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Effect of metal band characteristics on resonant electron capture:
H~ formation in the scattering of hydrogen ions
on Mg, Al, and Ag surfaces
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(Received 14 February 1996; revised manuscript received 5 Novembey 1996

We present the results of an experimental and theoretical study dddhation in collisions of 1 to 4 keV
positive and negative hydrogen ions with clean Mg, Al, and Ag surfaces. lon fractions and energy loss spectra
of scattered particles were measured in a large angular range allowing us to investigate the characteristics of
the resonant charge transfer process for a wide range of collision velocities normal to the surface, thus probing
the charge-transfer process in different atom-surface distance ranges. We compfmenbition on metal
surfaces, with different valence-band characteristics involving the work function and Fermi enegyieEhe
experimental results are found to be in good agreement with the predictions of the nonperturbative coupled
angular mode method, used in conjunction with a semiclassical rate-equation approach. The importance of the
parallel velocity effect is demonstrated and the differences between the various metal targets are interpreted in
terms of differences between both work functions and also the valence-band width or Fermi energies.
[S0163-18297)01220-4

[. INTRODUCTION valence-band width were not discussed. In this paper we
compare H formation on clean, high work-functiofi¢)
This paper presents the results of a joint experimental anthetal surfaces, with different valence-band characteristics.
theoretical study of electron-capture processes in hydrogetdeed, regarding “jellium” characteristics, Al and Ag have
ion scattering on Mg and Ag surfaces. The objective of thispractically the same work functiong=4.4 eV (Al) and ¢
work is a study of H formation on clean, high work- =4.3 €V (Ag) while Fermi energies differ by a factor of
function (¢) metal surfaces, with different valence-band 2 (€r=11.65 eV for Al compared t@r=5.49 eV for Ag.
characteristicé¢ and Fermi energiesg). It extends our re- 1he energy of the bottom of the conduction bandUg
cent study of scattering on AlOn metal surfaces Hfor- = 15.9 €V(Al). andUo=9.79 eV(Ag). Mg has the smallest
mation involves a transition of an electron from occupiedWOrk function¢=23.64 eV and its Fermi energy and the bot-

levels of the valence band to the Hevel, the latter being ti)r7n of tf\]/e ngdﬂcltiog Zbandvere c_:lllos: to tt_}ho;e of (g
downward shifted due to image potential effects as is sche- .08 eV andJ,=10.72 V. We will show that in contrast

matically illustrated in Fig. 1. For many common clean met-i%s'gtl:]'gzlgn'fjegs tEe ?;mggoor; tlﬁegv(\)/\cl)?lznfﬁ?\cltri]o;hgu?;elzgnk;
als, the large value of the work functiaf requires a large y by y

shift and so H formation can onlv occur at very small atom- the so-called angular distribution of the transfer probability
y y which is an internal property of the charge transfer related to

surface distances. Electron capture in these cases is favorﬁ% energy position of the bottom of the metal conduction
by the rapid movement of the atom parallel to the SurfaCeband. This is related to the fact that” Hormation in the

due to a kinematic matching of energies of electrons in the = ; .
solic-3and in H- when viewed from the reference frame of Studied systems is due to the so-called parallel velocity ef

: fect, the energy difference between the ionic level and the
the moving H.

Previously! we reported experimental and theoretical re-Ferml level being bridged by the collision velocity.
sults for H™ formation in 1- to 4-keV H collisions on Al
sur.faces over a large domain Qf s_catt_ering cor)ditions, for Il EXPERIMENT
which the final charge state distribution is determined at very
different atom-surface separations. We showed that the non- A detailed description of the apparatus used for the
perturbative coupled angular mod8AM) method® in con-  present experiments is given elsewh&rBriefly H™ and
junction with a semiclassical rate equation apprddgfave a H™ ions are produced in a discharge source, mass selected,
good description of this dynamical charge-transfer procesand deflected through 90° to eliminate photons and neutrals
over a large range of scattering conditions. It extended prebefore entering into the main UHV chamber. The pressure in
vious works on Al111),” corresponding to very grazing scat- the chamber is of typically %107 ° torr. The apparatus is
tering conditions and thus probing very large atom-surfaceequipped for measurement of electron and ion energy spectra
distances using tandem parallel-plate energy analyzers, as well as
In previous works, detailed studies on Hbrmation have time-of-flight (TOF) scattering and direct recoil spectros-
been reportetlin the case of metal targets partly coveredcopy.
with alkali atoms, which allowed a discussion of the effect of Polycrystalline Mg and Ag samples were used. The met-
the surface work function. The effects of varying the metalals in question are what is usually regarded as “free-electron
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FIG. 2. (a) Definition of the angle naming convention for scat-
tering. (b) H™ charge fractions as a function of the exit angle with
respect to the surface for Ag.

wider than reported in previous grazing incidence studies
though a direct comparison is not possible since those au-
thors report results for a much more grazing incidence angle
of 0.8°, for which they report a FWHM of 0.8°. However,
the residual roughness plays a positive role allowing us to
FIG. 1. (a) Schematic diagram of the energy levels of the metal-perform measurements over a wide scattering angular range.
hydrogen atom/ion system, relevant to the resonant electron-captufss we shall see below, a correction for the residual rough-
process and the Auger ionization mechanism discussed in Sec. Wiess for grazing scattering could be made using our time-of-
The hatched area represents the kinematically modified distributioflight measurements. The conclusions of this paper however
of occupied target electronic states. The resonant electron captuggill not rely on the data for the lowest angles.
(solid line) and kinematic Auger ionizatiofdashed lingsare sche- The surface cleanliness was ascertained by measuring
matized by the arrowsb) Schematic diagram of the shifted Fermi TQF spectra of scattered and recoiled particles under Ar
sphere model. Thé, sphere represents, kispace, the electronic hombardment. The surface was assumed to be cleaned when

states, which are degenerate with the atomic state ark}-tephere statistically significant peaks of recoiled O and H were no
represents the Fermi sphere. The Fermi sphere is shifted by 4Bnger observed.

amount given by the component of the collision velocity parallel to
the surface.

H™-ion fraction (¢~) measurements were made for ion
energies in the 1-4-keV range. Several approaches were
used. In the first mode measurements were made for fixed
metals” and a jelliumlike description is usually consideredscattering anglegs, see Fig. 2a)] of 8° and 38° using posi-
suitable in most theoretical works on charge transfer as welion sensitive 30-mm diameter channelplate detectors set at a
as in this one. Therefore the fact that the samples are polydistance of 2.2 m from the scattering center at the end of
crystalline does not seem important. The samples were hartiane-of-flight analysis tubes. These detectors are equipped
polished to 0.05um and had a mirrorlike appearande.situ  with three discrete anodes. A deflector plate assembly set
preparation consisted of repeated cycles of small afigis  before the channelplates allows us to separate the incoming
than 103 Ne* sputtering and annealing. Because, as we shalpositive and negative ions and neutrals, which can thus be
see below, surface flatness is an important consideration idetected simultaneously by each of the anodes. The sample
these measurements, in the final stage of preparation th@ientation was varied and incidence angle$ changed in
samples were subjected to prolonged more grazing incidendbe 2° to 36° rangéas measured with respect to tharface
(circa 49 Ne or Ar bombardment. A direct measurement of plane, allowing us to sample a similar exit andl#) range.
the degree of surface flatness could not be performed in ounitially charge fractions were determined by counting scat-
setup, using, e.g., a scanning tunneling microscope. Medered ions and neutrals using a continuous beam. Time-of-
surements of the angular distributions of scattered H atom8light spectra for each charge state were then recorded for
incident at a 3.5° angle on the surface were performed. Thigarious angular settings and the charge fractions were deter-
distribution had a full width at half maximurFWHM) of 6° mined from these spectra. In all these measurements we as-
with a tail extending to large angles. This distribution is sumed anequal detector efficiency for ions and neutrals
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This assumption seems reasonable on the basis of our earligarticles penetrate into the solid and hence the scattering into
studies of negative-ion scatterihfpr energies above 1 keV. the small exit angles should be more strongly affected by
Note that care was also taken to eliminate the effect of theesidual surface-roughness effects than for specular scatter-
Earth’s magnetic field by installing compensating Helmholtzing conditions, when the particles stay further away from the
coils along the time-of-flight tubes. surface. We interpret the aforementioned agreement between
The second method consisted of determining the angulahe results obtained using the analyzer and the sffigliand
distributions of scattered particles and the associated charggrge(ggo) TOF tube data, as confirming the above conclu-
fraction for a fixed incident angle, but for a range of scat- ¢jgng concerning surface roughness. The fact that the H
tering angles with respect to the incident-beam direction, Usg.o~tion increases with increasing surface roughness is
ing one of the rotgtgble paralle_l-plate spectrometers. A Charknown and has been commented upon in earlier stddiés.
ch,Lr?tlegﬂrggesrgwgfl'er:ei?:&?;?gda%e r?:lill};zlzr \Ilz)iz L\J;::je t%onclude that the correct general shape of the ion fraction
y ) corresponds to the trend given by the analyzer data, the 7°

counted separately on the channel plate detector set at t%F tube for smally and the 38° TOF tube for medium and

exit slit of the analyzer. The exit slit width was of 40 mm, M N
allowing a simultaneous collection of ions within energiesIarge . Only '_[he 7° TOF tube for smaly and th_e 38° TOF
tube for medium(above 6% and large data will be pre-

ranging from, e.g., the incident ener@y, to 0.8,. Using sented in the following

two different detectors, a relative value of the ion fraction -
was thus obtained. The ion fraction was then normalized to Figure 3a) shows some measured TOF spectra for scat-

the one obtained with the 38° TOF tube detector. The chariered neutrals obtained for 4-keV incident ions and for scat-

acteristics of results by these methods are discussed in t#@ring with «=3.5° for =3.5° and 34.5° and alsa
next section. =19° for y=19°. For small incidence, specular, scattering a

fairly narrow spectrum is obtained corresponding to an aver-
age energy loss of 200 eV and a peak FWHM of the order of
200 eV, while for the larger exit angle a high-energy-loss tail

A. Scattering on Ag extending to losses of up to 1.6 keV is observed. In case of

Typical results of ion fraction measurements for the Agthe 19° incidence the spectrum is broader, having a larger
surface are shown in Fig(t® for a 4-keV incident ion en- component of medium-energy losses. The energy losses we
ergy as a function of the exit angle to the surfgcaising the  observe for Ag are smaller in magnitude than those we ob-
different approaches mentioned above. The overall trend oferved for H scattering on AlL.We shall not dwell on a
these results is that the negative-ion fraction is found to indiscussion of energy losses hésee Ref. 10 The spectra of
crease as a function @f and attains a value of about 6% for scattered ions had similar general shapes.
large angles. In order to verify thafluence of the incoming The ion fractions reported above corresponded to a sum
ion trajectoryon @~ we performed measurements with both over the full energy-loss range. Hractions corresponding
H™ and H' beams. The results using the incident negativeto low-energy lossesdE<400 eV) were determined from
ion beam are compared with those using theli¢am in Fig.  these spectra. No significant difference from the summed ion
2(b). As may be seersimilar results are obtained, indicat- fraction was observed. This is due to the fact that as a func-
ing that the memory of the incident ion charge state is.lost tion of energy, the difference in ion fractions at large angles

We shall now briefly discuss some differences observeds not very large. Therefore, even though energy losses of up
in our results for small exit angles. Measurements were mad® 1600 eV are observed under certain conditions, the inte-
using the rotatable analyzer for an incidence angle of 3.5¢rated ion fraction is not very different than the one corre-
with respect to the surface plane. For this incidence anglsponding to small losses. Note that this also accounts for the
one has a condition of specular scattering for the 7° TORact that the analyzer dat&ig. 2), which corresponded to a
tube detector. For thia one should obtain the same result 20% fraction of energy lossegiven the analyzer exit slit
when using the analyzer and the 7° and 38° TOF tube deteavidth) lies close to the 38° TOF tube data.
tors. We find indeed that the data obtained using the movable A very interestingdifference is however observed for the
analyzer(corresponding to small incidence angldsllow grazing incidencescattering spectra. Figurgl8 shows the
the trend of the 7° detector for small and that of the 38° TOF spectrum for scattered neutrals and negative ions for
detector for larger). Note that the analyzer data were nor- ¢=3.5° and specular reflection for a 4-keV energy. We ob-
malized to the 7° TOF tube detector data. serve what appears like a larger energy-loss shift of the H

A peculiar feature of these results however, is that forspectrum and a broader peak. Also plotted in the figure is the
small exit angles there is a difference in the valuedof negative-ion fraction calculated as the ratio of the peak areas
obtained using the 38° TOF tube. The 7° TOF tube data li®f ions over neutrals obtained by progressively integrating
lower than the 38° one. In the initial stages of these measureghe peak areas for increasingly large-energy losses. We ob-
ments, the lowy, 38° data corresponded to still larger valuesserve that the charge fraction is lower for the lower-energy-
of ®~. Smaller fractions were obtained after prolonged grazloss particles. The higher-energy losses correspond to par-
ing incidence sputtering, leading us to believe that thesdicles that penetrate deeper into the solid and, as for the case
larger values correspond to a greater sensitivity of the H of the 38° data discussed above, these should be more sen-
yield to residual surface imperfections, for conditions insitive to local imperfections leading on an average to larger
which the incidence angle is large and the exit angles aré&actions than the more “ideal specular reflection.” Such
small. Indeed in case of the 38° detector smgatiorrespond  differences were not observed for the larger-angle scattering
to very large incidence angles, when many of the scatteredpectra in Fig. ).

Ill. RESULTS
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FIG. 3. (a) Time-of-flight spectra of scattered hydrogen atoms
for the indicated incidencéeft) and exit(right) angles.(b) Time-
of-flight spectra of scattered hydrogen atoms and negative ions for
3.5° incidence and exit angles. Also shown is the ion fraction that i

deduced from the ratios of the peak areas integrated over increasir]i

energy-loss regions. The vertical bar indicates the incidiemscat-
tered ion flight time. The horizontal line indicates the average
value of®~ used in Fig. 4.

The incidence energy dependence of the fraction is
illustrated in Fig. 4 by comparing the data for 1 and 4 keV.
Theion fraction increases considerably with increasing ion
energy This figure also give® ~ for the limiting value for
low-energy losses for the 3.5° specular reflecfitve 4-keV
“corrected” data point, taken from Fig.(B)] and suggests a
more rapid decrease of the ion fractionaslecreases.

The positive-ion fractions®* we determined were
smaller thand ™. Thus for a 4-keV incident energy and
=4°, ®* represented about 1% fa¥=4° and 2% fory
=34°. Similar positive-ion fractions were found for both
H™ and H" incident ions.

B. Scattering on Mg

Figure 5 summarizes our results of roduction on Mg.
The negative-ion fraction increases as a functionjadnd
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FIG. 4. Experimental and theoretical Hractions for a 1- and
4-keV ions incident on Ag. The corrected value was taken from Fig.
3(b).

4 keV in the studiedy range. As for Ag the ion fractions
were independent on the incident ion charge staté:aH
H™.

TOF spectra for a 4-keV incident energy are shown in
Fig. 6. In this case, contrarily to the Ag case reported above,
we observe rather large-energy losses. Integration of peak
areas for the small-energy-loss region yielded ion fractions,
which were not significantly different from the summed
ones, corresponding to the continuous beam measurements.
This may appear surprising given the large losses, since on
the basis of the data for silver one might expect a larger
fraction at higher energies. The reason for this becomes clear
when one examines the energy and angular dependence of
the ion fractions for Mg. An interesting feature of the angular
dependence of the ion fraction as a function of endfgyg.

s that, while at smally a substantial difference between

e results for 1 and 4 keV is observed, they are of the same
order of magnitude at large angles. This explains that the
large-energy losses do not affect the value of the ion fraction
at big exit angles. A previous study of formation on an

Mg surface was performed earlier by Shi, Rabalais, and
Esaulov! who reported ion fractions for a 6° incidence and
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attains a value of about 10% for large angles for a 4-keV

energy. The positive-ion fractions are small@r’ increased

FIG. 5. Experimental and theoretical Hractions for a 1- and

from about 0.7% to 1.3% at 1 keV and from 1.2% to 2% at4-keV ions incident on Mg.
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Energy loss (keV ) dent energy for the Mg, Al, and Ag targets. As may be seen
0 1 2 3 the trend of the data as a function of the exit angle is similar
' = = ' ' in all cases. The H fractions turn out to have similar mag-
nitudes for the Al and Ag surfaces. The ion fraction for Mg
is considerably higher.

IV. DISCUSSION
19°/19° _ _ )
A. Calculations of the H™ fractions

The H fractions are obtained in the same way as in our
previous study:'? Briefly, the evolution of the H popula-
tion, due to the charge transfer between the ion and a jellium
metal surface P is described within a rate equation ap-
proach, well justified for the case of large surface tempera-
tures or high parallel velocities)().1316

3.5°/34.5° o

H ° counts (arb. units)

dP~ ol 1 B
T=—FP +§FC(1—P ), (1)
whereT! and I'® are the electron loss and capture rates,
3.5°/3.5° respectively, and is the spin-statistical factor. Loss and cap-
L . I . ture rates are influenced by the hydrogen motion parallel to
2 3 4 5 the surfacdtranslational factopsand can be obtained within
TOF (microseconds) the “shifted Fermi-sphere” model as follows:*2

FIG. 6. Time-of-flight spectra of hydrogen atoms scattered from re2| 2m 2 2
Mg, for the indicated incidencéeft) and exit(right) angles. F'(Z) _F(Z)fo dx JO |0(6,2)]
16° exit angle with respect to the surface plane in an energy _ f(v,+k)
range from 1.5 to 4 keV. Their results may be compared with Xsing da[ 1—f(v,+ k)} ; @
the present one after scaling to the same velocities. Reason-
ably good agreement is found for high energies. Thus at 3vhere § and y are the polar coordinates of the metal-state
keV (approximately equivalent to 2 keV for)Hhey found a wave vectork with respect to the surface normal pointing
D™ fraction of 5% in good agreement with our results at thistowards the metal and going through the center of the atom.
energy shown in Fig. 7. At lower energies their results lieZ is the atom-surface distancE(zZ)=1"°(Z)+T"'(Z) is the
lower. We attribute this to the lack of compensation of thetotal transition ratelo(6,Z)|? describes the angular distribu-
Earth’s magnetic field in those measurements. tion for the electron transfer probability between the atom
and the metal? It is normalized using
C. Comparison of results for Mg, Al, and Ag surfaces

/2
Let us now compare the results for the various surfaces 27-,f |o(6,2)|?sing do=1. (3
studied. Figure 7 shows the measurkd for a 2-keV inci- 0

This angular distribution does not depend prbecause of

' -+ l the cylindrical symmetry of the problenf(v,+Kk) is the
+ E “Fermi-Dirac” function for the metal electrons viewed in
a o4 ] the rest frame of the moving atom. The modulus of the metal

electron wave vectok= k| is fixed by the resonance condi-
tion k=+/2[Uy—E_,(2)]. For further discussion it is useful

g to rearrange Eql) into the form

° Al d—Pz(F'-I—OSFC)(N —P7) 4
Ag 1 dt ' ed '
Ag corrected
Mg

Equation (4) describes the relaxation of the negative-ion
L population towards the equilibrium population given by

35 40

Exit angle (deg) 0.5

Nea™ T g5re- ©

FIG. 7. Experimentala) and theoreticalb) H™ fractions for _ . .
2-keV H' incident on Mg, Al, and Ag. Theoretical results are ob- The CAM method is used to obtain the properties of the
tained for H initial conditiongsee text H™ ion in front of the metal surfacéo(6,2)|?, E,(Z), and
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the total width of the affinity level'(Z). We should point — T 7 77T
out that the metal is described within a “jellium™ model in 101 -
our calculations. ;

B. Comparison with experiment

Results of calculations are compared with experiment in 100F
Fig. 4 for Ag and in Fig. 5 for Mg. The final Hfractions are :
obtained by the integration of E(4) on the outgoing part of
the classical trajectory of the scattered particle. The calcula-
tions were performed with two different assumptions for the
initial charge state of hydrogen: H orH For small exit
angles(small component of the collision velocity along the
surface normalv, ) both assumptions lead to the same final
charge statd€see Figs. 4 and)5and thus the calculation is
parameter free. For large exit angles, the two predictions F
differ. The difference between the two domains of exit ! ;
angles can be understood in the following way. If the exit |
angle and hence the normal velocity is small, the particle
spends a long time in the region close to the surfghe L I
integration of Eq.(4) starts 0.8, from the image plank In —
this region, the transition rates are very high so that a dy-
namical equilibrium is rapidly reached. As soon as the par-
ticle moves away from the surface the transition rates de- _ ] .
crease. At a certain moment, the electron transfer is too slow F!G- 8. Comparison of theoretical results for formation on a
compared to the time scale given by . The charge state of Al target W|t_h _a_md without the parallel velomt_y effect tak(_an into
the outgoing particle will not change anymore and will bea(_:count(the initial charge state of the syst_em |s_nel)tr§lj|| line:
“frozen” at the value Neq(Z*)- 7* is the border between with t.he parallel velloc[ty eﬁgct; dasheq line: without the parallel
fast and slow charge-transfer regions. Usually it is called thé’emClty effect. The incident ion energy is 2 keV.

“freezing distance™} and it giv n estim f the region . . .
where the final sharge state of the aystem i detemmined2OPUlaion. This means that the two resuls, corresponding to
When the exit angle and, increaseZ* decreases. Typi- different initial conditions, start to differ.

cally for 1 keV it changes from 2a4 to 9.3 in the present T?el frv?ra"t' agre-emet;:t betwgelrzl theore||t|cglt andl exliﬁ r-
experimental range. On the other hand, whenincreases, menta ractions 1S rather good. =or small exit angles, the

the distance needed to relax from the initial to the equilib_'experimental values are larger than the theoretical ones. This

rium population increases. Above a certain, the dynami- ?usstg:jblgggvf g]()er Ie;frezt g(i':h;n sllérga(;e brgtl:g:”;esrzeﬁeﬂlts;s
cal equilibrium can no longer be reached befdfeand the ) 9 gles, 9

results corresponding to the two different initial conditions]cound for the calculations done with the system being ini-

start to differ. For the two energies shown in the figures théially a neutra_ll H®. Close 1o the_sgrfa_ce the equilibrium state
two sets of results split around the same value of '~ of hydrogen is almost H, as it is inside the metal electron

Formally, this result can be obtained from the analyticalgay_l? in our velocity dqmain apd the integration should
solution of Eq (4). It has the forrf start with the system being an ion. However, nonspecular

scattering with rather large exit angles corresponds to colli-
sions with surface atoms at small impact parameters. In such
violent collisions, one can expect that any kbn formed in
o the incoming trajectory would loose its outer electron, as is
+f Ned 2)F(Z;v, I, I'°)dZ. (6)  observed in collisions between free atoffidt is probable
%o that even if the relaxation rates are very high close to the
The first term in Eq.(6) is called the “memory” term, it surface, the outgoing particle is still neutral when it arrives in
describes the survival of the initial ion populationZat The  the image plane region, where the integration of &.is
second term in Eq(6) describes the population formed due started. This could explain the better agreement with experi-
to the dynamical capturds(Z) is a distribution with a sharp ment at large angles obtained for the neutral initial condition.
maximum atZ* , normalized according to It is noteworthy that, similarly to the experimental data,
the present theoretical results for 1 and 4 keV almost scale
o _ A when plotted as a function af, . However, this is not a
LOF(Z’UL I, %) dZ=1. proof of the absence of the parallel velocity effect, test cal-
culations neglecting it leading to very different results. Fig-
If v, is small(small exit angles the first term in Eq(6) can  ure 8 presents theoretical results for fbrmation on a Al
be neglected compared to the dynamical populatsgtond target with and without the parallel velocity effect taken into
term). Increasing | results in the increase of the “memory” account(the initial charge state of the system is neytrAk
term in Eqg.(6). Above a certairv, , the “memory” term  can be seen, the two results are different, especially for the
can no longer be neglected compared to the “dynamical’small scattering angles, when the neglect of theeffect

10 |
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leads to a very strong underestimation of the negative iomre very smajl Neq given by Eq.(5) is roughly equal to half
formation probability. These differences can be analyzed usthe ratio between the capture and total rate, i.e., to half the
ing the so-called “freezing distance approximatiofSecs. value of the integral ove# and y:
IVA, IVB and see Refs. 4 and 13vhich states that the final
ion fraction is equal toNg((Z). This approach is only an
approximation to the exact results presented in Figs. 4, 5, 7, 1 (2m /2 5 .
and 8; although not perfect, it can be used for a qualitative ~ Neq=%5 f dx f lo(6,2)|%sing d6 f(vj+k). (7)
discussion of the ion fraction. If the parallel velocity effect is 0 0
neglected the quantitM, given by Eq.(5) sharply switches
from 1 to 0 where increases aboVv&,, the crossing distance |f one further assuneea 0 Ktemperature of the surface, then
between the H level and the Fermi level. When the scatter- the above integral reduces to the integral ®f6,2)|? over
ing angle increases in the experimental range, the freezinghek directions that are inside the Fermi sphésee Fig. 1
distanceZ* moves from below to abovg; . This is reflected  The equilibrium population7) indeed depends on the rela-
in Fig. 8, where the H formation probability(no v, effecth  tive position of the ion level and the Fermi level. In the
is extremely small at small angles and large at large anglesibsence of the parallel velocity effect this is the only param-
Indeed® ~ does not switch from 0 to 1 due to the defect of eter andNg{Z*) is equal to zero or 1. However, in the
the freezing approximation. When tlig effect is taken into present cases, where a strong parallel velocity effect is
account, it results in a softening of the transition between bresentNeq(Z*), given by Eq.(7), is much influenced by it.
and 0 forNg((Z*). At large distances, due to the shift of the |t is given by the weighted overlap between two sphéEes
Fermi sphere, electron capture becomes possibleNiad  (7)] and so, depends on the relative sphere radii. These are
goes from zero to a finite value; this leads to a strong relativgjiven by a few parameters: the ion level, the Fermi energy,
increase of the final ion fraction at small angles. In contrastand the surface work function. The influence of these param-
at small distances, the Fermi sphere shift results in the existers is further illustrated below.
tence of an electron-loss channel, i, decreases from 1 A first estimate can be made with an isotropic
to a finite value; this leads to a decrease of the final iorjo(,2)|?2=1/27. In this case, as follows from Eq2), the
fraction at large angles. This relative decrease is less impoequilibrium population, i.e., the ion fraction is proportional
tant than the relative increase found at small angle whicho the fraction of the electronic statesknspace having en-
corresponds to an increase from a vanishingly small valueergy U,—E, and which are in resonance with occupied
This then accounts for the very strong effect of the parallektates of the metal. This is purely a geometrical factor given
velocity at small angles and the rather moderate opposite org, the overlap between the sphere and the Fermi sphere
at large angles. shifted byv, in Fig. 1. In Fig. 9a) we present this geometri-
cal factor as function of the parallel velocity for an atom-
surface distance ofé&g, which represents a typical “freez-
ing” distance. It is seen that the largest equilibrium
population is obtained for the Al target. Consequently, one
would expect the largest Hfraction for this system. So, the

In Fig. 7, we present the theoretical results for 2-keVgeometrical factor alone is not able to predict the relative
hydrogen scattering on Mg, Al, and Ag surfadesutral ini-  value of the ion fractions and furthermore it is not linked
tial condition. These compare well with the corresponding with the relative value of the surface work functions.
experimental results of Fig. 7. In particular, the relative mag- The situation changes dramatically when the angular dis-
nitude of the ion fractions for the three targets is well repro-tribution is introduced into the calculation. Results, presented
duced. As mentioned above, in these three systems witin Fig. 9b) reveal an equilibrium populatiofand corre-
rarther high work functions, the parallel velocity effect plays spondingly a negative-ion fractipfor Mg that is three times
a critical role in negative-ion formation. It allows the match- larger than that for Al and Ag. The last two are comparable.
ing of the energy level of the anion and those of the occupied his result gives a relative order of magnitude for the three
metal states. A discussion of the relative value of the threéargets that is consistent with the experimental observations
ion fractions should then include a discussion of the relativeand the predictions of the exact solution of E¢). (Our
efficiency of the parallel velocity effect in these three sys-experimental results correspond to parallel velocity values in
tems and should not be limited to a comparison of the workhe range of 0.2—0.4 a)uThis result is directly related to the
functions. As discussed above this is particularly importanshape of the angular distribution$o(6,2)|? for an
at small scattering angles. At large scattering anglessithe H™-surface distance ofag, which are shown in Fig. 9in
effect is less important and the work function may be ex-the figure, the distributions have been normalized to 1 at the
pected to be a very effective parameter. maximum for the sake of comparispihese are rather nar-

The difference between the three results can be analyzedw and point in the direction of the surface normal. As can
using the “freezing distance” approximation. As we have be seen, the angular distribution for Al is much narrower
shown in a previous study,the energy and the lifetime of than that for Ag and Mg. This can be linked with the prop-
an H -ion interacting at large distances with a jellium metal erties of the metal bands and is totally independent of the
surface are not very dependent on the characteristics of theurface work function. Indeed, the transition rate between the
jellium. As a consequence, the freezing distar®e is  negative-ion state and a given metal stiteis larger for
roughly the same for the three systems. In addition, since thmetal states having a larger wave-function extension into the
capture rate is much smaller than the total f@&de fractions  vacuum. The vacuum tail of the metal electron states which

C. Influence of the band characteristics
and of the angular distributions
on the charge transfer
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§- ' ‘ D. Comments on positive-ion fractions
[=3 ' \ 4
g Y We shall not discuss the small positive-ion fractions in
5 0002 ! 1 detail here. In the case of Mg it does not depend on the exit
E / 1 angle. As mentioned above this fraction is the same indepen-
“ 0.001 F g dently of the charge state of the incident ion. We must there-
fore envisage ionization processes following neutralization
0,000 of incoming ions. It is known from studies of gas phase
0.0 1.5 collisions of hydrogen atoms with Mg vapor targets that
v (auw) H* ions are producetf The cross section is quite small in
i

the low keV energy range. It increases rapidly by an order of
magnitude with increasing energy in the 1-10-keV range.
One could also expect the existence of ionization in binary
collisions here. Furthermore, ionization may occur via a ki-
nematic Auger loss mechanistfig. 1).2> As may be de-
duced from this figure, the energy-conservation requirement

. ) o ) ) for this process is
are in resonance with the negative-ion level is determined by

E, the electron binding energy in the direction of the surface (vetvi)2
normal. — 5 (Ev)’=Eam = 4, ©

FIG. 9. (a) Geometrical factor given by the overlap between the
k sphere and the Fermi sphere shiftedvpy The parallel velocity is
given in atomic units(1 a.u=2.19x10°m/s). (b) Equilibrium
population when the angular distributions are taken into account.

E,=Ugy—(Uo—E,)cof0=Usir?0+E,cof0. (8) Whgrey,: and v; are Fermi and ion vel_ocmes arid,; the
ionization potential of the atom. Assuming ag#atom sur-
face distance, which would lead to a 1.7-eV shift of the H

From Eq.(6) we conclude that the largdi,, is, the faster ~€nergy level, we find that the threshold velocity requirement

E, increases whefiincreases. This leads to a faster decreaséor Mg is of v;=0.14 a.u. This velocity corresponds to a

of the vacuum tail of the metal electron wave function. Con-hydrogen atom with a 490-eV energy. For Ag this would

sequently, the largdd,, is the narrower the angular distribu- 0ccur for a velocity of 0.15 a.u. corresponding to a 560 eV.

tion is. This is exactly what can be seen in Fig. 10. Since thd hus H" production we observe may be due to both colli-

integration in Eq(7) is performed in the wings of the angu- Sional and the dynamic Auger ionization processes. At

lar distribution, it is very sensitive to the width of the angular Present it does not appear possible to estimate the proportion

distribution and this accounts for the large modifications in-of H" formed at small distances and which should eventually

troduced in the equilibrium fractions. be taken into account in the calculation of negative-ion for-
Finally, one can conclude that the differences between thgation.

different ion fractions for the different targets are directly

r_elated to the char_acteristi_cs of the valence bqnds. The rela- V. CONCLUSIONS

tive values of the ion fractions are due to the interplay of a

geometrical factor determined by the energetics of the prob- We present the results of an experimental and theoretical

lem including the surface work function and of the angularinvestigation of H formation in collisions of 1 to 4-keV

dependence of the transition probabilities. positive and negative hydrogen ions with clean Mg, Al, and
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Ag surfaces. The scattered ion fractions were measured in a Note added in proofA theory of H™ production in swift
large angular range extending from 2° to 40° with respect tdiydrogen atom scattering has been recently developed by
the surface plane. This allowed us to study the characteristidSlores and co-worker%.

of the resonant charge-transfer process for conditions of

fairly hlgh_velocmes normal to the surface, when small atom ACKNOWLEDGMENTS

surface distances play an important role. The theoretical

analysis we presented revealed the role played by the metal The authors would like to thank T. Schlatholter and S.
bandwidth in this dynamical capture process. Ustaze for help in the final stages of the experiments.
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