (27)%o foco

the electron-electron interactiois.. This procedure is jus- (Ko kel T 1Ko, i)]2)

tified by the choice of kinematids,>AE (AE=E,—E,) as —\erfsl T (e29)1R0>

well as by the screening of the electron-electron interaction X 8(Eg+Eg—Ep—¢;). 7

by the surrounding mediuniwhich is negligible in small

atomic systems This approximation leads to the distorted- Thus, and from Eq(5), the basic quantity from which the

waves Born approximatiofDBA), (e,2e) cross section derives has the form
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do k.k and& =0 if j is occupied by the atom of tyg® The on-site
CF = =23 (M (Ks ko) xi)]? tential can b ted
dEAQAEAQ. (275K, (=, Ke s1Ko) | Xi potential can be presented as
X 8(Eg+Ee—Eq—&1), (8) Vi=dViA+(1-g)ViP. (12

where|Xke):(1+G;Ve)|ke> is the time-reversed scattering The configurational averag(gD of §i (hereafter, we use thg
state of the ejected electron under the action of the potenti@ndle bracketg. - ) for configurationally averaged quanti-

Ve, |xi) is the state of the bound electron, and ti_es).is. given by the probapility that the atomoccupies the
site ], i.e.,(&')=x wherex is the concentration oA.
M (Ks,Ko) = (Ko Vi3 Wget Ws g Vo Ko) (9) The simplest single-site method for the treatment of

disordered alloys is the VCA which consists of writing for
can be regarded as an effective one-electron transition opergyq. (12)

tor.
Rewriting Eq.(6) as Vi=xVIA+ (1-x)VIE. (13
do(e.20) Kl o The _secpnd step beypnd VCA is the average t—matrix ap-
dE.dOdEdQ. 23k (10 proximation (ATA) which accounts for multiple scattering
sOsOEE e (2m)7%o from VI ie., one operates with t-matricé§® rather
with than with single potentials. Obviously, the single-scattering
potential approximatiorfVCA) becomes accurate at higher
Ke , energies where multipl_e scatterin_g events become Iess_ impor-
e:(zw)z %c |<Xke|M(ks,k0)|Xi>| S(Eg+Es—Egp—¢;), tant. The next stage in sophistication beyond ATA is the

coherent-potential approximatig@PA) in which the ATA is
(12) performed self-consistently. This is required in particular for
it becomes evident that this formulal) is equivalent to the the evaluation of the ground-state properties of alloys and
expression given by the golden rule for the energy and anbas been implemented in standard band-structure computer

gular resolved photocurrent, except for the transition operacodes.” like th(235(lir)ear muffin-tin orbitaly LMTO CPA*
tor. Instead of the dipole electron-photon interaction in a@nd KKR CPAZ Since the effects of disorder on the elec-

photoemission process, ire,2e) one has to deal with the tronic structure are akin to the material under study and has
effective operator given by Ed9). been well investigated in the pdstt® we concentrate here

In the case of solids with a translational symmetry parallelon the aspects that are directly related to ta@¢) process,
to the surface, the stafe ) is nothing else but a time- namely, the mflue_nce of disorder on the scattering dynamics
reversed LEED staf® Thuse, Eq.(11) can be evaluated as pf the electron pairs. As the energy of the detected elec_trons
done in the one-step model of photoemission and the well'S well above the vacuum level, the VCA approach provides

developed algorithms can be employed for calculating thé good starting point, in particular in the low-concentration

photocurrent substituting the dipole electron-photon operat0|lmBit and fgr the case where the strengths of the potentials
by Eq. (9). VL and V! are of the same order. It should be noted how-

ever, that, in general, methods using the single-site approxi-
mation(e.g., VCA, ATA, CPA are not capable of describing

statistical fluctuations in the chemical composition and do
not account for short-range order effects, such as disorder-

In this section, we present the,@e) theory for random induced localization of states and formation of magnetic mo-
alloys. For simplicity, we consider a substitutionally disor- MenNts. _ .
dered binary alloyA,B;_, of two components\ andB with For the calculations of thee(2e) cross section from al-
concentratiorc,=x andcg=1—Xx, respectively. The condi- loys, we write at first the matrix elemer®®) as a sum over
tion cy+cg=1 of full randomness neglects any sort of sta-the lattice sites
tistical correlation in the occupation of the lattice sites. Fur-
thermore, here we do not treat _effects related to po_smonal M(kSakO):Z M (ks ko), (14)
disorder. In general, the potential at sl of the lattice j
depends on the occupation of all other sites. A simplification
frequently used in the theory of alloys is the neglect of localVhere
environment effects by employing the single-site approxima- - i
tion. This approximati())/n sta?teg thgat the onge—electro%ppotential M;(ks,Ko) = (k4 Vi0s Weet Weegg VElKo).- (19
at siteR; depends only on the occupationRt by the atom
of the typeA or B.

Expressing the crystal potenti as a sum of muffin-tin
potential function&/jS located at sitesR; yields V =3, VL.
Now, we introduce occupation indicé&$ where the random
numbersg! =1 if the sitej is occupied by the atom of type  Substitution of Eq(14) into Eqg. (10) yields

II. CONFIGURATIONAL AVERAGE
OF THE CROSS SECTION

As a consequence of E¢l2), we deduce

M;(Ks,ko) = &M ja(Ks,Ko) + (1~ E)Mg(Ks Ko). 19
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do
(e,2e)
dEdO.dE.dO, (277)5k0 > (X Mj(ks ko)

XA_(s)Mjr(kS!k0)|Xke>- (17

Here, we introduced the one-electron spectral function

A7(3)22 |Xi><Xi|5(S_3i)v e=EstE.—Eq. (18

IOCC
Performing configurational average of Ed7), we decouple
the on-site quantities related to the different electrons:

(X JMj(Ks, ko)A~ (2)M ' (Ks,Ko)| xk,)
= (X (M (K ko)) A™ (£)(M ' (Ks ko)) | xic,))
+ 8 DX Oxi IMja(Ks ko)A~ (8)M;a(Ks Ko) xi,)
+(1=)((xie | Mja( ks, Ko) A~ (2)Ma(Ks ko) xic,))

— (X (M (ks ko)A (£)(M] (ks ko)) X )}
(19

PHYSICAL REVIEW B 66, 235114 (2002

are the coherent and incoherent contributions to the cross
section that arise from the coherent and the incoherent back-
scattering of the fast projectile electron, respectively. In Egs.

(22) and(23) we have in accordance with E(L6)

(Mj(Ks,Ko)) =xMja(Ks,ko) + (1= x)Mjg(Ks,Ko)-
(24

Note that we do not specify here the model for the con-
figurational average related to the bound and ejected electron
in the right hand sides of Eq&2) and(23). For example, it
can be given by the VCA or KKR CPA. Moreover, different
approximations can be employed for the bound- and ejected
electron states.

Ill. RESULTS AND DISCUSSION

In this section, we apply the above formulas to teg¢)
from (001) face of aluminumsp-metal alloys. We use the
VCA implemented in jellium model to evaluate the configu-
rational average in Eqs(22) and (23). For aluminum-
sp-metal alloys the use of VCA is justified by the weak
electron scattering. The details of the calculations of the

This means that we neglect all two-electron on-site correcross section given by Eq21) are presented in the Appen-
lated terms in the configurational average. We have assumedix. To make our analysis unambiguous, we avoid uncertain-

also in Eq.(19) that
M;(Ks, ko) = (Ke| V(g3 }(Wee) +(Wse) (do ) Vi Ko), 0

i.e, we have neglected fluctuation terms containipg
—(g,") (r=s,0) andW,,—(W,g. So, we obtain for the con-
figurationally averaged cross section

dU(e 2e) _ do(e 2e)
dE.d0dE.d0./ | dE.dOdEdO,
do_lncoh
(e,2e)
<dE d0dE.d0 > 21

where the terms

dO’COh
(e,2e)
<dESdQsdEedQ > (27T)5k0 2 <<Xk |<M kS’k0)>

XA ()(M (ks ko)) i), (22

and
dofes)
dEsdQ dE.dQ,
~on )sk 2 {x((xi |Mja(ks ko)
0

X A™(&)M/a(ks . Ko) | xic )
+(1=2)((xi|Mja(ks ko)A~ (£)M (ks ko) Xk ))

—((xic J{M (ks ko)A ()(M] (s, ko)) xi))}
(23

ties related to the use of aad hoc finite life times and
energetic positions of the quasiparticles by considering emis-
sion from the Fermi level. The muffin-tin crystal potentials
used for the present calculations are determined from self-
consistent density-functional calculations within the local-
density approximation.

Figure 2 shows the energy sharing distribution between
the two emitted electrons for a certain total energy of the
electron pair. Considering the case of clean aluminum (
=1) one observes a structure in the region >0/&,
—E.)/Eio] and two structures in the regions=1(Es
—E¢)/Eo|>0.5 which correspond, respectively, to the
electron-pair diffraction with the reciprocal-lattice vectors
g,=(00) andg==(11).>*® Transforming the relative en-
ergy scale in Fig. 2 into wave vector one, the width of the
structure centered at equal energy sharing is givenigy. 2
The diffraction picture is preserved in the case of alloys if we
neglect the incoherent part of the cross sec{®8), because
then both electrons see the virtual ordered lattice given by
VCA. The effect of alloying on the coherent part of the cross
section(22) is only a very slight change in the Fermi mo-
mentum for A} ggVigg 15and Al oLig 1, Which is not seen for
Al ggPly 915 due to a very small concentration of Pb. As
anticipated, the inclusion of E¢23) into Eq. (21) does not
affect the results for AlggVigg 15 since the difference be-
tween on-site muffin-tin potentiajsee Eq(12)] of the con-
stituents is small. But in the case of ALij ; and especially
Al ey 015 the big difference between the on-site muffin-
tin potentials induces a strong incoherent backscattering of
the projectile electron. This changes qualitatively the energy
sharing distribution curves. In particular, the diffraction
structure corresponding = (00) is much less pronounced
in contrast to the case when we neglect the disorder effect on
the backscattering of the projectile electron. This reflects the
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FIG. 2. The energy sharing distribution between an electron pair FIG. 3. The angular distribution of a slow electron with an en-
with a fixed total energyE,y;. The incidence projectile electron ergy E,=0.1E,,; ejected from the Fermi level. The incident elec-
energy isE,=200 eV and thé€001) fcc face of the alloy is consid- tron energy isE;=200 eV. The other emission angles afig
ered. The electron emission occurs from the Fermi level, Eg;, =45°, ps=0°, andgp,=180°.
=Ey—® (® is the work function. The polar emission angles are
0s= 0,=45° (see Fig. ], whereas the azimuthal electrons’ emission turns out that in this condition the magnitude of the cross
angles arep,=0° and ¢,=180° with respect tox axis directed section is particularly high. As noted in Fig. 2, there is al-
along[100]. most no difference between the cross section results for pure

Al and for Alp gMdo.15. For Algolio s and Al ggdhy 015 the
violation of the conservation law for the surface paralleleffect of the incoherent backscattering of the projectile elec-
wave vector of electron pair. tron due to the disorder is much more pronounced than in

With respect to the Fig. 2, we note that, in general, for aFig. 2. Indeed, in this case, the diffraction pattern is de-
correct description of the characteristic structure aroundtroyed implying a loss of conservation of the surface paral-
equal energy sharing, we have to take into account the cotel wave vector of the bound electron.
relations between two electrons which are beyond the dy- Since in Fig. 3, the ejected electron is slow its angular
namical model suggested in Sedelg., as done in Ref. 27  distribution is broad and slightly structured. This is to be
For unequal energy sharin@Es— E.)/E;o ~1 our dynami-  contrasted with Fig. 4 where the angular distribution of the
cal model is appropriate. The results depicted in Fig. 2 ardast scattered electron is shown. One can see here the well
less influenced by the interelectronic correlation even whepronounced peaks. Again the effect of the incoherent back-
the two electrons escape with the same speed because theattering is very strong in the case ofylliy; and
mutual emission angle of the electron pair is rather I&fge. AlgggdPhy 15 and it is absent in the case of Mg ;5.

In Fig. 3 the angular distribution of the ejected electron is  Finally, we note that the numerical results presented in
shown for the same alloys and concentrations as in Fig. Zigs. (2—4) show almost no difference between the pure
The energy sharing conditioB.=0.1E,; is chosen to en- metal case and the case of alloying, when only coherent
sure the applicability of the dynamical model. In addition, it backscattering is taken into account. This is due to the simi-
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aged in the spirit of VCA. This can be done for the numerical
treatment of €,2e) from surfaces of such alloys as, for ex-
ample, CyNi;_, and AgPd, _,. On the other hand, if the
difference between the muffin-tin atomic potentials of the
constituents is not small, a more elaborate numerical treat-
ment is required. In this case, the direct information on the
alloy’s electronic band structure is overshadowed by the ef-

— x=1

+ x=0.85 (coherent) 2 ALM 9 fect of disorder on the scattering dynamics of the correlated
E - x085 x Bl electron pair. In particular, the direct information on the
5[ . . . . wave vector of the occupied bound-electron states may be

lost. Nonetheless, it is possible to implement the algorthm
into numerical evaluation of the cross secti@d) in order to
extract the information on alloy’s electronic band structure.
The above main conclusions of our analysis imply that the
incoherent effects ing,2e) restrict the class of disordered
systems whose electronic structure can be studied directly by
the present technique. The cases studied in this work do not

cross section (arb. units)

x=1 confirm the long-standing expectations that, compared to
. 223333 (coherent) e photoemission, theg(2e) method is particularly good for the
; ' study of the disordered systems due to its ability to measure
10° - ' - . the real momentum of the bound electrpecall that in pho-

toemission the crystal momentum is measuréd this re-
spect, the high-energy transmission mode geometry seems to
be more promising® The other important point, which
should be mentioned in connection with our analysis, is that,
we did not consider the case of disordered surface structure
deposited on clean crystalline substrate. The coherent
. electron-pair scattering off the substrate combined with the
— =l : . finite electron escape depth can provide direct access to the

I et : ' spectral properties of the disordered surface. However, each

[ particular case of such disordered system requires particular

L - T e—— elaborate numerical analysis in order to answer the question,
es (deg) whether the ¢,2e) method could be utilized for the detailed

study of its electronic structure or not.
FIG. 4. The angular distribution of the fast scattered electron
with energy Ec=0.9E,,;. The other angles ard,=45°, ¢, ACKNOWLEDGMENTS
=180°, andp.=0°.
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been chosen here to insure the validity of the present modend especially to Arthur Ernst, who provided us the data on

the one-electron muffin-tin potentials fromb initio KKR

band-structure calculations.
IV. CONCLUSION

We have considered and analyzed theoretically &)2e] APPENDIX: MODEL OF METALLIC ALLOY
process in the reflection mode from the surface of binary i ,
substitutional alloys. The present study is focused on the FOr the evaluation of Eq21), we have to determine the
disorder effects on the scattering dynamics of the correlate§onfigurationally averaged states for the bound and for the
electron pair. The numerical calculations of the cross secSIOW €jected electrons. In addition an expression of the po-
tions for several alloys of aluminum witep metals have tentialsVg and(Wse) is needed. In this appendix, we present
been performed using VCA implemented within the jellium @ Procedure for the evaluation of these quantities.
model to treat the bound- and the ejected electron states. L€t us consider a semiinfinite metallic alloy filling the
Based on numerical calculations, we deduced that if the difSPace in the negative direction. Within the jellium model,
ference between the muffin-tin potentials of the constituenté€ effective one-electron potentid] is a step like one, i.e.,
of the alloy is small, one can neglect the incoherent back-
scattering of the fast projectile electron and evaluate the tran- Ve=—Vo0(—2).
sition operatoi(9) with the average muffin-tin atomic poten-
tial. In this case it is possible to use the algorithm of the
one-step model photoemissf8based on KKR CPA substi- c cc. e
tuting the dipole operator by the effective operai®r aver- Vo=Ef+®*(C=A,B),

For a clean metallic material, we have
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whereEg and ®C are the Fermi energy and the work func- exp(—Ntelrs—re)
tion, respectively. The application of the virtual-crystal ap- (Wse)= =
S e

proximation in the case of an alloy yields
wherel 1 is the Thomas-Fermi screening constant. Now, we

: (A4)

Vo=xVg+(1-Xx)V;. consider the propagators of the fast electron in @). In
The wave functions and energy spectrum of an electron sulf’® wave-vector space, the effects of the surface refraction
ject to this potential are and damping of the electron field can be incorporated into

the propagators as follows

xk(r)=eX"{o(z)B, e 7%+ 6(—z) (e 7+ A, e *#)}, .
‘ E E (ke +p'lg7 [k + p))

1 :
Ei=5 (kf+Kk)— Vo, (A1) =8(p—p'){(9, (k+p))
a(p—p’)
where — =
. (i rp)? (irp? 0 70
~ k—iy B — 2k, N v E,— ’2 - '2 +iVoir
T ktiy e kriy TN
(A5)

and \2V,=k,=0. The Fermi energy is, thus, given I
= (372n) 232 with the concentration of valence electrans WhereE/=E,+V, and k] ,= k7 ,+2V, are, respectively,
=N/v. Here, N=xN,+(1—x)Ng and v are, respectively, the energy and the wave vector normal to the surface of the
the number of valence electrons and the volume per atom ifefracted electron. The potentiaV;, accounts for the
the alloy. Constructing the wave function of slow ejecteddamping. . .
electron with energyE,=k2/2, we account for the damping ~ Considering Eq(A1), we can present the configuration-
of the electron wave inside the solid by adding small imagi-ally averaged spectral functiaii8) as follows
nary componentVy; (Vo>V>0) to the alloy’s potential.
Thus, the wave function is given by (A (e))= f(8)§k: Ixi0{xl 8(e —Ey), (AB)

Xi (1) =€l {f(z)e e+ 6( —2)e™*(Ae'er” where f(e) is the Fermi distribution function. Substituting
Eqg. (A6) into Egs.(22) and(23), we receive

+Age e, (A2)
h
where ol e
: . : i <dEsdQsdEedQe _(ZW)Skof(s); (e Ek)
KeptKeztia A Ke,—Ke,—la Vo 1
l: 12 ' 2: , y a:TN_, 2
2ke’z 2ke,z ke,Z )\e X ; <Xk€|<MJ(kS'kO)>|Xk> ,

2 2 2 2 11/2
K= \/ke‘z+2V0+[(ke’22+ 2V()“— 4V &2, (A7)
and
with A\ being the length of the inelastic mean-free path. _

To arrive at a semianalytical results, we parametrize the do2% KKe
potential V., by a functional form corresponding to a Cou- dEdQdEdQ, :(277)5k0
lomb potential of the ion at lattice sijestatically screened by
the electrons in the alloy, i.e.,

_ Zeexp(—M\crs—Rj|)

f(s@ 8(e—Ey)

X; X[ Mjatks ko) lxi?

vic , (C=A,B). (A3)
° [ +(1=%)[(xk Mjs(ks ko) [xi0)]?
The parameterZ: and A can be considered as the ionic _ _ 2
charge and the screening constant, respectively, Rnd [l (M (ks ko)) xig ). (A8)
stands for the coordinate of ion at lattice git&he values of
the parameterZ. and A are determined from a fit of Eq. 1. Evaluation of do{gh,

(A3) to the one-electron muffin-tin potential obtained from
self-consistent density-functional calculations within the
local-density approximation. For the materials studied in this OR.

work, theseab initio potentials are well described by the <Xke|<Mj(kS1ko)>|Xk>=f dQe'Ri(V4(Q) ) (Wsd g—Q))
analytical two-parameter expressioh3). Defining the po-

Let us consider the on-site matrix element in E47)

tential (Wso), we neglect the effects of dynamical screening XS, k(d—Q)[(gs (ks+Q))
and account only for the statical screening within the .
Thomas-Fermi model +(go (ko= Q))] (A9)

235114-7
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where, in accordance with Eq&A\1)—(A5),

(Vs(Q))=XxVA(Q)+(1-x)V3(Q)

A
(Wed —Q)>—4—W =ko—ks, (A11)
seq (q—Q)z‘l‘)\TF, q 0 S
F(ket Q)= !
<gS( =+Q >_E,_ (ks,H+Q||)2_(ké,z+Qz)2+_V ,
S 2 2 | 0i,s
(A12)
(05 (ko Q)= :
Jo %o C o (komQP? (kp,mQY*
EO_ 2 — 2 +|V0i,0
(A13)

and
Sk, k(A= Q)= (x| €™V i)

= 8@(kj+0—Q— Ke|) Sk, , k(92— Q2),
(A14)
with

Bkz
—0,+Qz)
n 2a+i (kz+ ke,z+ q;— Qz)

[a+i(k,+0,— Q)% +k2
Akz[2a+ [ (ke,z+ 0,—Q,— kz)]
[a+i(g,—Q,—kp)1?+k.2
(A15)

Performing the sum over the lattice sifesf the matrix ele-
ments(A9) and then integrating ove®|, we derive

St 8~ Q)= S

+

<Mke,k(q)>:% (ky+a—g— e||)<'V| k(Q)>
b (A16)
where
<M:(,3HZ’|(Z(Q)>:eigchJ’ szeiQZZ|<Vs(gH an)>
X <Wse(q||_ g|| Wz Qz)>skevz,kz(QZ_ Qz)
X[(9s (ks + 9. Ks 2+ Q,))
+(9o (Koy =9y .ko,— Q) 1, (A17)

PHYSICAL REVIEW B 66, 235114 (2002

and the sums are taken over the lattice pldnegh coordi-
natesz (z<0 andzy=—d,/2, whered, is the interplane
spacing and the reciprocal lattice vectogs parallel to the
surface tH stands for the parallel displacement of thé
plane with respect to the reference point in the surface. The
integration in Eq.(A17) can be carried out analytically via
residues techniqU%Thus, the final expression foA7) reads

< dofdh >: keke o)
dEdQdEdQe/  (24)%,

_ _ _ 2
x% 6[2(e+ Vo) lig Ke— 9]
I z

L9 (A18)

wherek?=2(e+ Vo) — (g)— ke — g%

2. Evaluation of do3 %)

Let us present EqA8) in the form

o >

d
<dESdQSd E.dO. f(e)2 8(e—Ew

(2m )5k0

X{XLE, k(Ks ko)
+(1=x)Lg (ks ko)
—(Li, (ks ko)), (A19)

where

Lke,k<ks,k0>=2j (X Mj(ks ko) xidl?, (A20)
with L=LA,L®, and(L) corresponding tM;=M;,M;z,
and(M;), respectively. It is straightforward to deduce that

Lke,k(ks,ko>=2| M@l (A2

where M (q) is given by Eq.(Al17) with the corre-

spondlng potentlaV (VA, VB, or (Vy)) and Ki=q;tkK
—Kg,| - Substitution of Eq(A21) into Eq. (A19) yields

< dofese >: kskek
dEdQAEdQ/  (24)%,

72
€) f d Gksinﬁk
0

2w
X fo do X (XM, (@)
X[A+(L=0M (@3
X (M (a2},

wherek=2(e+Vg) andk,=k sin g.

(A22)
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