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lonization of Al recoiled and sputtered from Al(100)
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The absolute ionization probability of energetie500 eV) particles recoiled from ALLOO by 2 and 5 keV
Xe* bombardment was measured with time-of-flight spectroscopy. These values were then used to calibrate the
energy and angular distributions of low-ener@y0—600 eV sputtered ions collected with an electrostatic
analyzer. The independent-particle model of nonadiabatic surface-atom charge exchange, which is typically
used to analyze single scattering events, was applied to the ion fractions of the recoiled and sputtered atoms.
The model describes all the experimental data from a few eV to the keV range if a different surface electronic
temperature is used for recoiling and sputtering. This suggests that the ionization process depends on the
instantaneous surface condition at the time of ion emission.
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I. INTRODUCTION ionization process involving only Al8and 3 electrons is
the most probable mechanism.

The mechanism of ionization of atomic particles emitted Values of the ionization probability *Pwere obtained
from solids during sputtering by fast atomic projectiles isspanning the range of kinetic energies from hyperthermal up
scientifically and technologically important, yet it is not fully to kilovolts. Time-of-flight(TOF) spectroscopy was used to
understood. Despite many studies having been devoted to tleeasure absolute values of id the range of 550—2000 eV
subjecti~* controversies still exist regarding the basic physi-for directly recoiled Al atoms generated by the impact of
cal principles of the ionization process. This is in contrast toenergetic X& ions on atomically clean AL00). Values of the
the related process of ionizatidor neutralization of par-  ionization probability at lower energies were obtained by us-
ticles scattered from a solid surface by a single binary colli-ing the TOF data to calibrate prior work in which the relative
sion, for which a remarkable success in identifying the facbehavior of P for low-energy sputtered Al was measured in
tors governing charge formation has been achiévgd.may the range of 5-200 e¥ To determine the ionization effi-
be argued, however, that scattered and sputtered particlegency at even lower velocities, the angular dependence of
should be ionized by similar means because only outgoinghe ion yield was measured for 10 eV*Abns sputtered by
trajectories of scattered particles are important in determin2 keV Xe'.
ing the charge state according to the well-documented The complete set of ionization probabilities was com-
memory-loss effect in the scattering of many kinds of ions.pared to a calculation based on the independent-particle
Up to now, however, a comparison of ionization in scatteringnonadiabatic modéf12which has been successfully used in
and sputtering has not been achieved because of a lack déscribing scattering data. The analysis shows that this
suitable experiments. In this paper, we present experimentaimple model can reproduce the experimental data for both
data that allow such a comparison to be made over a widsputtered and recoiled Al, although a higher surface elec-
range of secondary particle energies. The data provide a b&onic temperature must be utilized for sputtered particles.
sis that can be used for further theoretical studies of surfac€he need to include a higher temperature for sputtered par-
electronic dynamics during secondary particle emission. ticles can be explained by considering the instantaneous state

Aluminum was chosen for these studies for a number obf the surface at the time of particle emission.
reasons. It resembles an ideal metal and the basic theory can
be precisely formulated only for jelliumlike substrates.
Moreover, if the mechanism is a resonant charge-exchange
process, the small gap between ionization energy of Al The experiments were carried out in an ultrahigh-vacuum
(5.98 eV} and the surface work functiof@.4 eV) guarantees chamber with a base pressure ok 30! torr. The sample
a sufficient yield of Al ions so that accurate experimentalwas mounted on a manipulator that allows for polar and
measurements of the absolute ionization probability can bazimuthal rotations. The AL0O0) sample was cleaned by Ar
made. In addition, the ionization potential of Al is close to sputtering, and then annealed to 470 °C using a resistive
that of Li, which enables the extrapolation of parametersheater mounted beneath the sample holder. The surface order
from prior Li scattering experimenfsAnother advantage to was checked with low-energy electron diffraction, and the
the use of aluminum for these experiments is that the contrisurface cleanliness was verified with Auger electron spec-
bution of 2» deep hole excitations to the ionization of Al troscopy. A Colutron ion source with a velocitsnas$ filter
during sputtering is minimal, as revealed by the absence gfroduced a beam of Xdons with a spot size of about 2 mm
any threshold effects in the dependence of flrmation on  at the sample. The emitted particles were detected either by
the energy of the bombarding particle. Thus, a resonancthe TOF spectrometer, which can measure absolute values of

II. EXPERIMENTAL PROCEDURE
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Incident angle = 57° The calculated probability is shown by a solid line fiy=0 K and

Exit angle ¢ 780 by a dashed line fol,=1250 K.
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FIG. 1. (Color onling TOF spectra of energetic Al atoms re- &l0ng the surface normal, is the important parameter in
coiled from AK100) by the impact of 5 keV X& ions. The exit determining the ionization efficiency. A plot of Rs a func-

angles are along tH®01] azimuth and ata) 57° and(b) 78° with ~ tion of v, is thus the natural way in which to display the
respect to the surface normal. data, since the ionization of emitted particles depends only

uponuv, in metals such as A7 v, can be varied by chang-
ing the impact energy or by rotating the sample. Data col-

detects only scattered ions. For TOF, the ion beam Wagecj[ed at many dif_'ferent angles and for bo_th 2 and 5 I_<eV
pulsed at 20 kHz by rastering it across an aperture. Thg’umdent Xé energies were used to determine the relation-

recoiled particles were measured by TOF at an angle of 1355NiP between the ionization probability Bndv , . Note that

with respect to the incident beam after traveling through d°tation changes both the initial Xe impact angle and the Al

1.09-m-long flight tube. Recoiled ions and neutrals Wereexit angle, as the scattering angle is fixed in our instrument.

counted by a dual microchannelplafdCP) array with the A_Ithc_;ugh changing the impact a_mgle_can alt_er the energy
entrance held at ground potential to insure equal collectior‘f’!StrIbUtlon and y!eld of t_he ¢m|tted ions, this would not
efficiency of ions and neutrals. A set of parallel deflectiondiréctly affect the ion fraction in a purely resonant process.

plates in the flight path is used to deflect the scattered ions O €ach particular TOF spectrum, the ion yield spectrum

when measuring the neutral yield by placing +250 V on onavas divided by the total yield spectrum to obtain values for

of the plates. The Comstock ESA is a 160° sector with a}he ionization probability P over the time range that con-

MCP detector operated in the constant pass energy mode.tﬁined useful data. A segment of ®alues versus flight time

is mounted on an adjustable turntable that allows for theVas thus determined around th_e center of the main peak for
selection of an arbitrary scattering angle. each spectrum collected at a different energy and angle. The

measured flight times were then converted to the perpendicu-
lar component of the exit velocity | by assuming that all
emitted species aré’Al. To minimize errors due to small
statistics at the sides of the main peak, the segments are cut
Typical TOF spectra for 5 keV Xeincident on A(100 off when the counts fall below typically 20% of the maxi-
are shown in Fig. 1. The “Total Yield” and “Neutrals Only” mum intensity. Such segments of Bre compiled and plot-
curves display raw data, while the “lons” curve shows theted in Fig. 2 as a function af , . Note that Fig. 2 shows the
numerical difference. The data are plotted with respect toaw data without any attempt at smoothing. It is seen that the
decreasing flight time, as shorter flight times correspond t@onization increases with velocity, as expected for a nonadia-
higher particle velocity and therefore larger energy. The mairbatic resonant process.
peak at 10—12s consists entirely of recoiled Al, as was  Figure 3 shows how Pdepends on changes to the surface
verified with Monte Carlo simulations using the code of Ref.work function, A¢, which was increased by deposition of
13. Although there may be a small contribution from scat-iodine from a solid-state electrochemical céit> The ion-
tered Xe at long flight times in the upper spectrum, it doeszation of Al P" increases rapidly with the work function.

P*,” or by a Comstock electrostatic analyZ&SA), which

Ill. RESULTS
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FIG. 3. (Color online The ionization probability measured by Perpendicular Exit Velocity (a.u.)
TOF for Al atoms recoiled by 5 keV Xeshown vs iodine-induced
work-function change for two values of; . FIG. 4. (Color onling The ionization probability Pof sputtered

. Al shown as a function of the perpendicular component of the exit
The increase goes as €epnstA¢) for the smallery,, and  ejocity v | . The squares were taken from Ref. 10 and calibrated by

begins to saturate for the larger . Although the deposition oyr TOF data, and the triangles are from our measurements. The
of iodine may induce a modification of the surface electronicajyes of P calculated from Eq(1) are shown by a solid line for

structure, which cannot be entirely described in terms of ther =0 and by a dashed line fdf,=1250 K.
general work functio®5the net result is qualitatively con-
sistent with a nonadiabatic resonant ionization process. . .
Thus, the raw data in both Figs. 2 and 3 suppgrt the notion The angular dependence of the ion yield fqr 10 e\? Al
that ionization of the emitted Al is determined by a resonan{OnS Sputtered from ALOO was used to determine the ion-
charge-transfer mechanism. Although such processes are regation efficiency at even lower velocities. Note that this en-
sonably well understood for alkali-metal systems, ionization€9Y iS still high enough that it avoids possible complications
for metal-metal systems has not been extensively investdUe to the image charge effect. The resonance model used to
gated because of the difficulty in preparing metal ions foran@lyze the data suggests that ionization of 10 eV Al atoms
scattering, and also because the difference between the iofSCUrs far away from the surface, which reduces the image
ization potential and the work function of most metals isCharge potential to less than 0.8 eV.+ _ ,
usually large enough that few ions are produced. The use of The triangles in Fig. 4 show how"Rchanges with exit

TOF to investigate fast recoiled Al obviates both of these@ngle for 10 eV Al, as measured in our setup. Theosample
difficulties for energies above a few hundred eV. was bombarded by 2 keV Xet an impact angle of 30°, and

Values of the ionization probability for energies Al* ions were measu_red with the ESA as the turntable was
below those accessible with TOF were obtained from priofotated to vary the exit angle. Because of the cosine angular
work in which the relative behavior of *Pfor low-energy erendence of th_e_flux of sputtered pa_rtlcles, the me'asured
sputtered Al was measured by Garrettal 1% in the range of 19N current was divided by co%(where_a is the_: angle with
5-200 eV using an ESA. Values of For energies up to th+e respect to the surface norr)jm obtain relative values of
600 eV were obtained from these data by extrapolation usin§ - 1he value of P was normalized ag=0° to P at 10 eV
the empirical formula Px (v )22 derived in Ref. 10. The obtamed from the normahzed Qata of Ref. 10. It should be
squares in Fig. 4 show the measureéddPAl emitted along ~Mentioned tr;at the ion fractions at and below 10 eV
the surface normal by sputtering, taken from Ref. 10. Thdv 1 =3.8X 10" a.u), where most of the sputtered particles
data were calibrated to our absolute TOF measuremen@® €mitted, have also been independently estimated in dy-
at 600 eV so that the vertical scale in Fig. 4 provides thd'@mically cleaned samples by second:;e\ry Ion mass spectros-
absolute ionization probability. copy (S_IMS) technique¥’ to be 1.1x 1073, in a close agree-

It should be mentioned that the ionization of sputtered AIMent with our results.
has been experimentally studied by several authors, but the
work in Ref. 10 seems to be one of the most complete for the
purpose of a comparison with recoiled ions. In a more recent
experimental study of Pfor Al,6 the relative values above To interpret the data on Alionization, we use the
80 eV were empirically fit by the exponential relationship standard formulation of the problem in terms of the
P*x exp(—vo/v,), where v,=8x10° cm/s. In the range Anderson-Newns dynamical Hamiltoni&e.g., see Ref. 18
from 80 to 600 eV, however, this exponential dependencdhe most appropriate solution of the Hamiltonian would be
cannot be experimentally distinguished from the power lawin terms of the multiple many-body configuration
suggested in Ref. 10 and used in our analysis. It should bapproach? which includes the spin-orbital degeneracy of Al
stressed that in both Refs. 10 and 16 only relative values d3p in a natural fashion. This model becomes too complex,
P* could be measured, and this is not sufficient for the comhowever, for systems with more electrons, and a limited
parison with theoretical predictions. number of configurations must be carefully chosen to make it

IV. DISCUSSION
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solvable. So, for the present data, we resort to the simplescattering experiments with alkali ionand contains more
independent-particle model in its integral fofrh;*2which  valence electrons. . _
has been widely used to describe electronic processes in low- The situation changes dramatically, however, if the same

energy ion scattering, i.e., relation is used to describe the ionization of sputtered Al at
- 12 !owgr kinetic energies. The disagreement _is clearly apparent

pt= 1 J de[1 - (6. T.)] J (ﬂ) in Fig. 4 where P, calculated from Eq(1), is plotted by a

T TEN) U\ 2 solid line for T,=0. Whereas the calculated Rgrees well

with the experiment above abouwt, =20x 1073 a.u., it is
T AW smaller by two orders of magnitude @t =5x 10" a.u. The
Xexp[— let’ = J ('5(t )+ T)dt’ ]dt » (1) predicted dependence is not only much steeper than the ex-
! perimental data but it is also too small by factor of 1000 at
wheref(e, T,) is the Fermi distribution with the Fermi en- the lowest velocities. This large discrgpancy at low velocities
ergy set to zero. This model describes charge exchange dufannot be reduced by any other choiceAoand y. -
ing scattering quite well in terms of a few parameters that The theory and the experimental ionization probabilities
can be reasonably estimated from the actual physical situd9" SPuttered particles can be putinto agreement, however, if
tion. The parameters are the differenédetween the sub- Te in EQ. (1) is not zero but is instead set equal to 1250 K in

strate work function and the ionization energy of the emitteoth? one—]:a:fctrlc)n Ischde;ne arI1Ed \iVith pur_l_cbiigg%oi)' -the
atom, the virtual linewidth\ of the ionization level, the com- Values of P calculated from Eq(1) usingTe= while

ponent of the exit velocity along the surface normal and keeping the other parameters the same are shown in Fig. 4 by

the electronic temperatuik, of the substrate. In the spirit of the dashed line. The values of Bbove a kinetic energy of

- 3 i i _
the independent-particle model, the Fermi distribution22C &V (v, =~1710°"a.u) are only very slightly influ

) nced by the introduction of a nonzefg, but the values of
f(er, Te) does not take into account the degeneracy of the AE* are ir¥creased considerably at Iowgr energies. The agree-

ionization level, and the Al B levels are supstituted by ON€ ment between the theory and experiment is very good for
nondegenerate I.evel. Bothand A are functions of the dis- poth the energy dependence and the angular dependence of
tancez of the emitted Al atom from the surface and thus theyp+ gyer the entire range. The quantitative fit of E&). to the
are functions of time, ag=v , t. Thez dependence is caused angular dependence of low-energy sputtered! idhs indi-
by the image charge effect and by charge exchange with thgates that the surface of the Al metal is well defined even in
surface. For Al atoms interacting with Al metal, the follow- the collision cascade. Our preliminary estimates indicate that
ing expressions fob and A were usedin a.u): by decreasing in Eq. (3), which seems to be appropriate for
_ _ the more spread-out AlBlevel, and by taking into account

8(2) = - 0.058 H162° + 109.44 717, 2 the spin-orbital degeneracy of the Al ground state, a similarly
good agreement with the experiment can be obtained with
A(2) = 1.9exp(3.316) + 3325237, (3 still higher Te.
In contrast to sputtering, a high value Bf is not needed

. . to describe fast particles in scattering and recoiling. The cal-
age charge effect, which takes into account the actual valuecsUlation of P from Eq. (1) with T,=1250 K is shown in Fig
. e_ .

O.f the Al ionization energy5.98 ej and the Al work f“f_‘c' 2 along with the data for recoiled Al. It is clear that the
tion (4.4 eV) and saturates close to th_e surface. The d'Stancéxperimental data more closely follow the theory with
z=0 corresponds to the surface passing through the center §f - K than withT,=1250 K. In addition, experiments have
the outermost layer of surface atoms. It defines the boundarshown that for scattered hyperthermal alkali ions within the
of the jellium substrate and is assumed to coincide with the&ame low-energy rang8 the fully quantal expressiofl) is
image reference plane. Equati@) was taken from Ref. 5, valid with T,=0 even at energies below 10 eV.
and accounts for both the exponential decreas&(pf away These results indicate that the high valueTgfinvoked
from the surface and for the saturation close to it. As thefor sputtered particles is characteristic of dynamically per-
saturation value oA and the decay constagthave not yet turbed surfaces in the collision cascade region. It is not clear
been calculated for the Al-Al metal system, values calcufrom the data, however, wheth@&g, is a real temperature of
lated for the Li-jellium system were used in E@), i.e., the electron gas in the substrate or a parameter that heuristi-
¥=0.83 a.u:* andA=1.7 eV?® The width of the Al ioniza- cally describes a smearing of the Fermi level by local
tion level is not expected to be very different from the width collision-induced perturbations. It has been shown for the
of the Li level, as both have similar ionization energies. Thecase of NgRef. 20 and calculated for A{Ref. 21 that such
ionization probability(P*) of Al, obtained from Eq(1) using  perturbations can affect charge exchange via collision-
Egs.(2) and(3) with T,=0, is plotted as a solid line in Fig. 2 induced changes in the electrostatic potential near the sur-
along with the experimental data. face. The induced changes of the potential are relatively
The good quantitative agreement between the theory ansimall (a few tenths of an e)/and of a short range and may
the experiment in Fig. 2 indicates that the high-energy renot influence the ionization of Al atoms, which are substan-
coiled ions are indeed formed by a nonadiabatic process artélly more difficult to ionize than Na. On the other hand, the
that the formation is well described by E@) with the sub-  concept ofT, as the temperature of the electronic system,
strate atT,=0. The agreement also proves the applicabilityproduced in the cascade by moving substrate atoms, seems to
of Eq. (1) for purely metallic systems where the particle is be substantiated by the very good agreement with the experi-
completely neutral prior to emissiofin contrast to typical ment in Fig. 4.

2

Relation(2) is the commonly used expression for the im-
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High electronic temperatures have been invékééiand V. CONCLUSIONS
studied in detaft** in order to account for the large, not

ousl lained i ‘lds ob dinth ttori ¢ It has been shown that ionization in scattering, recoiling,
préviously explained ion yi€lds observed in the sputtering ol , 4 sputtering can be described by the same type of resonant

Cu, Nb, and Ta metals. In this paper, we have extended thes,, e transfer process. In all cases, the charge state is de-
studies by determining,, quantitatively in Al for which the termined along the exit trajectory, and reflects the alignment
other surface charge-exchange parameters were obtained iy the surface potential with the ionization level of the exit-
dependently from recoil and scattering experiments. By Usiq atomic particle. There is a critical difference, however, in
ing Al as the substrate, we also avoid ambiguities due to thgye application of this analysis to sputtered, as opposed to
possible contribution ofi-hole excitations to Pin heavier  gcattered and recoiled, particles. The former are emitted from
metals. The relative simplicity of the Al system may help to 5 syrface perturbed by a collision cascade, while the latter
clarify the precise physical content of the paraméfgrin  exit from the solid before any perturbation has occurred. The
particular whetherT, is a parameter characterizing the effects of the perturbation can be modeled by increasing the
_smearing of the Fermi energy by electro_static potentials in aQ ,face  electronic temperature in the nonadiabatic
inhomogeneous electron gas or whethigrs the actual tem-  ingependent-particle model. Thus, any complete theory of

perature of electron-hole pairs dynamically created in thenarge exchange must consider the instantaneous state of the
cascade. Iff, is the temperature of electron-hole pairs in agyrface at the time of particle emission.

broad Als-p band, a considerable confinement of electronic
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