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Inelastic energy loss in low-energy ion-surface collisions
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Recent measurements showed a previously unobserved sharp thresholdlike inelastic excitation occurring in
low-energy ion-metal surface collisions when varying the energy of the incident ion. Using a relativistic
Dirac-Fock-Slater approach we deduce that the inelastic energy loss of the ion beam can be traced to the fast
diabatic promotion of specific molecular levels to the continu[®0163-182807)03534-0

Low-energy ion-metal surface collisions allow for a vari- ized during the promotion process. Sroubetkal®*~” and

ety of electronic processes to occur. Extensive investigationgine et alX® used this ansatz to understand electron emission
have been undertaken to quantify the involved charge exspectra in slow ion-surface collisions. During the core-level
change, ionization, neutralization, and inelastic loss propromotion and subsequent ionization of the promoted elec-
cesses which play a fundamental role in areas such as ioff0n, energy is taken out of the projectile kinetic energy lead-
scattering spectroscopy and sputteriif. A common ing to a significant inelastic energy loss of the projectile.
theoretical ansatz for an ion-metal surface encounter is thBirect ionization through inner-shell promotion was previ-
jellium approximation for the conduction-band electr8n&  ously investigated by Willé?
This model allows for an understanding of ionization and We briefly outline our theoretical ansatz:** The two-
neutralization processes happening at larger ion-surface digenter single-particle Dirac-Fock-Slater equation for the
tances but fails in the region of strong overlap between th@rojectile-surface atom system to be solved is given as
ionic orbitals and the atomic orbitals of the surface atoms. R
Experimental evidence has been found recently for a sharp =~ > - P Zre? Zpe? J pMO(r)
. LT : . . Ca-pt(B—1)Mm,LL+ —-—+ -+ —
thresholdlike behavior in the inelastic energy loss in low- Ir-Ry |F—Ry| Ir—r’|
energy ions(Ne*) colliding with various metal surfaces
such as Fe, Ni, and Cd:** The inelastic energy loss shows a R
sharp increase with increasing incident energy which cannot —3Xa(5PMo(f)
be attributed to the excitation of low-energy electrons along
the path of the incoming and outgoing ion. It was therefoquhere¢j(F; R) are the adiabatic molecular orbitals.
proposed th_at the thre_sht_)ld could be due to inner-shell elec- ¢ time-independent Dirac-Fock-Slater equatiah is
tron promotion occurring in the close encounter between thgged in the framework of an MO-LCAQmolecular

i '14 . . . . . -
ion and a surface gtoﬂﬁ. , orbitals-linear combination of atomic orbitalsinsatz there-
In this work we investigate the proposed electron promo+,q writing:

tion process employing a twofold procedure. In a first step
we use arab initio relativistic linear combination of atomic . A R R
orbitals-molecular orbital{LCAO-MO) Dirac-Fock-Slater ¢j(r;R)=2 Cik(R) x«(r). 2
approach to get accurate single-particle molecular levels k=1
formed during the slow encounter of the incoming ion and
surface atom. These level diagrams allow for the detaile
study of electron promotion occurring at small ion-surface

. . . FnK(r) y+K,m-(Q)
distancesR. As we are interested in the close encounter S !
(R=0.5 A) between the projectile and a specific surface <r|Xk>=XNij(r’Q):F iGpe(r) Veum ()
atom, the influence of neighbor atoms, which in a typical

metal are at least 3-5 A away, can be neglected and a tWying the ansat#2) the solution of the Dirac-Fock-Slater
center ansatz is appropriate. In a second step we use t'&%uation(l) is reduced to the secular equation
one-electron kinetic-emission model proposed by Sroubek

et al’® 1" and Fineet al!® to understand the projectile en- hMOc= eS¢, 3)
ergy loss. The Sroubek-Fine picture states that core-level ]

promotion in binary collisions generates localized moleculatvhich is to be solved self-consistently for all relevant
orbitals with energies above the ionization threshold. SubseRrojectile-surface atom distances. The relativistic molecular
quently these diabatically promoted states interact with conerbitals ¢;(r;R) are ordered with respect to the magnetic
tinuum states and the promoted electrons can be ejected witfuantum numbem; and their binding energjy.e., 11(1/2)-
fairly high energies. This approach should hold as long as thetands for the 11th level of the;=+1/2 orm;=—1/2 mani-
initial binding energy of the promoted electron is high fold which are energetically degenerhte

enough and the promotion time is short compared to the For the present study we focused on the collision systems
orbiting time of the active electron, i.e., the state stays localNe*-Ni and Ne"-Cu as experimentally analyzed by Li and

dr’

1/3

$i(N;R)=¢;(R1$(T;R), (D)

he states(k(F; Ii) are atomic four-component spinors
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MacDonald!** For these collision systems Li and Mac- 60
Donald measured the total inelastic energy |65, expe-

rienced by the projectile while colliding with the metal sur-
face at steep incident angléts° and 90°). Subsequently the 20
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experimental data were analyzed by supposing the total in—%‘ 40 .
. . — 0.25. 0.3 e 035
elastic energy IOSQtOtal to be given as b>-0 0 Internuclear distance (lo\)
a&)
_ ex < -20
Qtotal_ Qe+ Qinnperv (4) :.Jo
c
h d Q%% are the inelasti | due to 27
where Q. and Qj e, are the inelastic energy losses due to £

continuous electron excitation and inner-shell excitation, -60
respectively:* The inelastic energy loss due to mean electron
excitation Q. was estimated in a model based on first-
principles calculations by Neannet al!! This theoretical -100 . .
approach gives a monotonic increase of the energy @ss 02 04 06 08 10 12 14 16 18 20
as a function of the incident energy of the projectile. In a Internuclear distance (A)

second step Li and MacDonaftf* extracted the inelastic
energy loss due to inner-shell excitati@f;>, by subtracting

. ' - molecular 111/2)+ state(thick line) corresponds asymptotically to
the theoretical value foQ, from the total 'nelaSQEr? ENer9Y  the atomic N€p,,) projectile state whereas the molecular

loss Qioa- For all studied collision system®iyner 1iS€S  o(1/9)+ state merges for largR into the Neé2s,,,) state. The inset
steeply from a value near zero at incident energies in th.‘élhows the molecular 11/2)+ state at the ionization threshold
range of 2 to 4 keV. The maximum measured energy |0ss ifharked as a vertical broken line. The diamond in the inset gives the
in the order of 140 eV. Finally the incident energies wereexperimental threshold distance for the onset of the" Nejield
converted to a distance of closest approach by using the uniref. 13. The area of the inset is marked with broken lines on the
versal scattering potenti&;*therefore yielding the inelastic main graph.

energy lossQi>, as a function of the distance of closest

approach. basis of these results we expect the asymptoti¢2de)

The_measurements on the inelastic energy lO.SS of _Ne_ level not to be responsible for the sharp thresholdlike in-
scattering from a metal surface were performed in the inci-

dent energy range of 1-9 ke¥}4 We therefore expect a C'caoc N the inelastic energy loss. .
close encounter of the incoming ion with a surface atom to A C'OS'_” look at the molecular uU?)_ level suggests
be well described by our molecular approach. We assumlahe fo_IIowmg mechgmsm to take place: As can be seen in the
that the incoming projectile is neutralized at larger distanced\®-Ni correlation diagrams the molecular(12) = level has
during its initial approach towards the surface. The effective’© avoided crossing which could lead to an electronic redis-
neutralization of slow ions interacting with metal surfacestribution over the whole range of internuclear distanées
taking place at ion-surface distances, large compared to tHgown. For the Ne-Cu system the moleculaf112) + level
close encounter studied in this work, has been experimergxhibits an avoided crossing with the (12)+ level at
tally confirmed in several studié&?” We therefore perform R=0.27 A. To investigate to what extent this avoided cross-
our subsequent analysis of the close encounter based onirg is passed in a diabatic manner at projectile energies in the
neutral projectile interacting with a surface atom. Figures Irange of 3 to 9 keV, we have calculatat initio dynamic
and 2 show the correlation diagrams of the molecular levelsoupling matrix elements between all molecular le7ef.
for the Ne-Ni and Ne-Cu collision system in the range ofin the upper part of Fig. 2 the radial coupling matrix ele-
0=<R=2 A It should be said that the relativistic approachments, acting between the molecular (/2= and
used in the present work is not an absolute necessity for th&2(1/2)= level, is shown. It is peaked at the avoided cross-
collision systems Ne-Ni and Ne-Cu. Nonrelativistic calcula-ing and has a very large magnitude therefore allowing an
tions reveal that relativistic contribution to the binding ener-electron to diabatically follow the energy curvgashed
gies of the molecular levels of interest are in the order of 0.1ine). For the case of Ne-Ni and Ne-Cu the moleculaf112)
eV. Relativistic effects can be important for collision sys- + level is in contrast to the(?/2)= level only slightly de-
tems involving heavy partners as Au or Pb where deviationsnoted. Below a threshold distance BE=0.4 A a strong
from nonrelativistic calculations are at the percent level.  promotion of the 1(1/2)+ state sets in leading to ionization
The molecular @1/2)* state correlates asymptotically to at R=0.28 A for Ne-Ni andR=0.25 A for Ne-Cu. The
the Nd2s,,,) state whereas the molecular (12)+ state main emphasis of this work is to show that the inelastic
merges for large internuclear distances into theg2Ng,) energy l0sRj attributed to the inner-shell promotith'®
projectile state. For both collision systems one clearly seesan be tentatively explained by the diabatic promotion of the
that the 91/2)+ state[Ne(2s,,,) statd as originally proposed 11(1/2)+ molecular state. One should recall that the colli-
by Li and MacDonald*1*%is a bad candidate to be respon- sion energies for the presently investigated collision systems
sible for any significant inelastic energy loss. This molecularare in the range of 1 to 10 keV and therefore additional
level is strongly demoted with decreasing internuclear disinelastic energy loss channels due to inner-shell excitation
tanceR and has only a slight promotion setting in below (K, L shell of a metal atopnare not available. The latter
R=0.35 A. Neither is this level promoted near to the con-have been studied extensively by Kessel and Evertiart
tinuum to contribute to a significant inelastic loss. On theand Schmidt and Garclafor ion-atom collision systems.

Ne-Ni

8(1/2)4; 2(3/2)= -5Ni(3p)

10/

FIG. 1. Correlation diagram for the Ne-Ni collision system. The
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FIG. 3. Theoretical inelastic energy lo©5122 versus the experi-
mental inelastic energy loss due to inner shell prom o as a
function of the distance of closest approach for the" N¢i system.

The dashed horizontal line marks the minimum energy loss due to
excitation of one electron to the continuum.

promotion. We therefore expect most of the resonant loss to
the continuum of the promoted electron to take place at the
distance of closest approach. The only parameter in our the-
oretical inelastic energy loss is the number of electrons pro-
moted to the continuum which cannot be dedueepriori

from our one-electron ansatz. As we assume that the incom-

FIG. 2. Same as Fig. 1 for the Ne-Cu collision system. Theing projectile is neutralized before having a close encounter

diamond marks the onset for the experimental*Neproduction
(Ref. 13. The circle marks the onset for the experimental™Cu

recoil yield (Ref. 13. The upper graph shows tfab initio radial
coupling matrix element between the molecula(112) and 121/2)

levels.

The theoretical inelastic energy log&'° due to inner shell
promotion ofone electron is now obtained in the following

manner:

eo

Qe = Epo(R)— Epo, (5)

with a specific surface atom, up to two electrons can be
promoted to the continuum out of the asymptotic(}s )
state. By matching the maximum in the theoretical inelastic
energy loss Q" with the experimental maximum for
opb . we found both for the case of NeNi and Ne"-Cu
that two Né2p,,,) electrons are promoted to the continuum.
Figures 3 and 4 show the corresponding inelastic energy loss
Qhee versus the experimental result {2, . Good quan-
titative agreement is reached over the whole range of inci-
dent energies, i.e., distances of closest approach.

Further evidence for the atomic Bp,,,) projectile state

to be the right candidate for the thresholdlike features in the

i.e., we subtract the negative atomic binding energy of th%nergy—loss spectra and ion yield can be seen from the ex-

Ne(2p,/) projectile state from the ion-atom distance depen
dent 111/2)+ eigenstate energy. As long as the distance o
closest approach does not undergo the ionization threshold,

no inelastic loss is generated. Once th€11d)+ level is

promoted to the continuum a strong interaction with the con-
duction band sets in, leading to resonant ionization of the 140
guasimolecular level and subsequent loss of kinetic energy 120
of the projectile which is transferred to the ejected
electron’>~® The minimum energy loss is given by the
asymptotic binding energy of the K&p,,,) electron plus the
metal work function which together amount to 20 eV. The
promotion of the 101/2)* level happens in a diabatic man-
ner over a short period of time as compared to the velocity of
the quasimolecular electron. Fa 5 keV incoming Ne pro-
jectile the time for promotion of the 11/2)* level is in the
order oft=0.25-0.5 a.u. whereas the typical orbiting time
for a Ng2p4») electron is in the order df=0.7 a.u. Accord-
ing to Sroubeket al}®~1"and Fineet al!® this is the crucial
criterion for the molecular level to stay localized during the

Perimental Ne " yield***® This yield shows for both sys-
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FIG. 4. Same as Fig. 3 for NeCu.
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tems a very sharp onset at about 3.5 keV for'Nei and 4 We have investigated the sharp thresholdlike behavior of
keV for Ne™-Cu. Similarly from our calculations we get for the inelastic energy loss in low-energy Nenetal surface

the Ne-Cu system a higher threshold incident energy for theollisions. We found the inner-shell promotion of single
11(1/2)* level to be ionized as for Ne-Ni. Converting the quasimolecular states created in the close encounter of the
experimental incident energies to distances of closesbn with a surface atom to be responsible for the sharp in-
approach®!*givesR=0.28 A andR=0.25 A as the thresh- crease in the inelastic energy loss with increasing incident
old distances for the onset of the production of'Neions in energy. Using a relativistic Dirac-Fock-Slater approach, we
the Ne"-Ni and Ne"-Cu systems, respectively. These valuesgeduced that the inelastic energy loss and energetic broaden-
are in almost perfect agreement with the ionization thresholqing of the ion beam can be precisely traced back to the pro-
distance of the molecular 1I/2)* level as can be seen from ,q1ign to the continuum of specific molecular levels. For the
the inset in Fig. 1 and the diamond in Fig. 2, the deviationggjision systems studied in this work the asymptotic atomic

. . . 73 .
belrllg Ln bothdcasesl!g the or:der'(()jKIELO ’3‘ Th,'s meth"‘?‘. e(2p,y) projectile state is responsible for a thresholdlike
could be used to calibrate the widely used various empiricag o qyior in both the inelastic energy-loss spectra and the
surface scattering potentig@Finally we focused on the ex- Net* yields

perimental CU recoil yield measured in Ne-Cu collisions.
It shows a sharp threshold at incident energies of 2—3 keV. The author would like to thank U. Thumm, L. Weaver, U.
Converting these energies to distances of closest approadfille, and R. J. MacDonald for fruitful discussions. The au-
gives a mean distance &=0.34 A, which is in perfect thor gratefully acknowledges support from the Deutsche For-
agreement with the Cu@@ ionization thresholdcircle in  schungsgemeinschafDFG). This research is supported by
Fig. 2, and further evidence for the correct description of thethe Division of Chemical Sciences, Office of Basic Energy
close encounter between an ion and a surface atom by meafisiences, Office of Energy Research, U.S. Department of
of anab initio two-center ansatz. Energy.

IH. D. Hagstrum, irinelastic lon-Surface Collision®dited by N.  17Z. Sroubek, Phys. Rev. Leff8, 3209(1997.
H. Tolk, J. C. Tully, W. Heiland, and C. W. WhiteAcademic,  8J. Fine, J. Lorinck, T. D. Andreadis, K. Franreb, and Z. Sroubek,
New York, 1977, pp. 1-25. Nucl. Instrum. Methods Phys. Res.122 199(1997.

2R. J. MacDonald and P. J. Martin, Surf. Stil1, L739 (1981). 19U. wille, J. Phys. B16, L275 (1983.

3R. J. MacDonald, D. J. O'Connor, J. Wilson, and Y. G. Shen,?’W.-D. Sepp, D. Kolb, W. Sengler, H. Hartung, and B. Fricke,

Nucl. Instrum. Methods Phys. Res.38, 446 (1988. ” Phys. Rev. A33, 3679(1986.
4D. P. Woodruff, Surf. Sci116, L219 (1982. P. Kurpick, W.-D. Sepp, and B. Fricke, Phys. Rev.%, 3693
5J. Los and J. J. C. Geerlings, Phys. R&90, 133(1990. (1995.

22p_Kirpick, T. Bastug, W.-D. Sepp, and B. Fricke, Phys. Rev. A
52, 2132(1995.

23T, Bastug, P. Krpick, J. Meyer, W.-D. Sepp, and B. Fricke,
Phys. Rev. B55, 5015(1997).

M. H. Shapiro and T. A. Tombrello, Nucl. Instrum. Methods
Phys. Res. B0, 473(1994.

7S, J. Timoner, M. H. Shapiro, and T. A. Tombrello, Nucl. In-
strum. Methods Phys. Res. B4, 20 (1996. 24 : . . i -

83. Burgdafer, E. Kupfer, and H. Gabriel, Phys. Rev. 5, 4963 V\(/h;elzjmg 2r;d E. Taglauer, imelastic lon-Surface Collisions

o (19§—0'_ _ 253, F. Ziegler, J. P. Biersack, and U. Littmark,Tihe Stopping and
P. Kupick, U. Thumm, and U. Wille, Phys. Rev. &6, 543 Range of lons in Solidedited by J. F. ZieglefPergamon, New
(1997. York, 1985, Vol. 1.

10
P. Nordlander and J. C. Tully, Phys. Rev. L&, 990 (1988. L. Folkerts, S. Schippers, D. M. Zehner, and F. W. Meyer, Phys.
118 NG i
A. Narmann, W. Heiland, R. Monreal, F. Flores, and P. M. Ech-  Rey. Lett. 74, 2204(1995.

enigue, Phys. Rev. B4, 2003(1991. 273. Winecki, C. L. Cocke, D. Fry, and M. P. &tdi, Phys. Rev. A
12y, wille, Phys. Rev. B50, 1888(1994). 53, 4228(1996.
3T, Li and R. J. MacDonald, Phys. Rev.®, 17 876(1995. 28\, Barat and W. Lichten, Phys. Rev. & 211 (1972.
17 Li and R. J. MacDonald, Surf. Sc51, 319(1996. 29Q. C. Kessel and E. Everhart, Phys. R&46, 16 (1966.

157 Sroubek, Nucl. Instrum. Methods Phys. Res8223(1993.  °E. Everhart and Q. C. Kessel, Phys. R&46 27 (1966.
167 Sroubek and J. Fine, Phys. Rev5R, 5635(1995. 31G. B. Schmid and J. D. Garcia, Phys. Rev18, 85 (1976.



