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Exchange effects in the transition amplitude for inelastic electron-cluster collisions
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The effect of the electronic exchange in the calculation of the scattering amplitude for inelastic electron-
cluster collisions is evaluated. The target cluster initially in the ground state is excited, by means of the
Coulomb forces, into a particle-hole state. An antisymmetrized transition amplitude is evaluated in the scope of
the distorted-wave Born approximation. A comparison is made with a calculation in which the exchange is
taken into account by adding to the direct interaction a Coulomb exchange term in the Slater approximation.
The treatments are applied to the closed-shellg Nauster for incident energies up to 5 eV.
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PACS numbdps): 36.40—c, 34.80-i

A theoretical study of the elastic scattering of low-energyence, due to the transfer of energy from the incident electron
electrons by closed-shell metal clustgts?] and the excita- to the target cluster, is very important for the low incoming
tion of a single-particle—hole state in inelastic collisigB8$  energies under consideration.
was recently presented. In both cases, the total cross section We expand the scattering wave functigefs? andy{ ™ in
as a function of the incident energy exhibits resonances thajartial waves
are connected to quasibound states of the electron-cluster

system. These studies showed that the position and magni- Nl

; Lo T . ~
tude of th0fse resonances d_epend on 'ghe approaches used in Xi(+)(ki R)=— E Ti'f,(k ,R) Y o(R), @)
the evaluation of the mean-field potential. Therefore, a com- kiR =0

parison with experiments might yield valuable information
about the electronic structure of clusters and justifies con-

tinuing efforts in refining the previous theoretical treatments ()* (K. R)= 4_77 i~V $* (k. R

. . .. Xf ( f ) k R | |/( f )

in order to get more reliable predictions. The present report LAY

focuses on the exchange effects between the incoming elec- . -

tron and the valence electrons of the cluster in scattering XY (@,®)Y) 1 (R), ()
problems, in particular, the excitation of particle-hole states

through inelastic electron collisions. with (©,®) being the scattering angles. For electron-cluster

To evaluate the transition _amp||tuajmclud|ng exchange collisions the mean fielétogether with a polarization correc-
effecty we make use of the distorted-wave Born approximajon) determines the relative motion of the target and projec-
tion. The use of target wave functiofistorted wavesin- s ang also the single-particle states of the valence elec-
stead of plane waves works better for low incident electro rons. The radial wave functiond, are obtained by
energies. On the other hand, this Born approach is valid fofntegrating numerically the scattering radial Safirger
the one-step process analyzed in the present paper in Whicrbﬁuation with an optical potential
single particle-hole state is excited in the cluster. We may

thus write
Vop= Vet Vpol.- 4
Lo . €e? . Lo
TCHB:f Xi " (ke R) ¢2(r)?[¢a(f))ﬁ(+)(ki R) For metal clusters the mean fielt{,= has three main contri-
[R=r] butions: (i) the electron-core interaction, usually described
_ ¢a(§))(i(+)(l2i ,F)]dlfédf. 1) by a jellium approximation(ii) the direct Coulomb electron-

electron interaction, andiii) an exchange and correlation

R - term. This last contribution dominates since the first two
HereR andr describe the position of the incoming and va- terms almost cancel each other. To evaluate the mean-field
lence electrons with respect to the center of mass of thgotential we use the solution of the Kohn-Sham equations in
system before exchangg; and x; are the relative motion the |ocal-density approximatiofi DA) to density-functional
wave functions of the incident and outgoing electrons, andheory.
¢, and ¢ are the initial and final internal bound wave func-  |n Eq. (4) V,, accounts for the polarization induced in the
tions of the vrillenceaelectrons involved in the excitation. Thegluster electron cloud by the incoming electron. For this term
wave vectork; andk; are evaluated by taking into account the parametrization of Mittleman and Watspfi| will be
the kinetic-energy differences in both channels. This differ-used
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FIG. 1. Total integrated cross sections for thdlag systemasa  Tx(0,®)=—— ~- ol g
function of the incident electron energy. The solid line shows the A R
direct angle-integrated cross section and the dashed and dot-dashed x| Y |
lines correspond to cross sections includihgandT; in the tran- X (—1)H A A
sition amplitude, respectively. All the allowed particle-hole transi- 0 0 0J{0 mg —mg
tions are considered. The units of the cross sections are expressed in
the Bohr radius,. [ N A A l,
X(o 0 0f{lu —mg m,|Y1r-u(0.2)
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In Eq. (5) a is the static electric polarizability andlis a  In Egs. (7) and (8) BZB(R) is the direct andC?B(R) the
cutoff parameter of the order of the cluster size. In R&f.  exchange radial form factor. They are given by

the choice of the real optical interaction given by E4).and \

the parameter dependence of the polarization contribution X _J r<
were discussed. In particular, if the polarization term is ne- Bap(R)= dru“ﬂ'ﬂ(r)r§+lu“a'a(r) ©
glected the position of the elastic resonances is shifted. The
LDA plus the polarization potential used in this work and theand
energies of the LDA single-particle bound states for the A
R Y
Nag cluster are_shown in Fig. 1 of RE{B]_. _ CI}\B(R):J drf,(k; ’r)WunBIB(r)v (10)
The bound single-particle wave functiogs can be writ- >
ten as wherer _ is the lesser and-. the greater of andR. Both
form factors are functions of the radial relative coordinate
U (1) R between the target and the incoming electron and have
nil:

- i o physical information about the spatial probability that a
i(r) r Y'ij(0’¢) (=ap) © given particle—hole excitation occurs by a direct or an ex-
change mechanism. Let us remark that in 8 .the angular
momenta , andl z are no longer coupled by the multipolar-
and are evaluated by diagonalization of the mean-field poity A as is the case in E¢7). In Eq.(8) \ couples the orbital
tential. When bound-state wave functions are evaluated, igngular momentum of the motion of the valence electron in
the calculation of the mean field we include the self-the initial intrinsic staté , with the outgoing relative angular
interaction correctiofSIC) since, as shown in Ref5], this ~ momentum” in the exit channel. The same holds fgr, the
improves the results. Small changes in the position of thé@ngular momentum of the intrinsic final state, anthe rela-
single-particle energies are obtained. We also include th8ve angular momentum in the initial channel. As a conse-
polarization correction, which modifies the energies of theduence, in Eq(8) A runs over a set of values different from
SIC calculation. that corresponding to Eq7).

Substituting the expansior(®) and (3) and Eq.(6) into The differential cross section for a given transition
the expression for the transition amplitude and using the ex@— B is given by the coherent sum of direct and exchange
pansion in\ multipoles for the Coulomb interaction, one transitions amplitudes according to
finds for the direcfTy and exchangd, contributions to the
a=(ny,l,,m)—pB=(ng,lgz,mz) transition the expres- M: 1 ﬁ; 2 T+ T2 (1D
sions ¢ prprp A0 an? kg 20 Ly, 9T
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The total cross section at an incident electron energy is a sum . \ . , .

over all the cross sections corresponding to the bound = 1600_’ { i
particle-hole transitions opened at such an energy: @ 1400 ! o T Only T
5 L ,: 0" === Only T
do,_s(E v 1200 - | " .
ool E)=2, 7o p(E)=2 f do d—(f() (12) -
a,B a,B S 1000 | ! \\A‘ , :
For the spherical Ngcluster the possible bound particle- z 800~ i 1
hole transitions are ¢-1d, 1s—2p, 1s—2s, 1p—1d, 8 600 1 i : | i ]
1p—2s, and Ip—2p. Reference[3] shows that the & I RO
1p—1d transition essentially exhausts the direct total cross ; 400 F o} [N U S e
section since in this case the energy of the excitatibe S ool 23'\;\‘_ N XY i
Q value of the reactionmatches two elastic quasibound © I S N VA o
resonant states in the incoming and outgoing channels. This (L — — ‘ . L
transition is also enhanced due to the fact that it has the 2 3 4
lowest particle-hole energy and that there is a strong overlap ELECTRON ENERGY (eV)

between the corresponding single-particle wave functions.
The calculation for the total cross sections of electrons FIG. 2. Total integrated cross sections without the direct contri-

scattered by a Nacluster as a function of the incident en- butionTy, that is, using onlyT, (dashed lingandT; (dot-dashed

ergy is shown in Fig. 1. The solid line shows the total crosdine) in the transition amplitude.

section when only the direct contributiofy is taken into

aﬁcounthm Eq.(|12).hThehdashed _I|n_e ?fdthg sAame f|gi])ure sum of a direct and an exchange tefip+T;. The direct
zeg\r,]vstriees{riiu Ehw i‘}? rtee ;iﬂ]‘o Itshcleng'recei r'e < Sltqsr:e dect rm coincides with expressiof¥) and the (approximate
' gth wi Sp ! uit u change ternT; has the same form as the direct term, ex-

by about 20%, although the general pattern is conserved. cept that the radial form factd is now replaced by
This can be understood by analyzing the direct and ex-

The total transition amplitude can again be written as a

change contributiondy and T, as a function of® for a \ 2+l IVx(R)
given energy(and for fixedm, andmg). Both contributions Dap(R)= A1 Un1,(R) dp(R) Rzunﬂlﬁ( R). (19

have the same relative phase. Furthermore, not only the an- . . )

gular distributions but also the angle integrated direct and The resulting total cross section, wiffi, replaced by
exchange cross sections exhibit a similar behavior as a func-i » iS @lso shown in Fig. 1 by a dot-dashed line. Again, the
tion of the bombarding energy. This could be expected sincef!nal result resembles in shape the cross section obtained

as shown in Ref[3], the resonances in the inelastic cross'ith only the direct term, but the reduction due to exchange
' now of the order of 50%.

sections are related to quasibound elastic resonances of t : . . .
incoming and outgoing projectile-cluster systefitd. The _ Figure 2 displays the .resultmg cross section fqr the two
same resonant elastic wave functions appear in both the dd_lfferent ways pf evaluatl_ng t.he exchange effect, n the ab—
oo . € Olence of the direct contribution. The differences in magni-
rect and exchange contributions of the transition amplltud_ ude are substantialT; apparently overestimates the ex-
and as a consequence, the total cross sections with and wit hange effect. This could be explained by keeping in mind
out exchange resemble each other in shape. that the Slater approach, which is as a local-density ap-
Let us now evaluate a different approach to the problemyoach, underestimates the gap between occupied and unoc-
Instead of evaluating the matrix elemed) with antisym-  cypied energy levels. For that reason the residual exchange
metric electron-cluster wave functions, a simpler alternativenteraction responsible for the particle-hole excitation
consists in adding to the direct Coulomb interaction betweemhrough the local exchange approach may be overestimated,
the incoming electron and the valence electron a local ternthus producing an abrupt reduction of the total cross section.
accounting for the exchange effect. This approach has beewe also note that in this last approach thdependence of
used recently in the collisions analyzed in R&]. We write  the form factor of Eq(15) is the same for alk values, while
in the antisymmetrized case previously preseiiteqgl (10)]
the different multipoles are reduced by a facta* 1. Thus
the form factor with the local exchange approach is expected
to be much more sensitive with respect to highalues than
X (M) x (ki ,R)dRdT. (13)  in the antisymmetrized calculation. _
Similar effects have been previously observed in random-
Using the Slater approximation for the exchange tétni6]  phase approximation calculations, which use the same re-

2

+V{eS(r)8(R—T)

T(H:f (% (K By (1) ——
= | xi 77 (K ,R)pi(r) Bl

of the LDA ground-state potential one obtaiig sidual LDA interaction[7] as in Eq.(13). In this case the
oV 5[ 3|23 1 energy of the plasmon is also overegtimate_d. Detqiled expgri-
(reg _~ "X _ _ _(_ S (14) mental data on the low-energy elastic and inelastic scattering
X dp 3\2m)  p(r)rsp) of electrons from clusters showing the behavior of emerging

electrons, to date not available, would help clarify the ques-

; _ 13 pai
with r(p)=[3/4mp(r)]~* being the local value of the tions here considered.

Wigner-Seitz radius angd the radial density of valence elec-

trons in the cluster calculated by means of the SIC bound- We appreciate support from ICTP and Fundacion Antor-
state wave functions of Eq6) including the polarization chas, Argentina. M.R.S. and M.B. acknowledge support
correction in the SIC potential. from CONICET, Argentina.
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