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Results of a study of electron transfer processes in the interaction of fluorine and hydrogen with
Ag(111) are reported for a wide range of interaction times. For long interaction times the yield ofH2,
resulting from resonant electron exchange, is larger than expected for a jelliumlike metal surface with a
similar work function. For short interaction times, the yields follow the trend for jelliumlike surfaces.
These results confirm the predictions of the theoretical work [Borisovet al. Phys. Rev. Lett.80, 1996
(1998)] on electron transfer on surfaces with anL band gap. In the case ofF2, significant effects were,
however, not observed. [S0031-9007(99)09233-9]

PACS numbers: 79.20.Rf, 34.70.+e, 73.20.Dx, 82.65.My
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Electron tunneling between an atom or molecule a
a surface has been the object of numerous experime
and theoretical studies because of its importance as an
termediate step in many reactions at surfaces and in p
cesses of ion desorption or neutralization [1–3]. Reson
electron transfer, involving one electron transition betwe
an atomic level and metal states of the same energy,
been quite extensively studied using the example of ne
tive ion formation [4,5]. A number of nonperturbative
theoretical methods describing these processes [6–9] h
been recently developed and applied to their description
simple metallic surfaces using a jellium model for the su
face. Excellent agreement between the experimental a
theoretical predictions has been found forH2 [10–12]
andF2 [13–15] formation on polycrystalline Mg, Al, Ag,
Al(111), and Ag(110).

An exciting new development in this field is a recen
work of Borisovet al. [16] who points out that resonant
charge transfer could be strongly affected by the peculi
ities of the 3D band structure of a monocrystalline targe
This theoretical work discussed the modifications whic
would be induced by the existence of theL band gap
along the distance normal to the surface for the Cu(11
Ag(111), and Au(111) surfaces [17,18], which would pa
tially inhibit electron tunneling between the atom and th
surface. The formation ofH2 ions on a Cu(111) surface
was studied using a wave packet propagation treatment
veloped by Ermoshin and Kazansky [19] and it was show
that the widths of theH2 state are smaller than the one
predicted for a jelliumlike surface. A remarkable featur
of these results was that these differences were found to
dependent on the interaction timeof the atom with the sur-
face. Much smaller electron transfer probabilities (losse
from the atom were found forlong interaction times,while
for high velocities or short interaction times the resul
were similar to the ones obtained for jellium. Thus, fo
instance, in the case of a6a0 atom–Cu(111) surface dis-
tance the electron loss probability fromH2 was found to
be an order of magnitude smaller than for jellium for
0.02 a.u. velocity, while for a 0.2 a.u. velocity the result
4552 0031-9007y99y82(22)y4552(4)$15.00
nd
ntal
in-
ro-

ant
en
has
ga-

ave
on
r-
nd

t

ar-
t.
h

1),
r-
e

de-
n

s
e
be

s)

ts
r

a
is

similar to the jellium case. These differences were fou
to augment with atom-surface distance. The wave pac
propagation treatment shows that this is related to the f
that for long interaction times an electron from the ion ha
enough time to be reflected by the potential in the me
and travel back to the ion several times—conditions u
der which the “reflectivity” of the metal is fully “sensed”
by the electron. This results in a smaller probability o
electron loss from the anion. At short interaction time
the system behaves as if there was no reflectivity, and
losses are the same as in the jellium model. For suc
time dependent electron tunneling processa rate equation
approach is inadequate[16].

The implications of these findings are profound fo
e.g., surface chemistry, which involves low-energy atom
molecule interactions with surfaces and where changes
electron transfer rates would affect the probability of var
ous reactions where this process occurs. An experimen
study of electron transfer for these surface was obviou
urgently required in order to investigate this most intrigu
ing and hitherto unknown effect. We therefore studie
H2 and F2 formation on Ag(111). Silver was chosen
since we had previously studied electron transfer on po
crystalline Agsp-Agd and Ag(110) for which the results
are in agreement with a jelliumlike treatment [11–15] an
hence provided a basis for comparison. The two anio
chosen present examples of extreme situations with a l
(0.75 eV, H2) and high (3.4 eV,F2) binding energies.
The positions of the affinity levels with respect to the pa
ent atoms are shown in Fig. 1. The electronic structu
of Ag(111) [18] is depicted in the left panel of Fig. 1
As usual, we relate metal and atomic electron bindin
energies, and hence the vacuum level and parent ato
state position are taken as the energy zero in Fig. 1.
may be seen at large distances the ion level is located
the band gap for one-dimensional electron motion norm
to the surface. For three-dimensional motion, decay c
occur in the two-dimensional continuum of the surfac
state corresponding to movement parallel to the surfa
and the three-dimensional valence band continuum.
© 1999 The American Physical Society
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FIG. 1. Schematic diagram of the density of states of Ag(11
and a schematic diagram of the position of the anion leve
The shift of the anion levels represents an image potential sh
The left area of the figure shows various states of Ag(111) as
function of kk: the surface (SS) and image (IS) (n ­ 1 states).
The gray area represents the valence band continuum.

In this Letter we present the main experimental dat
which for H2 formation fully confirm the results of the
theoretical study. Indeed we found that in grazing sca
tering conditions, when the velocity component normal
the surfacesy'd is small and hence the interaction time
with the surface is large, the ion fractions are substa
tially higher than for jelliumlike surfaces, while for large
normal velocities the anion yields tend to follow the trend
for the jelliumlikep-Ag and Ag(110). These results thus
vividly illustrate the time dependent characteristics of th
electron tunneling process in this case.

Our experiments were performed on an apparatus d
scribed elsewhere [20]. Ions were produced in a dischar
source, mass selected, and steered into the main U
chamber (base pressureø2 3 10210 Torr). The com-
mercial sample Ag(111) was polished to0.05 mm and
oriented to within 0.5±. In situ preparation consisted of
Ar1 grazing, sputtering, and annealing to 500±C. Surface
cleanliness was initially ascertained by Auger-electro
spectroscopy, when impurities such as sulfur were fir
eliminated. A clear low-energy electron diffraction pat
tern was obtained at this stage. Thereafter a time-o
flight (TOF) analysis of scattered and recoiled particle
for Ar1 incident ion bombardment was used to check fo
the absence of impurities such as H, C, and O [20]. T
surface work function (f) was measured by performing
low-energy secondary electron spectroscopy under H1

bombardment and monitoring the zero-energy cutoffs
the electron spectra. The cutoff for Ag(111) was com
pared to that for Ag(110), whosef has been given as
4.3 eV [21]. We found thatf ­ 4.5 eV for Ag(111), in
good agreement with published data [22].

We report anion formation probabilities or ion frac
tion measurements made mainly for specular scatteri
1)
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using a position sensitive channel plate detector, equip
with three discrete anodes [20]. Deflectors allow sep
ration of incoming ions and neutrals, which are then d
tected simultaneously by the anodes. The detector rot
around the sample vertical axis, and here the measurem
spanned a 0± to 70± range. These were made in a contin
ous beam mode. Some measurements were perfor
with similar detectors set at the end of TOF tubes at fix
7± and 38± scattering angles. Both continuous beam mo
ion fraction measurements and TOF analysis of the ene
losses of the scattered particles were performed, in orde
correct the ion fractions determined in the continuous be
mode. This correction was found to be unnecessary. M
surements spanned ion energies in the 0.5 to 6 keV ran

We shall first briefly discuss theF2 case. The anion
(F2) fractions are defined as the ratio of the scatter
anion flux to the total flux in a given anglec with respect
to the surface plane. Results are shown in Fig. 2(a) fo
500 eV incident energy and specular scattering. Res
for Ag(110) are also shown in Fig. 2(a). The gener
behavior of F2 is similar to that observed earlier on
p-Ag and Ag(110) [12–15], although its magnitude wa
larger in the latter cases. Given the higher work functi
for Ag(111) (4.5 eV) than for Al or Ag (4.3 eV), one
would expect this. Indeed the affinity level of the atom
which is downward shifted due to the effect of the ima
potential (Fig. 1), can be populated by a transition of
electron from the occupied states of the valence band
jelliumlike metal, when it lies beneath the Fermi level (EF ,
Fig. 1), for distances smaller than a critical distanceZF .
The population of the affinity level will depend on its widt
(G, which is interaction timeindependentin the jellium
case) and the time spent in the regions, where cap
(Z , ZF) and loss (Z . ZF) can occur (the capture o
loss rate is given byGdt). For a higher work function the
distance at which the affinity level crosses below the Fer
level ZF becomes smaller (see Fig. 1). Hence the ran
of distances at which capture can occur becomes sma
while that corresponding to losses increases. Theref
F2 should be smaller, as we observe.

We estimated the value ofF2 that would be obtained
for a jelliumlike metal using calculated [15] widths o
the F2 affinity level in a rate equation approach [4,13
We assumed that capture occurs with unit probability (
approximation that is reasonable for small velocities). Th
procedure, which gives an upper limit for the ion fractio
(unit capture probability), results in good agreement f
p-Ag [13] and Ag(110) [Fig. 2(a)]. The increase inF2

for larger c is due to larger survival at largery' to the
surface. The ion fractions calculated for the Ag(111) ca
using a value of 4.5 eV for the clean surface work functi
are shown by the solid line in Fig. 2(a). The calculat
F2 are slightly larger than the experimental ones [ø10%
at 30± for Ag(111)]. This is due to the neglect of th
so-called parallel velocity effect (see Refs. [11,12,15] f
details). Excellent agreement is in fact reached wh
this effect is included, as shown by some prelimina
4553
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FIG. 2. (a) F2 ion fractions as a function of the exit angle
to the surface for 500 eV incident ions. The final energ
varies from 0.5 to 0.46 keV at larger angles. The data fo
Ag(110) [15] are shown for comparison. The solid (dashed
line is the rate equation calculation for Ag(111) [Ag(110)]
using the widths for jellium [15] with appropriate work function
values. (b) H2 ion fractions for 1 keV incident ions. The
solid circles are data for Ag(111) forH1 incidence. Open
and solid triangles are data forp-Ag [12] and Ag(110) [24].
The solid line is a jellium model calculation of theH2 ion
fraction [12] for Ag (f ­ 4.3 eV). (c) The yk dependence
of the H2 ion fraction for a 0.02 a.u. perpendicular velocity.
The ion energies range from 0.5 to 6 keV. The open an
solid circles are Ag(111) data forH2 and H1 incidence. The
open and solid triangles arep-Ag [12] and Ag(110) [24] data.
The line and crosses are jellium model calculation for Ag [12].
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calculations [23]. Thus in the case of fluorine the data c
be described using the anion widths for jellium and we d
not observe any special effects related to the existence
the gap for these scattering conditions.

The ion fractions measured for theH2 case for 1 keV
are shown in Fig. 2(b), where they are compared with o
previous results forp-Ag [12] and Ag(110) [24]. The
line in the figure represent theoretical ion fractions for
jelliumlike surface [12]. Again, the ion fractions display
the same general trend as a function of the exit angle
the surface. However, weobserve a larger ion fraction at
small angles in the case of Ag(111).On the other hand,
at large angles, the ion fraction becomes smaller than f
p-Ag and Ag(110). Similar results were obtained at the
other energies.

As illustrated in theF2 case, the larger work function
of the Ag(111) surface would lead us to expect a smal
4554
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F2 for Ag(111), in agreement with our observation a
large angles. The largerF2 at small angles (correspond-
ing to small y' and hence long interaction times) is in
clear contradiction with this expectation and we attribut
it to a smaller electron loss probability as predicted b
Borisovet al. [16] for surfaces with anL gap.

At this point it is necessary to mention that surfac
roughness can result in larger values ofF2 since, as
may be seen from the theoretical result in Fig. 2(b),F2

increases very rapidly at small angles. We would indee
attribute the larger value ofF2 for p-Ag to a rougher
surface than for the monocrystalline Ag(110). This lead
to the flat region in thep-Ag data at small angles as
opposed to the drop for Ag(110). In order to check th
degree of surface roughness we measured the angu
scattering profile ofH atoms and compared it to our
earlier results forp-Ag. We found a FWHM of 3.5± for
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Ag(111) while this was 6± for p-Ag [12], indicating that
the Ag(111) surface roughness isinferior to that ofp-Ag.
The larger value ofF2 is therefore not due to roughness
This confirms our attribution of the larger value ofF2 on
Ag(111) to the existence of theL gap.

The other important feature is the above-mentioned fa
that F2 is smaller at large angles, i.e., for larger norm
velocities and shorter interaction times, that forp-Ag and
Ag(110). In the jellium case this is consistent with th
larger work function. For short interaction times the loss
thus tend to follow the trend for the jellium case.The over-
all behavior of the ion fraction thus illustrates the time
dependent characteristics of the electron transfer prob
bilities and gives a vivid illustration of the predictions o
the theory of Borisov et al. [16].

As shown in previous experiments [11,12],H2 forma-
tion on metal surfaces is strongly aided by fast mov
ment parallel to the surface. For this low bindin
energy system, the addition of velocities (yion 1 yFermi,
see Refs. [11,12] for details) helps in matching, or brin
ing into resonance, the energies of the electrons in
solid with the affinity level. Borisovet al. [16] pointed
out that, in theL-gap case, one could expect a differentyk

dependence because of the 2D nature of the electron
continuum. In Fig. 2(c), we therefore plotted theH2 ion
fractions for the three Ag surfaces for ay' ­ 0.02 a.u.
(6± exit angle for 1 keV) as a function ofyk in an energy
range from 0.5 to 6 keV. We see that theyk dependence
is similar in this velocity range, but the Ag(111) data li
higher than those for the other surfaces, as already no
for 1 keV. Thus for this system and in thisyk range no
qualitative difference appear to exist. Note that for oth
y' the dependence onyk is similar.

A final question that comes to mind regardsmemory
effectsor the influence of the initial charge state of th
ion. We therefore also made some measurements with
incident H2 beam. Results forH1 and H2 incidence
were similar [see Fig. 2(c)], indicating that memory o
the initial charge state is lost, as in the jellium case [12
although the electron loss probabilities at smally' are
smaller than for jellium.

In summary, we thus see that ourH2 data confirms
the time dependent characteristics of electron transfer
tween an ion and a surface with anL gap predicted by
Borisov et al. [16]. The electron loss process is strongl
reduced for small normal velocities, as compared to t
jellium case, and the observed differences decrease w
increasing normal velocity. In a more general contex
we could thus indeed expect that some reactions invo
ing electron exchange with such surfaces and proces
of anion desorption would be strongly affected. Not
however, that our data onF2, where we do not observe
notable differences, show that some important questio
remain open. A possible reason that this effect is not o
served forF2 could be that the affinity level lies quite
.
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close to the Fermi level and is located towards the b
tom of the band gap and close to the surface state. Th
even though the normal velocity is quite small for 500 e
F2 ions, the interaction time during which the level lie
above the Fermi level would be too short. In this conte
work on higher work function Cu(111) or Au(111) sur
faces might be useful. It should, however, also be bor
in mind that the2p-electron nature of theF2 problem
and, in particular, the existence ofm ­ 0 and m ­ 61
states (pointing towards and along the surface) render
situation more complex. For the jellium case the width
of these states [15,25] are different and it is not cle
a priori if they would be affected in a similar manner b
the existence of the gap. Further theoretical work on su
very common,p-electron anions should be undertake
and we hope this paper will stimulate such investigation

The authors are grateful to A. G. Borisov, A. K
Kazanskii, and J-P. Gauyacq for comments.
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